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Abstract

Microseizures are highly focal low-frequency epileptiform-appearing events recorded from the
neocortex of epilepsy patients. Because of their tiny, often submillimeter distribution they may be
regarded as a high resolution window into the epileptic process, providing an excellent
opportunity to study the fine temporal structure of their origin and spread. A 16 mm?2 96
microelectrode array with 400 micron interelectrode spacing was implanted in seven patients
undergoing invasive EEG monitoring for medically refractory epilepsy. Seven microdischarge
populations were tested for a substantial contribution by volume conduction to the observed
waveform amplitudes. Single unit activity was examined for specific evidence of neural activity at
multiple sites within the microdischarge fields. We found that microdischarges appear to originate
at a highly focal source location, likely within a single cortical macrocolumn, and spread to local
and more distant sites via neural propagation.
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Introduction

The epileptogenic zone, or the minimum volume of cortex that must be resected to control
clinical seizures, includes the sites from which interictal epileptiform discharges arise, or the
“irritative zone”(Rosenow and Luders, 2001). Resecting the irritative zone is part of usual
clinical practice, and it has been shown to improve surgical outcomes in neocortical epilepsy
(Alarcon et al., 1997; Bautista et al., 1999). However, we lack a definitive model for how
best to address the irritative zone surgically; for example, whether all areas included in the
field of an epileptiform discharge need be resected. By studying the mechanisms of the
origin and spread of interictal discharges we can uncover specific knowledge of the
composition of the irritative zone.

Microseizures and microdischarges are highly focal low-frequency epileptiform-appearing
events recorded from the neocortex of epilepsy patients using an intracortical array with
high spatial resolution (Schevon et al., 2008; Schevon et al., 2009). Because of their tiny,
often submillimeter distribution they may be regarded as a high resolution window into the
epileptic process, providing an excellent opportunity to study the fine temporal structure of
their origin and spread. We put to the test a long held hypothesis in epilepsy literature: that

Corresponding Author: C. A. Schevon, 710 West 168th Street, New York, NY 10032, 212 305-2121, Fax: 212 305-5445,
cas2044@columbia.edu.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Schevon et al.

Methods

Page 2

low frequency waveforms, such as those that make up epileptiform discharges, are seen
simultaneously from a large cortical area relative to their site of origin by electrical
conduction of the originating event through the tissue medium, or that discharges arise
simultaneously from a large cortical region (Nunez and Srinivasan, 2006). We propose
instead that low frequency waveforms can and do arise from highly focal cortical domains,
and are seen at distant locations not by means of volume conduction, but via neural
propagation.

Microelectrode array implantation and recording

The microelectrode array (MEA) used in this study is an FDA-approved device
(Neuroport™ neural monitoring system, Blackrock Microsystems, Salt Lake City, UT) that
has been safely implanted in humans at several institutions (Hochberg et al., 2006; House et
al., 2006; Waziri et al., 2009). The array measures 4 mm x 4mm, and contains 96
microelectrodes arranged in a regular 10 x 10 square with no electrodes at the corner
positions. The individual microelectrodes were platinum-coated silicon, protruding 1 mm
from the array base and were electrically insulated except for the terminal 70 microns. They
tapered from 35-75 microns in diameter at the base to 3-5 microns at their recording tips.
Electrode impedance at manufacture was 322 +/- 138 kOhm.

The MEA was implanted alongside subdural and depth electrodes into the neocortex of
patients with medically intractable focal epilepsy undergoing intracranial EEG (iEEG)
recording at the Columbia University Medical Center/New York-Presbyterian Hospital to
help identify the epileptogenic zone, i.e. the tissue that must be removed to obtain seizure
control. Use of the MEA was limited to patients for whom the presurgical evaluation
indicated clear seizure localization to a restricted region, in whom invasive recording was
performed to refine the resection boundaries, in order to ensure that the implantation site
was included in the area targeted for subsequent surgical treatment. Cases that were
considered appropriate included temporal lobe epilepsy, in which the implantation was
performed to define the contribution of lateral temporal neocortex and tailor temporal
lobectomy, and extratemporal syndromes in which scalp EEG recording indicated a
consistent and well-defined interictal and ictal focus limited to a sublobar distribution and
confirmed by a neuroimaging study. The study was approved by the Institutional Review
Board of the Columbia University Medical Center and informed consent was obtained from
each patient prior to the procedure.

