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The Second International Workshop on Advances in Electrocorticography (ECoG) was convened in San Diego,
CA, USA, on November 11–12, 2010. Between this meeting and the inaugural 2009 event, a much clearer pic-
ture has been emerging of cortical ECoG physiology and its relationship to local field potentials and single-cell
recordings. Innovations in material engineering are advancing the goal of a stable long-term recording inter-
face. Continued evolution of ECoG-driven brain–computer interface technology is determining innovation in
neuroprosthetics. Improvements in instrumentation and statistical methodologies continue to elucidate
ECoG correlates of normal human function as well as the ictal state. This proceedings document summarizes
the current status of this rapidly evolving field.

© 2011 Elsevier Inc. All rights reserved.
1. Introduction

1.1. Anthony Ritaccio

The Second International Workshop on Advances in Electrocorti-
cography (ECoG) was convened in San Diego, CA, USA, on November
11–12, 2010, as a satellite event of the annual meeting of the Society
for Neuroscience. Building on the success of the First International
Workshop [1], the program was expanded to a 2-day format to ade-
quately represent the explosive growth in knowledge in both
lbany Medical College, Albany,
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clinical and experimental realms. In the year between these gather-
ings, a much clearer picture has emerged of cortical ECoG physiology
and its relationship to local field potentials and single-cell recordings.
Similarly, there has been rapid evolution in material engineering of
active and passive sensor technology. ECoG continues to evolve as a
preeminent direct neural interface in both animal and human brain–
computer interfaces (BCIs). Improvements in instrumentation avail-
able to the clinical epileptologist, continued elucidation of pathological
high-frequency oscillations, and the demonstration of “microseizures”
in submillimeter domains redefine the epileptogenic zone and may
soon prove transformative in epilepsy surgery planning. Prescient
research into the aforementioned developments was at the core of
our second gathering. We give our greatest thanks to the authoritative
multi-international faculty of ECoG “scale chauvinists,” who gave of
their time and expertise to present their work as well as contribute
to these representative proceedings.

http://dx.doi.org/10.1016/j.yebeh.2011.09.028
mailto:RitaccA@mail.amc.edu
http://dx.doi.org/10.1016/j.yebeh.2011.09.028
http://www.sciencedirect.com/science/journal/15255050
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2. Emerging understanding of electrocorticography physiology:
What is inside the electrocorticography signal?

2.1. Kai J. Miller, Josef Parvizi

For many years, observations made with the electroencephalo-
gram (EEG) have made us believe that the brain electrophysiology
is about synchronized rhythmic activity of neuronal populations.
However, because of the remote distance of the scalp EEG electrode
from the cortical surface (~20 mm), the captured electrophysiological
signals are necessarily averaged across a large area of the cortical
mantle, and therefore any asynchronized pattern of activity within a
population of neurons is largely lost to spatial averaging in the scalp
EEG measurement.

In contrast to scalp EEG, ECoG offers a closer look into the dynam-
ics of electrophysiological signals within a focal cortical tissue it
records from. Given the relative size of ECoG electrodes (~2 mm in
diameter), the recording area underneath each electrode resembles
the size of a typical voxel in the current neuroimaging methods (i.e.,
10 mm3), which contains ~10–20 functional columns [2] and ~105

neurons and 109 synapses [3]. Thus, ECoGmeasures neuronal popula-
tions on a much more local scale than recordings from the scalp.

On the basis of earlier work, it is understood that current dipoles
between cortical lamina produce macroscale field potentials [4].
Properties of the physiology underlying the current source density
(CSD) in different cortical lamina were established experimentally
in the late 1970s and early 1980s [5]. We now know that the propa-
gating action potentials in axons and axonal terminals do not contrib-
ute strongly to the CSD at spatial scales of ~50–300 μm or greater, for
example, the scales where local field potentials (LFP) are pooled from
or over which ECoG potentials are averaged. Instead, it is the dendrit-
ic synaptic current exchange (i.e., influx and efflux) that modulates
the CSD and, by extension, the LFP and the ECoG signal. This has re-
cently been substantiated by simultaneous in vivo recordings of the
Fig. 1. How synaptic input to a neuronal population might be reflected in the ECoG potenti
multiphasic, event-related potential changes, or recurrent feedback oscillatory inputs revealed
local activity revealed by broadband changes in the power versus frequency spectrum. P, pow
intracellular potential and the LFP, showing that they are tightly
coupled temporally, independent of the spiking pattern of the neuron
[6]. As such, one might directly infer properties about the underlying
neuronal statistics from the shape of the changes in the electric po-
tential [7,8].

A way to think about the properties of ECoG signals is the degree
to which synaptic inputs are in concert and synchronized across a
population of neurons, compared with the asynchronous pattern of
complex local inputswithin a population of neurons (Fig. 1). Although
the EEG is best in capturing fluctuating rhythms, the ECoG trace of
asynchronous inputs, when averaged, appears as a type of random
walk in time and contains a mixture of various processes such as
event-related potentials, rhythmic oscillations, and asynchronous
local activity.

