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Stereotactic Electroencephalography (SEEG) is a technique used to localize seizure
foci in patients with medically intractable epilepsy. This procedure involves the chronic
placement of multiple depth electrodes into regions of the brain typically inaccessible
via subdural grid electrode placement. SEEG thus provides a unique opportunity to
investigate brain function. In this paper we demonstrate how SEEG can be used to
investigate the role of the dorsal anterior cingulate cortex (dACC) in cognitive control.
We include a description of the SEEG procedure, demonstrating the surgical
placement of the electrodes. We describe the components and process required to
record local field potential (LFP) data from consenting subjects while they are engaged
in a behavioral task. In the example provided, subjects play a cognitive interference
task, and we demonstrate how signals are recorded and analyzed from electrodes in
the dorsal anterior cingulate cortex, an area intimately involved in decision-making. We
conclude with further suggestions of ways in which this method can be used for
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Allison Diamond
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Dear Ms. Diamond,

We are pleased to submit our manuscript entitled “Investigating the Function of Deep
Cortical and Subcortical Structures Using Stereotactic Electoecephalography: Lessons from the
Anterior Cingulate Cortex” to be considered for publication in the Journal of Visualized
Experiments (JoVE). We believe that JoVE’s unique multimedia format is perfect for this study
as it combines a surgical technique with task-based human subject research in order to obtain
local field potential data (LFP) from specific neuronal regions. Basic science studies that use
single neuron or LFP recordings in their analysis frequently have minimal detail regarding the
surgical techniques used to place the electrodes properly. On the other hand, clinically focused
surgical research demonstrating new or updated techniques will frequently include patient
outcomes and complication rates but rarely include any data that can be used to investigate
neuronal function. Thus, we believe this manuscript, if published in JoVE’s multimedial format,
has the potential to fill this significant gap in the literature.

In this paper, we describe how the implantation of stereotactic electroencephalography
(SEEG) electrodes into patients with medically refractory epilepsy can be used to investigate
cognitive function in regions of the brain that have traditionally been difficult to access for
neuroscientists. We include a description of the SEEG procedure, the components and process
required to record LFP data from subjects while they are engaged in a behavioral task and
demonstrate how signals are recorded and analyzed from electrodes in the dorsal anterior
cingulate cortex, an area intimately involved in decision-making.

Drs. Sheth, McKhann and Feldstein contributed to the patient selection and surgical
procedures portion of the manuscript. All other authors contributed to the writing, data
preparation and manipulation and review of the manuscript. Drs. Sheth, McGovern and Ms.
Ratneswaran were involved in the conception of the manuscript. The material in this
manuscript has not been published and is not being considered for publication elsewhere in
whole or in part in any language. We thank you in advance for consideration and review of our
work.

Sincerely,

Robert McGovern

Department of Neurological Surgery
Columbia University Medical Center
E-mail: ram2140@columbia.edu
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SHORT ABSTRACT:

Stereotactic Electroencephalography (SEEG) is an operative technique used in epilepsy
surgery to help localize seizure foci. It also affords a unique opportunity to investigate brain
function. Here we describe how SEEG can be used to investigate cognitive processes in
human subjects.

LONG ABSTRACT:

Stereotactic Electroencephalography (SEEG) is a technique used to localize seizure foci in
patients with medically intractable epilepsy. This procedure involves the chronic placement
of multiple depth electrodes into regions of the brain typically inaccessible via subdural grid
electrode placement. SEEG thus provides a unique opportunity to investigate brain function.
In this paper we demonstrate how SEEG can be used to investigate the role of the dorsal
anterior cingulate cortex (dACC) in cognitive control. We include a description of the SEEG
procedure, demonstrating the surgical placement of the electrodes. We describe the
components and process required to record local field potential (LFP) data from consenting
subjects while they are engaged in a behavioral task. In the example provided, subjects play
a cognitive interference task, and we demonstrate how signals are recorded and analyzed
from electrodes in the dorsal anterior cingulate cortex, an area intimately involved in
decision-making. We conclude with further suggestions of ways in which this method can be
used for investigating human cognitive processes.
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INTRODUCTION:

Epilepsy, a common neurological disorder characterized by multiple recurrent seizures over
time, accounts for 1% of the worldwide burden of diseases *. Anti-epileptic medications fail
to control seizures in 20-30% of patients 23 In these medically intractable patients, epilepsy
surgery is often indicated 4> The decision to proceed with surgery requires locating the
seizure focus, a prerequisite to formulating a surgical plan. Initially, non-invasive techniques
are used to lateralize and localize the seizure focus. Electroencephalography (EEG), for
example, measures cortical electrical activity recorded from electrodes placed on the scalp
and can often provide sufficient information about the location of the seizure focus. In
addition, magnetic resonance imaging (MRI) can demonstrate discrete lesions, such as
hippocampal sclerosis, the classic pathology seen in the most common form of medically
intractable epilepsy, mesial temporal lobe epilepsy (MTLE).

