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Abstract

A number of investigators have reported that event-related augmentation of high-gamma 

activity70–110 Hz on electrocorticography (ECoG) can localize functionally-important brain regions 

in children and adults who undergo epilepsy surgery. The advantages of ECoG-based language 

mapping over the gold-standard stimulation include: (i) lack of stimulation-induced seizures, (ii) 

better sensitivity of localization of language areas in young children, and (iii) shorter patient 

participant time. Despite its potential utility, ECoG-based language mapping is far less commonly 

practiced than stimulation mapping. Here, we have provided video presentations to explain, point-

by-point, our own hardware setting and time-frequency analysis procedures. We also have 

provided standardized auditory stimuli, in multiple languages, ready to be used for ECoG-based 

language mapping. Finally, we discussed the technical aspects of ECoG-based mapping, including 

its pitfalls, to facilitate appropriate interpretation of the data.
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1. Need of an alternative mapping tool in presurgical localization of the 

language areas

The ultimate goal of epilepsy surgery is to completely remove the epileptogenic zone while 

maximally preserving functionally-important brain areas including the primary language 

areas (Asano et al., 2013). In case noninvasive evaluation fails to satisfactorily localize these 

areas of interest, invasive presurgical evaluation is often employed with intracranial 

electrodes placed on the affected hemisphere for days to weeks (Lesser et al., 2010). The 

seizure onset zone responsible for habitual seizures and the spatial extent of neuroimaging 

abnormalities are determined for localization of the epileptogenic zone (Asano et al., 2009). 

Subsequently, most investigators localize the primary language areas using electrical 

stimulation, which is the current gold standard mapping method (Wang et al., 2016; Wellmer 

et al., 2009). In our institution, for example, we ask each patient to answer a question such 

as ‘What flies in the sky?’ or to name a picture of a common object, while a pair of 

neighboring subdural electrodes are stimulated with a frequency of 50 Hz for up to five 

seconds (Kojima et al., 2012; Nakai et al., 2017). Thereby, the stimulated site would be 

treated as a part of language or speech-related eloquent areas, if a given patient repeatedly 

fails to answer the question or develops a transient sensorimotor symptom such as tingling 

or twitching of the mouth. Further specification of the underlying cortical function may 

require additional tasks, such as syllable repetition or counting, during stimulation (Nakai et 

al., 2017). Electrical stimulation mapping is a powerful tool to localize the cortical areas 

essential in performing a given behavioral task, but carries several limitations as summarized 

in Table 1. Furthermore, the sensitivity of stimulation mapping for localization of the 

primary language areas might be suboptimal in young children, particularly in those younger 

than 10 years (Nakai et al., 2017; Schevon et al., 2007; Zea Vera et al., 2017). Unfortunately, 

non-invasive language mapping using functional MRI (fMRI) may be difficult to employ on 

young children who cannot minimize head motions during language tasks. Thus, an 

alternative brain mapping method feasible even in young children is highly desirable, 

especially one capable in providing accurate results without posing a risk of stimulation-

induced seizures.

2. Potential utility of ECoG-based language mapping as a complementary 

tool

Measurement of event-related high-gamma activity on ECoG can complement electrical 

stimulation mapping in localization of eloquent areas, including those supporting language 

function. Historically speaking, ECoG-based presurgical brain mapping was first applied to 

localize the primary motor area; self-paced movement elicited augmentation of the 

amplitude of broadband activity including 75–100 Hz (Crone et al., 1998). Such a novel 
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mapping approach drew attention from investigators practicing epilepsy surgery, partly 

because it does not involve direct electrical stimulation of the cerebral cortex. Event-related 

high-gamma augmentation has been treated as an excellent summary measure of cortical 

activation at a given moment, since the amplitude of high-gamma activity is tightly 

correlated to the firing rate on single neuron recording (Manning et al., 2009; Ray et al., 

2008; Whittingstall and Logothetis, 2009), hemodynamic activity on fMRI (Niessing et al., 

