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In the past five years there has been growing interest 
in the use of cortical recording from the surface of 
the brain, known as ECoG, as a practical signal plat-

form for BCI application. The 2 predominant preexisting 
modalities prior to its introduction were brain signals ac-
quired from the scalp, known as EEG, or single-neuron 
recording of action potential spiking, referred to as “sin-
gle units.” The use of ECoG has several notable advan-
tages over these 2 modalities with regard to signal quality 
and durability. Its signals are more robust and have ac-
cess to the high-frequency oscillations, known as gamma 
rhythms, not accessible to EEG because of the low-pass 
filtering nature of the skull.3,8,31 These high frequencies 

have been shown to represent significant amounts of 
information concerning focal cortical populations of ac-
tivation and representation of simple and complex mo-
tor intentions.17,20,28 Additionally, because ECoG signals 
are acquired from the surface of the brain and do not 
require intraparenchymal electrode insertion (as with 
single units), signal-prohibitive encapsulation (which 
is an obstacle in chronic intraparenchymal recording) is 
less likely for long-term implantation with ECoG-based 
systems.1,32,33 This combination of high signal quality and 
long-term stability has been posited to be the ideal inter-
mediate modality for practical clinical application in the 
future.16

There has been substantial progress in the exploration 
and development of ECoG as a signal substrate for effec-
tive neuroprosthetic application. The first use of ECoG 
to achieve device control was accomplished in 2004. 
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ticography (ECoG), as a practical signal platform for brain-computer interface application. The signal has a combina-
tion of high signal quality and long-term stability that may be the ideal intermediate modality for future application. 
The research paradigm for studying ECoG signals uses patients requiring invasive monitoring for seizure localiza-
tion. The implanted arrays span cortex areas on the order of centimeters. Currently, it is unknown what level of motor 
information can be discerned from small regions of human cortex with microscale ECoG recording.

Methods. In this study, a patient requiring invasive monitoring for seizure localization underwent concurrent 
implantation with a 16-microwire array (1-mm electrode spacing) placed over primary motor cortex. Microscale ac-
tivity was recorded while the patient performed simple contra- and ipsilateral wrist movements that were monitored 
in parallel with electromyography. Using various statistical methods, linear and nonlinear relationships between these 
microcortical changes and recorded electromyography activity were defined.

Results. Small regions of primary motor cortex (< 5 mm) carry sufficient information to separate multiple as-
pects of motor movements (that is, wrist flexion/extension and ipsilateral/contralateral movements). 

Conclusions. These findings support the conclusion that small regions of cortex investigated by ECoG recording 
may provide sufficient information about motor intentions to support brain-computer interface operations in the fu-
ture. Given the small scale of the cortical region required, the requisite implanted array would be minimally invasive 
in terms of surgical placement of the electrode array. (DOI: 10.3171/2009.4.FOCUS0980)
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were used to allow individuals to gain rapid and effective 
control of a 1D cursor on a computer screen.17 Achieving 
control in < 30 minutes was a substantial improvement 
compared with more prolonged training requirements 
involved with either EEG or single-unit systems.9,14 The 
cortically constrained nature of these high-frequency 
changes has allowed multiple independent motor signals 
to be acquired that can allow individuals to achieve 2D 
control of a cursor on par with invasive single-unit sys-
tems.30 Again, this multidimensional control occurred on 
the order of minutes versus the months to years required 
with other systems.9,35 Taken together, these findings sup-
port the notion that ECoG signals have sufficient informa-
tion to potentially provide effective control in the future.

To date, the research paradigm for studying ECoG 
signals has involved patients with intractable epilepsy re-
quiring invasive monitoring for seizure localization. This 
in general requires a large craniotomy for placement of an 
electrode array, known as “grids,” often spanning 6–8 cm 
in maximal dimension. The spacing between electrodes 
is typically 1 cm. From a functional standpoint this is 
anatomically coarse. Despite this typical arrangement, 
cortical signals have been sufficient to distinguish mul-
tidimensional hand movements. These observations were 
found to often come from only a few of the electrodes from 
the larger array.28 The spatial resolution, as it relates to in-
dependent signals in the cortex, is actually much finer on 
the order of millimeters.3,8,31 In some preliminary studies 
in humans, smaller electrode array configurations have 
been shown to reveal more finely resolved information 
about speech processing.2 Thus, for future considerations 
of a BCI implant, it will be important to understand what 
degree of cortical coverage will be required to provide 
sufficient information about a given motor intention that 
could be used for brain-derived device control.

