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Abstract
Object—Electrocorticography (ECoG) is a powerful tool for presurgical functional mapping.
Power increase in the high gamma band has been observed from ECoG electrodes on the surface
of the sensory motor cortex during the execution of body movements. In this study the authors aim
to validate the clinical usage of high gamma activity in presurgical mapping by comparing ECoG
mapping with traditional direct electrical cortical stimulation (ECS) and functional MRI (fMRI)
mapping.

Methods—Seventeen patients with epilepsy participated in an ECoG motor mapping experiment.
The patients executed a 5-minute hand/tongue movement task while the ECoG signal was
recorded. All 17 patients also underwent extraoperative ECS mapping to localize the motor cortex.
Eight patients also participated in a presurgical fMRI study. The high gamma activity on ECoG
was modeled using the general linear model (GLM), and the regions showing significant gamma
power increase during the task condition compared with the rest condition were localized. The
maps derived from GLM-based ECoG mapping, ECS, and fMRI were then compared.

Results—High gamma activity in the motor cortex can be reliably modulated by motor tasks.
Localization of the motor regions achieved with GLM-based ECoG mapping was consistent with
the localization determined by ECS. The maps also appeared to be highly localized compared with
the fMRI activations. Using the ECS findings as the reference, GLM-based ECoG mapping
showed a significantly higher sensitivity than fMRI (66.7% for ECoG, 52.6% for fMRI, p < 0.05),
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while the specificity was high for both techniques (> 97%). If the current-spreading effect in ECS
is accounted for, ECoG mapping may produce maps almost identical to those produced by ECS
mapping (100% sensitivity and 99.5% specificity).

Conclusions—General linear model–based ECoG mapping showed a superior performance
compared to traditional ECS and fMRI mapping in terms of efficiency and accuracy. Using this
method, motor functions can be reliably mapped in less than 5 minutes.
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Information about the anatomical relationship between eloquent cortex and the area to be
excised is extremely valuable in neurosurgical treatment. In neurosurgical patients, not only
the cortical anatomy but also the locations of functional networks are often distorted due to
various pathological changes.2,20,44,51,55 To map the eloquent cortices, invasive cortical
stimulation is often managed perioperatively in the awake patient or in the presurgical
patient with subdural grids implanted.14,23,29,45,60 Presurgical mapping based on ECS is a
widely used but time-consuming procedure that often involves an exhaustive search using
multiple pairs of electrodes combined with multiple stimulation parameters (for example,
current intensity, frequency, pulse width) while patients perform various tasks. According to
previous reports,3,56 71% of patients receiving ECS may experienced after-discharges and
other adverse reactions interfering with accurate mapping.35

Functional MRI is another technology commonly used for presurgical functional
mapping.15,25,26,43,50 The basic approach is to conduct an imaging session while a patient
performs a task set designed to target a single domain, such as language, memory, or motor
function. The obtained images are then analyzed prior to surgery to identify regions of
functional activity. Recently the intrinsic fluctuations of the BOLD signal measured by
resting-state fMRI have also been suggested as a potential means to localize multiple
functional networks simultaneously.1,8,37 Although the exact relationship between the
BOLD signal and electrophysiological activity remains unclear, fMRI is a useful tool,
allowing detailed assessment of functional anatomy including the deep brain structures.
However, reproducibility of fMRI mapping remains a challenge,39 and the mapping results
are not always consistent with the findings of invasive methods.