In the ECoG, changes in the way local neurons interact with one
another will appear as a “speeding up” of the random walk, difficult
to see when looking at the raw potential but apparent as broadband,
power-law changes when looking in the frequency domain (Fig. 1)
[7]. Synchronized changes, by contrast, can be visually apparent in
the raw tracing—even if the synchronization is relatively weak, aver-
aging augments the synchronized portion, whereas the other aspects
are diminished. If the synchronization is tied to an oscillatory process
of some kind (such as the one in the loop between the cortex and sub-
cortical structures), then a “rhythm” will emerge, and the synchroni-
zation and desynchronization of the rhythmic process will be
revealed as changing amplitude of a sinusoid in the time series and
as a peak in the frequency domain. If the synchronization is tied to
a feedforward process, such as thalamic input to V1 following a visual
stimulus, the time series may reflect a multiphasic, time-locked re-
sponse, the “event-related potential,” where the different portions
of the event-locked time series will likely reflect initial input to corti-
cal pyramidal neurons from the thalamus, and then synchronized lat-
eral inhibition. The measured ECoG voltage time series will be then a
mixture of random walk-like changes reflecting asynchronous local
al time series V(t). (A) Synchronized activity, feedforward input revealed by transient,
by changes in peaked aspects of the power versus frequency spectrum. (B) Asynchronous,
er; f, frequency.
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cortical processing, sinusoidal changes reflecting synchronized oscil-
latory feedback, and event-locked multiphasic characteristic deflec-
tions reflecting feedforward synchronized volleys tied to a specific
input event. Moreover, when a slower rhythm predominates in a cor-
tical region, its phase of activity can easily modulate the amplitude of
the higher-frequency signals, that is, the so-called phase–amplitude
coupling, which has been shown to be significant during cognitive
processes [9,10].

Emerging understanding of macroscale neurophysiology using
ECoG will have to focus on isolating its different subcomponents (e.g.,
event-related potentials, rhythmic oscillations, and asynchronous local
activity) from the voltage time series. For instance, application of so-
phisticated pattern recognition to the event-related phenomenon can
be used to capture the specific identity of visual stimuli on a single-
trial basis [11]; examining the frequency domain, rhythmic interarea
oscillations can be revealed as peaked phenomena at specific frequen-
cies that are time-locked to our engagement or disengagement in a
task [12,13]; or very local cortical processing, such as the changes in
the randomwalk-type process of the voltage time series, can be isolated
from broadband changes across the entire frequency range [14], which
is most easily revealed at high frequencies, where the peaked effect of
oscillatory changes are not present [15,16].

3. Contemporary clinical electrocorticography

3.1. Chronic electrocorticography in epilepsy

3.1.1. Robert B. Duckrow
Although a majority of people with epilepsy experience relief from

recurrent seizures with medical therapy, there remains a substantial
population whose seizures are intractable. Of that portion with symp-
tomatic and localization-related epilepsies, surgical therapy based on
the principle of focal seizure onset is reasonably effective. If a discrete
region of seizure onset can be localized and safely removed, the hope
of seizure freedom, reduced medication burden, and improved quali-
ty of life can be offered. Invasive intracranial EEG recording was
developed when it became clear that scalp EEG recordings were inad-
equate for this purpose [17].

Intracranial recording of the electrocorticogram is performed for
clinical purposes [18] using 2.3-mm-diameter disk electrodes made
of platinum or stainless steel embedded in silicone elastomer. Com-
monly used electrode arrays are linear, curvilinear, or rectilinear
with 5- or 10-mm center-to-center spacing. These are threaded be-
tween the dura and arachnoid or placed on the exposed surface of
the brain through burr holes or craniotomy with the connecting
wires exiting through scalp incisions. Signals are obtained from
deep structures using penetrating linear probes with multiple cylin-
drical contacts of 1.1-mm diameter and variable length and spacing.
Digital acquisition commonly resolves signals from 0.1 to 100 Hz.

The cerebral activity measured with intracranial electrodes is
interpreted by defining recurring electrographic patterns at seizure
onset and correlating them with the eventual outcome of resective
surgery. When seizure onset is associated with pathological lesions
defined by brain imaging, resection of involved areas can lead to sei-
zure control in 60–80% of patients [19].