At this point it is not known what level of motor in-
formation can be discerned from a small region of human 
cortex with microscale ECoG recording. We have studied 
a patient requiring invasive monitoring for seizure local-
ization. Concurrent with their standard electrode arrays 
for monitoring purposes, a 16-contact microwire array 
(1-mm electrode spacing) was placed over primary mo-

tor cortex. Microscale brain activity was recorded while 
the patient performed simple contra- and ipsilateral wrist 
movements that were monitored in parallel with EMG. 
Using various statistical methods, we defined linear and 
nonlinear relationships between these microcortical 
changes and recorded EMG activity. We find that small 
regions of primary cortex carry enough information to 
distinguish between various states of motor movement. 
Sufficient information was present to discern wrist flexion 
and extension and to effectively distinguish ipsi- and con-
tralateral movements. These findings support the conclu-
sion that small regions of ECoG-investigated cortex may 
provide sufficient information about motor intentions to 
support BCI surgeries in the future. Additionally, given 
the small scale of the cortical region required for suffi-
cient signal, the requisite implanted array would be mini-
mally invasive in terms of surgically placing the electrode 
array that likely would not exceed a bur hole.

Methods
Overview

To test the level of information present in human 
primary motor cortex, we evaluated a 59-year-old right-
handed Caucasian woman in whom a right occipitopari-
etal grid was required for seizure localization. In addi-
tion to the ECoG grid array, a 16-contact microarray was 
placed over the primary motor cortex. Data from the mi-
croarray were recorded while the patient performed sim-
ple cue-directed wrist flexion and extension movements 
with either the right (ipsilateral) or the left (contralateral) 
wrist. Concurrent with micro-ECoG recording, muscle 
activity was documented with EMG electrodes placed on 
the ventral and dorsal surface of the right and left fore-
arms (Fig. 1). We analyzed the micro-ECoG recordings 
to determine the location of significant amplitude chang-
es in various frequency bands during the motor tasks. The 
results of these analyses were compared between limbs 
and between movements (flexion vs extension). The study 
was approved by the Human Research Protection Office 
at Washington University in St. Louis.

Fig. 1. Experimental setup showing the microelectrode dimensions, anatomical location based on reconstructed MR and CT 
images of implanted electrodes, and EMG recording electrodes on the arm.
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Surgical Placement and Experimental Setup
The 16-contact microarray was placed intraoperative-

ly in conjunction with the standard electrodes for seizure 
monitoring. The microarray was placed over primary cor-
tex that was accessible from the craniotomy for the stan-
dard grid electrode placement. Location was established 
using anatomical landmarks to determine the central sul-
cus. These landmarks were visualized with intraoperative 
stereotactic navigation and then confirmed on the surface 
of the brain. After the patient had undergone implanta-
tion, he/she was admitted to the epilepsy monitoring 
unit. Once there, the patient was seated 75–100 cm away 
from a standard flat screen monitor where visual stimuli 
were presented. Visual cues for movement initiation were 
presented using the BCI2000 program.29 The BCI2000 
program is a general-purpose system for data acquisi-
tion, stimulus presentation, and brain monitoring. In the 
context of brain mapping, it supports programmable pre-
sentation of stimuli and simultaneous ECoG and EMG 
signal recordings. It associates the timing of these stimuli 
with the recorded physiological signals that facilitates 
offline analyses. The signal from the patient’s subdural 
microarray was connected to a separate FDA-approved 
amplifier/digitizer system (g.tec–Guger Technologies) 
that was connected to an acquisition computer running 
BCI2000. The microarray electrodes were referenced to 
an inactive intracranial electrode, amplified, bandpass 
filtered (0.15–500 Hz), digitized at 1200 Hz, and stored. 
The microarray consisted of 16 microwire electrodes that 
were 75 µ in diameter and spaced 1 mm apart from center 
to center. The electrodes were arranged in an 4 × 4 ar-
rangement (total of 4 × 4–mm cortical coverage) and em-
bedded in Silastic plastic (total array diameter 6.35 mm) 
(Fig. 1, Microelectrode).