While ECS and fMRI both have unique advantages, they also have obvious drawbacks.
There is a great clinical need for an optimized presurgical mapping technology that allows
fast and precise mapping of the functional networks in individual patients. In epilepsy
patients with implanted subdural electrodes, the ECoG signal can provide a direct measure
of the neural activity on the brain surface. Various brain functions can modulate the ECoG
signal, especially in the high-frequency band. During certain body movement tasks,
significant power increase in high gamma oscillations (> 60 Hz)9,11,30 has been observed.
Task-induced or evoked high gamma activity was also reported in the sensory motor
cortex,22,24,28,48 visual cortex,27,53,57 frontal eye field,32 and olfactory42 and speech-related
areas.5,7,10,13,33,38,54,58 The spatial distribution of high gamma activity on ECoG may reveal
the functional architecture,9,11,12 therefore providing an efficient method of presurgical
mapping. To map the functional networks using high gamma activity, power spectra density
can be calculated and contrasted between the rest and task conditions.30,36,40,59 However,
due to the artifacts from the environment, amplifier, or epileptic discharges, patients often
need to execute the task repetitively for a long time in order to attain an adequate signal to
noise ratio. Statistical models have been proposed to improve the tolerance to artifacts with
various levels of success.6,49,52
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In this study we attempted to validate the clinical usage of high gamma activity in
presurgical mapping by comparing ECoG mapping with traditional direct electrical cortical
stimulation (ECS) and fMRI mapping. We developed a novel procedure by modeling the
task-related high gamma activity using the general linear model (GLM). As a preliminary
exploration, we investigated motor function in 17 surgical candidates. All patients executed
a 5-minute task of hand movement and tongue movement while the ECoG signal was
recorded. Traditional ECS motor function mapping was also performed in all 17 patients. A
task-based fMRI study was performed in 8 of the 17 patients prior to surgery, with the
patients performing the same hand and tongue movements as during the ECoG recordings.
This multimodal approach allows a direct comparison among these presurgical functional
mapping technologies. In terms of both efficiency and accuracy, the performance of the
GLM-based ECoG mapping procedure was superior to that of the traditional methods. Using
this method, motor functions can be reliably mapped in less than 5 minutes.

Methods
Participants

Seventeen surgical candidates (10 male, 7 female; mean age 18.5 ± 5.2 years) with
intractable epilepsy participated in the study. In all cases, temporary placement of subdural
electrode arrays (or together with depth electrodes) was scheduled for localization of the
epileptic seizure foci. Electrode placement was determined according to the patients’ clinical
needs. The functional mapping experiments were carried out during stable interictal periods.
No seizure had been observed 1 hour before or after the tests in any of the patients. The
detailed demographic and clinical information, including the frequency of seizures and
placement of the electrodes, is shown in Table 1. Eight patients (those in cases 1–8)
participated in the preoperative fMRI test. The study was approved by the ethics committees
of the Yuquan Hospital of Tsinghua University and Chinese PLA General Hospital. Written
consent was obtained from the patients or their parents in accordance with the guidelines of
the hospitals.

Electrical Cortical Stimulation
Direct electrical cortical stimulation was applied to identify motor and somatosensory
cortices at the bedside after an adequate number of seizures had been recorded. Using an
Ojemann Cortical Stimulator (Integra Life-Sciences), 60-Hz biphasic pulses lasting for 2–5
seconds were delivered to selected pairs of electrodes. The current intensity of the
stimulation started at 2 mA and was gradually increased until patients showed or reported
symptoms related to the sensory motor cortex or the stimulus strength reached 15 mA.44

ECoG Experiment Protocol and Data Analysis
A protocol similar to the conventional fMRI block-design experiment was employed for
ECoG functional mapping (Fig. 1 left). Task blocks of 20 seconds’ duration were
interleaved with 8-second resting blocks. During the task blocks, a picture of a hand or
tongue was displayed on the center of the screen for 20 seconds, and the participants were
instructed to make a hand or tongue movement as soon as they heard an audio cue (0.2-
second duration). Each task block contained only one type of movement. The interval
between audio cues was randomized between 3.5 and 4.5 seconds, which resulted in 5 trials
of movement for each block. For the hand movement task, the participants were instructed
to move only the hand contralateral to the epileptic foci where the electrodes were placed.
For the tongue movement task, the participants were instructed to stick out the tongue once.
Each task block was repeated 10 times. Therefore the test of a single movement (hand or
tongue) took less than 5 minutes.
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A long-term video encephalography monitoring system (Bio-logic) was used for the ECoG
data recording (1024 Hz/channel, 0.1–134 Hz band-pass filtered). Two electrodes were
placed on the scalp as the reference for the ECoG signal. Written instructions were presented
on the screen before the experiment started. To synchronize the ECoG recording with the
task events, a TTL pulse was delivered to an empty channel of the amplifier through a
photocoupler at the beginning of each audio cue.

