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Abstract

The Fifth International Workshop on Advances in Electrocorticography convened in San Diego, 

CA, on November 7–8, 2013. In the interval year since the last workshop, advancements in 

methodology, implementation, and commercialization across both research and clinical interests 

were the focus of the gathering. Electrocorticography (ECoG) is now firmly established as a 

preferred signal source for advanced research in functional, cognitive, and neuroprosthetic 

domains. Published output in ECoG fields has increased tenfold in the past decade. This 

proceedings attempts to summarize the state of the art.
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1. Introduction

A. Ritaccio

The Fifth International Workshop on Advances in Electrocorticography (ECoG) took place 

November 7–8, 2013, in San Diego, California. Advances in ECoG research and 

applications demand at least a yearly reckoning to keep pace with pertinent developments. 

This workshop has provided a venue for such a review since our inaugural meeting in 2008. 

This fifth workshop manifested the promise of ECoG-based recording by elucidating the 

evolution of stable clinical and research applications in the clinical, behavioral, and 

experimental neurosciences. Once again, strong emphasis was given to the role and 

contribution of the epilepsy patient as the window to human ECoG. Advances in 

methodology, implementation, and commercialization of passive ECoG functional mapping 

were updated. ECoG-driven neurobehavioral insights into frontal lobe functions, such as 

language prediction, were presented. A contemporary review of consensus and controversy 

in the recording and utility of pathologic high-frequency oscillations put a decade’s worth of 

observations into practical perspective. The inevitable and valuable incorporation of ECoG 

tools in multimodal functional localization was summarized. Transformative changes in 

design and manufacture of high-density customized ECoG electrode arrays were described 

to an audience of clinicians and researchers expectant of improved stability and spatial 

resolution.

Neurostimulation and neuromodulation of brain functions have caught the attention of the 

media and the general public. The number of centers engaged in human ECoG-based 

research has proliferated tenfold in the past decade, as has publication volume (Fig. 1). 

United States government funding projects directed at ECoG-based researchers regularly 

constitute headline news [1]. At the same time, criticisms of underrepresented limitations 

and exaggerated claims within many neuroscientific disciplines, including ECoG, have also 

proliferated [2]. The earnest goal of these workshops and their accompanying proceedings is 

to provide a lucid, content-rich summary of the field to date, free from hyperbole.

2. Clinical

2.1 Clinical Primer

L.J. Hirsch—Intracranial electroencephalogram (EEG) recordings are indicated for the 

surgical treatment of refractory epilepsy when other tests to identify the seizure focus are 

discordant or inconclusive, when there is no magnetic resonance imaging (MRI) 

abnormality (except select medial temporal cases), when the seizure onset zone abuts 

eloquent cortex (including many lesional cases), and when there is dual pathology (e.g., 

hippocampal sclerosis plus a lesion). Although some cortical mapping and identification of 
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the irritative (“spiking”) zone can be done via brief intraoperative ECoG, implanted 

electrodes are usually required in order to identify the seizure onset zone. Complete removal 

of the seizure onset zone is associated with a greater chance of seizure freedom, even after 

accounting for lesion resection [3].

There is no good evidence that intraoperative ECoG can help guide neocortical resection 

during temporal lobectomy in patients with mesial temporal sclerosis; one study suggested it 

may be beneficial in guiding the posterior extent of hippocampal resection. Intraoperative 

ECoG may be adequate to guide resection in select cases with focal cortical dysplasia if 

continuous spiking is seen, as occurs in about two-thirds of cases [4]. There is no proven use 

for activation techniques, determination of afterdischarge thresholds, or elicitation of 

habitual auras/seizures in surgical planning, and there is some evidence that all of these can 

be misleading.

Complications of implanted intracranial electrodes occur in about 9% of patients and are 

mostly transient, with permanent deficits in <2% and rare mortality [5]. Risks are higher 

with greater numbers of implanted electrodes, larger subdural grids, and peri-Rolandic 

location. The relative utility of subdural strips/grids, depth electrodes, stereo-EEG, and 

combinations of these is unknown. Recent gamma activation mapping techniques may speed 

up functional mapping, either intra- or extraoperatively [6].

Mesial temporal onset seizures on depth electrode recordings often begin with rhythmic 

spiking at <2 Hz or low-voltage 10- to 16-Hz activity. Unfortunately, spread to the 

hippocampus can look identical. Well-localized neocortical onsets often start with low-

amplitude fast activity, typically >16 Hz, often >30 Hz. Many seizure onsets are difficult to 

localize to a discrete area and may involve wider epileptogenic networks, such as the limbic 

network, the occipital-lateral temporal network, and the parietal-frontal network [7].