2005; Shmuel et al., 2006; Scheeringa et al., 2011), and glucose metabolism on positron 

emission tomography (PET) (Nishida et al., 2008). A number of ECoG studies have 

demonstrated that cortical sites showing language-related high-gamma augmentation are 

more likely to be classified as language-related eloquent areas, defined by electrical 

stimulation mapping (Arya et al., 2017; Babajani-Feremi et al., 2016; Bauer et al., 2013; 

Genetti et al., 2015; Kojima et al., 2012; Miller et al., 2011; Mooji et al., 2016; Ruescher et 

al., 2013; Towle et al., 2008; Wang et al., 2016; Wu et al., 2010). Furthermore, surgical 

resection of cortical sites on the left hemisphere showing naming-related high-gamma 

augmentation frequently resulted in acute postoperative language impairment (Cervenka et 

al., 2013; Kojima et al., 2013a; 2013b; Figure 1). It remains to be determined how well 

measurement of high-gamma activity during naming tasks in either or both auditory and 

visual domains would improve prediction of long-term language outcome following surgery.

The advantages of ECoG-based language mapping over stimulation mapping are 

summarized in Table 1. Since it is free from the risk of stimulation-induced non-habitual 

seizures, one can initiate the mapping procedure while a given patient is prone to develop 

seizures due to the reduction in interference from antiepileptic drugs. In our institution, 

many patients undergo extraoperative ECoG recording for 3–5 days. Regardless of 

antiepileptic medication status, we employ auditory and picture naming tasks typically 

within 48 hours of implantation of intracranial electrodes. The results of ECoG-based 

mapping are available for review prior to subsequent resection of the presumed 

epileptogenic zone. Each naming task is easy to complete and requires 5–15 minutes of 

patient participation. We have been successful in measuring naming-related high-gamma 

activity in children as young as 4 years old (Kojima et al., 2013a; 2013b; Nakai et al., 2017).

3. Limitations of language mapping using event-related high-gamma 

activity

The limitations of ECoG-based language mapping should be understood when this technique 

is implemented as epilepsy presurgical evaluation (Table 1). First of all, ECoG-based 

mapping is accompanied by the hardware settings for data acquisition and subsequent data 

analysis, which are more complicated compared to the gold-standard stimulation mapping. 

The technical pitfalls include potential misinterpretation of high-gamma augmentation 

derived from electromyography (EMG) artifacts. Although ECoG is >100 times more 

resilient to artifacts compared to scalp EEG recording (Ball et al., 2009), it may not be 

completely free from such artifacts (Nagasawa et al., 2012; Uematsu et al., 2013). Since 

EMG artifacts could be fairly time-locked to patient behaviors such as overt responses and 

saccadic eye movements following the onset of picture presentation (Cho-Hisamoto et al., 
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2015; Crouzet et al., 2010; Fletcher-Watson et al., 2008), cautious data interpretation is 

recommended (see the details in Chapter 4.6. below).

Naming-related high-gamma augmentation indicates that a given electrode site is activated, 

but such activation per se does not clarify if resection of the activated site will result in a 

clinically significant deficit. For example, the right superior-temporal gyrus frequently 

shows prominent high-gamma augmentation when listening to a sentence question (Nakai et 

al., 2017), but resection of such a gyrus in the non-dominant hemisphere very rarely causes 

disabling aphasia in patients with right temporal lobe epilepsy. Thus, additional information 

determining the language dominant hemisphere would be needed to develop a model to 

accurately predict the language outcome following epilepsy surgery, as suggested in Figure 1 

(Kojima et al., 2013a; 2013b). The aforementioned limitations of ECoG-based language 

mapping have motivated us to write this technical article, in which we have provided video 

presentation of the hardware setting and time-frequency analysis for acquisition of high-

quality data and proper interpretation of given high-gamma measures (Videos S1–S3).