The challenge of contemporary ECoG is the definition of the seizure
onset zone when brain images show no discrete lesion or when subtle
abnormalities are multifocal, as is common with malformations of cor-
tical development. Intracranial recording continues to provide the
best spatial and temporal resolution of epileptiform activity but suffers
from sparse sampling and a resulting inability to distinguish seizure
onset patterns from those propagated from a distant source. This inter-
pretive approach to extratemporal nonlesional epilepsy results in sei-
zure control only 30–50% of the time [19]. Although this can be
explained by sampling error, itmay also suggest the need for an alterna-
tive hypothesis of seizure generation.
Functional networks are being defined in the brain in the resting
state and during task performance [20]. If regional networks are in-
volved in the epileptic process, seizures may be generated by the in-
teraction of these regions [21]. By acting together, regions forming an
epileptic network can define dependent multifocal seizure onset. This
suggests that interruption of a pathway (edge) or region (node) could
disable the network. However, given the resiliency of complex net-
works, it is possible that all major nodes of an epileptic network
must be disrupted to achieve seizure freedom, as implied by the ne-
cessity to resect both foci in many patients with dual pathology [22].

Although the likelihood of obtaining useful information from the in-
tracranial EEG is high, our ability to localize the epileptogenic zone will
require an adequate definition of the structure and function of brain
networks that initiate and maintain epileptic seizures. Future effective
application of intracranial ECoG will have to meet this challenge.

3.2. Intraoperative electrocorticography: Applications and limitations

3.2.1. Andrew J. Cole
Electrocorticography, defined as recording the EEG directly from the

surface of the brain, can be performed in the extraoperative setting,
using grids, strips, or pedestal-based systems, or in the intraoperative
setting, typically using either frame-based or array-based recording
electrodes. Here, we discuss the utility of intraoperative ECoG.

The indications for intraoperative ECoG include the identification of
epileptogenic cortex based on the recording of spontaneous activity; the
assessment of completeness of resection, judged by the presence of per-
sistent or de novo spikes; the recognition of epileptic discharge during
stimulus-based functional brain mapping in the setting of epilepsy,
tumor, or vascular neurosurgical procedures; and, on occasion, to re-
duce the need for high-morbidity, chronic intracranial investigation.

Important technical issues directly impact the performance of
intraoperative ECoG, including the presence of a noisy electrical envi-
ronment, the limited time window in which to examine the cortical
physiology, anesthetic effects on cortical activity, challenges related
to co-registering electrodes with anatomic markers in underlying le-
sions, and limited ability to sample because of the amount of time
available and the size and location of the craniotomy. In addition,
real-time interpretation is required to provide useful and actionable
feedback to the neurosurgeon.

The interpretation of results of activation techniques during corti-
cography should be undertaken with caution. Typical activation tech-
niques include anticonvulsant withdrawal, physiological activation
such as hyperventilation and photic stimulation, and pharmacological
activation, including the use of pentylenetetrazole, methohexital,
alfentanyl, or etomidate. Application of these agents may increase
spike frequency, increase the size of the cortical area producing
spikes, or increase the number of cortical sites producing spikes inde-
pendently. These activation effects are listed in decreasing order of
reliability with respect to defining the epileptogenic zone.

With respect to localization of the epileptic zone, spontaneous spikes
may arise from an area exceeding the critical zone. Stimulation-induced
afterdischarge has not been demonstrated to be reliable in identifying
epileptic cortex. Stimulation-induced habitual seizures are likely to pro-
vide reliable lobar localization but have limited utility in elucidating
sublobar localization. Stefan et al. [23] have noted that reproduction of
the patient's typical warning seems to be a reliable tool for identifying
the seizure onset zone in the mesial temporal lobe.

The use of ECoG to define the limits of resection elicits strong feel-
ings based on few data. Most studies suggest that residual spikes pre-
dict poor outcome in lesional epilepsy surgery. In an important study,
McKhann et al. [24] showed that residual hippocampal spikes pre-
dicted poorer outcome in mesial temporal lobe epilepsy surgery. Pal-
mini et al. [25] have shown that focal cortical dysplasias are often
characterized by active spikes, repetitive bursting, and electrographic
seizures and that uniformly poor outcome can be expected in those



Fig. 2. Flexible thin-filmmicroECoG devices can be made into a variety of sizes and con-
figurations to accommodate various size species, brain regions, and insertion methods.
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with residual postresection epileptic discharge, presumably indicat-
ing incomplete resection of the developmental abnormality. De
novo postresection spikes are likely to be benign, perhaps related to
acute surgical injury [26].

Electrocorticography is frequently used to perform intraoperative
functional mapping of eloquent cortex. Examination of somatosenso-
ry evoked potentials may be useful to define the central sulcus,
whereas interruption of function is the hallmark of stimulation of lan-
guage cortex. Motor evoked potentials may be assessed while the pa-
tient is anesthetized, providing a useful means to identify primary
motor cortex. In each of these cases, ongoing ECoG is critical to assess
generation of afterdischarges and seizures that might confound inter-
pretation of the mapping data and place the patient at considerable
risk. Careful choice of anesthetic agent and avoidance of inhalational
agents is critical to successful ECoG mapping.