High-frequency oscillations (HFOs; ripples: 80–250 Hz, and fast ripples: 250–600 Hz) may 

help localize epileptogenic tissue [8,9]. Fast ripples seem to be more specific than ripples for 

seizure onset zones, especially when associated with interictal spikes [10]. High-frequency 

oscillations may be more localizing than traditional interictal epileptiform discharges [8,9]. 

Identification of HFOs requires high sampling rates (preferably >2000 Hz) and different 

filter and “paper speed” settings or automated detection. One small recent study suggested 

that single-pulse stimulation-induced fast ripples were suggestive of the epileptogenic zone 

[11].

Devices are now available for recording chronic ambulatory intracranial EEG. Such devices 

may allow seizure prediction and warning, which would improve patient safety and quality 

of life, as well as allow responsive treatment for seizure prevention (e.g., via stimulation—

now FDA approved, cooling or medications). Electrocorticographic signal analysis is also 

useful for brain-computer interfaces.

(Section 2.1 was presented at the Fourth International Workshop on Advances in 

Electrocorticography [12] and is reprinted with permission.)
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2.2 What is Testing the Brain Telling Us?

R.P. Lesser—Electrical stimulation was described as a treatment for disease at the time of 

the Roman empire and as a treatment for epilepsy in 13th century Persia. In the 18th 

century, Benjamin Franklin studied electrical stimulation using Leyden jars, and his studies 

included at least one person with a history of seizures. Wilder Penfield and collaborators 

used stimulation to define functional brain areas. On the basis of their work, and that of 

others, standard homunculi are often drawn suggesting a set location for all body 

representations along the sensorimotor strip. Although sensorimotor locations in general 

conform to those shown on homunculi, there are frequent deviations from the set patterns 

implied by these illustrations. There can be multiple widespread sites for specific body parts; 

these sites can overlap, and their locations can vary over time.

One goal of seizure treatment is complete control of seizures, or at least of seizures 

interfering with consciousness. Because seizures continue in one-quarter to one-third of 

patients despite anticonvulsant medication, epileptologists often consider performing 

epilepsy surgery. However, standard surgical techniques may not be applicable due to 

difficulties in localization or potential consequences of operating in eloquent cortex. This in 

turn has led to interest in additional treatments such as stimulation. The vagus nerve 

stimulator and, more recently, deep brain stimulation (in Europe) and the responsive 

neurostimulation device (in the USA), have been approved as treatments for intractable 

epilepsy. Although they are used in patients whose seizures cannot be controlled by standard 

surgical techniques, their efficacy has been modest. Why is that?

Penfield and Jasper, when defining functional areas, found that stimulation could produce 

afterdischarges (ADs). These usually are an unwanted side effect of brain stimulation, but 

since they are, in effect, induced electrical seizure patterns, studying them may help us to 

understand how seizures occur and how to terminate them. Just as there are variations in the 

functional responses to stimulation, there are variations in the occurrences of ADs. Just as 

functional localizations can vary, stimulation at the same intensity does not necessarily 

produce ADs with repeated stimulation, and the sites to which ADs spread can vary from 

one stimulation event to the next [13,14].

When stimulation through electrodes produces ADs, brief subsequent pulses of stimulation 

through the same electrodes can terminate the ADs, but this occurs only about half the time 

[15]. The likelihood of terminating ADs is better if stimulation begins at the negative peak 

of the AD waveform [16]. Beyond this, there are no specific stimulation parameters that 

have been shown to consistently improve the likelihood of terminating ADs [14]. If we 

understand more about the basic physiology, biochemistry, and microanatomy underlying 

the responses to stimulation, we will be more likely to improve the efficacy of stimulation 

for treating seizures.

2.3 Mapping Pathological Oscillations in Human Epileptogenic Brain

G.A. Worrell—Successful localization of the epileptogenic networks generating 

spontaneous seizures is critical for successful epilepsy surgery and therapeutic focal brain 

stimulation. Recording spontaneous seizures with intracranial EEG (iEEG) remains the gold 
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standard for localizing epileptogenic brain. Conventional clinical iEEG, however, records 

brain activity over relatively coarse spatial (approximately centimeter) and spectral (~0.5–

100 Hz) scales. Emerging evidence from multiple laboratories reports that current clinical 

iEEG is not optimal for localizing the epileptogenic zone (EZ), i.e., the pathological tissue 

that must be resected for long-term seizure freedom.

There is a critical need for refining EZ localization in order to improve epilepsy surgery and 

focal brain stimulation outcomes. Electrophysiological biomarkers (EB) are defined as 

objectively measured signals that can differentiate normal from pathological tissue [17,18]. 