4. Protocol of our ECoG-based language mapping

The rationale and procedures of ECoG recording, electrical stimulation mapping, and 

ECoG-based brain mapping are explained to the guardian and patient, and informed consent 

is obtained accordingly. Below, we present how we measure naming-related high-gamma 

augmentation to localize language-related eloquent areas for patients undergoing resective 

epilepsy surgery following extraoperative ECoG recording (Videos S1–S3). The following 

statements and video presentation include subtle or complex techniques involved in our 

brain mapping that are visible for other investigators to review or replicate.

4.1. Operational definition of high-gamma activity

High-gamma activity has been defined differently across studies, but the reported frequency 

band commonly included the range of 70–110 Hz (Arya et al., 2017; Babajani-Feremi et al., 

2016; Bauer et al., 2013; Genetti et al., 2015; Kojima et al., 2012; Miller et al., 2011; Mooji 

et al., 2016; Ruescher et al., 2013; Towle et al., 2008; Wang et al., 2016; Wu et al., 2010). 

Since event-related amplitude augmentation involves a broadband frequency above 50 Hz 

(Miller et al., 2014), a slight difference in definition of high-gamma activity is estimated to 

have only a modest impact, if any, on the spatial-temporal characteristics of event-related 

amplitude augmentation. Below, we have defined high-gamma activity as that ranging from 

70 to 110 Hz unless specified otherwise.

4.2. Subdural electrode placement and subsequent ECoG recording

Our general principle of invasive evaluation is to determine the boundary between the 

presumed epileptogenic zone and eloquent cortex, and to minimize the risk of under-

sampling the true seizure onset zone (Nonoda et al., 2016). Subdural grid and strip 

electrodes are placed generously over the affected hemisphere based on the results of non-

invasive presurgical evaluation using clinical profiles, seizure semiology, scalp EEG, MRI, 

and glucose-metabolism PET (Asano et al., 2009). Intraoperative photographs of the brain 

surface are taken to confirm the spatial relationship between electrodes and anatomical 
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landmarks (Wellmer et al., 2002). To maintain the level of consciousness during chronic 

ECoG monitoring, we make the effort to prevent the intracranial pressure from rising, as 

presented in Figure 2.

Once subdural electrode placement is completed, each patient is transferred to the inpatient 

ward for extraoperative ECoG recording for localization of the seizure onset zone (Asano et 

al., 2009). Antiepileptic drugs may be reduced or discontinued until habitual seizures are 

captured and the seizure onset zone is satisfactorily delineated. Pain medications are given to 

each patient upon request. As long as a given patient is awake and comfortable, we initiate 

ECoG-based language mapping, either before or after habitual seizures are captured, but not 

during the postictal period. Conversely, we do not initiate stimulation-based language 

mapping until antiepileptic drugs are resumed with the epileptogenic zone satisfactorily 

estimated.

4.3. Recommended EEG recording system for measurement of naming-related high-
gamma augmentation

The ECoG acquisition system should have a sampling rate of ≥400 Hz and a low-pass filter 

of ≥150 Hz to measure event-related high-gamma activity (Gliske et al., 2016; Kunii et al., 

2013). In our institute, Nihon Kohden Neurofax EEG system (Nihon Kohden America Inc., 

Foothill Ranch, CA, USA) has been used to record ECoG signals with a sampling rate of 

1,000 Hz and amplifier band-pass filter of 0.016–300 Hz. Though this sampling rate allows 

recording up to 500 Hz activity based on the Nyquist theory, the low-pass filter of 300 Hz 

(18dB/oct) attenuates cortical activity at 300 Hz by about one-third and makes the gain of 

activity above 300 Hz steeply fall to near zero. Thus, with this filter setting, it would be 

better to restrict the time-frequency analysis to below 300 Hz (Nariai et al., 2011; Nonoda et 

al., 2016).