Intraoperative ECoG will continue to play an important role in ad-
vanced neurosurgical treatment at tertiary care centers. New real-
time analytical approaches are desperately needed to improve our
ability to fully identify the epileptic zone and assess the completeness
of resection. Identification of better surrogates for epileptogenic cor-
tex such as high-frequency discharges could potentially reduce the
need for high-morbidity chronic intracranial investigations of pa-
tients with focal epilepsy in the future.

4. Emerging electrocorticography methodologies

4.1. Instrumentation for emerging electrocorticography applications

4.1.1. Peter Brunner
Traditional clinical applications that use ECoG signals all depend

on visual inspection. These traditional applications include diagnosis
of epilepsy and other disorders of the central nervous system [27],
localization of epileptogenic cortex [28], and mapping of eloquent
cortex prior to resective brain surgery [29]. In all these applications,
highly trained clinical investigators base their diagnoses on visual in-
spection of recorded behavioral patterns and neurophysiological sig-
nals. Recent studies have described promising techniques that could
replace or enhance these traditional procedures. These emerging
techniques (e.g., brain–computer interfaces, or BCIs [30], passive
mapping of eloquent cortex [16], and automated seizure detection
[31]) subject ECoG features (that are often not readily accessible
through visual inspection) to produce automated real-time computer
analyses, visualization, and feedback.

The use of these emerging techniques has been impeded by the
technical characteristics (i.e., resolution, sampling rate, filtering) of
current clinical bedside monitoring systems, which have been opti-
mized to provide a visual impression comparable to that of their me-
chanical predecessors, rather than to provide the most detailed
representation of the ECoG signals.

In response to this issue, several manufacturers have begun to de-
sign dedicated systems for research purposes. These research systems
record signals acquired using EEG, ECoG, or microelectrode record-
ings in real time from up to 512 channels, sampled at up to 50 kHz
with very high sensitivity (e.g., 24-bit resolution, 250-mV sensitivity).
Such systems not only acquire data but also can communicate them
in real time to external software. Thus, these systems focus on the re-
quirements of emerging clinical applications.

These dedicated research systems are usually not intended to fully
replace current clinical bedside monitoring systems. Thus, integration
of these research systems in a clinical environment requires additional
hardware (e.g., splitter boxes) to interfacewith existing clinical bedside
monitoring systems. The bulk of this additional hardware in addition to
the existing head stages sets practical limits to emerging ECoG applica-
tions, particularly with respect to increasing the number of possible re-
cording channels. In response, some manufacturers have begun to
design splitter boxes that integrate head stages and splitter boxes.
Using these research-grade systems, groups around the world
are now beginning to demonstrate the efficacy of emerging clinical
applications [32–35]. Translation of these clinical demonstrations
into clinical practice will eventually require optimized integration,
miniaturization, and wireless communication so that the resulting
systems can be implanted chronically.

In summary, the role of ECoG-based instrumentation is evolving
from its original role, whichwas focused solely on clinical bedsidemon-
itoring, to support of new and more complex applications including
BCIs, real-time functional mapping, and automated seizure detection.

4.2. Sensors (including current limitations and solutions)

4.2.1. Emerging passive sensor technology for electrocorticography

4.2.1.1. Justin Williams. There has been emerging interest in recording
higher-density potentials from the surface of the brain, for both scien-
tific [36–38] and translational [39–41], as well as clinical [42], appli-
cations. The use of these devices thus far has been centered on
modified commercially available electrode grids that have transi-
tioned from more closely spaced macroelectrodes [38] to high-
density microelectrodes [41,42]. The push in the field is to continue
this progression toward custom-fabricated devices that rely on
microfabrication capabilities to produce new sensor arrays with a
host of capabilities. These devices, collectively termed microECoG
arrays, take advantage of microelectromechanical (MEMS) processing
techniques to produce arrays that are ultrahigh-density and are built
on flexible insulating substrates [36,37,43]. The use of flexible insulat-
ing substrates (as opposed to traditional stiff silicon) allows for the
devices to conform to the convoluted surface of the brain, thereby
providing intimate contact of each electrode with the cortical surface
[37,43]. Additionally, many thin-film polymers have unique material
properties that allow them to "stick" to the brain tissue or have sur-
faces that are easily modified with chemical treatments [43]. There
are a number of different materials that can be used, with polyimide,
parylene, liquid crystal polymer, and polydimethylsiloxane (PDMS)
being the most popular because of their combination of flexibility,
dielectric properties, biocompatibility, and amenability to MEMS
manufacturing methods [37,43–45]. One of the main advantages of
using flexible thin-film electronics materials is that they are amena-
ble to rapid prototyping manufacturing processes [43]. This allows
for a wide range of electrode geometries to be produced that can ac-
commodate different species (from mice to rats to primates) and dif-
ferent brain areas [36,37,43]. Fig. 2 illustrates the variety of electrode

image of Fig.�2
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arrays that can be produced. The use of rapid prototyping processes
also makes possible the idea that "personalized" electrode arrays
could be produced in future clinical applications [43].