Frequently, however, the noninvasive workup is unable to identify a seizure focus. In these
cases, invasive electrocorticography (ECoG) with intracerebral electrodes is required to
localize the focus and guide further surgical treatment ®. ECoG is a neurophysiological
technique used to measure electrical activity using electrodes placed in direct contact with
the brain. Grids or strips of surface (subdural) electrodes are placed over the surface of the
brain, a process that requires a craniotomy (removal of a bone flap) and large opening of
the dura. These surface electrodes can be placed over the putative area(s) of seizure onset.
The distal ends of the electrodes are tunneled through small openings in the skin and
connected to the recording equipment in the epilepsy monitoring unit (EMU). In the EMU,
the patient is monitored for clinical seizure activity through continuous video and ECoG
recordings. This technique is useful for collecting long-term (days to weeks) recordings of
ictal and interictal electrical discharges over relatively large areas of the cortical surface.
While these intracranial recordings are invaluable clinically for investigating seizure foci and
propagation, they also provide us with the opportunity to investigate cognitive function and
neurophysiology in humans undergoing specifically designed behavioral tasks.

ECoG using subdural grid electrodes has been used to investigate various aspects of cortical
function, including sensory and language processing. As one of many examples, Bouchard et
al demonstrated the temporal coordination of the oral musculature in the formation of
syllables for spoken language in the ventral sensorimotor cortex, a region identified as the
human speech sensorimotor cortex ’. Furthermore, ECoG with subdural grid placement has
also been utilized to study the mechanisms by which humans are able to attend to a
particular voice within a crowd: the so- called ‘cocktail party effect’ ®°. ECoG recordings
demonstrated that there are two distinct neuronal bands that dynamically track speech
streams, both low frequency phase and high-gamma amplitude fluctuations, and that there
are distinct processing sites - one ‘modulation’ site that tracks both speakers, and one
‘selection’ site that tracks the attended talker °.

Another emerging application of ECoG with subdural electrode placement is the potential
for use with Brain Computer Interfaces (BCls), which “decode” neuronal activity in order to
drive an external output. This technology has the potential of allowing patients with severe

. . e e . . . 10,11
brain or spinal cord injuries to communicate with the world and manipulate prostheses ****.
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While subdural grid placement has contributed greatly to our understanding of superficial
cortical areas and is useful in identifying cortical epileptogenic foci, this technique does
require a craniotomy and its attendant risks, and is generally limited to studying the outer
surface of the brain. Stereotactic electroencephalography (SEEG) is a technique that enables
the assessment of deep epileptogenic foci'?. With a long history of use in France and ltaly, it
is also increasingly being used in the US 3 SEEG involves the placement of multiple
electrodes (typically 10-16) deep within the substance of the brain through small (few mm)
twist drill burr holes. Advantages of SEEG over subdural grid placement include its less
invasive nature, the ease of examining bilateral hemispheres when required, and the ability
to generate three-dimensional maps of seizure propagation. Furthermore, these electrodes
enable the identification of deep epileptogenic foci that were previously difficult to identify
with surface electrodes. This procedure also provides the opportunity to investigate the
neurophysiology and function of deep cortical structures, such as the limbic system, the
mesoparietal cortex, the mesotemporal cortex, and the orbitofrontal cortex, all of which
were previously difficult to directly investigate in humans.

This paper demonstrates how SEEG can be utilized to investigate cognitive function in the
dorsal anterior cingulate cortex (dACC). The dACC is a widely investigated brain region, but it
is also one of the most poorly understood. Considered a significant region for human
cognition, it is likely that the dACC is central to the dynamic neural processing of decisions in
the context of continuously changing demands imposed by the environment *. Studies in
both primates >*® and humans !’ suggest that the dACC integrates potential risks and
rewards of a given action, especially in situations of multiple simultaneous conflicting
demands*®?!, and modulates these decisions in the context of previous actions and their
outcomes %%,

The Multi- Source Interference Task (MSIT), a Stroop-like behavioral task, is frequently used
to investigate conflict processing in the dACC. The MSIT task activates the dACC by
recruiting neurons involved in multiple domains of processing regulated by the dACC
This task specifically activates the dACC by testing features of decision-making, target
detection, novelty detection, error detection, response selection, and stimulus/response
competition. In addition, the MSIT task introduces multiple dimensions of cognitive
interference, which are utilized in this study to investigate dACC neural responses to
simultaneous conflicting stimuli using SEEG.

24,25

PROTOCOL:

Ensure that each patient is reviewed for suitability for the research study, and appropriate
patients must be consented for participation in the study according to local IRB procedures.

1. Patient Selection for SEEG and Research
1.1)  Patient Selection for SEEG

Note: Epilepsy patients must be clinically assessed by a multidisciplinary team consisting of
epileptologists, neuropsychologists and neurosurgeons.
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1.1.1) Ensure that the patient has medically refractory focal epilepsy, defined as failure to
respond to at least 2 adequate trials of anti-epileptic medications.