4.4. Hardware setting for the auditory naming task

Video S1 shows, in detail, how to integrate the timing of the patient’s behaviors and ECoG 

signals. While comfortably seated with intracranial electrodes in place, each patient is 

assigned an auditory naming task at the bedside with extraneous noises minimized. Patients 

are instructed to overtly name a relevant answer for each question trial. For example, the 

patient may state ‘Bird’ when presented with ‘What flies in the sky?’. They are instructed to 

say ‘I don’t know’, in case they fail to generate an answer in mind at any trial. Sound-wave 

signals from both the speaker and patient are delivered to the DC input (Figure 3I) of the 

EEG acquisition system via a digital voice recorder (Figure 3G). This procedure effectively 

synchronizes ECoG and sound-wave signals recorded during the task, and allows us to 

denote the exact times of question onset, question offset, and response onset. Such ECoG/

sound integration, compared to simultaneous video data, is more useful in time-frequency 

analysis. Since the sampling rate of video recording may vary around 60 Hz, each video 

frame may have a temporal uncertainty of 17 ms. Conversely, the sampling rate of the voice 

recorder is 44,100 Hz.
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4.5. Hardware setting for the picture naming task

For measurement of picture naming-related high-gamma augmentation, we have utilized a 

set of stimuli consisting of 60 common line-drawn objects such as ‘cat’ and ‘desk’ (adopted 

from Rossion and Pourtois, 2004). Each picture stimulus has a small white square in the 

bottom right corner of the computer screen (Figure 3B). The onset and offset of picture 

presentation are detected as an increase and decrease of light intensity, respectively, by a 

photosensor (Figure 3C) attached to the corner of the LCD monitor. The onset of patient 

response is denoted using sound-wave signals synchronized with ECoG signals.

4.6. Time-frequency analysis and its potential pitfalls

Time-frequency analysis determines ‘when’, ‘at what channel’, ‘at what spectral frequency 
band’, and ‘how much’ the amplitude of ECoG signals are augmented or attenuated 

compared to that during the baseline/reference period between trials (Video S2). For this 

purpose, we utilize BESA EEG Analysis Software (BESA, Gräfelfing, Germany), which has 

been commercially available for the past two decades and widely used by clinicians and 

researchers. The detailed method to transform ECoG signals into time-frequency domain has 

been described elsewhere (Hoechstetter et al., 2004; Papp and Ktonas, 1977). Since our 

analytic method described here is not designed to generate the results in a real-time manner, 

it is not suitable for intraoperative language mapping (see Chapter 6. below).

Re-referencing original ECoG signals is a critical process prior to time-frequency software 

analysis, whereas there is no ideal method securing a true zero reference. In our institution, 

we record ECoG signals primarily using subdural disk electrodes; Nihon Kohden acquisition 

system treats the averaged voltage of ECoG signals derived from the fifth and sixth subdural 

electrodes connected to the amplifier as the default reference (Fukuda et al., 2010). 

Investigators using other acquisition systems often treat a subdural strip electrode facing the 

dura or skull as the default reference (Arya et al., 2015). ECoG signals are then re-montaged 

to a common average reference (Arya et al., 2015; Fukuda et al., 2010); thereby, channels 

affected by artifacts or interictal spike discharges should be excluded from averaging for 

calculating the reference voltage. This exclusion procedure is needed to prevent all channels 

from equally suffering from random noises not related to language function.

When depth electrodes are used for ECoG recording, time-frequency analysis is performed 

most frequently on bipolar montage with neighboring electrode pairs (Bagshaw et al., 2009; 

Burke et al., 2014; Mainy et al., 2007). Such a practice might be partly attributed to the 

notion that depth electrodes, compared to disk electrodes, typically have larger impedance 

because of the smaller contact areas (Pail et al., 2013). While bipolar montage may not 

directly discriminate which electrode within a pair elicits high-gamma augmentation, it can 

reduce contamination of EMG signals from a distant source (Jerbi et al., 2009; Kovach et al., 

2011; Nagasawa et al., 2011; Worrell et al., 2012). A recent ECoG study using depth 

electrodes suggested that electrodes within the white matter also receive signals generated 

by both nearby and distant gray matters (Mercier et al., 2017); thus, one cannot assume that 

depth electrodes within the white matter can provide a zero reference.
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The strengths of our time-frequency analysis include assessment of cortical activation time-

locked to stimulus presentation and patient response (Figure 4). The temporal relationship 

between amplitude augmentation and patient behavior can better clarify the underlying 

function of a given site showing event-related high-gamma augmentation (Nakai et al., 

2017). For example, high-gamma augmentation immediately following the onset of auditory 

stimulus presentation is likely to reflect perceptual processing more than motor processing, 

whereas high-gamma augmentation around response onset is likely to reflect motor 

processing. High-gamma augmentation in the association cortex immediately following 

stimulus offset likely reflects cognitive processing to understand the question or generate the 

relevant answer for it. Such temporal dynamics of cortical activation may be difficult to 

obtain with fMRI, which has a temporal resolution of seconds.