Stimuli and Motor Movement
In the experimental paradigm patients received vi-

sual cues to move either the “right wrist” or “left wrist.” 
The cue would be present on the screen for 3 seconds (a 
trial), and a rest interval of 1.5 seconds would be pres-
ent in which the screen would be blank. The patient was 
instructed to continuously flex and extend his/her cued 
hand at the wrist when the cue was present and stop when 
the cue disappeared. The total session included 54 trials 
per hand lasting a total of 8.1 minutes. Because each trial 
involved several repetitions of wrist movement during the 
cued period, the task cueing code does not track actual 
wrist movements. A better measurement of actual wrist 
movements was achieved through the use of 2 EMG elec-
trodes placed on the patients dorsal and ventral forearms 
(a total of 8 electrodes, 4 per arm) (Fig. 1).
Statistical Analysis

Statistical Difference in Time Frequency Features 
Between Right and Left Wrist Movement Periods. Both 
EEG and macro-ECoG grid recordings have been found 
to contain significant information about the brain state 
within the frequency domain. For this reason, the micro-
ECoG grid recordings were analyzed in the frequency 
domain using visually cued wrist movements. The ECoG 

signals were split into periods of 4.15 seconds after the 
beginning of each right and left wrist movement cue peri-
od. The frequency space was exponentially sampled from 
1 to 600 Hz, using a total of 39 frequencies; the wavelets 
were created by combining a complex sine/cosine wave-
form for each frequency with a Gaussian envelope whose 
(variance or standard deviation) was 3 wavelengths of the 
frequency. This frequency transform was computed for 
each movement period using a Gabor wavelet dictionary 
that fits each frequency in the frequency feature space 
with an appropriately sized wavelet. A wavelet dictionary 
has advantages over binned spectral transform methods 
such as fast Fourier transform because it yields good tem-
poral resolution at both high and low frequencies. The 
convolution of each such Gabor wavelet was then com-
puted with each channel of the ECoG signal to create a 
time-frequency representation (spectrogram) for each 
wrist movement period.

Probability values of statistical difference between 
the right and left wrist movement periods were then cal-
culated for each time-frequency point using a 2-sample 
t-test across the 54 right and left wrist movement periods. 
Each p value was adjusted using Bonferroni corrections 
to account for multiple comparisons across electrodes, 
frequencies, and time. All t-test results presented depict 
features that either increased or decreased between the 2 
conditions with a Bonferroni-corrected p value < 0.05.

Mutual Information. Mutual information is a quan-
tification of the information gained about a random vari-
able X from the measurement of a second system Y.4 If 
X and Y are independent, then their mutual information 
is 0. However, if knowing the value of Y reduces the 
uncertainty of the value of X, then the mutual informa-
tion between the 2 systems is > 0. The average amount 
of information gained from any measurement of X is the 
entropy (H) of X. Using entropy the mutual information 
(MI) between X and Y can be defined as follows:

MI(X,Y) = H(X) + 

H(X/Y),

where H(X/Y) is the information about the value of 
X gained as a measurement of Y.

Formally the entropy H(X) is defined as:

∫
∞

∞

=
-

XX (x))log2(P (x)P H(X)

where PX(x) is the probability that X = x in the sys-
tem X. While it is usually not feasible to exactly define 
probabilities for real systems, they can be estimated as 
histograms. Thus, in practice when there are time series 
measurements, X = {x1, x2, …., xn} and Y = {y1, y2, …., 
yn}, that can take on measurement values {i1, i2, …, im} 
and {j1, j2, …, jm}, respectively, then the mutual informa-
tion between systems X and Y can be estimated as:
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Mutual information is related to covariance, but it 
has the advantage that the relationship between the values 
of X and Y does not need to be linear. Any relationship 
that is consistent over the duration the measurements are 
taken increases the mutual information score.