We modeled the ECoG data using the same approach as is used for modeling of BOLD
signal in fMRI studies. 18,19 Equation 1 defines the GLM widely used in fMRI data analysis
and was directly adopted for our ECoG modeling.

Eq. 1

In this model, Y represents the ECoG data band-pass filtered in high gamma band (60–90
Hz, see Discussion for details),46 and X represents the design matrix,19 which consists of 4
columns corresponding to the hand, tongue, and rest conditions and the constant (Fig. 1
right). Beta (β) represents the model parameter to be estimated using a least square
approach, and ε is the estimation error.19 General linear model fitting provides the t-
contrasts for each ECoG electrode, indicating whether it is sensitive to specific movement
tasks. The t-contrasts were obtained based on the estimated β and contrast vector c
according to Eq. 2, where Std represents standard deviation.

Eq. 2

In fMRI studies, hemodynamic response was modeled by convolving the canonical
hemodynamic response function with the events in the experiment. Here we took a similar
approach to model the ECoG response. To define an ECoG response function, we fit the
high gamma power envelope (0–3 seconds after the task onset) of each patient to a gamma
function.17 The resulting gamma functions were averaged across all 17 cases. The averaged
envelope was then taken as the ECoG response function template and convolved with the
temporal sequence of the task events (see Fig. 5A for more details). To allow for ease of
replication of our study, the software and tools for ECoG data analysis are available upon
request.

Functional MRI Experiment Protocol and Data Analysis
The protocol for the fMRI experiment is similar to that of the ECoG experiment described
above, except that in the fMRI experiment patients performed self-paced movements
without the auditory cue. Patients performed 3 different motor tasks (left hand, right hand,
tongue) in 12-second task blocks interleaved with 12-second resting blocks. Each task block
contained only one type of movement, and there were 6 blocks for each type of movement in
the whole session.

Magnetic resonance images were acquired on the Philips Achieva 3.0-T TX scanner with the
8-channel SENSE head coil. Visual cues were presented during each task block using the
Psychophysics Toolbox.4,31 Structural images were acquired using a sagittal magnetization-
prepared rapid gradient echo T1-weighted sequence (TR 2000 msec, TE 2.37 msec, flip
angle 90°, slice number 180, 1-mm isotropic voxels). Functional MR images were acquired
using echo planar imaging sequences (TR 3000 msec, TE 30 msec, slice number 47, 3-mm
isotropic voxels). The fMRI data were processed using SPM8 (Wellcome Trust Centre for
Neuroimaging, University College London). The preprocessing included slice timing
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correction, rigid body correction for head motion, and normalization for global mean signal
intensity across tasks.

Registering ECoG Mapping Results to Presurgical MRI
The ECoG mapping results were registered to the individual’s brain structure according to
the following steps. 1) Brain surfaces were reconstructed based on the T1-weighted images
using the Freesurfer pipeline.16 2) Postimplantation CT images were registered to the
reconstructed brain surface. We employed a mutual-information–based linear transform to
align the MRI and CT in 3D Slicer.47 Due to brain edema caused by electrode implantation,
some electrodes were off the surface when the CT was linearly registered to the preoperative
MRI. 3) The 3D pial surface was overlaid with semitransparent CT images using our in-
house registration toolbox. This tool allows us to manually adjust the locations of the
electrodes according to the grid shape and those electrodes covering the area without edema.
As we can visualize the brain structure and electrodes simultaneously, this semiautomatic
registration can be finished in approximately 30 minutes for each patient. We compared the
electrodes’ locations in the intraoperative photos with our registration results according to
anatomical landmarks. The registration error of our method was less than 3 mm in all
electrodes examined.