Specifically, for measurement of auditory naming-related high-gamma activity, the next 

analytic procedure is marking of stimulus onset, stimulus offset, and response onset on 

ECoG signals, based on the sound-wave signals (Figure 4A; Video S2). Likewise, for picture 

naming, stimulus and response onsets need to be marked (Figure 4B). On the software 

platform, we then define the reference period between trials. At each channel, in steps of 5 

Hz and 10 ms, we determine how much the amplitude of a given ECoG activity is increased 

or decreased compared to that during the reference period (Figures 4D–4E). The 

aforementioned procedures take up to 1 hour of investigator’s time based on user experience. 

This can be followed by the studentized bootstrap statistics to determine if amplitude 

modulation at each 5-Hz and 10-ms time-frequency bin reaches significance; this statistical 

analysis may require >1 hour of unmanned computing time, based on the number of 

channels and trials, the sampling rate of ECoG acquisition, and the central processing unit/

random access memory (CPU/RAM) of the analysis computer. On our ordinary PC 

computer, each channel requires approximately 30–60 seconds of calculation time for the 

bootstrap statistics.

One should make the best effort to minimize the risk of misinterpretation of high-gamma 

augmentation spuriously induced by EMG artifacts, which preferentially take place at 

subdural electrodes placed on the anterior temporal and peri-orbital regions (Figure 5; Jerbi 

et al., 2009; Kovach et al., 2011; Nagasawa et al., 2011; Uematsu et al., 2013). The temporal 

muscles are one of the major sources of augmentation of broadband activity (including 70–

110 Hz) particularly during overt response. Saccade movements may induce discernible 

ocular muscle-induced augmentation of broadband activity preferentially at 100–300 ms 

following the onset of picture presentation (Cho-Hisamoto et al., 2015; Crouzet et al., 2010; 

Fletcher-Watson et al., 2008). It should be noted that such involuntary saccades cannot be 

eliminated, by asking patients to fixate their gaze during the entire naming session. 

Unfortunately, EMG artifacts could be fairly time-locked to stimulus onset or response 

onset, and might increase the risk of data misinterpretation. Thus, we take the following 

approach to facilitate proper interpretation of event-related high-gamma augmentation. First, 

we determine the locations of electrodes prone to artifacts in advance, by observing EMG 

contamination on ECoG signals during jaw clenching and saccades (Modur et al., 2011; 

Nagasawa et al., 2011). High-gamma augmentation is treated as artifacts, in case visual 

assessment of ECoG traces confirms similar EMG contamination during the task or time-

frequency analysis on bipolar montage with neighboring electrodes fails to replicate the 
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similar finding (Cho-Hisamoto et al., 2015; Kovach et al., 2011). We routinely record 

electrooculography (EOG) during chronic ECoG recording to determine the seizure 

semiology and sleep stage (Bagshaw et al., 2009; Nonoda et al., 2016). We have found that 

EOG is useful in determining the temporal coupling between high-gamma augmentation on 

ECoG traces and EMG artifacts recorded on the face (Figure 5; Cho-Hisamoto et al., 2015; 

Uematsu et al., 2013). Some ECoG investigators have employed independent component 

analysis (ICA) filtering to reduce saccade-related EMG artifacts, whereas it has been 

suggested that such filtering, to some extent, alters the time and phase measures present in 

the original traces (Wallstrom et al., 2004). Further studies are warranted to find an optimal 

solution to prevent or remove EMG artifacts.