Advances in human brain electrophysiology have led to the discovery of multiple EB [19–

22] that show potential for improving EZ localization. One of the most promising 

biomarkers of the EZ is pathological HFO (for recent reviews, see Engel [17] and Worrell 

and Gotman [18]).

Classification of physiological HFO and pathological HFO remains a central challenge for 

modern epileptology. High-frequency oscillations spanning gamma (30–100 Hz), ripple 

(100–250 Hz), and fast ripple (250–600 Hz) frequency oscillations are associated with 

normal neurophysiology (for recent review, see Buzsáki and Silva [23]). In brain capable of 

generating spontaneous seizures, however, interictal gamma [20], ripple [24], and fast ripple 

[19] HFOs are increased. While distinguishing between epileptiform HFOs and 

physiological HFOs remains a challenge, there has been recent progress [25]. There are 

multiple potential clinical applications if reliable interictal EB of epileptogenic brain can be 

established. Intraoperative recordings and interictal EB mapping could be used to improve 

intracranial electrode positioning and might even eliminate the need for prolonged iEEG 

monitoring required to record spontaneous seizures. The ability to map the EZ with 

intraoperative recordings would transform epilepsy surgery by reducing patient discomfort, 

risk, cost, and duration of presurgical evaluation.

2.4 Mapping Cortical Function at the Bedside: Active

A. Ritaccio—Electrical stimulation mapping (ESM) remains a pivotal method in clinical 

neurology and systems neuroscience. The interest and fascination with direct cortical 

electrical stimulation parallels the earliest awareness of the electrical nature of neural 

transmission.

The historical and clinical relevance of ESM are its best-evolved aspects. Giovanni Aldini 

(1756–1826), nephew of Luigi Galvani, used Volta’s bimetallic pile to apply electric current 

to “reanimate” dismembered bodies of animals and humans (Fig. 2). In doing so, he became 

the primogeniture of generations of physiologists and neuroscientists to follow, including 

Rolando, Fritsch and Hitzig, Ferrier, Cushing, Krause, and Penfield. His experiments were 

also Mary Shelley’s main inspiration in the creation of her 1818 novel, Frankenstein [26]: 

“Perhaps, a corpse would be reanimated; galvanism had given token of such things.”

Observed behavioral phenomena induced by ESM have been in the realm of cessation of an 

ongoing behavior (e.g., speech arrest), simple motor behavior, illusions (i.e., distortion of 

sensory stimuli mostly in visual or auditory domains), recall of past events, emotional 
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feelings, and hallucinations (i.e., induced perception in the absence of relevant sensory 

stimuli) [27].

The clinical utility of ESM in contemporary neurosurgery is greater than a half century in 

practice. Its utility is well established. Less than 2% of 250 patients sustained language 

deficits after resecting ESM-based language localization [28], and 87% of 55 patients were 

without motor deficit in tumor resective surgery near ESM-defined motor regions [29]. In 

contrast, partial resection of ESM language sites commonly result in permanent linguistic 

deficit [30]. ESM is considered methodologically superior to diffusion tensor imaging (DTI) 

and functional magnetic resonance imaging (fMRI) in predicting tissue function in tumor 

surgery.

There has been a renewed interest in understanding ESM mechanisms and in distinguishing 

its well-established electrical diffusion effects (local) versus biologic diffusion (synaptic 

connectivity). Local effects, as predicted by a three-dimensional finite element model of 

current flow, demonstrate a sharp drop in current midway between electrodes commonly in 

clinical use [31]. However, it is both logically and experimentally clear that perceptual and 

behavioral phenomena induced by electrical charge to a brain region are likely due to 

change of activity in network of brain areas (including subcortical regions). The spatial 

extent of blood oxygen level-dependent (BOLD) changes induced by ESM suggests synaptic 

propagation through horizontal monosynaptic connections that mimic neural recruitment 

(electrical stimulation of V1 inducing BOLD changes in V2, V3, and MT in a primate 

model) [32].

The best example of ESM-based distant modulation in humans is best exemplified by the 

methodology of cortico-cortical evoked potentials (CCEP) [33]. Cortico-cortical functional 

connectivity is elicited by stimulating a part of the brain through ECoG electrodes and 

recording evoked potentials that emanate from a distant region of the cortex via neuronal 

projections.

CCEP as a method to determine “probabilistic functional tractography” [34] holds great 

promise in advancing the contribution of ESM in the new millennium. Fine-tuning of this 

technique may give clinicians and researchers a potent tool to finally map networks and not 

nodes.

2.5 Mapping Cortical Function at the Bedside: Passive

P. Brunner—Mapping of cortical function is often performed prior to resective brain 

surgery. In this procedure, dysfunctional (e.g., cancerous or epileptogenic) cortex is 

delineated from areas that, if resected, would impair important functions of the patient. 