1.1.2) Ensure that non-invasive techniques have failed to localize the epileptogenic foci.

1.1.3) Confirm with multidisciplinary team that patient is not suitable for investigation only
with subdural grid electrodes.

1.1.4) Confirm with multidisciplinary team that there is clinical suspicion of a deep seizure
onset zone.

1.2) Patient selection for research task
1.2.1) Ensure that subject is between the ages of 13 and 65 years.

1.2.2) Obtain consent or assent (together with parental consent if below the age of 18
years) from the patient.

1.2.3) Ensure that subjects are able to attend to the task and cooperate with the testing.
2. Preparation and Implantation Technique
2.1) Preparation

2.1.1) Perform a volumetric T2 and contrast enhanced volumetric T1 MRI preoperatively
and transfer the images to the stereotactic navigation software, according to
manufacturer’s protocol.

2.1.2) Plan the depth electrode targets based on the MRI and clinical suspicion of seizure
foci.

Note: The examples provided are based on the BrainLab navigation software and are thus
specific to this system. However, any stereotactic navigation software can be used to plan
depth electrode trajectories and placement.

2.1.3) Define the anatomical region of interest as the target point within the “Stereotactic
Planning” function in the stereotactic navigation software.

2.1.3.1) For example, use dACC as the target of interest. To define its trajectory, press “New
Trajectory,” then press “target” and click on the dACC. Center the target in the middle of
dACC by examining dACC in all 3 planes (axial, coronal and sagittal) and clicking on the
middle of dACC in each plane.

2.1.4) Define the entry point on the scalp within the “Stereotactic Planning” function in the
stereotactic navigation software.
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2.1.4.1) For example, choose a point on the scalp that appears to be the shortest path to the
dACC. Press “entry” and choose the point on the scalp to make the entry point.

2.1.5) Click and drag the “target” and “entry” points to modify the defined trajectory to
avoid cortical and subcortical vascular structures as well as any potential eloquent cerebral
regions.

2.1.6) Repeat for all planned depth electrode targets (Figure 1).

2.1.7) Admit the patient on the morning of the surgery, bring to the operating room, and
induce under general anesthesia®®?’.

2.1.8) Attach a Cosman-Roberts-Wells (CRW) stereotactic headframe to the patient’s head
with skull screws.

2.1.9) Obtain a volumetric CT with the headframe in place.

2.1.10) Load the volumetric CT and MRI images into the stereotactic navigation software via
the “Load and Import” function.

2.1.11) Click on the “Localization” function within the stereotactic navigation software.
2.1.12) Localize the CRW headframe by clicking on all of the images defined by the
stereotactic navigation software as containing the headframe and then pushing the “Assign

localizer” button.

2.1.13) Click on the “AC/PC Localization” function within the stereotactic navigation
software.

2.1.14) Identify the anterior and posterior commissures based on their anatomical location.

2.1.15) Designate the anterior and posterior commissures via the “Set AC/PC system”
function within the stereotactic navigation software.

2.1.16) Click on the “Image Fusion” function within the stereotactic navigation software.
2.1.17) Merge the CT images with the MRl images in the stereotactic navigation
software®®??. Click on the paired volumetric CT and MRI images underneath the “Fusion”
tab and then click “Auto Fusion”.

Note: This places the MRI within the stereotactic frame coordinates.

2.1.18) Click on the “Stereotactic Planning” function within the stereotactic navigation
software and confirm the planned trajectories from steps 2.1.2-2.1.6.

2.1.19) Choose the volumetric CT as the stereotactic reference under the “Stereotactic
Functions” tab.
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2.1.20) Click the “print” icon in the vertical column of icons to print the final stereotactic
coordinates for each depth electrode trajectory 3031

2.2) Implantation technique

2.2.1) Return the patient to the operating room following the CT scan.

2.2.2) Prepare and drape the surgical field using routine sterile methods***>.

2.2.3) Ensure that a fluoroscope is in the operating room and draped along with the rest of
the surgical field.

2.2.4) Using the printed stereotactic coordinates from step 2.1.20, set the coordinates for
the first depth electrode on the headframe.

Note: The stereotactic coordinates are given in 3 planes: lateral (x), vertical (y) and anterior-
posterior (z). For example, the printed coordinates for a target in the right dACC are +48.2
mm A-P, 6.6 mm Lateral and +2.2 mm Vertical. The headframe is then set to those
coordinates accordingly.

2.2.5) Extend the guideblock down to the skin and mark the location of the burr hole on
the scalp with a marking pen. Fix the guideblock in place based on the stereotactic

coordinates and as such, no landmarks are necessary to mark the incision.

2.2.6) Inject 2-3 mL of 0.5% bupivicaine in a 1:100,000 dilution of epinephrine into the
marked incision.