The MEA was implanted into flat surfaces of exposed neocortical gyri through the pia mater
using a pneumatic insertion technique; for more details see (Waziri et al., 2009). The
implant site was selected based on the estimation of the epileptogenic region from
presurgical studies, as described above, and selected so as to be included in the subsequent
surgical treatment. Lateral temporal sites were chosen to fall within the region to be included
in anterolateral temporal lobectomy. Extratemporal implantation sites were selected from
regions with prominent interictal epileptiform discharges identified by intraoperative
corticography, a standard clinical procedure during subdural electrode implantation at our
institution. Potentially eloquent sites such as Broca's area or primary motor cortex were
avoided. Following implantation, standard clinical macroelectrode grids were placed. The
MEA assembly includes two reference wires; one was placed subdurally near the MEA, the
other epidurally. During monitoring, MEA data was made available to the clinical team to
assist in the surgical evaluation. Following the monitoring period, with duration determined
by clinical needs, the MEA was explanted along with the clinical grids.
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MEA signals were sampled at 30 kHz/channel (0.3-7.5 kHz bandpass filtering) with 16-bit
precision and a range of +/- 8 mV. The reference signal was selected to optimize recording
quality; most often, it was found that best results were obtained with the epidural reference.
To monitor recording integrity, electrode impedance testing and visual inspection of sample
data was performed after the initial hookup and daily thereafter.

Offline, MEA recorded data were downsampled to 500 Hz/channel after low pass filtering at
125 Hz (4% order Butterworth) to yield high spatial resolution local field potential signals in
the frequency range of standard EEG (“pEEG™). The nEEG was viewed in a spatially
organized, referential montage using a commercial EEG viewing program (Insight, Persyst
Development Corp., Prescott, AZ).

Microdischarge identification

One block of six hours of interictal data, recorded between 24 and 48 hours postoperatively,
was reviewed for each patient. Microdischarges were visually identified and classified into
different populations based on characteristic field and waveform morphology. Analogous to
standard clinical EEG recordings, the criteria for identifying microdischarges were based on
those used to identify interictal epileptiform discharges, such as: “standing out” from the
background, a complex morphology, and disruption of the background pattern (Niedermeyer
and Lopes da Silva, 1999). The first 100 examples of each identified discharge population
were selected, if present. Only those populations for which 100 examples were seen in the
six hour block were then included for further analysis.

Discharge Fields

To align the discharges temporally, the channel at which the maximum deflection was
consistently present (the “primary” channel) was selected by visual inspection and absolute
amplitude measurements. The time of the peak in the primary channel at which maximum
deflection was seen (“tmax”’) Was used as the alignment point.

Single-trial instantaneous amplitude in the 1-50 Hz frequency range was computed using the
Hilbert transform for the two-second period centered on the discharge peak (i.e., the induced
amplitude). Baseline values were determined from the first 500 msec of the two-second
period. Single trial amplitude was then averaged across discharges to determine the sites at
which each population significantly exceeded baseline values. All channels with amplitude
in the 10 msec window centered on ty,x greater than five standard deviations over the
baseline mean were considered to be included in the discharge population field.

Volume Conduction

The volume conduction hypothesis holds that the appearance of a discharge at a given
location occurs by omnidirectional transmission of voltage from the source through the
intervening tissue (Ruch et al., 1965). Thus,

Viecal=Vq+Vyc+Ve

where V|qcq) = Observed signal amplitude, V4 = discharge amplitude attributed to field
potentials generated locally to the recording site, V. = volume conducted signal amplitude
from the discharge source, and V¢ = amplitude of unrelated local activity. According to
Coulomb's law, which describes the physics of electrical field strength (Ruch et al., 1965;
Zaveri et al., 2009), the volume of the conducted signal amplitude decreases in proportion to
the inverse square of the distance from the source, i.e.:
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ch :Vsource * k/X2 (1)

where k is a constant that includes tissue impedance and fixed constants, and x = distance to
the source.