One should also take into account the effect of interictal spikes on naming-related high-

gamma activity. To reduce such unwanted effects, we exclude trials affected by interictal 

spikes from time-frequency analysis. Failure to do so may result in spurious augmentation of 

high-gamma activity, since interictal spikes are accompanied by brief augmentation of 

broadband activity including 70–110 Hz (Jacobs et al., 2011; Zijlmans et al., 2011). Since 

interictal spikes are very rarely time-locked to stimulus presentation or patient response, the 

effect of spike-related broadband activity on naming-related high-gamma augmentation most 

frequently appears negligible on statistical analysis (Figure 6).

5. Standardized auditory stimuli as open-source materials

To our best knowledge, unlike picture stimuli (e.g.: Rossion and Pourtois, 2004), only few 

standardized auditory language stimuli have been available for presurgical evaluation. Here, 

we provide standardized stimuli, in an open-access manner, to investigators who are 

considering implementation of ECoG-based language mapping (Supplementary documents 

S1–S7). We have created 100 auditory stimuli for each of English-, Arabic-, Hindi-, and 

Japanese-speaking patients. Stimuli in other languages can be provided later as a part of 

post-publication Letters to the Editor. Each stimulus consists of a 1.8-second sentence 

question articulated by female speakers; for example, ‘What flies in the sky?’ in each of the 

four languages. The patient is expected to answer each of the questions with an appropriate 

noun such as ‘Bird’ or ‘Plane’. Questions in English begin with either ‘What’, ‘When’, 

‘Where’ or ‘Who’, and are also translated to Arabic, Hindi, and Japanese (Supplementary 

Table S1). We made our best effort to make the questions as universal and simple as possible 

so that patients can understand and answer them regardless of gender, age, culture, or 

religion. We designed all stimulus sets to work through Microsoft PowerPoint software; 

thus, most investigators can deliver auditory stimuli using a regular laptop computer. 

Patients are instructed to say: ‘I don’t know’, in case they fail to generate an answer in mind 

at any trial. For young children with limited vocabulary, we generally ask the family member 

to customize a set of personalized questions likely to be answered by a given child; for 

example, ‘What is the name of your dog?’. An investigator or family member can directly 

deliver questions with a hands-free microphone (Figure 3E), instead of delivering auditory 

stimuli through a speaker.
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6. Future directions

While ECoG-based language mapping has been suggested to predict acute language 

impairment (Figure 1), it remains uncertain if this mapping is useful in predicting long-term 

outcome following surgical resection. It also remains to be determined if the extent of 

resection of high-gamma active sites is indeed correlated to postoperative 

neuropsychological measures. Further studies on large patient populations are needed to 

address these questions.

Real-time ECoG-based language mapping has been introduced by other investigators (e.g.: 

Miller et al., 2011; Roland et al., 2010; Wang et al., 2016), and these studies reported that 

cortical sites showing event-related high-gamma augmentation were frequently classified as 

language-related areas by electrical stimulation mapping. Accurate and automatic detection 

of patient behaviors and accurate detection of artifactual signals would further improve the 

utility of such real-time functional mapping. Even with hardware and software further 

improved in the near future, we would still recommend quality assurance by visual 

assessment of raw ECoG signals, to reduce the risk of misinterpreting artifactual high-

gamma augmentation as significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

• We provide video presentations for ECoG-based language mapping.

• Brain mapping with event-related high-gamma activity has pitfalls to be 

avoided.