For visualization purposes, ECoG electrodes were shown as small spheres (6-mm diameter)
on top of the pial surface. The ECoG mapping results were rendered on the cortical surface
using the 3D interpolation based on Gaussian smoothing.

Comparing ECoG and fMRI Mapping With ECS Findings
For direct visual comparison among the 3 presurgical mapping modalities, ECS and fMRI
results were also plotted on the brain surface. The ECS positive and negative electrodes
were marked in yellow and blue, respectively. The fMRI results were mapped on the pial
surface using Freesurfer.

Taking the ECS findings as the reference, the sensitivity and specificity of the ECoG
mapping and fMRI mapping were quantified. Sensitivity was computed by dividing the
number of true positives (ECoG/fMRI positive electrodes that were also positive in ECS) by
the true positives plus the number of false negatives (ECoG/ fMRI negative electrodes that
were positive in ECS). The specificity was computed by the number of true negatives
(ECoG/fMRI negative electrodes that were also negative in ECS) divided by the true
negatives plus false positives (ECoG/fMRI positive electrodes that were negative in ECS).
In this study, an electrode was defined as positive if the t-contrast was greater than 30 in
ECoG mapping or the t-value was greater than 3 in fMRI mapping. The sensitivity and
specificity of ECoG mapping were compared with those of fMRI mapping using a paired t-
test.

Results
Modulation of High Gamma Activity by Motor Tasks

We first investigated whether high gamma activity could sensitively reflect the brain state
changes when patients alternated between the task and rest conditions. Time-frequency
analysis was performed to derive the power spectrum of the ECoG signal. The power
spectrum during the movement task (from 0.3 to 1.3 seconds after the auditory cue onset)
was then contrasted with the power spectrum of the resting period. To illustrate the
modulation effect of the task, we selected one representative electrode from each patient
based on the ECS findings. The electrode was picked if the patient showed or reported
symptoms related to the sensory motor cortex when stimulated with the minimal current
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intensity. The power spectra of the representative electrodes were averaged across all 17
patients. We found that the movement tasks induced a significant increase in the high
gamma band between 60 and 130 Hz (Fig. 2 left). However, power in the alpha band (8–13
Hz) and beta band (15–30 Hz) demonstrated a decrease during the motor movements. The
low gamma band (30–60 Hz) did not show any consistent changes between the task and rest
conditions (Fig. 2 left). The observation of these power changes is compatible with previous
reports.6,11,12,36,41

To determine which frequency band is significantly modulated by the movement task, we
performed a statistical test to compare the power spectrum during the movements with the
spectrum during the rest. For each frequency bin between 1 Hz and 130 Hz, in increments of
1 Hz, we computed the mean power within the time bins of 15 msec. The power within the
bins during the movement tasks and during rest was then analyzed by means of a t-test.
Therefore each time-frequency bin during the movement task was assigned a significance
level according to its difference from the rest condition. We found that all patients showed
significant task/rest difference in the high gamma band and alpha/beta bands. The power
spectra in the time-frequency bins showing significant task/rest difference were then
averaged across all patients (Fig. 2 right). The modulation effect of the tasks was clearly
demonstrated in the high gamma band and some of the low-frequency bands. In addition, we
found that the modulation effect in the high gamma band was spatially more localized than
the effect in low-frequency bands, consistent with the findings of previous studies.11,46