Thin-film microECoG devices also have the potential to open up a
number of new research paradigms. The thin-film electrode substrate
can be fabricated with holes throughout the substrate wherever it is
not necessary for insulating electrode traces [43,46]. This significantly
reduces the footprint of the overall device and also allows for the in-
tegration of other types of sensors. For example, penetrating intracor-
tical microelectrode arrays can be inserted through the center of the
microECoG array to provide a three-dimensional sampling of neural
activity from the underlying brain [46]. This type of preparation
could provide insights into the relationship between single-unit and
field activity in different cortical layers with the microECoG signals
recorded at the overlying brain surface. Lastly, polymers such as par-
ylene and PDMS are optically transparent. Coupling these transparent
substrate microECoG arrays with contemporary window brain
imaging techniques opens up a number of possibilities for linking
microECoG electrophysiology with optical measures of underlying
vascular and glial function. Additionally, these approaches lend them-
selves to the use of optogenetic manipulation of the neural tissue
[47]. Overall, the use of thin-film electronic approaches for making
ultraflexible, high-density microECoG arrays provides unique oppor-
tunities in both basic science and future clinical applications.

4.2.2. High-density micro-electrocorticography using flexible silicon
electronics

4.2.2.1. Jonathan Viventi. Current implantable brain devices for clinical
and research applications require that each electrode is individually
wired to a separate electronic system. Establishing a high-resolution
interface over broad regions of the brain is infeasible under this con-
straint, as an electrode array with thousands of passive contacts
would require thousands of wires to be individually connected. To
overcome this limitation, we have developed new implantable elec-
trode array technology that incorporates active, flexible electronics.
This technology has enabled extremely flexible arrays of 720 and
soon, thousands of multiplexed and amplified sensors spaced as
closely as 250 μm apart, connected using just a few wires. These de-
vices yield an unprecedented level of spatial and temporal microECoG
resolution for recording and stimulating distributed neural networks.

We have demonstrated a 360-channel active electrode array capa-
ble of sampling a 10×9-mm area of cortex with high spatial resolu-
tion (500-μm spacing) and high temporal resolution (>10 kS/s)
while requiring only 39 wires. This technology can be readily scaled
to much larger sizes, such as 80×80 mm, with 25,600 electrodes,
while maintaining a sampling rate >1.2 kS/s.

MicroECoG is one of the many possible applications of this tech-
nology, which also includes cardiac, peripheral nerve, and retinal
prosthetic devices. Using this technology, we have produced exam-
ples of retinotopic and tonotopic maps from in vivo recordings. We
have also observed finely detailed spatial and temporal patterns
from a feline model of acute neocortical epileptiform spikes and sei-
zures induced with local administration of the GABA antagonist pic-
rotoxin. These spatial and temporal patterns may give rise to
seizures and suggest new stimulation paradigms to treat epilepsy.

5. Emerging electrocorticography applications

5.1. Functional mapping

5.1.1. General principles of functional brain mapping with
electrocorticography

5.1.1.1. Nathan E. Crone, Anna Korzeniewska, Mackenzie C. Cervenka,
Dana Boatman-Reich. When neurosurgical resections for medically
refractory partial seizures and other focal brain diseases involve tis-
sue near functionally critical cortical areas, it is important to map cor-
tical function at a spatial resolution that is comparable to that of the
planned resection and to that of functional brain networks. Although
functional magnetic resonance imaging (fMRI) offers a potential re-
placement for the Wada test when determining hemispheric laterali-
zation, it remains controversial whether it should be used to guide
surgical resections. For this purpose, electrocortical stimulation map-
ping (ESM) remains the gold standard for both intraoperative and
extraoperative functional mapping, in large part because it allows cli-
nicians to test the functional impact of discrete, temporary, and re-
producible cortical “lesions.” ESM is thus thought to identify tissue
that is critical to function, and not merely participatory [48]. This dis-
tinction is widely considered an important advantage over all
methods that rely on cortical activation, although it is based on as-
sumptions that ESM does not perturb the function of cortical net-
works outside the stimulation site and that other sites cannot
support the same function, that is, no functional reserve or plasticity.
Because sequential testing of individual cortical sites with ESM is
often time consuming and can elicit afterdischarges and even seizures
that interfere with functional mapping, clinicians have for many years
been interested in using passive ECoG recordings from the same
implanted electrodes to map cortical function. This approach has a
number of important potential advantages, including the ability to si-
multaneously and rapidly assess cortical function at all electrode sites
without artificially perturbing the brain. In contrast to fMRI, this ap-
proach can also capture the fine temporal dynamics by which differ-
ent cortical sites are activated, potentially yielding more insight into
the functional role of each region.