Currently, electrical cortical stimulation (ECS) remains the most widely accepted mapping 

technique. With this technique, pulses of electricity, e.g., 300-µsec duration, 50 times per 

second, 1–15 mA current, are delivered directly to the cortex through a pair of electrodes. 

This stimulation can elicit inhibitory (e.g., for language) or excitatory (e.g., for motor) 

effects that can be observed in the patient’s behavior.
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While ECS is well established, it does have inherent problems. For example, inadvertent 

current spread and afterdischarges can inhibit or excite cortical areas distant to the intended 

stimulation site. Although reducing the stimulation intensity can mitigate this undesired 

effect, effective mapping of some cortical functions (e.g., language) may require relatively 

high stimulation intensities. Additionally, mapping large cortical areas, with such higher 

stimulation currents, is not only time-consuming but can also cause adverse effects such as 

seizures and tissue damage.

The advent of passive functional brain imaging techniques such as fMRI, EEG, 

magnetoencephalography (MEG), and ECoG may provide new avenues to mapping cortical 

function. Rather than actively inducing or inhibiting function, these techniques correlate 

behavior with changes in the metabolic or electromagnetic brain activity. While such passive 

techniques can overcome some of the problems of ECS by identifying brain locations that 

exhibit task-related changes, they cannot yet determine whether all these locations are 

indeed necessary for a particular function. Despite this limitation, passive functional 

mapping, primarily using fMRI and ECoG, is now used in some clinics to guide ECS and 

thereby reduce the adverse effects of ECS.

In this context, the use of ECoG is very practical. This is mainly due to two reasons: First, 

placement of ECoG electrodes is already included in many resective brain surgery protocols 

(e.g., epilepsy surgery), or the placement does not add significant risk (such as in 

intraoperative scenarios). Second, the ECoG grid provides a directly visible coordinate 

system for the neurosurgeon, which removes the otherwise needed and error-prone 

coregistration of functional maps with the visible cortical anatomy. The unique utility of this 

approach has been demonstrated in several academic and clinical papers [6,35,36] and 

recently led to the development and clinical validation of a commercially available passive 

ECoG-based mapping system called cortiQ [37]. While these recent developments are 

encouraging, the clinical utility of this new mapping technique for minimizing postsurgical 

deficits in different patient populations remains to be determined.

3. Science

3.1 Tutorial on ECoG Physiology: the Spatial Distribution of Phase Coherence in the 
Movement-Related β-Rhythm

K.J Miller, D. Hermes—ECoG potential changes in primary motor cortex during 

movement are dominated by broadband spectral increases and narrowband (oscillatory) 

decreases [38]. The broadband increases are a generic correlate of mean population firing 

rate [39,40] and therefore are spatially focal, specific for individual movement modalities, 

and temporally precise [41–43]. β-Rhythm power decreases, in contrast, are spread over 

much larger regions of the brain, of which the functionally precise sites are a small subset.

These ECoG β-rhythm power decreases are seen with engagement of motor cortex during 

basic movements, movement imagery, or imagery-based online feedback [38,40,42,44,45]. 

They explain low-amplitude fMRI-BOLD signal changes outside of functionally specific 

motor regions, as identified by broadband ECoG or electrical stimulation [45]. β-Rhythm 

and broadband have fundamentally different physiologies. For example, a 19-year-old who 
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suffered from a perinatal stroke was found to have distinct, independent, broadband 

representation of both hands on the healthy hemisphere. The β-rhythm representation, in 

contrast, was shared between both hands and favored the hand of the native representation 

[47].

The spatial extent of phase coherence in cortical brain rhythms is important: it can be used 

to directly address whether widespread power changes in a specific frequency range reflect a 

single physiological process that changes over a distributed brain area, or many processes 

that are similar in character and function but which are actually separate from one another. 

To determine the extent to which β-rhythms at neighboring cortical sites are generated by 

common versus independent sources, we examined the pairwise phase coherence of the β 

rhythms across sites [43]. In contrast to many studies in which the absolute value of phase 

coherence (or mean-squared phase coherence) is used, we retain the phase-shift between 

sites. If there is a strong, coherent rhythm in a large fraction of the electrode array, then the 

act of re-referencing will introduce false phase coherence, π out of phase. When this occurs, 

it can be revealed by examining the phase of the phase coherence. Figure 3 plots the phase 

coherence relative to a chosen reference site at which broadband power was maximally 

correlated with movement of the index finger. Figure 3 shows that phase coherence of the β-

rhythm is spatially distributed over neighboring sites. Furthermore, by projecting each phase 

coherence value (i.e., each phase coherence vector in the complex plane) onto the strongest 

phase coherence value (i.e., a reference vector), we can measure the extent to which phases 

are aligned among the coherent sites. This projection procedure facilitates the identification 

of variation in phase across different cortical sites. The spatially coherent rhythms are 

gyrally delineated along the precentral and postcentral gyri. The phase coherence measure 

either decreases in magnitude or “skips” in phase as sulci are crossed. Thus the phase 

coherence motifs for the motor rhythm with M1 obey sulcal boundaries.