2.2.7) Make a nick in the scalp with a scalpel down to the skull into the marked incision.
2.2.8) Cauterize the dermis and deep tissue using monopolar cautery directed with a
coated obturator in order to minimize any bleeding from vessels in the skin or subcutaneous
tissue.

2.2.9) Drill a burr hole using a 2.1 mm twist drill bit in the middle of the incision.

2.2.10) Open the dura with a rigid obturator probe. Screw an anchor bolt into the skull.
Place a pre-measured stylet probe through the anchor bolt to make a track for the

electrode.

2.2.11) Carefully advance the electrode to the pre-calculated depth. Tighten the anchor bolt
cap down to secure the electrode.

2.2.12) Repeat this process for all of the depth electrodes.
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2.2.13) Place the fluoroscope underneath and surrounding the patient’s head in both AP and
lateral planes to obtain fluoroscopic images to ensure adequate placement trajectories of all
electrodes.

2.2.14) Connect the electrodes to the clinical EEG system to verify appropriate impedances.

2.2.15) Wake the patient from anesthesia and transport to the recovery room, and
subsequently to the EMU.

2.2.16) In the EMU, monitor the patient via closed circuit monitoring for clinical seizures and
via ECoG for electrographic evidence of seizures.

3. Behavioral Task and Data Acquisition
3.1) Behavioral task

3.1.1) Open behavioral software on computer devoted solely to running the behavioral
software.

Note: The instructions provided are based on MonkeylLogic, a MATLAB toolbox designed for
the presentation and execution of temporally precise psychophysical tasks***> and are thus
specific to that behavioral software platform. This program is run on Matlab version 2010a
and requires the “Data Acquisition Toolbox.” However, any behavioral software platform
capable of presenting visual stimuli and recording electrophysiological data could be used.

3.1.2) Set the conditions file designed to run the MSIT task to include all four trial types of
equal frequency.

Note: The MSIT task consists of presenting the subject with a cue of three numbers between
0 and 3, where two of the numbers, the ‘distractors’, are the same and one number, the
‘target’, is different.

3.1.2.1) Instruct the subject to identify the ‘target’ by pressing the corresponding button on
a button box. If ‘1’ is the target, the left button is the correct choice. If ‘2, the middle
button, and if ‘3, the right button. ‘0’ does not correspond to a possible button (Figure 2).

3.1.3) Press the “Set conditions” button and choose the desired conditions file set in the
prior step.

Note: There are two types of cognitive interference that induce conflict during the decision
making process. Flanker interference trials occur when the distractors are possible (1, 2, or
3, rather than 0) button choices (e.g., 121), while spatial interference trials occur when the
target number’s spatial location differs from the response location (e.g. 200, in which the
middle button is the correct response, despite the fact that the target number is in the left
position). There are four trial types based on the presence or absence of these two
interference types.
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3.1.4) Test the behavioral display monitor by clicking “Test” in the display box. The display
monitor should show the test visual stimulus for 2-3 seconds.

3.1.5) Connect the subject interface device (button box) to the analog inputs on the data
acquisition board on the computer devoted to recording the electrophysiological data via
three standard BNC cables.

3.1.6) Connect the button box to a power source.

3.1.7) Connect the data acquisition board to the 512-channel neural signal processor via a
ribbon cable split into 9 ribbons. 8 of the ribbons are connected to ports 0-7 on the digital
/O portion of the data acquisition board while the 9" ribbon is connected to port 0 on the
digital PFI portion of the data acquisition board.

Note: The ribbons send 8-bit digital markers (ports 0-7, digital 1/0) and a strobe pulse (port
0, digital PFI), to the neural signal processor.

3.1.8) Set the desired sampling rate in the neural signal processor software.

3.1.8.1) In this example, set the desired sampling rate to 50,000 samples per second, alias
and down-sample online to 1000 samples per second. Adjust the sample rate to fit the
specific goals of the task. Sub-millisecond precision timing requires an extremely high
sampling rate.

3.1.9) Connect the amplifier to the neural signal processor via fiber optic cable.

3.1.10) Connect the neural signal processor to the data streamer and the optical PCl card in
the neural data acquisition computer via fiber optic cable.

3.2) Data acquisition

3.2.1) Use the research rig for EMU electrophysiology containing a 512-channel neural
signal processor for processing and filtering digitized, pre-amplified electrical signals from
the depth electrodes.

Note: While there are 512 channels for processing, in practice, there are never more than
15-20 electrodes placed for clinical purposes. Therefore, we recommend recording from as
many electrodes as feasible as data size and spatial resolution is never an issue.

3.2.2) Transport the rig to the patient’s room, place the behavioral monitor in front of the
patient on a portable table and connect to the behavioral control computer running the
behavioral software using a standard DVI cable.

3.2.3) Place the recording rig behind or to the side of the patient’s bed in order to remain
as unobtrusive as possible.
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3.2.4) Connect the research system to the splitter box that separates the research recording
from the clinical system.

3.2.5) Control recording parameters and instantiation using the neural signal processor
software®**>.