Mutual Information Time-Frequency Features. 
Break ing up the ECoG signal into segments correspond-
ing to right and left flexion and extension and then cal-
culating the statistically significant spectral features in 
a blocked format (as with right and left movement) is 
not ideal and loses information. This is because flexion 
and extension do not occur in isolation of each other, but 
rather occur in a continuous fashion. Therefore, it is not 
optimal to compute the mutual information between the 
spectral signals and a simple binary feature describing 
if the behavior is a flexion or extension. More accurate 
information is available from the EMG recording, which 
accurately tracks wrist flexion and extension as a continu-
ous time-varying measurement. The mutual information 
was computed between each frequency feature of the 
microgrid and the 4 EMG signals. To detect time-shifts 
between the cortical signal and the EMG signal, mutual 
information was computed with the EMG signals shifts 
forward and backward in time by 332 msec relative to the 
ECoG spectrogram.

To account for the intrinsically information-rich 
nature of both the ECoG and EMG signal, a threshold 
for mutual information was created. The mutual infor-
mation value between a given EMG recorded electrode 
(Electrodes 1–8) and the summated signal between the 2 
electrodes from a given site (right and left dorsal forearm 
and ventral forearm) was set as the cut-off. Because the 
EMG signals were calculated directly from these chan-
nels, it can be expected that these mutual information 
scores represent high degrees of mutual information giv-
en the limitations of the recording paradigm. For each 
of these comparisons, a maximum mutual information 
score of approximately 0.03 was found. This score was 
then used to scale the mutual information features of the 
microgrid.

Anatomical Localization of Microarray
To localize the microarray,  preoperative T1-weighted 

structural MR imaging and postoperative CT scanning 
studies showing electrode placement were reconstructed 
using Analysis of Functional NeuroImages,5 and a cor-
tical reconstruction and volumetric segmentation of the 
structural MR imaging was performed using the Free-
surfer image analysis suite (http://surfer.numr.mgh.har-
vard.edu/).7 A local Pearson correlation was used to align 
the reconstructed CT and MR images.27 Due to mass ef-
fect from implanted hardware and perioperative volume 
changes, aligned electrode positions appeared deep to the 
surface of the cortex. To correct for this, a vector normal 

to the cortical surface was estimated, and the array was 
projected to the surface along this normal vector (Fig. 1).

Results
Separating Contra- and Ipsilateral Movements

The ECoG signals from the microarray electrodes 
that were recorded during the conditions of left (contra-
lateral) hand movement and right (ipsilateral) hand move-
ments were compared. Using a Gabor wavelet dictionary, 
the raw signal was converted to the spectral domain for 
each active condition and rest interval. The spectra were 
averaged across each trial and compared between each 
active condition and rest and between the 2 active condi-
tions of right versus left movement. Each active condition 
was significantly different from rest and the other active 
condition (p < 0.05, Bonferroni corrected for each elec-
trode, frequency band, and point in time). Most notably, 
the differences between right- and left-sided movements 
were distinct both in anatomical location (which micro-
electrode demonstrated a significant change) and fre-
quency spectra (at what frequency there was a significant 
amplitude change). As shown in Fig. 2, the differences 
were predominantly located in lower-frequency bands (< 
40 Hz) and in Electrodes 1, 2, 8, 9, and 10. These findings 
demonstrate that from a small region of motor cortex (< 
5 mm) it is possible, with a high level of significance, to 
discern cortical changes associated with contra- and ipsi-
lateral distal arm movements.
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Fig. 2. Separating contralateral and ipsilateral movements. The fig-
ure demonstrates the averaged time frequency amplitude difference 
that was statistically different between ipsi- and contralateral move-
ments. The time frequency plots are shown for each microelectrode 
(numbered on the left and shown on the right). The most prominent 
differences were more often found in lower-frequency bands (< 40 Hz) 
and in Electrodes 1, 2, 8, 9, and 10.
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Separating Wrist Flexion and Extension From Each Arm
To separate wrist flexion and extension for a given 