Accurate Mapping of Motor Networks
We tested the accuracy of ECoG mapping by using the ECS findings as the reference. We
also compared the results with the noninvasive mapping based on the fMRI activation. The
electrodes showing positive findings in the ECS were projected to each individual’s brain
surface (Fig. 3, left column of each task). The significance values of the ECoG mapping
were then rendered on the brain surface for a direct comparison between the 2 modalities
(Fig. 3, middle column of each task). The fMRI activation maps were also plotted (Fig. 3,
right column of each task). We found that localization of the motor regions by means of
GLM-based ECoG mapping was consistent with the regions determined by ECS. The maps
also appeared to be highly localized compared with the fMRI activations. Remarkably,
ECoG maps were also more localized than ECS findings. One possible cause of this
difference is the electrical current spreading effect in cortical stimulation that tends to yield
positive findings for electrodes adjacent to the motor area. It may also be related to the
difference between the passive movement (stimulation) and the active movement (ECoG).
Further investigation is warranted to better understand this difference.

High Sensitivity and Specificity
We then quantified the sensitivity and specificity of the ECoG mapping and fMRI mapping,
using the ECS findings as the reference for both (Fig. 4). The sensitivity and specificity of
the ECoG and fMRI mapping results are listed in Table 2. We found that both methods
showed high specificity (99.6% for ECoG and 97.0% for fMRI). The sensitivity was
significantly lower (p < 0.05) for fMRI (52.6%) compared with ECoG mapping (66.7%).
These results suggest that the performance of ECoG mapping may be superior to that of
fMRI mapping. The positive regions in ECoG mapping were highly consistent with the ECS
findings. In contrast to ECS, however, ECoG mapping can be accomplished with minimal
effort and very rapidly. In our study, motor regions were localized in all patients within 5
minutes.

To simulate the current spreading effect in ECS, we applied a next-neighbor approach to
expand the ECoG maps. After this transformation, the sensitivity of ECoG mapping reached
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100%, with a specificity of 99.5%, indicating that after smoothing, the GLM-based ECoG
mapping was able to generate results almost identical to those obtained with ECS.

Optimization of the Model
In GLM fitting, a critical factor is the selection of the response function template (that is, the
hemodynamic response function in fMRI and the ECoG response function in ECoG
mapping). In this study, we have employed a template derived from the gamma power
envelope of the 17 patients (Fig. 5A). Each trial recorded from the representative electrode
(see Methods) was fitted to a gamma function (Fig. 5A, blue curves) and the fitted curves
were then averaged (Fig. 5A, black curve).

To investigate how the mapping result is affected by the template, we randomly divided the
patients into 2 groups and constructed a template based on each group. The motor maps
derived from these 2 templates were then compared. We found that the functional maps
derived from these 2 templates were nearly identical. The process was repeated 100 times,
and we found the mean correlation between the 2 maps derived from the 2 templates was as
high as 0.99. Therefore, we concluded that the gamma activity template can be computed
from results in a subset of the patient group and applied to other patients. However, we only
tested the motor tasks, and it is unclear whether a general response template for higher
cognitive functions can be similarly derived from only a few individuals.

The high gamma band covers a broad range of frequencies, and it has been shown that the
high gamma power change during tasks is behavior dependent and not uniformly distributed
across frequencies.21 Thus, it is necessary to determine which subband is more sensitive to
the motor tasks in the GLM mapping. We divided the high gamma band (60–130 Hz) into
subbands with the width of 10 or 30 Hz. The power difference between the task and rest
conditions was then calculated for each subband. In addition, the signal-to-noise ratio was
estimated for each band. We found that the task/rest power difference was not uniformly
distributed in these subbands, and 60–90 Hz appeared to be most sensitive to the task/ rest
difference (Fig. 5B). However, the signal-to-noise ratio was at similar levels in all subbands
(Fig. 5C).