One of the challenges to overcome with ECoG functional mapping
has been to decompose extraordinarily complex EEG signals into com-
ponents that can be used to reliablymeasure functional brain activation.
A variety of phase-locked and non-phase-locked signal components
have been used for this purpose. Recent studies have emphasized the
utility of increases in signal energy in a broad range of high gamma fre-
quencies (~60–200 Hz) as an index of cortical activation during a vari-
ety of tasks [49–51]. Activity in this frequency range is highly
correlated with blood oxygen level-dependent (BOLD) responses
[52,53] and with average firing rates in cortical neuronal populations
[54,55]. Although the generating mechanisms for this activity and the
nature of its relationship to neural computation are hotly debated
[7,56,57], it appears to have great practical value as a ubiquitous index
of overall activity in local neuronal populations. Moreover, in contrast
to the all-or-none information often provided by ESM, ECoG high-
gamma activity may also provide a graded measure of local population
activity that can be used to estimate the degree to which individual re-
cording sites contribute to overall activity in cortical networks responsi-
ble for normal brain function. This could allow clinicians to estimate the
capacity of the overall network to continue functioning despite the re-
section of individual components.

Through use of advancedmultichannel analyses of ECoG recordings,
it may also be possible to capture the temporal dynamics of task-related
functional interactions between the components of cortical networks
(Fig. 3) [58]. This could help identify the nodes of these networks that
are most important for function and, thus, crucial to preserve during
surgical resections. Although these and other developments in ECoG
functional mapping offer exciting opportunities to gain new insights
into brain function and to use these insights to guide clinical practice,
it will be important to continue testing the validity of this newmapping
techniquewith respect to the effects of both “virtual” lesions (ESM) and
surgical resections (postoperative neurological outcomes).

5.1.2. Using electrocorticography signals for real-time brain mapping

5.1.2.1. Anthony Ritaccio. The observations that ECoG amplitudes in
certain frequency bands carry substantial information about motor,



Fig. 3. Event-related functional interactions revealed with ECoG during picture naming. The task was performed with spoken (top) versus signed (bottom) responses. Functional
interactions were analyzed with multivariate autoregressive modeling of signal interactions based on Granger causality. Event-related increases in functional interactions at high
gamma frequencies (70–115 Hz) are illustrated for an interval corresponding to object recognition and word retrieval (i.e., from visual stimulus onset to median onset latency of
spoken or signed responses). Arrows indicate the directions and intensities of increased interactions that are statistically significant. The width and color of each arrow both rep-
resent linearly the magnitude of the interaction. Color scale (left) is of the same range for all interactions (top and bottom), scaled from maximal to minimal. Ten percent of the
smallest interactions is not shown. Reprinted from: Korzeniewska A, Franaszczuk PJ, Crainiceanu CM, Kuś R, Crone NE. Dynamics of large-scale cortical interactions at high
gamma frequencies during word production: event related causality (ERC) analysis of human electrocorticography (ECoG). NeuroImage 2011;56:2218–37. Copyright 2011, with
permission from Elsevier.
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language, and visual tasks [12,16,59–62] and are fMRI congruent
[63,64] have generated interest in a novel passive brain mapping
technology. The applicability of functional mapping for clinical pur-
poses by recording macroscopic local field potentials representing
task-driven neuronal populations remains limited by the need for
highly trained personnel and sophisticated offline analysis techniques
as well as the absence of real-time capability.

We have recently demonstrated a comprehensive evaluation of a ro-
bust and practical procedure for real-time functional mapping from
subdural electrodes [33]. The procedure is based on our BCI2000 soft-
ware platform (http://www.bci2000.org) [65] and SIGFRIED (SIGnal
modeling For Real-time Identification and Event Detection) signal pro-
cessing technology [66]. SIGFRIED can detect and visualize task-related
changes in real time without any a priori parameterization (e.g., of fre-
quency bands). To provide a basis for visual feedback of task-related sig-
nal changes, the SIGFRIED procedure establishes a statistical model
of baseline “resting” data over minutes. In response to visual cues, pa-
tients then perform simple motor tasks (hand or tongue movements),
receptive language tasks (passive listening to narrated passage), or
expressive language tasks (verb generation). For each grid contact and
500-ms period, the time series ECoG signal is converted into the
frequency domain. Frequencies between 70 and 100 Hz are then

http://www.bci2000.org
image of Fig.�3
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submitted to SIGFRIED. During online processing, SIGFRIED uses the
established baseline model to repetitively calculate the likelihood that
the signal at each grid contact during activity is statistically different
from the modeled baseline signals, generating (in real time and sec-
onds) a probability color map coregistered to the grid localization on
the patient's magnetic resonance image (Fig. 4).