hand, the probabilistic method of mutual information was 
used. Distinct from a right/left paradigm of move/do not 
move, one cannot flex without extending in a blocked for-
mat. In other words, one cannot continually extend during 
a period of time and then continually flex during a given 
period of time. If one extends one’s wrist, even to return it 
to neutral, it requires one to flex the wrist to some degree. 
To address this, EMG was continually recorded from the 
dorsal and ventral aspect of the forearm, and the mutual 
information between the ECoG signal of the microarray 
and the EMG signals of the forearm electrodes was de-
termined. Thus, ECoG signals showing increased mutual 
information with dorsal forearm EMG reveals cortical 
activity associated with a wrist extension, whereas ECoG 
signals showing mutual information with ventral EMG 
activity reveals cortical activity associated with wrist 
flexion.

The mutual information was evaluated over a range 
from 332 msec before and after the initiation of an onset 
of movement identified with EMG across 0–600 Hz and 
averaged across all trials. The time series was then ana-
lyzed to assess whether there were changes that were dis-
tinct to a given movement for a given limb. For contralat-

eral wrist movements, as shown in Fig. 3 left, there was an 
increased contribution from 20- to 30-Hz signal change 
prior to the onset of movement, which occurred diffusely 
in the majority of electrodes with wrist flexion but was not 
present with wrist extension. Additionally, Electrodes 1, 
2, and 7–10 exhibited a very low frequency predominance 
with flexion that was not present with extension. Wrist 
extension on the other hand showed a notable broadband 
frequency information content from 10–50 Hz in Elec-
trode 16, which was not present with flexion. Figure 3 
right shows similar data for ipsilateral wrist movements. 
Ipsilateral flexion and extension movements were more 
similar than contralateral wrist movements. There was an 
anatomically diffuse frequency component that largely 
preceded the onset of movement in a frequency range of 
30–50 Hz. There was, however, a notable difference in 
Electrode 7, demonstrating higher-frequency information 
content associated with wrist extension not seen in flex-
ion. Taken together, these findings demonstrate that there 
are qualitative differences in cortical activity associated 
with flexion and extension in both the contra- and ipsilat-
eral arms.

Distinguishing Spectral and Anatomical Patterns of  
Flexion and Extension Across Both Arms

To assess whether distinguishable anatomical and 

Fig. 3. Separating wrist flexion and extension from the contralateral limb. The figure demonstrates the averaged mutual 
information between the frequency spectra of each individual microelectrode and the EMG recording from the dorsal and ven-
tral aspect of the forearm. Dorsal EMG is associated with wrist extension and ventral EMG changes are associated with wrist 
flexion. Left: The time scale shows the shared mutual information over a range of 332 msec (ms) before and after the onset 
of movement. For contralateral wrist movements, there is an increased contribution from 20–30-Hz signal change prior to the 
onset of movement, which occurs diffusely in the majority of electrodes with wrist flexion that is not present with wrist extension. 
Additionally, Electrodes 1, 2, and 7–10 show a very low –frequency predominance associated with flexion that is not present with 
extension. Wrist extension on the other hand shows a notable broadband frequency information content from 10 to 50 Hz in 
Electrode 16 not present with flexion. These findings indicate that there are qualitative differences in cortical activity associated 
with flexion and extension in the contralateral (left) arm. Right: The time scale shows the shared mutual information over a 
range of 332 msec before and after the onset of movement. Ipsilateral wrist flexion and extension movements are more similar 
than that seen with contralateral wrist movements. There is an anatomically diffuse frequency component that largely precedes 
the onset of movement in a frequency range of 30–50 Hz. There is, however, a notable difference in Electrode 7 demonstrating 
higher-frequency information content associated with wrist extension not seen in flexion. These findings indicate that there are 
qualitative differences in cortical activity associated with flexion and extension in the ipsilateral (right) arm.
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spectral cortical patterns are present to potentially dis-
tinguish between each of the 4 movement conditions (that 
is, contralateral flexion, contralateral extension, ipsilat-
eral flexion, and ipsilateral extension) the time series data 
for individual movements was then taken together and 
“thresholded” relative to the maximum mutual informa-
tion shared between the recorded ECoG signal and the 
EMG signals. The spectral information was separated into 
4 separate frequency bands—low (1–12 Hz), intermediate 
(13–43 Hz), high (48–152 Hz), and very high (174–566 Hz). 
An electrode was deemed to be “positive” if > 15% the 
maximum mutual information between the ECoG signal 
and EMG signal was present. Figure 4 shows the patterns 
of mutual information in terms of anatomical location 
and frequency on the microarray. Each condition has a 
distinct anatomical pattern of cortical activity in terms of 
which electrode participated in encoding either ipsilateral 
or contralateral wrist flexion or extension. Additionally, 
there is a different spectral representation between each 
of the 4 conditions. Contralateral movements seemed to 
be more predominantly represented by the low-frequency 
band (1–12 Hz), whereas ipsilateral movements are more 
highly represented by the intermediate-frequency band 
(13–43 Hz). Each had focal high-frequency changes that 
were anatomically distinct to the given condition.