Note: This system enables sub-millisecond control over behavioral events®*%.

Synchronization between neural and behavioral data can be accomplished with either
analog pulses coding for task events or digital markers. Both signals can be sent from either
the digital or analog outputs on the data acquisition board to the analog or digital inputs on
the neural signal processor.

3.2.6) Hand the patient the subject interface device (button box) and give task instructions.
3.2.7) Click “Run” to run the task.

3.2.8) Allow the patient to complete 2 blocks of 150 trials each.

4. Data Analysis

4.1) Open software package that allows for visualization of electrophysiological data.
Note: The instructions provided below are specific to Matlab version 2010a but any
software that allows for visualization and manipulation of electrophysiological data can be
used.

4.2) Open .edf file containing raw electrophysiological data from the trial session.

4.3)  Visualize SEEG signal from the session to ensure there is no visible artifact such as
epileptiform discharges or movement artifact (Figure 3A).

4.4)  Overlay the timing pulses from the behavioral task onto the raw LFP trace (Figure 3B)
to illustrate how analog pulses can delineate trial structure.

4.5)  Using the timing pulses, align the SEEG trace to cue presentation for each trial
(Figure 3C).

4.6) Remove outliers (>4 standard deviations) and artifact traces (Figure 3D).

4.7)  Save all aligned trials in a matrix for further analyses (20 trials shown stacked in
Figure 3E).

4.8) Average LFP activity across trials to reduce effect of noise, artifact, or EEG activity
not related to the presented stimuli, and to increase the signal of interest (Figure 3F).

4.9) Create the raw, trial-averaged spectrogram using multi-tapered spectral analysis>®2.
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Note: Time-frequency analysis can be used in order to investigate the specific spectro-
temporal dynamics across single or multiple trials. This method enables the investigation of
neuronal oscillations at different frequencies over time.

4.10) Pad the signal from each trial with zeroes to the next largest power of 2 to avoid
edge effects.

4.11) Apply a 800 ms sliding window with 5 leading tapers and a time-bandwidth product
of 9 every 10 ms through the duration of the signal to create the spectrogram (Figure 4A).

4.12) Multiply the log of the spectrogram by 10 and normalize to display higher frequency
information.

Note: Spectrograms can be normalized by a theoretical frequency distribution (i.e. each
frequency value raised to the negative 2nd power)(Figure 4B), the mean spectrum of some
baseline activity (Figure 4C), or by dividing by the mean and subtracting the standard
deviation of the values in each frequency band (Figure 4D). This procedure allows for the
examination of specific frequency bands in both raw and normalized forms over time for
changes specific to the task. For example, high gamma band activation (70-150 Hz), which is
shown in Figure 3E, is thought to reflect local excitatory activity of the local neuronal
population surrounding the electrode®¥*°.

REPRESENTATIVE RESULTS:

Once a patient is selected for SEEG electrode placement, he/she undergoes a volumetric T2
and T1 contrast enhanced MRI. SEEG electrode trajectories are then planned using
stereotactic navigation of the volumetric MRI sequences (Figure 1). This technique allows
for the collection of local field potentials from structures deep within the cortex such as
dorsal anterior cingulate cortex (light orange trajectory, Figure 1) that would not be possible
with typical surface electrode placement. Post-operatively in the EMU, the patient performs
the Multi-Source Interference Task (Figure 2), designed to activate dACC neurons. After an
adequate number of trials, the local field potential data from the SEEG electrodes in dACC
are preprocessed in order to align the LFP data to cue presentation for subsequent
meaningful analysis (Figure 3). In addition, once aligned, the LFP data can be averaged to
examine changes in the averaged electrophysiological response between trial types (Figure
3F). Subsequently, multi-taper spectrograms are made to investigate changes in frequency
bands over time (Figure 4). As scalp EEG studies have implicated different frequency bands
in the activity seen in dACC, time-frequency analysis is an important method to link the
electrophysiological changes in dACC with behavior.

Figure 1. Planned SEEG electrode trajectories using stereotactic navigation of volumetric T1
contrast enhanced MRI. Top left panel. Top down view of three-dimensionally reconstructed
face with superimposed planned SEEG electrode trajectories. Top right, bottom left, and
bottom right panels. Axial, sagittal and coronal views of planned SEEG electrode trajectories
superimposed onto patient’s MRI. Orange electrode trajectories represent implantation into
the anterior cingulate cortex bilaterally.
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Figure 2. The Multi-Source Interference Task. Initially, the subject fixates on a cross in the
middle of the screen prior to the cue being shown. The cue is then presented and the
subject must identify the “target” number, which is the one number different from the
other two numbers presented. The subject indicates the choice with a button push: left
button if the target is “1”, middle if “2” and right if “3.” In this example, if the subject
presses the middle button, he/she is shown the number “2” in green, indicating he/she
made the correct choice. If he/she chooses either of the other buttons, “2” is shown in red,
indicating an incorrect choice. Subjects also undergo trials in which they do not receive
valenced feedback about their choice, in which case the “2” is shown in blue regardless of
whether the choice is correct or not.