We then compared the mapping based on our gamma template with results achieved with 2
other templates used in previous explorations.36,61 The square template is a binary template
which sets all time points during the task condition into 1 and the time points in rest
condition into 0. This is equal to computing the r square of the power difference between the
task and the rest conditions. The peak template keeps the samples between 0.5 and 1.0
seconds (the period with highest gamma activation) and removes all other samples.
Comparing the results of representative electrodes derived from these 3 templates, the
gamma template yielded greatest significance level (averaged t-value 91), followed by the
peak template (averaged t-value 71) and then the square template (averaged t-value 61),
when the same number of trials was used. To reach the same t-statistic values by shuffling
all trials recorded from the representative electrodes 100 times, on average, 50 trials were
needed for the square template, and 29 trials were needed for the peak template, whereas
only 20 trials were needed for the gamma template (Fig. 5D). These results indicated that by
using the gamma template, we could reduce the testing time by about 60% and 30%, while
achieving the same level of sensitivity provided by the square template and the peak
template, respectively.

Movement tasks also induce a significant decrease of beta band power.12 It is therefore
interesting to know whether beta band could be used in motor function localization. We
found the power change in beta oscillations appeared to be more widespread than in high
gamma activation. Using the same GLM approach, we mapped beta band power decreases
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in all patients. Compared with the ECS results, mapping using beta power resulted in a
sensitivity of 44.2% and a specificity of 92.1%, significantly lower than that of the high
gamma mapping and fMRI results.

Discussion
Speed of Mapping in Surgical Planning

The main drawback of ECS is its lengthy procedure. In ECS mapping, testing of at least 10–
20 pairs of electrodes is needed, and the current intensity needs to be varied gradually within
a certain range (usually 1 mA–15 mA, with increments of 1 mA). It is very common that a
single test can take 1–2 hours. The stimulation not only causes fatigue in patients but also
entails a risk of after-discharges that occasionally lead to seizures and prevent further
mapping of at-risk cortical sites.3,34 The exhausting nature of ECS makes a retest plan very
challenging to both the doctors and the patients involved.

In this study we showed that functional mapping could be accomplished in several minutes
with a reasonable accuracy and minimal risk of after-discharge. While ECS mapping must
be done with one pair of electrodes at a time, ECoG mapping measures all electrodes at
once, significantly reducing the time cost and allowing comprehensive mapping of the
covered region. Our results corroborate previous findings that functional mapping can be
quickly achieved using ECoG signal.6,30,36,41

Compared with other statistical models52 previously used in ECoG analysis, we found GLM
is particularly suitable for modeling the task-related high gamma activity and allows for fast
mapping, as demonstrated in our results. The GLM does not require the rejection of a trial if
only part of the trial is contaminated by artifacts. The noisy part of the signal can be
conveniently excluded while the clean data are kept for the mapping. Therefore reliable
maps can be achieved with relatively fewer trials. In our study, we obtained maps with a
high significance level even when the ECoG data contained significant amounts of noise
caused by head movement or poor contact. With the presence of noise, the maps derived
from a 5-minute test were still qualitatively comparable to the ECS results. Another
advantage of GLM is that it produces a statistical significance map that differentiates task-
related activation from deactivation (for example, the power decrease in alpha and beta band
during movement will be reflected by negative t-values in GLM), which is not possible in
some models such as SIGFRIED.52

High Specificity of Mapping Based on High Gamma Activity
Compared with noninvasive mapping technologies, invasive approaches usually offer a
higher spatial resolution. Electrocorticography mapping produces functional maps more
similar to ECS results than fMRI mapping. This could be because ECoG and ECS are both
based on electrophysiology while fMRI is based on the hemodynamic response. In this study
we mapped the function using three modalities in the same individuals; therefore, a direct
comparison can be appreciated. A comparison of ECS, ECoG mapping, and fMRI is listed in
Table 3.