Discussion
The results of this study demonstrated that ECoG 

recordings obtained in small regions (< 5 mm) of prima-
ry motor cortex can yield substantial information about 
bilateral distal limb movements. We found that there 
are statistically significant differences between contra- 
and ipsilateral wrist movements represented by distinct 
frequency bands (frequencies < 40 Hz) and anatomi-
cal patterns of activation. Using nonlinear probabilistic 
methods, wrist flexion and extension were further subseg-
mented based on the mutual information shared between 

the ECoG signal and the EMG activity recorded from the 
forearm. There were anatomically and spectrally distinct 
patterns of mutual information between each movement 
condition. In summary, these findings support the pos-
sibility that a small ECoG electrode array could provide 
sufficient information about motor intentions for potential 
neuroprosthetic operation in the future.

The findings in this study are consistent with human 
cortical physiology studies in which larger-scale record-
ings of EEG and macroscale (1-cm electrode spacing) 
ECoG have been used. The classic cortical physiology 
associated with contralateral limb and hand movements 
has demonstrated specific amplitude changes at various 
frequency ranges of oscillating brain activity. These fre-
quencies have been categorized into 3 main functional 
groups as they relate to sensorimotor cortex. Sensorimotor 
rhythms comprise the mu band (8–12 Hz), the beta band 
(18–26 Hz), and the gamma band (> 40 Hz).13,24,36 Mu and 
beta bands are thought to represent synaptic potentials 
produced by thalamocortical circuits, and they change in 
amplitude in association with actual or imagined move-
ments.10,18,23,26 The higher frequencies in the gamma band 
are thought to be produced by smaller cortical assemblies 
and also have been found to change in amplitude relative 
to active or imagined motor movements.6,17,19 In general, 
the lower-frequency bands (mu and beta) tend to exhibit 
broader cortical regions of amplitude decrease, while the 
higher gamma band tends to show a more focal increase 
in amplitude when the region of cortex associated with 
the motor action becomes active.21–23 On this much small-
er scale, the lower-frequency changes tended to be more 
diffuse while high-frequency changes were much more 
cortically constrained to 1 to 2 microelectrodes. More 
recently, when contralateral hand movements were com-
pared with ipsilateral hand movements, there was found to 
be a distinct and separable cortical physiology associated 
with same-side movements. The cortical changes associ-
ated with ipsilateral hand movements were found to occur 
in lower-frequency spectra (average 37.5 Hz), at distinct 

Fig. 4. Distinguishing spectral and anatomical patterns of flexion and extension across both arms. The figure shows the 
patterns of mutual information in terms of anatomical location and frequency on the microarray. The spectral information was 
separated into 4 separate frequency bands: low (1–12 Hz), intermediate (13–43 Hz), high (48–152 Hz), and very high (174–566 
Hz). Each condition has a distinct anatomical pattern of cortical activity in terms of which electrode participates in encoding 
either ipsi- or contralateral wrist flexion or extension. Additionally, there is a different spectral representation between each of 
the 4 conditions. Contralateral movements seem to be more predominantly represented by the low-frequency band (1–12 Hz), 
whereas ipsilateral movements are more highly represented by the intermediate frequency band (13–43 Hz). Each had focal 
high-frequency changes that were anatomically distinct to the given condition.