In our recent multicenter study [33], we found that the SIGFRIED
procedure identifies motor sites in at least the same contacts or
their immediate neighbors compared with electrocortical stimulation
(ECS) mapping. Similar congruency has been made with ECS in the
language domain [67] and in the operating room environment [68].

It is likely that passive ECoG mapping will play an important ad-
junctive role at the bedside and in the operating room in the near fu-
ture. Based on its procedural simplicity, rapidity (minutes), safety
(passive recording), and relatively low expense, this methodology
has the potential to complement and potentially replace currently
used clinical methods used for functional localization prior to invasive
brain surgery. The system is currently in evaluation by a number of
surgical epilepsy centers in the United States and Europe.
Fig. 4. Real-time assessment of auditory and receptive language nodes: patient with epile
lateral X-ray (A) and an operative photograph (B) depict the configuration of two grids (o
passive mapping procedure (SIGFRIED) identified eloquent language cortex by contrasting
sented in two intuitive interfaces: a two-dimensional interface that mimics the electrode g
5.2. Pathological (ictal) high-frequency recordings in epilepsy

5.2.1. Brian Litt
For more than 50 years, the neurophysiology of epilepsy has been

defined by the concept of the “epileptic focus,” a 3- to 10-cm3 contigu-
ous volume of tissue “required” to generate clinical seizures. Experi-
mental findings over recent years have replaced this view with one of
a distributed cellular network whose basic components and scale are
not well understood. High-frequency recordings obtained at up to
30 kHz (usually down-sampled) from arrays of 40-μm microwires in-
terspersed between standard centimeter-scale clinical contacts are
changing our view of the physiological substrate of seizures. From
work in our laboratory and others, oscillations in the ripple
(100–200 Hz) and fast ripple (>200 Hz) ranges appear to be bio-
markers for epileptic brain: fast ripples in the hippocampus and ripples
in the neocortex. We also report “microseizures,” seen only in submilli-
meter domains recorded by microwires, rhythmic, “chirping” events
that evolve temporally and spatially like seizures but are confined to
single microwires in broad arrays and often do not spread to adjacent
psy with ECoG electrodes implanted over left frontal, parietal, and temporal cortex. A
ne 40-contact frontal grid, one 68-contact temporal grid) and three 4-contact strips. A
task-related changes during listening to voices and tones (C, D). The results are pre-
rid and a three-dimensional anatomically correct interface.

image of Fig.�4
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contacts 1 mm away. These observations suggest that epileptic seizures
may arise from “clouds” of cortical column-scale regions whose inde-
pendent oscillations may be synchronized in some fashion to generate
clinical events in much larger volumes of tissue. Current work in our
group, not yet published, suggests that these microseizure events may
actually be spiral waves confined to the neocortex, when measured by
very high-resolution multidimensional arrays in acute seizures precipi-
tated by GABA antagonists, like picrotoxin.

These findings suggest the need for more versatile, higher-
resolution devices for recording over large regions of the neocortex
and deeper structures to work out the actual topology and dynamics
of epileptic networks. These findings also indicate that current clinical
methods for localizing and treating seizures with surgery and implant-
able devices might be less effective, in part, because of their limited
temporal and spatial resolution. It is important to note that more com-
plex, higher-resolution recording and stimulation devices currently
under development in our laboratory generate their own challenges,
such as how to collect, process, and interpret massive streams of data
from thousands of channels sampled at greater than 10 kHz/channel.
These challenges have given birth to another active area of research in
our laboratory: the use of automated, unsupervised methods to detect,
map, and track high-frequency oscillations, ripples, fast ripples, and
microseizures, aswell as other high-bandwidth phenomena, during sei-
zure generation and propagation. Such signals include multiunit activi-
ty, field potentials, and widespread intracranial EEG. These challenges
are similar in many ways to those faced by researchers in the field of
brain–computer interfacing.

Looking toward the future, there is mounting evidence that more
flexible, multiscale devices for recording and modulating brain activ-
ity over larger regions will be necessary to understand seizure gener-
ation over the heterogeneity of conditions known as “epilepsy,” as
well as better algorithms for interpreting their output. It is also clear
that the devices, techniques, and algorithms created through this re-
search are certain to benefit those in related fields of research such as
brain–computer interfacing.

5.3. Brain–computer interfaces

5.3.1. Electrocorticography-based brain–computer interfacing in humans

5.3.1.1. Gerwin Schalk. All conventional methods to communicate with
or control our environment require motor function. Whether we
speak, type on a keyboard, or communicate through body language,
we rely onmuscles. Unfortunately, many neuromuscular or neurolog-
ical conditions [such as amyotrophic lateral sclerosis (ALS)] affect
muscular control. Thus, people affected by these conditions are im-
peded or unable to communicate. Those most seriously affected lose
all muscle function, including eye movements and respiration, and
become effectively “locked in” to their bodies. Efforts in the field of
BCI research aim to restore some of these lost functions by detecting
the intent of a person directly from brain signals and by using the re-
sult to control external devices such as word processors and cursor
movement. The sensor modalities that have most commonly been
used in BCI studies to date are EEG recordings from the scalp and
single-neuron recordings from within the cortex. Over the past de-
cade, an increasing number of studies have also explored the use of
ECoG activity.