Figure 3. Preprocessing SEEG data. A. All data recorded from a single channel in the dACC. B.
A minute-long recording from anterior cingulate cortex with overlaid timing pulses for the
behavioral task. C. Data for each trial aligned on the cue presentation. D. Data for each trial
aligned on the cue presentation with outliers and artifact traces removed. E. LFP from 20
trials aligned on cue presentation and stacked. F. Averaged LFP aligned on cue presentation
from a medial prefrontal electrode. Dotted lines represent the onset of the fixation point.
Dashed lines represent the cue onset. Dash-dotted lines represent the average response
time.

Figure 4. Spectral analysis. A. Raw trial-averaged multi-taper spectrogram aligned on cue. B.
The same spectrogram in A normalized by 1/f%. C. The same spectrogram in A normalized by
the mean spectrum from 500 milliseconds before the cue. D. The same spectrogram in A
normalized by frequency band. E. Mean high gamma band power for normalized and
unnormalized spectra. In all plots, dotted lines represent the onset of the fixation point,
dashed lines represent the cue onset, and dash-dotted lines represent the average response
time. Colored bars indicate the high gamma bands used in E.

DISCUSSION:

In this paper SEEG was used to investigate the activity of local neuronal populations within
the dACC during a decision-making task in humans. Previous work has investigated the
activity of individual neurons in the dACC using intraoperative microelectode recordings 14
and demonstrated that dACC activity is modulated by previous activity. Microelectrode
studies enable the investigation of the spiking activity of individual neurons. SEEG measures
LFPs, which are related to the summated synaptic potentials across a large population of
neurons. SEEG therefore allows the opportunity to simultaneously investigate population
neuronal activity from several brain regions.

When using a clinical technique such as SEEG to investigate scientific questions, it is critical
to first ensure that the operative and research plans are aligned. The clinical problem to be
solved involves determining the patient’s seizure onset zone and will always take
precedence. Because the operative plan is dictated by clinical need, it will not always be
possible to investigate the same research problem with every case. Thus, we have
developed a series of tasks designed to answer separate scientific questions that can be
adapted to the patient’s operative plan depending on the regions being interrogated with
electrodes.
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In this study, SEEG LFP data was utilized to investigate cognitive control over goal directed
behavior in the dorsal anterior cingulate cortex, a deep cortical structure in the medial
prefrontal region that is difficult to investigate in humans. LFP data acquisition can be
carried out with many different systems. A crucial aspect to consider is the sampling rate as
this must be high enough to acquire the signals in which the researcher is interested. In
general, the sampling rate should be four times higher than the highest frequency band
being examined. For example, if the researcher is interested in looking at evoked potentials
(<50 Hz), the sampling rate need only be around 200 samples/s. However, if the scientific
guestion involves examining high gamma activity (60-200 Hz), the sampling rate should be
at least 500 samples/s. Additionally, the system should be able to record enough electrodes
as are implanted, and hardware filters on the data acquisition system should not exclude
frequency bands of interest. For example, many systems do not record direct current
signals. If the researcher is interested in studying very slow signals, he/she should use a
recording system with an appropriately low high-pass hardware filter. During the data
analysis stage, it is important to remove trials with very large or fast transients and remove
channels or trials that exhibit epileptiform activity as normal physiology is very difficult to
study in the presence of epileptiform activity.

The role of the dACC in error prediction 2*!, processing reward motivated action * and in
behavioral adaptation in the context of competing demands **2*, conflicting responses *?
and previous activity *#*>%, is well established. However, a unified and integrative theory
for the specific neural mechanisms by which the dACC modulates cognitive control is still
subject to conjecture due to a lack of empirical evidence from human studies investigating
these domains simultaneously 344 SEEG provides the opportunity to investigate neural
activity in the human dACC and therefore contribute to an integrated understanding of
dACC function.

SEEG affords the opportunity to investigate other cortical areas which may be difficult to
access with surface electrodes, such as the orbitofrontal cortex (OFC), whose involvement in
the emotional and reward-based aspects of decision-making has been explored in studies
using single unit recordings in macaque monkeys * and connectivity studies in humans
using diffusion-weighted imaging tractography % While these studies have contributed to
the theory of OFC function in human decision-making * thereis a scarcity of literature in
humans studying OFC function specifically 8 SEEG provides the opportunity to address this
knowledge gap. Furthermore, SEEG can be used to demonstrate the function of different
regions of the limbic system, a collection of deep cortical and subcortical structures involved
in processing emotion, pain, fear and negative affect. One such SEEG study investigating the
response of the limbic system to expressive faces has demonstrated that the hippocampus
and amygdala contain specific neuronal populations that distinguish happy from fearful
faces, while amygdala neuronal populations appear to track the subjective judgment of
these emotional faces *°. Dysfunction in these regions is believed to be implicated in anxiety
disorders *° including obsessive-compulsive disorder >, and SEEG studies provide the
opportunity to understand the affected neural pathways and pathophysiology of these
disorders in more detail.