3.2 Tutorial on ECoG Methodologies

A. Gunduz—Historically, many of the earlier human ECoG studies were conducted by 

research-oriented clinicians due to their direct access to neurosurgical patients undergoing 

resective surgery for the treatment of intractable epilepsy [48,49]. Today, with the 

advancements in neural interfacing technology and the expanding neuroscientific literature, 

ECoG-based research is being increasingly conducted by multidisciplinary groups 

comprising clinicians, engineers, and neuroscientists. This section aims to provide the basic 

methodologies for those from all backgrounds interested in ECoG research. We also refer 

the readers to a video tutorial on ECoG signal acquisition and analysis provided in Hill et al. 

[50].

To avoid interference with clinical monitoring and for independence from clinical hardware 

or software filter settings, a bioamplifier system dedicated to research is highly 

recommended. Since time with patients is limited, it is good practice to set up robust and 

reliable recording hardware and software, which should be tested ahead of time and can be 

easily adapted to new patient-specific parameters. The clinical and research systems should 

have separate grounds so as not to interfere with each other. Both grounds should be chosen 

far away from predicted epileptic foci and from functional areas of interest for research. 
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Since there will be interference within a hospital room, it is important to locate the sources 

of noise and eliminate them prior to the recording session in order to capture the highest 

quality signal possible. Most artifacts common across all channels (e.g., line noise) can be 

removed by spatial filtering, such as Laplacian or common average reference (CAR) 

filtering [51]. Artifacts isolated to a single or a few channels should be manually removed 

prior to spatial filtering to prevent spreading of artifacts to other channels.

ECoG signals exhibit broad spectral ranges that modulate with behavior. These spectral 

features can be identified by contrasting spectra during behavioral engagement with baseline 

spectra. These task-relevant modulations are mainly captured in the rhythmic oscillations 

(which appear as peaks in power spectra and are spatially broad observations) and 

asynchronous local activity (which appears as spatially localized broadband modulations 

over spectral ranges greater than 70 Hz) [38]. Although these event-related 

desynchronizations and synchronizations have been known since the 1990s [44,52], only 

recent advancements in signal acquisition (which have enabled higher temporal resolution 

and signal-to-noise ratios) and computational technologies (which have enabled 

multidimensional signal processing and real-time applications) have facilitated the practical 

and widespread use of these ECoG features in human neuroscience and neural engineering.

Despite these advancements, the spatial resolution of recordings is still limited to the 

spacing of clinical grids (4-mm-diameter contacts with 1-cm spacing), and spatial coverage 

is limited to areas of clinical interest to minimize the risks associated with implants. 

Although many research groups recognize the need for highly dense, biocompatible, and 

fully implantable ECoG grids, such technologies will be subjected to long approval 

processes before clinical use. Nevertheless, research and validation in these areas should be 

able to pave the way for adoption of these technologies in humans in the near future.

3.3 Frontal Cortex and Cognition: Evidence from ECoG

R.T. Knight—Electrocorticography has emerged as a powerful method to study human 

cognition across multiple domains. Neuropsychological and neuroimaging findings have 

shown that attention is supported by a distributed frontoparietal network that is altered in 

numerous neurological disorders. ECoG recording has delineated the precise neural 

mechanisms in humans supporting this ability to allocate attention. ECoG recording has 

revealed that the frontoparietal attention network is supported by three distinct 

electrophysiological mechanisms [53]. First, attended and correctly detected events generate 

a robust and sustained high gamma response. Second, coherence between frontal and 

parietal electrodes in the 2–5 Hz band increases for attended events. Finally, cross-frequency 

coupling between the low-frequency rhythm and high gamma is also increased for attended 

events. Crucially, the degree of cross-frequency coupling observed at the single-trial level 

predicts reaction time. These observations provide support for coherence as a method for 

engaging distributed networks in the service of cognition and highlight the key role of cross-

frequency coupling in the tuning of local cortical regions during behavior. Cross-frequency 

coupling has been shown to support other aspects of human cognition. For instance, it has 

been shown that maintenance of multiple items in working memory is linked to the coupling 

of neural assemblies in the 25–100 Hz gamma range with theta phase in the hippocampus 
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[54]. Furthermore, increasing the number of items (i.e., memory load) is associated with 

modulating this cross-frequency coupling by increasing the length of theta cycles to 

incorporate additional pockets of higher-frequency power increases. The role of cross 

frequency coupling extends to the motor domain where the degree of coupling in premotor 

and motor cortices precisely tracks motor learning across a range of tasks [55]. Similar 

findings have been reports in intracranial recordings from the nucleus accumbens, where 

cross-frequency coupling had been shown to index action monitoring during cognitive 

control [56]. These findings spanning attention, memory, motor learning, and cognitive 

control highlight the fundamental role of cross-frequency coupling in human cognition.