The maximum amplitude that could be explained by volume conduction, or V., was
empirically determined by calculating the minimum signal amplitude as a percentage of the
amplitude at the primary channel at a given distance. Each discharge was normalized so that
the amplitude at the primary channel was exactly + or -100 uV. The Euclidean distance of
each channel to the primary channel was calculated, and the minimum amplitude value at
each distance value was determined for the set of 100 discharges in each population.

To address the question of whether the observed discharge field could be explained by
synaptic transmission, we tested the hypothesis that temporal differences among channels
are due to consistent propagation patterns rather than the result of uncorrelated neural
activity. The sample at which the peak occurred was determined by taking the first and
second derivatives, and determining the point closest in time to ty,,x at which the first
derivative was zero and the second derivative was either positive or negative, depending on
whether the maximal amplitude change in that discharge population was negative or
positive. Differences in the peak timings at each channel in the discharge field compared to
the primary channel were assessed for significance using one-way ANOVA, with
Bonferroni correction for multiple comparisons.

Single neuron firing was detected using spike sorting software from Blackrock
Microsystems, Inc (Hochberg et al., 2006; Suner et al., 2005). Single neuron detections were
identified from 2 ms windows, then clustered according to waveshape. In this way, more
than one distinct unit can be identified from a single channel. At least 5 sample action
potential waveforms (if available) were reviewed from each detected unit type to exclude
artifactual detections. The total single neuron firing activity temporally associated with
microdischarges was determined by summing all detections per unit within a 1 second
window centered on tmyax.

Seven patients were implanted with the MEA and chronically recorded, for periods of up to
4 weeks. Microdischarges with distinct and consistent waveshapes and spatial fields (Figure
1) were recorded from the interictal records of 5 of 7 patients, with up to six distinct
populations recognized per patient (Schevon et al., 2008). Of these, there were seven
microdischarge populations, recorded from Patients 2, 3, and 4, in which at least 100
examples were found in the 6 hour period reviewed (Figure 2). Discharge populations were
labeled according to patient number, with distinct populations from the same patient
designated by a letter.

The number of channels meeting criteria for inclusion in each discharge field ranged
between one and 11, including the primary channel. The total area covered by each
discharge field, then, ranged from 400 x 400 microns or 0.16 sq mm, to 1.76 sq mm, not
including space between non-contiguous field channels.

Inspecting the waveforms of a typical microdischarge revealed abrupt amplitude differences
between channels inside and outside the field (Figure 3a). In order to measure the degree to
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which amplitude varied by distance from the primary channel, the lower envelope of
amplitude vs. distance was calculated for all of the microdischarges included in the study
sample, after normalizing each so that the primary channel amplitude at ty,x Was fixed at
100 (Figure 3b). These values appeared to be uniformly distributed. In particular, values
near zero were found even in the nearest channels.

Differences in the timing of maximum amplitude peak were observed by superimposing the
waveforms recorded during individual microdischarges (Figure 2, Figure 3a). To determine
whether these timing differences were due to consistent propagation patterns as opposed to
uncorrelated neural activity, channels in which the means of the maximum amplitude peaks
were significantly different from that of the primary channel (one-way ANOVA with
Bonferroni correction, p < 0.001) were identified. There were six discharge populations with
at least one channel outside the primary channel meeting criteria for inclusion in the
microdischarge field (Figure 3c).

The speed of microdischarge propagation was estimated from the average delays of the
discharge peaks between channels. Figure 4A shows the average delay of the maximum
peak relative to the primary channel for each discharge population, plotted against channel
distance in mm. The presence of non-contiguous discharge fields makes using Euclidean
distance to calculate propagation speeds somewhat suspect. Indeed, speed estimates showed
means ranging between 100 mm/sec and 5 m/s (Figure 4B).