Furthermore, SEEG can be utilized to investigate the precuneus, a site that is often targeted
during SEEG epilepsy investigations, but rarely covered with subdural grid implants. The
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function of this region of the postero-medial parietal lobe is poorly understood, primarily
because of its anatomical location deep within the interhemispheric fissure. Functional
imaging studies have shown that the precuneus is active in the ‘default mode’ or conscious
resting state >2 in self processing >335 and in episodic memory processing, including for
autobiographical memories 527 However, since these findings are based on limited studies
in non-human primates and humans, our understanding of the neurocognitive importance
of this region is still in its infancy >8 With SEEG, we now have the potential to investigate
neuronal activity within the precuneus in awake humans, which may provide novel insight
into the function of this brain region.

As with any technique, SEEG has limitations in both its acquisition and use. As a clinical
technique, it is necessarily limited by both patient selection and the clinical nature of the
patient’s epilepsy. While researchers can design a number of tasks to work around this
limitation, the anatomical regions studied will always be limited by the operative plan. In
addition, as previously mentioned, SEEG record local field potentials, which represent the
summed synaptic potentials of many neurons. Thus, this technique does not have the
spatial resolution of single neuron recording techniques and cannot provide data on spiking
activity or action potential waveforms. As such, when designing tasks to investigate
scientific questions, it is important to ensure that LFP data can answer the question of
interest.

In this paper, SEEG was utilized to investigate deep cortical and subcortical structures that
were previously difficult to study in awake human subjects. These studies have the potential
to enhance our understanding of human cognitive processes. As SEEG is increasingly
incorporated as a tool within the armamentarium of epilepsy programs, the opportunity of
neuroscientists to harness its potential to study the human brain will grow significantly.
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Materials

Trigger /0 cable

BNC cables for analog pulses

Power strip with surge protection and battery backup

National instruments multifunctional daq data acquisition box NI PCle-6382 DAQ cards
Custom made button box - human interface device

Xltek 128 channel clinical intracranial EEG monitoring system EMU128FS
Subject monitor and associated cables for visual stimulus presentation
Personal comptuer running behavioral software with DAQ cards installed
Mains cable for monitor

Monkey Logic software which runs on Matlab 2010A

MATLAB 2010a software with data acquisition toolbox

SEEG electrodes AD TECH or PMT

Cabrio connectors

Tucker Davis Technologies Amplifier

Tucker Davis Technologies processor

TuckerDavis Technologies data streamer

Fiber optics cables to connect TDT systems

ribbon cable and snap serial connector for digital markers

personal computer fro running TDT RPvdsEx and OpenEx software
middle atlantics server cabinet with casters

Tucker Davis Technologies splitter box to split clinical and research recrodings
Researcher monitor with requisite cables

button box power source - 5 volts, 2 amperes

TDT optical interface PCl card



Natus Medical Inc.

Tripp Lite
National Instruments

Natus Medical Inc.
Dell
Superlogics

Mathworks

AD TECH

PMT

Tucker Davs Technologies
Tucker Davs Technologies
Tucker Davs Technologies
Tucker Davs Technologies

Superlogics

Middle Atlantic Products
Tucker Davs Technologies
Dell

Tucker Davs Technologies

5029

SMART500RT1U UPC
PCle-6382 w/ BNC 2090A

002047c
U2212HMc
SL-2U-PD-Q87SLQ-BA

2102-##-101
2125-##-01
PZ5

RZ2

RS4

FO5

SL-2U-PD-Q87SLQ-BA
PTRK-21

U2212HMc

PO5



PS2 to BNC cable

Can be ordered from most electronics stores.

Power source and backup

PCI cards for behavioral control interface

Any human interface device with three buttons may be used. Alternatively, 3 keyboard buttons may be
Clinical recording system

Most Monitors are adequate here.

Computer for recording neural data

Usually comes with the monitor, can be purchased at any electronics store.

Free from MonkeyLogic website

Matlab software

Platinum tip, diameter (0.89 mm, 1 mm, 1.1 mm), uninsulated length 2.3 mm; The ## in the catalog nui
The ## in the catalog number indicates the number of contacts on the electrode (08, 10, 12, or 16)
preamplifier for neural data

Neural signal processor for neural data

Data streamer and storage

Fiber optic cables for connecting Tucker Davis Technologies' prodcuts.

Can be ordered from ost electronics stores.

computer for behavioral control

Server case to house all of the research items

This splitter box is a semi-custom device. Researchers should consult the attending neurologists about
Most Monitors are adequate here.