Unauthenticated | Downloaded 05/23/23 11:00 PM UTC



Neurosurg Focus / Volume 27 / July 2009

Microscale ECoG recording in the human motor cortex 

7

anatomical locations (most notably in the premotor cor-
tex), and earlier (by 160 msec) than changes associated 
with contralateral hand movements. These observations 
were found to be consistent with a motor planning role of 
ipsilateral cortex in motor movements.34 Consistent with 
these findings, ipsilateral wrist movements were found to 
have the most mutual information in a frequency range 
of 13–43 Hz. Additionally, this range appeared to largely 
precede the onset of movement.

The small scale with which motor information was 
acquired in this study has important surgical implica-
tions for BCI applications in the future. To date, ECoG 
recording has primarily occurred through electrode ar-
rays made specifically for epilepsy monitoring. The role 
of these grid electrodes is to achieve broad cortical cover-
age for the localization of a seizure focus and as a result 
require a fairly large craniotomy for their placement. The 
demonstration that separable motor intentions can be ac-
quired from a site in primary motor cortex that is < 1 cm 
indicates that the practical array for neuroprosthetic ap-
plications may only require a 1-cm bur hole. This would 
significantly reduce the risk of the surgical procedure for 
placement of the BCI construct. Additionally, previous 
studies have shown that epidurally acquired ECoGs sig-
nal can be used for brain-derived device control.15 If the 
microscale nature of these signals is preserved above and 
below the dura mater, a construct that requires a bur hole 
and an epidural array could be even less risky. The differ-
ence in signal fidelity, however, will need to be explicitly 
studied. The significant risk reduction could improve the 
risk-benefit consideration for implantation in either medi-
cally fragile patients (such as those with amyotrophic lat-
eral sclerosis) or in patients in whom the construct would 
be placed over normal brain (such as those with spinal 
cord injury or an unaffected hemisphere after unilateral 
stroke). This ultimately could hasten the adoption of the 
BCI technology across a wider patient population.

Although exciting, there are some important cave-
ats of which to take note. This study demonstrates that 
there is indeed cortical activity present on a millimeter 
scale that reveals substantial information about various 
motor movements. Although probabilistic methods, such 
as mutual information, can distinguish motor intentions, 
further studies will be required for real-time signal analy-
sis and testing to determine how effective these features 
are for the application of user control. This will require 
that the various signals be independent (1 cortical change 
associated with 1 motor intention is not easily confused 
with a cortical change associated with a different motor 
intention) and controllable by the individual (the patient 
can use a cognitive task to reliably control an external 
device). What the anatomical resolution means for inde-
pendent control features remains to be determined. Also, 
when a very small array is considered for a BCI, where it 
will be placed becomes more critical. Understanding the 
relationship between electrocortical activation and non-
invasive methods of localizing these changes will also be 
important. The bur hole and array will have to be placed 
in a region sufficiently close to the region of interest such 
that it will provide the necessary independent signals. 
There has been preliminary evidence that functional MR 

imaging is useful for identifying regions of cortical acti-
vation that, when investigated with ECoG, will provide 
signals for BCI device operation. Further studies will be 
required to define more fully the reliability of this tech-
nique across multiple different cognitive paradigms.25 
Additionally, work is also being done to create implant-
able microarrays that can be used for prolonged recording 
and signal transmission.11,12 To complement these emerg-
ing efforts, this study provides an important first step in 
showing that small cortical recording may provide the 
necessary signals for a minimally invasive ECoG BCI. 
The next steps will require the application of these sig-
nals for effective device control and a reliable method for 
noninvasive localization of where in cortex these signals 
are coming.

Conclusions
In summary, we have recorded from microelectrode 

array over primary motor cortex in a humans. The cor-
tical information was sufficient to distinguish between 
contra- and ipsilateral wrist flexion and extension move-
ments. This provides exciting preliminary evidence that a 
BCI implant may only require a small region of cortical 
coverage to provide sufficient information about motor 
intentions for brain-derived device control.
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