• We provide standardized auditory stimuli as open-source materials.
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Figure 1. A logistic regression model predicted acute language impairment following epilepsy 
surgery
Our ECoG study demonstrated the relationship between the extent of resected high-gamma 

active sites and the incidence of a post-operative language deficit requiring speech therapy 

(Kojima et al., 2013b). A total of 77 patients (age range: 4–56 years) were assigned an 

auditory naming task. The x-axis denotes the number of resected high-gamma active sites in 

the superior-temporal, inferior-frontal, dorsolateral-premotor, and inferior-Rolandic regions 

of the left hemisphere assumed to contain essential language function. Resection of each 

high-gamma active site increased the odds of acute language deficit by six times (odds ratio: 

6.04; 95% confidence interval: 2.26–16.15). It should be noted that the left hemisphere was 

assumed to have essential language function, unless a given patient was left-handed and 

MRI showed a developmental lesion in the neocortex of the left hemisphere (Akanuma et al., 

2003; Möddel et al., 2009; Rasmussen and Milner, 1977). We are fully aware that Wada test 

and fMRI are useful to lateralize language function, but these tests are not feasible in 

substantial proportions of young children. It still remains uncertain how well naming-related 

high-gamma activity can predict the long-term language outcome following epilepsy 

surgery.
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Figure 2. Subdural electrode placement in a 10-year-old boy with drug-resistant focal epilepsy
(A) Subdural grid and strip electrodes are placed on the right hemisphere. Electrode plates 

are stitched to both the edge of dura mater and adjacent electrodes to minimize the risk of 

unwanted shifting of subdural electrodes after dural closure. Electrode leads are tunneled 

about an inch away from the main wound to minimize the risk of infection associated with 

cerebrospinal fluid leakage. (B) The dura is closed in a semi-watertight manner to reduce the 

pressure to the cortex. Strips of dural repair patches (arrow-heads) are placed in the space 

between electrodes and dura to minimize the risk of blood draining under electrodes. An 

intracranial pressure monitor (arrow) is placed in the subdural space to readily detect 

intracranial hematoma or excessive brain swelling and to treat it accordingly. (C) The bone 

flap is replaced but not secured, to minimize an increase in the intracranial pressure. A sub-

galeal drain is placed to reduce postoperative scalp swelling throughout the ECoG recording 

period. Intravenous antibiotics are given to reduce the risk of infection; none of our patients 

in our institution had an incidence of infection of subdural electrodes requiring premature 

termination of extraoperative ECoG recording.
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Figure 3. Our hardware setting for measurement of auditory and picture naming-related high-
gamma augmentation
(A) A single regular laptop computer can deliver standardized auditory stimulus sets which 

can work through Microsoft PowerPoint software (Supplementary documents S1–S7). (B) 

An example of picture stimulus is presented. A small white square on the right lower corner 

appears at stimulus onset and disappears at stimulus offset. (C) The photosensor (Newport 

Research, Fountain Valley, CA, USA) accurately delivers the timing information of stimulus 

presentation to the DC input, by detecting a white square appearing together with each 

picture stimulus. (D and E) Hands-free microphones are secured in front of the patient’s 

mouth as well as in front of a computer speaker. (F) The bifurcated cable connects between 

microphones and the voice recorder. (G) Olympus Digital Voice Recorder (Olympus 

America Inc, Hauppauge, NY, USA) constantly delivers amplified sound signals to the DC 

input. (H) The stereo cable connects between the voice recorder and the DC input. (I) The 

DC input is a part of the Nihon Kohden ECoG acquisition system.
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Figure 4. Time-frequency analysis to measure auditory and picture naming-related high-gamma 
augmentation
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A 12-year-old boy was assigned auditory and picture naming tasks. (A) For analysis of 

auditory naming-related high-gamma activity, stimulus onset and response onset are visually 

marked using sound-wave signals integrated into ECoG recording. Users of our standardized 

auditory stimuli (Supplementary documents S1–S7) do not have to manually mark stimulus 

offset, since all stimuli have 1.8-s duration. For analysis time-locked to stimulus onset, one 

can define a period 200–600 ms prior to stimulus onset as the reference (Kojima et al., 

2013b). For analysis time-locked to response onset, one can define a silent period of 400 ms 

several seconds after response onset. We make sure that the defined reference period 

between trials are not affected by unwanted noises. (B) For analysis of picture naming-

related high-gamma activity, response onset is determined using sound-wave signals. 

Stimulus onset is determined using a deflection of photosensor signal (Figure 3C; Video S1). 

