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Abstract

A brain—computer interface (BCI) is a device that enables severely disabled people to
communicate and interact with their environments using their brain waves. Most research
investigating BCI in humans has used scalp-recorded electroencephalography or intracranial
electrocorticography. The use of brain signals obtained directly from stereotactic depth
electrodes to control a BCI has not previously been explored. In this study, event-related
potentials (ERPs) recorded from bilateral stereotactic depth electrodes implanted in and
adjacent to the hippocampus were used to control a P300 Speller paradigm. The ERPs were
preprocessed and used to train a linear classifier to subsequently predict the intended target
letters. The classifier was able to predict the intended target character at or near 100%
accuracy using fewer than 15 stimulation sequences in the two subjects tested. Our results
demonstrate that ERPs from hippocampal and hippocampal adjacent depth electrodes can be

used to reliably control the P300 Speller BCI paradigm.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

A brain—computer interface (BCI) is a device that uses brain
signals to provide a nonmuscular communication channel
[1], particularly for individuals with severe neuromuscular
disabilities. One of the most promising signals for controlling
a BCI is event-related potentials (ERPs) such as the P300.
The P300 ERP is an evoked response to an external
stimulus that has traditionally been observed in scalp-recorded
electroencephalography (EEG). The scalp-recorded P300
response has proved to be a reliable signal for controlling a BCI
using the P300 Speller paradigm [2]. Based on multiple studies
in healthy volunteers [3-5], and initial results in persons with
physical disabilities [6, 7], the P300 Speller has the potential
to serve as an effective communication device for persons who
have lost, or are losing, the ability to write and speak.

It is hypothesized that electrodes positioned closer to
the source of the brain’s electrical activity will improve
the signal-to-noise ratio and hence the communication rate.
Intracranial surface grid arrays and depth electrodes are
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routinely implanted in humans to localize epileptic seizure
foci. Both styles of electrodes record local field potentials
(LFPs), with the surface grid array recordings referred to as
an electrocorticogram (ECoG). It has recently been shown
that the P300 Speller can be effectively controlled using an
ECoG [8]. It has also been shown that P300 ERPs can
be recorded from hippocampal depth electrodes in humans
[9]. The present study characterizes the ERPs recorded from
bilateral stereotactic depth electrodes (SDEs) implanted in and
adjacent to the hippocampus and shows that they can be used
to control the P300 Speller.

2. Methods

2.1. Patients

Two subjects with medically intractable epilepsy were tested
for the ability to control a visual keyboard using ERPs. Both
subjects underwent phase 2 evaluation for epilepsy surgery
with temporary placement of bilateral SDEs to localize seizure
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Table 1. Subject clinical information.
Neuropsychological Language Memory
Age/sex AED MRI language testing (Wada) (Wada)
Subject A 48/F CBZ,ZSM  (R) MTS, ? left  Mild learning inefficiency Left Left
hippocampal for nonverbal material; mild
atrophy nonspecific cognitive dysfunction
Subject B 33/F LVT Normal Variability in attention Right Bilateral
and processing speed R>L

AED: anti-epileptic drug; CBZ: carbamazepine; ZSM: zonisamide; LVT: levetiracetam; MTS: mesial temporal
sclerosis; Wada: intracarotid sodium amytal study; (?) denotes ‘questionable’ or ‘possible’.

foci prior to surgical resection. Both subjects were presented
at Mayo Clinic Florida’s multidisciplinary Surgical Epilepsy
Conference where the consensus clinical recommendation was
for them to undergo invasive monitoring primarily to localize
the epileptogenic zone. The study was approved by the
Institutional Review Board of both the Mayo Clinic and the
University of North Florida. Both subjects gave their informed
consent. Clinical data on each subject are provided in table 1.