As the current gold standard, ECS results are usually fairly localized. In our experiment,
ECoG electrodes were used to deliver ECS as well and we applied the bipolar cortical
stimulation to 2 adjacent ECoG electrodes. The electrical signal creates a circuit between the
paired electrodes and the current may spread to neighboring areas. When the current
intensity is high, the point spread function of the stimulation may exceed the spatial
resolution of ECoG.
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Taking the ECS results as the reference, the specificity of the ECoG mapping was 99.5%
while the sensitivity was 66.7%. The sensitivity of ECoG mapping was higher than fMRI
but still at a low level. However, when we accounted for the current spreading effect in ECS
and applied a next-neighbor approach to spatially expand the ECoG maps, the sensitivity of
ECoG mapping reached 100%, with a specificity of 99.5%. These results indicated that our
fast mapping based on ECoG is qualitatively similar to the ECS mapping, but the maps
yielded are potentially more localized.

Caveats
In this study we sought to validate the clinical usage of high gamma activity in presurgical
mapping by comparing the ECoG mapping with traditional ECS and fMRI mapping. Our
preliminary results implied a great potential for high gamma activity in presurgical mapping.
However, several caveats should be emphasized. First, ECoG electrodes only cover part of
the brain. It is possible that eloquent cortex is missed by both ECS and ECoG mapping due
to insufficient electrode coverage. Thus fMRI mapping has a unique advantage in terms of
the completeness of the map (see Case 1 as an example). Using ECS as the gold standard
could lead to erroneous conclusions of specificity when the coverage is insufficient. Second,
any surgical mapping technology should be subject to final validation with clinical
outcomes. In our study, we have only compared our mapping results with ECS in a limited
number of patients. The reliability of our approach needs to be further examined with
analysis of clinical outcomes in a larger dataset.

Conclusions
High gamma activity in the ECoG signal can be robustly modulated by motor tasks.
Electrocorticography mapping based on high gamma activity may provide a very fast
approach to mapping out the functional regions in surgical patients. In less than 5 minutes,
GLM-based ECoG mapping can yield functional maps comparable to the maps determined
by ECS, with higher specificity and sensitivity than fMRI.

Acknowledgments
The authors thank Drs. Yanfang Shi and Dongming Wang at Yuquan Hospital and Dr. Xin Xu at Chinese PLA
General Hospital for assistance with cortical stimulation; Drs. Wei Wu and Dan Zhang at Tsinghua University
School of Medicine for thoughtful discussion; Drs. Rui Li, Hua Guo, and Xihai Zhao at Tsinghua Biomedical
Imaging Center for assistance with MRI.