(C) The locations of subdural electrodes are denoted. (D) The spatial-temporal dynamics of 

auditory naming-related high-gamma activity is presented. High-gamma augmentation at 

Channel 2 in the left middle-temporal gyrus is better appreciated in the analysis time-locked 

to stimulus onset/offset, whereas that at Channel 5 in the precentral gyrus is best seen in that 

time-locked to response onset. (E) The spatial-temporal dynamics of picture naming-related 

high-gamma activity suggests that the picture naming task barely elicited high-gamma 

modulation at Channel 4 in the inferior-frontal gyrus.
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Figure 5. The effects of EMG artifacts on ECoG signals during picture naming task
A 15-year-old girl was assigned a picture naming task. (A) The locations of subdural 

electrodes are denoted. (B and C) The results of time-frequency analysis time-locked to 

response onset are presented using two different montages. On common average montage, 

Channels 1 and 2 at the right anterior-medial temporal lobe showed amplitude augmentation 

of activity at ≥100 Hz prior to response onset (thick arrows). Such amplitude augmentation 

was not replicated on bipolar montage; thus, this amplitude augmentation is likely to reflect 

artifactual signals from a distant source. Indeed, left electrooculography (EOG) showed 

similar amplitude augmentation at the same time. In addition, right EOG showed broadband 

amplitude augmentation related to EMG artifacts during overt response (arrowhead). 

Channels 3 and 4 at the ventral occipital-temporal region showed augmentation of high-
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gamma activity at 70–110 Hz, prior to response onset, on both common average and bipolar 

montage. Thus, high-gamma augmentation at these channels is likely to be of cortical origin.
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Figure 6. Effect of interictal spikes on time-frequency ECoG analysis
A 17-year-old boy was assigned an auditory naming task (Nakai et al., 2017), and the 

temporal dynamics of ECoG amplitude modulation at a left precentral site is shown. (A) 

Presented are the results of time-frequency analysis including a trial affected by an interictal 

spike discharge. The plot on the left side shows the percent change in amplitude compared to 

the baseline period prior to stimulus onset. Immediately following stimulus onset, brief 

amplitude augmentation of broadband activity was noted (thick arrow); this effect was 

eliminated by excluding the trial affected by a spike discharge. The plot on the right side 

shows the statistical plot following the studentized bootstrapping statistics incorporated in 

BESA software (p<0.05 following Simes correction). The interictal spike discharge did not 

contribute to statistically-significant augmentation of high-gamma activity. (B) Presented are 

the results of time-frequency analysis with the trial affected by the spike discharge excluded.
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Table 1

Technical aspects of two mapping methods.

Electrical stimulation mapping via 
intracranial electrodes ECoG-based brain mapping

Patient participation time
Up to several hours. It varies based on the 
number of intracranial electrodes. 5–15 minutes per task.

Investigator’s analysis time
Short. The results are available in a real-
time manner.

Our offline time-frequency analysis, with bootstrap statistics 
applied, takes up to several hours. Real-time analysis has 
been reported by others (Miller et al., 2011; Roland et al., 
2010; Wang et al., 2016).

Risk of non-habitual seizures 
induced by stimulation

Present (Aungaroon et al., 2017; Blume et 
al., 2004). Absent.

Factors contributing to difficulty 
in data interpretation

Remote discharges during stimulation 
may result in a false positive localization 
of eloquent areas (Ishitobi et al., 2000; 
Karakis et al., 2015). Variance of patient’s 
attention across trials may affect the 
diagnostic validity. Unlike fMRI, one 
cannot assess the function of cortical 
areas not sampled with intracranial 
electrodes.

If not visually screened and excluded, electromyography 
(EMG) artifacts and interictal spike discharges might 
contribute to augmentation of high-gamma activity in an 
unwanted manner(Nagasawa et al., 2012). One cannot 
assess the function of cortical areas not sampled with 
intracranial electrodes.

Significance of the findings
It localizes the cortical sites essential to 
execute a given behavioral task.

It localizes the cortical sites engaged and disengaged in a 
behavioral task at a given moment(Nakai et al., 2017).
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