3.4 Spatial and Temporal Dynamics of ECoG Related to Visual Stimuli

K. Kamada—Recently, high gamma activity (HGA) has been shown to be positively 

correlated with BOLD responses in the primary cortical areas in animals and humans. It is, 

however, an open question whether similar relationships can be found in the association 

cortices. The aim of this study was to clarify spatial and temporal profiles of the HGA and 

BOLD in the language-related association cortices.

Thirteen patients with intractable epilepsy underwent fMRI and ECoG with word 

interpretation task to elicit language-related responses. Percent signal change of BOLD was 

calculated at the site of each ECoG electrode, and HGA of each electrode was obtained as a 

power amplification of high gamma band (60–120 Hz) activity. We made quantitative 

comparisons between them and described their spatial relationships on a template brain (Fig. 

4).

HGAs were detected not only in the primary cortical areas but also in the language-related 

cortices such as the inferior frontal and middle temporal gyri. We demonstrated a positive 

correlation between HGAs and BOLD responses, suggesting that the HGAs could be 

physiological correlates of BOLD responses (Fig. 5).

The time-course analysis revealed different temporal dynamics of HGAs in the various 

regions. The frontal lobe showed longer-lasting HGA than the temporal lobe (Fig. 6).

In conclusion, we revealed a positive coupling of HGA and BOLD in association cortices 

using language task. Different temporal profiles of HGA in the frontal and temporal lobe 

might reflect the spatial dissociation of HGA and BOLD. This study contributes to 

extending the concept of HGA-BOLD coupling from primary to association cortices and 

will facilitate practical utilization of fMRI for evaluating higher-order cognitive functions 

not only in neuroscience researches but also in clinical application.

3.5 The Electrophysiology of Human Memory Representations

J. Jacobs—Electrocorticographic (ECoG) recordings are one of the most powerful tools 

available for human electrophysiology research. ECoG has been widely established as 

providing spatially and temporally precise information on how brain regions support 

particular behaviors. However, an underappreciated aspect of ECoG is that it also reveals the 

specific content of a neuronal network during memory and cognition [57]. Below, I explain 
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how these content-specific ECoG signals elucidate specific neuronal patterns that underlie 

human memory.

As a person performs a memory task, neurons in various regions activate to represent the 

specific memory items that are encoded, maintained, and recalled. ECoG signals at 

particular frequencies and electrodes reveal many of these patterns by exhibiting variations 

in amplitude when patients view certain stimuli [58]. Figures 7A and 7B show an example 

of this phenomenon, depicting the ECoG activity of an electrode in ventral-temporal cortex 

that had increased high gamma (65–150 Hz) activity when the patient viewed letters Q or L 

in a memory task. Thus high-frequency ECoG signals can reveal the engagement of a 

neuronal network in supporting memory for certain items.

ECoG recordings measure neuronal activity at various frequencies simultaneously. Not only 

is content-specific information also present at multiple frequencies, but often there is 

independent information at separate bands. A recent study demonstrated this by showing 

that a multivariate algorithm that combined information across frequencies more accurately 

predicted the content of a patient's memory compared with a predictor that used even the 

best individual frequency band [59]. An important area of ongoing work is to differentiate 

the types of neural and cognitive information that are represented at separate frequencies.

In addition to ECoG showing the neuronal patterns that represent the content of memory, it 

can also explain how electrical brain stimulation affects cognition [60]. In one patient who 

underwent ECoG stimulation mapping, electrical stimulation at a particular electrode caused 

the patient to spontaneously recall memories of his high school (Fig. 7C). Subsequently, the 

patient performed a memory task where he recalled memories from several categories. 

Remembering information related to his high school caused a relative decrease in the 

amplitude of high gamma ECoG activity (Fig. 7D). This decreased activity appeared at the 

one electrode where stimulation caused him to recall high school memories.

The correspondence at this ECoG electrode between stimulation and high gamma signals is 

important theoretically because it helps explain how brain stimulation can initiate memory 

retrieval. In contrast to the view that brain stimulation randomly initiates memory retrieval 

[61], these data indicate stimulation can initiate “mental time travel” by artificially 

recreating a pattern of neuronal activity that resembles one found from normal cognition. 