2.2. Electrode locations and clinical recordings

Electrode (AD-Tech Medical Instrument Corporation, WI,
USA) placements and duration of intracranial monitoring were
based solely on the requirements of the clinical evaluation,
without any consideration of this study. All electrode
placements were stereotactically guided intra-operatively by a
Stealth MRI neuronavigational system (Medtronics Inc., MN,
USA). Each subject had post-operative anterior—posterior and
lateral radiographs to verify electrode locations. The inter-
electrode spacing along the arrays was 10 mm for subject A
and 5 mm for subject B. Electrode locations are illustrated in
figure 1. By capturing seizures with an electrographic pattern
typical for hippocampal onset seizures, the three most anterior
right temporal contacts for subject A and the five most anterior
left temporal contacts for subject B were confirmed to be in or
adjacent to hippocampal tissue. Aside from the most posterior
electrodes for subject A, it is highly probable that all electrodes
were in or adjacent to hippocampal tissue.

After electrode implantation, all subjects were admitted
to an ICU room with epilepsy monitoring capability. Clinical
data were gathered with a 64-channel clinical video-EEG
acquisition system (Natus Medical, Inc., CA, USA).

2.3. BCI data acquisition

Both subjects performed BCI testing between 24 and 48 h after
electrode implantation. Testing was performed only when
the subject was clinically judged to be at cognitive baseline
and free of physical discomfort that would affect attention
and concentration. Testing was performed at least 6 h after
a clinical seizure. Stimuli were presented and the data were
recorded using the general-purpose BCI system BCI2000 [10].
All electrodes were referenced to a scalp vertex electrode,
amplified, band-pass filtered (0.5-500 Hz), digitized at
1200 Hz using 16-channel g.USB amplifiers (Guger
Technologies, Graz, Austria), and stored. A laptop with
a 2.66 GHz Intel Core 2 Duo CPU, 3.5 GB of RAM, and

Windows XP was used to execute BCI2000. The signals for
the BCI experiments were acquired concurrent with clinical
monitoring via a 32-channel electrode splitter box (AD-Tech
Medical Instrument Corporation, WI, USA).

2.4. Task, procedure, and design

The experimental protocol was based on the protocol used in
an EEG-based P300 Speller study [3]. Each subject sat in a
hospital bed about 75 cm from a video monitor and viewed
the matrix display. The monitor was centered in the subject’s
visual field. The task was to focus attention on a specified
letter of the matrix and silently count the number of times the
target character flashed, until a new character was specified for
selection. All data were collected in the copy speller mode:
words were presented on the top left of the video monitor
and the character currently specified for selection was listed
in parentheses at the end of the letter string, as shown in
figure 2. Each session consisted of 8-11 experimental runs
of the P300 Speller paradigm; each run was composed of a
word or series of characters chosen by the investigator. This
set of characters spanned the set of characters contained in the
matrix and was consistent for each subject and session. Each
session consisted of between 32 and 39 character epochs. A
single session lasted approximately 1 h. One to two sessions
were collected for each subject, depending on the subject’s
physical state and willingness to continue.

2.5. Online response classification

For each of the 16 channels used in the analysis, 800 ms
segments of data following each flash were extracted for the
offline analysis. The data segments were lowpass filtered and
decimated to 20 Hz and concatenated by channel for each flash,
creating a single feature vector corresponding to each stimulus.
The features from the first four runs (16 characters) from
the first uncorrupted session were used to generate a linear
classifier for each subject using stepwise linear regression
(SWLDA) [11]. The response processing and classification are
detailed in [3]. The performance of the classifier for selecting
the attended character was tested on the four subsequent runs
(16 characters) from the same session.

2.6. Response visualization

Nearly all electrodes were included in the linear regression
model for each subject, although it is evident that only select
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sagittal

Figure 1. The lateral radiographs and approximate sagittal and axial electrode locations. Left column: subject A, right column: subject B.

electrodes contribute the bulk of the discriminable information
for the task while the others merely serve as suppressor
variables [12], which are not correlated with the task but
are correlated with one or more of the independent variables
of a regression model. The ERPs from all electrodes and
their 72 correlations (i.e. the proportion of the variance of the
instantaneous signal amplitude accounted for by the stimulus
type, i.e. target or standard) with the task are presented
in figure 3. The waveforms were generated using the
average of all training and test data used for classification
for each subject. The averaged waveforms were smoothed for
visualization using a 0-30 Hz lowpass filter. The color scale
in figure 3 corresponds to the electrode coloring and indicates
the classification accuracy after 15 flash sequences obtained
by constructing a least-squares linear classifier from the
individual electrode’s ERPs in isolation (evaluated using the
same training and test sessions as the previous classification).