Single neuron detections were aligned in the same way as the low frequency waveforms
(Figure 2). Inspection of the raster plots reveal that increased unit activity precedes the
discharge peak, during the rising edge of the discharge, in the primary channel for
populations 2, 3A, 4A, and 4B (red raster plots). Additionally, increased unit activity with
variation in timing that cannot be attributed to the presumed source location was seen in
other channels within the discharge field in populations 3A and 4B (black raster plots).

Discussion

Volume conduction is commonly cited to explain the observed fields of epileptiform
discharges (Dominguez et al., 2005; Lachaux et al., 2003; Nunez and Srinivasan, 2006).
While this is a useful concept when applied to recordings from the scalp, where sensors are
placed at considerable distance from the sources of neuroelectric activity, it cannot serve as
a significant factor in intracranially recorded EEG (Zaveri et al., 2009). This is due to the
rapid decrease in conducted amplitude with distance, which follows an inverse-square law.
Additionally, evidence for neural propagation of EEG waveforms has been compiled from
scalp EEG recordings of interictal epileptiform discharges (Alarcon et al., 1997; Emerson et
al., 1995) and slow oscillations during sleep (Massimini et al., 2004).

Focal paroxysmal low frequency events, which we term “microdischarges”, have been
identified in epileptic brain areas using intracortical electrodes (Schevon et al., 2008;
Schevon et al., 2009). While the role that these events may play as an epileptic biomarker is
still under investigation, the choice of spatial resolution, ideally submillimeter, is important
to their detection. Further, we have compiled evidence that volume conduction cannot
explain the presence of microdischarges at multiple channels simultaneously. Rather, they
appear to originate at a highly focal source location, likely within a single cortical
macrocolumn, and spread to local and more distant sites via neural propagation.

Because of the pneumatic implantation method, the MEA is by necessity always placed into
a flat, well-visualized cortical surface free of visible blood vessels or structural irregularities.
Tissue impedance in the 4mm x 4mm area covered by the MEA is therefore unlikely to vary
significantly. Thus, if volume conduction occurs to a significant degree within the area
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sampled by the MEA, the geometry of the resulting field should appear symmetric. To the
contrary, however, discharge fields of the studied populations showed clear directional bias
(eg populations 3A, 4A) and in some cases (populations 2 and 4C) the field was non-
contiguous. This effect was seen in both the raw pEEG traces (Figure 1) and in the averaged
induced amplitude upon which field determination was based (Figures 1 and 2).

The volume conduction hypothesis was directly tested by measuring waveform amplitude as
a function of distance from the primary channel. As electrical conduction through material
with similar density to water should occur with no discernable delay, measuring amplitude
differences at one recording sample would be expected to demonstrate gradual decreases in
waveform amplitude with increasing distance from the source. A counterexample to this
hypothesis is revealed in the waveforms for a single discharge from population 4A (Figure
3a). There is a clear separation between the peak amplitude channels inside the discharge
field (shown as red traces) and the rest (shown in black). Amplitude changes across each
discharge population were also assessed by calculating the lower envelope, or the minimum
amplitude present at all channels at a given distance at the exact moment of a discharge
peak. This, in turn, represents the maximum amplitude that can be attributed to volume
conduction. If volume conduction were responsible for a portion of the observed waveform
amplitude, the lower envelope would always be greater than zero, and the highest values
would be closest to the source. We found, however, that the lower amplitude envelope
shows values near zero even at close distances, and that the distribution appeared to be
uniform with respect to distance (Figure 3b).

Direct support for local neural propagation was obtained by examining the timing of the
maximum discharge peak in each channel. While limited temporal resolution may have
hampered previous investigations (Wennberg and Lozano, 2003), the recording system used
in this study permits the detection of sub-millisecond delays. Statistically significant
differences in peak timing compared to that of the primary channel were found (Figure 3c),
inconsistent with the notion that any variations could be attributed to uncorrelated neural
activity. Additionally, single unit activity increased just prior to the discharge peak in more
than one channel in two populations (3A and 4B; Figure 2). This supports the notion that
local neuronal activity contributes to the discharge peak.