Going forward, ECoG analyses that differentiate the specific content of a particular 

cognitive or behavioral task have the potential to elucidate new important details regarding 

the neural signals and computations that support behavior.

3.6 Neural Mechanisms of Attention Control in the Primate Brain

S. Kastner—Selective attention mechanisms route behaviorally relevant information 

through large-scale cortical networks. While there is evidence that populations of cortical 

neurons synchronize their activity to preferentially transmit information about attentional 

priorities, it is unclear how cortical synchrony across a network is accomplished. Based on 

its anatomic connectivity with the cortex, we hypothesized that the pulvinar, a thalamic 

nucleus, regulates cortical synchrony. To test this idea, we mapped pulvino-cortical 

networks within the visual system using diffusion tensor imaging and simultaneously 
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recorded spikes and field potentials from these interconnected network sites in monkeys 

performing a visuo-spatial attention task. We have shown that the pulvinar synchronized 

activity between two interconnected cortical areas according to attentional allocation, 

suggesting not only a critical role for the thalamus in attentional selection, but a more 

general role in regulating information transmission across visual cortex.

3.7 Interactions Between Core and Matrix Thalamocortical Projections in Human Sleep 
Spindle Synchronization

T. Sejnowski—Sleep spindles are bursts of 11–15 Hz that occur during non-rapid eye 

movement sleep. Spindles are highly synchronous across the scalp in the EEG but have low 

spatial coherence and exhibit low correlation with the EEG when simultaneously measured 

in the MEG. We developed a computational model to explore the hypothesis that the spatial 

coherence spindles in the EEG is a consequence of diffuse matrix projections of the 

thalamus to layer 1 compared with the focal projections of the core pathway to layer 4 

recorded in the MEG. Increasing the fan-out of thalamocortical connectivity in the matrix 

pathway, while keeping the core pathway fixed, led to increased synchrony of the spindle 

activity in the superficial cortical layers in the model. In agreement with cortical recordings, 

the latency for spindles to spread from the core to the matrix was independent of the 

thalamocortical fan-out but highly dependent on the probability of connections between 

cortical areas.

3.8 Single-Trial Characterization of ECoG Visuomotor Networks

G. Schalk—Behavior arises from neuronal population activity that occurs across distant 

areas of the brain. Charting this activity across space and time, and examining its 

relationship to different aspects of neurophysiology or behavior, is of central importance to 

advancing our understanding of brain function. Studies over the past decades have been 

successful in identifying the locations of neuronal populations involved in specific 

behaviors, or in characterizing the specific relationship of individual populations of neurons 

to task-related variables. They have only been marginally successful in characterizing the 

spatial and temporal sequence of distant populations of neurons that together implement a 

complex behavior, such as visuomotor function.

Because it has high spatial and temporal resolution, electrocorticography appears to be well 

suited to investigate this activity sequence. At the same time, the timing of cortical activity 

is known to vary from trial to trial. Thus, the activity sequence of such cortical activity 

cannot readily be derived by applying traditional analytic techniques, such as cross-trial 

averaging. Hence, it remains largely unknown how neuronal activity traverses space and 

time, and how it relates to behavior or to other physiological mechanisms such as 

modulatory oscillatory activity.

In our study, we set out to begin to address this critical problem. To do this, we recorded 

ECoG signals in four human subjects while they performed a visuomotor response task: 

subjects pressed a button as soon as they detected a change in a visual stimulus. We then 

applied a novel detection technique to identify the time of activity onset and offset in 

neuronal populations in single trials. The results show that population activity at each 
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location was typically much briefer than that implied by previous studies. Furthermore, they 

demonstrate that variance in the timing of population activity is strongly related to variance 

in the timing of the behavior. Finally, our results reveal an intriguing preference of the 

timing of the onset of cortical activity to the first half of the trough of underlying oscillatory 

activity in the alpha band. Our results document this effect across all subjects and across 

many brain regions.

In summary, our recent methodological advances allow us to chart the spatial and temporal 

progression of neural activity from its beginning in visual cortex to its end in sensorimotor 

cortex. Our initial results provide tantalizing evidence for a general physiological 

mechanism that governs the activation and/or synchronization of distant neural populations.

4. Perspectives/Conclusion

G. Schalk

Electrocorticography is the technique of interrogating the brain using electrodes that are 

placed subdurally or epidurally. Over the past decade, the important role of ECoG for basic 

research and its potential to create a new range of clinical applications has become 

increasingly recognized. Indeed, over the past few years, ECoG research articles have even 

succeeded to be accepted in the most renowned scientific journals, including Science and 

Nature.