This provides some indication of the relative discriminative
power of the ERPs at each electrode for the task. Separate
SWLDA classifiers were also trained using the responses from
the eight left hemisphere electrodes and eight right hemisphere
electrodes, respectively. Likewise, this was done to evaluate
the relative discriminative power of the ERPs from each
hemisphere.

3. Results

Both subjects were able to accurately spell words via the
P300 Speller using depth electrode signals. As shown in
figure 4, both subjects achieved over 90% after 15 flash
sequences online, with subject A reaching 100% after
6 flash sequences. Figure 4 also indicates that higher
bitrates [13] could be achieved for both subjects using
fewer than 15 flash sequences. Offline analysis revealed
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[DICE (D)

Figure 2. The 6 x 6 matrix used in the current study. A row or
column flashes for 100 ms every 175 ms. The letter in parentheses
at the top of the window is the current target character ‘D’. A P300
should be elicited when the fourth column or first row is flashed.
After 15 flash sequences (i.e. each row and each column has been
flashed 15 times), the collected brain responses are processed and
classified, and online feedback is provided directly below the
character to be copied. The process is then repeated for the next
target character ‘I’ and so forth until all characters in the word
‘DICE’ have been presented as targets.

that classifiers constructed from right hemisphere signals
performed significantly better than the left hemisphere for
subject A and marginally to significantly better with fewer than
15 flash sequences for subject B. Interestingly, for subject A,
the right hemisphere classifier is comparable to the classifier
that spans the hemispheres. Based on the offline analysis
of individual electrode classification, subject A achieved
100% accuracy and subject B achieved 63% after 15 flash
sequences using an individual electrode, with 2.8% being
chance accuracy. Interestingly, the individual electrode that
achieved the highest accuracy was located in the right posterior
hippocampal region for both subjects.

4. Discussion

Multiple studies have shown that BCI-based methods using
scalp EEG and ECoG in humans can be used to control a
prosthetic device [14] or a cursor on a computer monitor
[15-22]. However, previous BCl-related language research
has mainly utilized scalp EEG [23-26]. Several EEG-
based BCI systems have been developed with sophisticated
paradigms to translate neuroelectric signals for the purpose
of communication. The performance of these scalp-based
translational systems has been hampered by the fact that
electrical signals are degraded and attenuated while traveling
through skull and scalp layers, in addition to muscle-
related and electrode interface artifacts common to scalp
recordings. These factors result in suboptimal signal-to-noise
characteristics and lower information transfer rates, and they
likely contribute to slower speed and decreased accuracy in
performing language tasks.

Our previous study shows that electrical recordings from
human cortex can be translated by P300-based BCI systems
to produce accurate and reliable language output at least

equal to, and probably superior to, recordings obtained
from scalp EEG [8]. Our previous study results attest to
the possible superiority of the ECoG signal over the EEG
signal in controlling a BCI-based language communication
system. Further improvements in ECoG-based bitrate could
potentially be achieved with the optimization of classification
parameters for each individual. In addition, our results
suggest that control of a visual keyboard can be achieved by
directly monitoring a small area of the brain as opposed to
monitoring the entire scalp. These findings open up a new
avenue for research on improving communication devices for
patients with ALS, spinal cord injuries, stroke, and severe
inflammatory polyradiculopathies. As the risks associated
with implantation of chronic intracranial electrodes continue
to decrease with advances in electrode design and surgical
techniques, the ECoG-based P300 Speller may become a
viable option for severely disabled individuals with no reliable
means of communication.