The finding of non-contiguous microdischarge fields in two of populations (Figure 2),
together with the great variation in estimated propagation speeds (Figure 4), suggest that the
architecture of the neural pathways subserving the observed waveform propagation is not
closely tied to Euclidean distance over the short distances covered by the MEA. This stands
in contrast with observations of evoked and spontaneous traveling waves across the surface
of rat visual cortex using voltage-sensitive dye imaging (Xu et al., 2007). One explanation is
the presence of an “iceberg” effect, in which a larger activity field is present in higher
cortical layers, with visibility limited to a small portion of the field in the layers (4 and 5)
sampled by the MEA. In particular, the upper layers (1 - 3) are well known to subserve
horizontal cortico-cortical connections (Shipp, 2007). Such a view has been proposed as a
mechanism for the origin of epileptiform discharges, with an early source in layer 5
followed by horizontal propagation through the superficial layers (Ulbert et al., 2004).
Alternatively, local cortical architecture may be remodeled by the process of epileptogenesis
or by repeated seizures, with new or strengthened synaptic connections (Schwartzkroin and
Knowles, 1984) that serve to speed up the development and propagation of interictal
discharges and seizures.
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Figure 1. Microdischarge fields recorded by the MEA

Two populations from Patient 4 (4A and 4C) are shown, displaying stereotyped but
distinctive location, fields, and waveshape. The uEEG in a subset of the MEA, shown in the
channel layout schematic in the upper right enclosed in a dotted blue box, is displayed.
Channels within the discharge field are indicated by colored traces. Averaged instantaneous
amplitude of all 100 discharges in each population at the time of the reference channel peak
(tmax) is shown on the physical MEA layout (color spectrum plots, bottom). Channels
meeting criteria for inclusion in the field are shown in the layout schematic as solid squares,
with the red square denoting the primary channel. In both the averaged and the individual
waveform views, there is an abrupt transition between channels within and outside of the
discharge field that does not follow a symmetric spatial pattern. In particular, the population
in 4C is maximal in channels that are not immediately adjacent.
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Figure 2. Summary of the seven microdischarge populations

A typical microdischarge from each population is shown, with each nEEG trace representing
one channel in the discharge field. Waveforms in which the maximum deflection was
negative are shown inverted. The timing of the peak value in each channel is shown marked
with an asterisk; a vertical line is drawn through the peak in the reference channel,
indicating the time used for alignment of the selected discharges. A raster plot of single
neuron detections from all the discharges included in each sample is displayed above the
EEG traces. At the top are layout schematics showing the field of each population, as in
Figure 1. The primary channel is shown in red in both the layout schematic and the raster
plots.
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Figure 3. Evidence against the volume conduction hypothesis for dense intracortical recordings
A) Simultaneous nEEG traces during a single microdischarge from Patient 4, with channels
within the discharge field shown in red and the remaining channels in black. Note the lack of
an even gradation of voltage that would be expected if waveform amplitude is continuously
dependent on distance from the discharge source. B) Amplitude lower envelope, color coded
according to patient, showing a uniform distribution with respect to distance. No significant
difference in means was found between the channels nearest to the source (<= 3) and those
farthest away (>= 9) (one-way ANOVA, alpha of 0.05). Superimposed on these is a 1/x"2
curve (Equation 1), which best explains the observed values and illustrates the steep drop-
off of 1/x"2. C) Averaged peak timing of each field channel relative to the primary channel,
arranged by population. Negative values indicate that the peaks in these channels preceded
that of the primary channel, and positive values indicate a lag. Mean peak delays are
indicated by the solid circles, and standard deviation by the vertical bars. Mean values that
are significantly different from zero (blue dotted line) are shown in red and marked with an
asterisk (one-way ANOVA with Bonferroni correction, p < 0.001).
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Figure 4. Estimation of propagation speed

A) Absolute values of the average peak time lead or lag per channel in each microdischarge
field is plotted against the distance from the primary channel, with color and symbol used to
code for patient and discharge population. B) Bar plot showing the mean and standard
deviation of propagation speeds in meters per second, calculated for each population. Mean
speeds ranged from 100 mm/sec (population 4B) to 5 m/sec (population 2). The observed
variation suggests that local propagation speed is highly dependent on the structure of the
underlying neural architecture.
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