The increasing recognition of the ECoG platform is encouraging. At the same time, the 

potential of ECoG for studying the brain and for using it to produce new diagnostic or 

therapeutic options is likely much greater than suggested by these initial encouraging 

demonstrations. Our methods for characterizing the complex task-related ECoG processes 

that unfold across space and time, and our ability for interacting with these processes for 

diagnostic or treatment purposes, are still rather primitive. Thus, with the further expected 

improvements in these areas, the value of ECoG for basic and translational neuroscience is 

likely going to continue to increase substantially.
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HIGHLIGHTS

• ECoG can elucidate brain function in ways not achieved by other imaging 

modalities.

• ECoG-based applications are beginning to be used clinically.

• ECoG-based applications are beginning to be marketed commercially.

• Improvements continue in ECoG signal acquisition, analysis, and interpretation.

• ECoG is elucidating fundamental brain functions such as languge and memory.
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Fig. 1. Results of simple searches in PubMed for the terms “electrocorticography” and, 
separately, “electrocorticography and brain mapping”
Results demonstrate a roughly tenfold increase in publication output and investigators.
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Fig. 2. Experiments by Giovanni Aldini (1762–1834) with electrical stimulation of cadavers using 
voltaic piles (1802)
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Fig. 3. Pairwise 12–20 Hz phase coherence with a pericentral motor cortex
A seed for the coherence measure is chosen by selecting the most index finger-specific site 

(identified by magnitude of broadband shift), denoted with “ship wheel” symbol. (A) The 

pairwise phase coherence between sites is calculated with the remainder of the array (during 

rest periods). The magnitude of the phase coherence (max = 0.32) is reflected in the strength 

of the color and the electrode diameter, whereas the relative phase-lag of the phase 

coherence is denoted by the color. (B) To more clearly isolate spatial changes in phase, the 

complex phase coherence at each site was projected onto the phase of the site of maximum 

absolute phase coherence. (C) The mean projected phase coherence from each region 

(shown color coded on inset cortical rendering) is quantified, with error bars denoting the 

standard error of the mean within each region. (D and E) As in A and B; maximum phase 

coherence noted in between cortical renderings. (F) Pooled data from subjects 1–9, showing 

that the 12–20 Hz pairwise phase coherence is conserved within dorsal pericentral cortex, 

bounded by the precentral sulcus anteriorly and the postcentral sulcus posteriorly. Note that 

the “anti-phase coherence” is most strongly due to introduced phase coherence in the 

common-average process (π out of phase) in the electrodes that do not otherwise have a 

large β-rhythm. See Miller et al. [42] for a complete description.
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Fig. 4. Comparisons between distributions of HGAs and BOLD responses on a template brain
(A) All ECoG electrodes displayed on a template brain. The electrodes (green dots) on the 

template brain widely covered the lateral aspect of the left frontal and temporal lobes. (B) 

ECoG electrodes with significant HGA. Different colors of the electrodes indicate individual 

patients. The electrodes were mainly clustered on the inferior frontal, superior and middle 

temporal gyri, and precentral gyrus (premotor cortex and face-motor area). (C) A three-

dimensional t-map of BOLD response across individual displayed on a template brain. The 

BOLD responses were widely observed in the frontal lobe, which involves the inferior 

frontal and precentral gyri. There were additional activated areas in the inferior temporal 

gyrus, which was sparsely covered by ECoG electrodes. Time-frequency analysis was 

applied to compare their spatiotemporal profiles.
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Fig. 5. High gamma activity (HGA) vs. blood oxygen level-dependent (BOLD) imaging signal 
change
Comparison of normalized HGA and BOLD signal show a positive correlation (R = 0.57, p 

= 0.0002) between these two assessment tools.
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Fig. 6. Temporal dynamics of high gamma activity of noticeable electrode clusters in frontal and 
temporal lobes
Each line color corresponds to electrode color. X and Y axes indicate latency and high 

gamma broadband index (HGBI), respectively. HGBI in the frontal lobe lasts longer beyond 

1000 msec. On the other hand, rapid decline of HGBI was observed after 500 msec in the 

temporal lobe.
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Fig. 7. Electrocorticography reveals the neural basis of memories
(A) The amplitude of high gamma (HG; 65–150 Hz) ECoG activity at a site in one patient’s 

ventral temporal lobe in a working memory task (Modified from Jacobs and Kahana 2009). 

Shading at top indicates time points that exhibited significant differences in amplitude 

according to the identity of the viewed item. (B) The amplitude of HG activity for all letters 

viewed in the task (same electrode as panel A.) (C) Brain image from a patient who 

spontaneously remembered memories of high school (HS) after stimulation at the indicated 

electrode (red) in his left ventral temporal lobe. (D) The amplitude of HG activity observed 

from this electrode when the patient performed a memory task where he remembered HS 

and non-HS information (same electrode as panel C.)
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