Although the P300 signal has been recorded with
intracranial electrodes in the hippocampus [27, 28], this study
is the first to demonstrate the use of human hippocampal and
adjacent signals to control a brain—computer interface. The
ability to utilize a SDE-based P300 Speller for communication
may improve the risk/benefit ratio for chronic intracranial
implantation compared to ECoG with grid electrodes. SDEs
are often implanted through occipital burr holes with
stereotactic guidance. In contrast, a craniotomy procedure
is most commonly used to place grid or strip electrodes. Post-
operative steroids to reduce brain swelling are often used after
grid/strip implantation, but not after SDE inserted through
the occipital approach®. Surgical case series [29-32] suggest
epilepsy patients undergoing SDE as opposed to subdural
grids/extended strips have lower morbidity.

An interesting finding is that an individual electrode,
similarly located in the posterior right hippocampal region
for both subjects, recorded data which achieved the highest
accuracy for our classifier. While subject A may have
had left hippocampal atrophy (the radiologist could not
be definitive), she clearly had right mesial temporal
sclerosis by MRI criteria. Therefore, she was expected to
exhibit more right temporal lobe dysfunction. This was
confirmed by her neuropsychometric test, which showed
mild inefficiency in learning nonverbal material (typically a
right hemisphere function) and on Wada testing, in which
subject A was left hemisphere dominant for both language and
memory. Because subject A’s structural and neurocognitive
abnormalities were lateralized to the right temporal region,
the finding that classifiers constructed from right hemisphere
signals performed significantly better than that from the left
hemisphere was unexpected. Subject B was dominant for
language in the right hemisphere, and had bilateral memory
functioning albeit with greater representation in the right
hippocampus. We recognize that the sample size is small,
but based on these two subjects, the presence of discriminable
P300 responses appears independent of memory or language
lateralization. Ludowig et al [9] studied the topography of the

3 Personal communication, Robert Wharen, MD, Chief of Neurosurgery,
Mayo Clinic, FL, USA.
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Figure 3. The ERPs and individual electrode classification. The ERPs and the respective 7> correlations with the task are plotted in the
periphery. These plots have been arranged according to the electrode position on the respective arrays and do not indicate an anatomic
correspondence of the electrode positions between subjects. These waveforms represent the average responses to the target (solid) and
standard (dotted) stimuli. The waveforms were generated using the average of all training and test data used for classification for each
subject. The color scale corresponds to the electrode coloring and indicates the classification accuracy after 15 flash sequences obtained by
constructing a least-squares linear classifier with the individual electrode’s ERPs in isolation (chance accuracy is 2.8%). Note that this figure
represents an approximate axial view of depth electrodes, and that the relative electrode size is enlarged for visualization purposes; refer to
figure 1 for details of the electrode positioning.
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Figure 4. The offline classification accuracy (left figure) and bitrate (right figure) with respect to the number of flash sequences for subjects
A and B. The individual traces indicate the performance based on training the classifier using all 16 electrodes, the 8 right hemisphere
electrodes, and the 8 left hemisphere electrodes. The online accuracy corresponds to the accuracy after 15 flash sequences using all
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medial temporal P300 and found the highest signal amplitude
in the anterior subiculum and posterior hippocampal body.
Our findings are consistent with their results. Further studies
are needed to determine if the posterior right hippocampal
region preferentially produces the best P300 signals for BCI
classification.

A limitation of this study was the lack of millimeter
spatial localization of the individual electrodes of the SDE
array to the anatomic location region in the brain. Our IRB
approval letter was very specific in prohibiting any testing
outside of what the clinical team felt was appropriate to treat
the patient’s medical problem. Routine post-operative CT or
MRI for anatomic localization of stereotactic depth electrodes
is not standard care for these patients’ treatment teams.
Future studies with SDE in this type of research may benefit
from involvement of treatment teams with different practice
patterns.

These preliminary results indicate that adequate
performance can be achieved using a unilateral array or
possibly even a single SDE. We believe a SDE-based P300
Speller with the same efficiency and accuracy as an ECoG-
based P300 Speller may represent a better long-term option
for patients needing chronic brain—computer interface devices
for communication control. Further studies will be needed to
compare the overall feasibility of the SDE-based P300 Speller
compared to scalp EEG and ECoG.
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