Thus far, the majority of ECoG-based BCI studies have been con-
ducted with patients with intractable epilepsy who are invasively
monitored to localize their seizure focus and to identify eloquent cor-
tex. Also, a minority of experiments have used patients undergoing an
awake craniotomy or have used nonhuman primates. ECoG has
attracted substantial and increasing interest because it has been
shown to reflect specific details of actual and imagined actions and
because its technical characteristics should readily support robust
and chronic implementations of BCI systems in humans.
The protocol of an ECoG-based BCI study usually has two parts. In
the first part, the ECoG feature(s) (e.g., amplitudes at particular ECoG
frequencies measured at particular locations) to be used for BCI con-
trol is chosen. In the second part, the feature(s) is used for online BCI
control of cursor movement or another output. Several human ECoG-
based BCI studies using such protocols have been described to date
[11,69–81]. These studies present encouraging results. Specifically,
they demonstrate that ECoG allows people to rapidly acquire accurate
brain-based control of a computer cursor in one or two dimensions,
or to spell words at a rate of more than 20 characters per minute.
In terms of speed and/or acquisition of control, these results substan-
tially exceed those expected by similar systems using scalp-recorded
EEG.

In summary, ECoG is generating substantial excitement for its
potential to support basic neuroscience research and powerful BCI
systems. Ultimately, clinically practical ECoG-based BCI systems
must be wholly implantable and function reliably for many years.
Although these systems have not yet been developed, the extensive
work needed to develop and validate them has already begun. Its
successful completion could lead to ECoG-based BCI systems of
great value to people with severely disabling disorders.

5.3.2. Brain–computer interfacing in animal models

5.3.2.1. Dan Moran. All of the previous ECoG BCI studies in monitored
human patients with epilepsy used subdural electrodes. As the goal of
the monitoring is to identify the seizure focus and then surgically
remove it, opening the dura and exposing the central nervous system
is an appropriate risk. However, in animal models designed specifically
for ECoGBCI studies, the arrays can beplaced epidurally. The dura's con-
ductivity is comparable to that of cerebrospinal fluid; thus, the only
effect it will have on recordings is the small increased distance between
the recording sites and the brain (1–2 mm). With the dura kept intact,
the safety of the implant is significantly enhanced (reduced incidence
of meningitis or encephalitis). Furthermore, because the outer dura is
attached to the skull, there is no relative motion between the electrode
and the surrounding tissue unlike penetrating single-unit electrodes or
subdural ECoG electrodes. Given these advantages, epidural ECoG
appears to be an optimal recording modality for BCI applications.

In our most recent studies, we have had nonhuman primates
implanted for 15 months with chronic epidural ECoG electrodes.
With high-gamma-band activity (75–105 Hz), these subjects per-
formed accurate two- and three-dimensional BCI control of a comput-
er cursor. The electrode impedance as well as the ECoG signal-to-
noise ratio remained stable over the duration of the implant. When
explanted after 15 months, the underlying dura looked like it did on
the day of the initial implant. Likewise, the underlying brain was in
pristine condition with no sign of deterioration or attachment to the
overlying dura. Through biofeedback and neural plasticity, the sub-
jects were able to learn to independently modulate the brain activity
under electrodes placed as close as 3 mm apart. Overall, epidural
ECoG is a very pragmatic modality for BCI applications having the
proper balance of safety, invasiveness, stability, speed, and accuracy.

6. Conclusion

6.1. Gerwin Schalk

Electrocorticography is the technique of recording from or stimulat-
ing the brain using electrodes that are placed subdurally or epidurally.
ECoG has been used for decades for select clinical purposes—most com-
monly to identify functional and epileptic brain areas in people with
epilepsy—and on occasion for research. The important role of ECoG
for basic research and its potential to create a new range of clinical
applications have long been greatly underappreciated, not only be-
cause access to ECoG recordings is limited in humans, but more
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importantly because it has long been assumed that only recordings
from individual neurons carry important details about cortical func-
tion. Research over the past several years, including the work sum-
marized in this proceedings article, has changed this view by
highlighting the important capacities of ECoG for research and clini-
cal applications. Enthusiasm for the ECoG platform continues to
grow rapidly and is documented by an explosion in the number of
high-quality research articles. We expect that increased sophistica-
tion in signal acquisition, signal analysis, and interpretation of
ECoG signals will continue to be strong drivers in the further devel-
opment of the field of ECoG-based research and that the resulting in-
crease in understanding will serve to establish ECoG as an important
technique for characterizing normal as well as abnormal brain
function.
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