Abbreviations used in this paper

BOLD blood oxygen level dependent

ECoG electrocorticography
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Fig. 1.
Left: Schematic diagram of the experimental setup. Surgical patients with implanted
subdural electrodes performed hand or tongue movement tasks in 20-second blocks
interleaved with 8-second rest blocks. The type of movement (hand or tongue) was indicated
by a visual cue displayed on the screen throughout the block. In each task block, the patient
grasped the hand contralateral to the side of electrode implantation, or stuck out his tongue
immediately following an auditory cue (duration 0.2 seconds, average interstimulus interval
4 seconds). Each block involved only one type of movement. Right: The GLM design
matrix. The upper 2 plots show the contrast vectors of the hand and tongue movement tasks.
The lower graph depicts the design matrix, with each row corresponding to one sample point
of the ECoG. The full design matrix contains 4 columns. The first 2 columns represent the
hand and tongue movement; the third column represents the rest condition, and the fourth is
the constant. The 2 task columns were obtained by replacing the first 3 seconds of each trial
with a high gamma response template. s = seconds.
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Fig. 2.
Left: The relative power (task/rest) of the ECoG signal recorded from the representative
electrode during movement (from 0.3 to 1.3 seconds after the auditory cue onset). The
representative electrode was chosen if the patient showed or reported symptoms related to
the sensory motor cortex when stimulated with the minimum current intensity during the
ECS test. The blue curve represents the relative power spectra averaged across all 17
patients. The movement task induced a significant power increase in the high gamma band
but a decrease in the alpha (8–13 Hz) and beta (15–30 Hz) bands. The power in the low
gamma band did not show any significant change. Right: The time-frequency plane was
divided into small time-frequency bins (each bin is 15 msec ×1 Hz). The power spectra in
the time-frequency bins showing significant task versus rest difference were averaged across
all subjects. The modulation effect of the movement tasks was clearly demonstrated in the
high gamma band and some of the low-frequency bands.
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Fig. 3.
Hand and tongue motor areas localized by ECS, ECoG, and fMRI. The mapping results
were projected to each individual’s brain surface reconstructed from the T1-weighted MR
images. Each row represents the results obtained in 1 patient. The number on the left is the
case number as shown in Table 1. The left 3 columns illustrate the hand motor regions
mapped by ECS, ECoG, and fMRI, respectively. The right 3 columns are the maps of the
tongue motor regions. The blue dots in the ECS maps indicate negative electrodes (no
symptoms related to sensory motor cortex reported when stimulated) and the yellow dots
indicate positive electrodes. The ECoG results were the t-values of all electrodes determined
by the GLM rendered on the cortical surface. The fMRI activation maps were also the t-
values determined by the GLM. The ECoG maps were highly consistent with the ECS
findings and were more localized than fMRI results.
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Fig. 4.
Overall sensitivity and specificity of ECoG and fMRI mapping. To determine the sensitivity
and specificity, ECS results were used as the reference. The sensitivity and specificity in
each patient are listed in Table 2. The overall percentage is computed as the total number of
electrodes belonging to A, B, C, or D conditions (defined in Table 2) over all tasks and
patients (17 patients for ECoG, 8 patients for fMRI). Compared with fMRI, ECoG mapping
results are significantly more consistent with the ECS findings. *p < 0.05, paired t-test.
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Fig. 5.
A: A high gamma response template was obtained by averaging the single-trial gamma-band
activity. The blue curves are the fitted gamma functions of single trials recorded from the
representative electrodes. The black curve is the high gamma response template derived
from averaging the blue curves. B: The gamma band was separated into multiple subbands,
and the mean power in these subbands was averaged across all trials/tasks/subjects. For each
trial, the mean power during the time window of 0–2 seconds was calculated. Compared
with other subbands, the 60-to 90-Hz band has the highest power during movement tasks. C:
The broadband (30-Hz bin) high gamma envelope has a greater signal-to-noise ratio than the
narrow band (10-Hz bin). The broadband high gamma activity, especially between 60 and
90 Hz, has a greater t-statistic value than the other subbands within the same ECoG data set.
D: Using the gamma template, fewer trials are needed to achieve the same performance than
when the square template or the peak template are used. On average, the gamma template
needs 20 trials, the square template needs 50 trials, and the peak template needs 29 trials for
the same performance. SNR = signal-to-noise ratio. Patient ID = case number (Table 1).
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TABLE 2

Sensitivity and specificity of ECoG and fMRI*

Case No.

Sensitivity (%) Specificity (%)

ECoG fMRI ECoG fMRI

1 90.9 36.4 100 98.6

2 59 70.8 100 95

3 52.8 22.2 100 97.2

4 71.3 38.8 100 98.6

5 66.7 50 100 98.4

6 62.5 37.5 100 98.4

7 87.5 87.5 96.7 97.5

8 77.4 70.2 100 89.5

9 69.4 100

10 75 96.8

11 62.5 100

12 75 100

13 58.3 98.9

14 37.5 100

15 25 100

16 75 99.5

17 62.5 100

*
The percentage value given for each patient is the average of the hand and tongue movement tasks.
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TABLE 3

The pros and cons of ECS, ECoG, and fMRI

Criterion ECS ECoG fMRI

sensitivity gold-standard 66.70% 52.50%

specificity gold-standard 99.60% 97.00%

time cost 1–2 hrs 5–10 mins 10–15 mins

invasiveness yes yes no

risk after-discharge Sz minimal minimal

additional equipment stimulator none MRI scanner
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