Can be purchased at any electronics store.



r used.

mber indicates the number of contacts on the electrode (08, 10, 12, or 16)

splitting the research and clinical recordings in a way that doesn't interfere with clinical care.
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Author(s):
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ltem 1 {check one box): The Author elects to have the Materials be made available (as described at

http://www.jove.com/publish ) via: @‘ Standard Access {_I Open Access

Item 2 {check one box):

‘iﬂThe Author is NOT a United States government employee.

H The Author is a United States government employee and the Materials were prepared in the
course of his or her duties as a United States government employee.

u The Author is a United States government employee but the Materials were NOT prepared in the
course of his or her duties as a United States government employee.

ARTICLE AND VIDEO LICENSE AGREEMENT

1. Defined Terms. As used in this Articfe and Video License
Agreement, the followlng terms shall have the following
maanings: “Agreement” means this Article and Video License
Agreement; “Artlele” means the article specified on the last
page of this Agreement, Including any associated materials
such as texts, figures, tables, artwork, abstracts, or summaries
contained therelny; “Auther” means the author who is a
slgnatory to this Agreament; “Collective Work” means a work,
such as a periodical issue, anthology or encyclopedia, in which
the Materlals tn their entirety in unmodified form, along with a
number of other contributions, constituting separate and
independent works in themselves, are assembled Into a
codlective whole; “CRC License” means the Creative Commons
Attribution-Non  Commercial-No  Derivs 3.0 Unported
Agreement, the terms and conditlons of which can be found
at: http://creativecommons.org/licenses/by-nc-
nd/3.0/legalcode; “Derlvative Work” means a work based
upon the Materials or upon the Materials and other pre-
existing works, such as a translation, musical arrangement,
dramatization, fictionalization, motion picture version, sound
recarding, art reproduction, abridgment, condensatton, or any
other form In which the Materials may be recast, transformed,
or adapted; “Institution” means the institution, listed on the
last page of this Agreement, by which the Author was
employed at the time of the creation of the Materials: “1aVE”
means Mylove Corporation, 2 Massachusetts corporation and
the publisher of The Journal of Visuolized Experiments;
“Materials” means the Article and / or the Video; "Parties”
means tha Author and JoVE: "\{Ideo" means any video{s) made
by the Author, alona or in conjunction with any other parties,
ar by JoVE or its affiliates or agents, individually or in
collaboration  with the Author or any other parties,
incorparating all or any portion of the Article, and in which the
Authar may or may not appear, ‘

612542.6

2. Background. The Author, who is the author of the Article,
In order to ensure the dissemination and protection of the
Article, desires to have the JOVE publish the Article and create
and transmit videos based on the Article. In furtherance of
such goals, the Partles desire to memarialize in this Agreement
the respectlve rights of each Party in and to the Article and the
Video.

3. Grant of Rlghts in Article, In consideration of JoVE agreeing
to publish the Article, the Author hereby grants to JoVE,
subject to Sections 4 and 7 below, the exclusive, royalty-free,
perpetual (for the full term of copyright In the Article,
including any extensions thereto} license {a) to publish,
reproduce, distribute, display and store the Article In all forms,
formats and medla whether now known or hereafter
developed (including without limitation in print, digital and
electronlc form) throughout the world, (b} to translate the
Article into other languages, create adaptations, summaries or
extracts af the Article or other Derivative Works (including,
without limitation, the Video) or Coilective Works based on all
or any portion of the Article and exercise all of the rights set
forth In {a) above In such translations, adaptations,
summarles, extracts, Derivative Works or Collective Works and
(c} to license athers to do any or all of the above. The
foregoing rights may be exercised in all media and formats,
whether now known or hereafter devised, and include the
right to make such modifications as are technically nacessary
to exercise the rights in other media and formats. If the “Qpen
Access” box has been checked in Item 1 above, JoVE and the
Author hereby grant to the publlc all such rights In the Article
as pravided in, but subject to all Imitatlons and requiraments
setforth in, the CRC Licensc.
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4. Retention of Rights in Article. Notwithstanding the
exclusive license granted to JoVE in Sectlon 3 above, the
Author shall, with respect to the Article, retain the non-
exclusive right to use all or part of the Artlcle for the non-
commertial purpose of giving lecturas, presentations or
teaching classes, and 1o post a copy of the Article on the
Institution’s wehslte or the Author's personal wabslte, In each
case provided that a link to the Article on the JOVE website is
provided and notice of loVE's copyright in the Article is
included. All non-copyright intellectual property rights In and
to the Article, such as patent rights, shall remain with the
Author,

5. Grant of Rights in Video — Standard Access. This Section 5
applies if the “Standard Access” box has been checked in Item
1 above ar if no box has been chacked In ltem 1 above. In
consideration of loVE agresing to produce, display or
atherwise asslst with the Video, the Author hereby
acknowledges and agrees that, Subject to Section 7 below,
1oVE |5 and shall be the sole and exclusive owner of all rights of
any nature, including, withgut lmlitation, all capyrights, in and
to the Video. To the extent that, by law, the Author is
deemed, now or at any time in the future, to have any rights
of any natura in or to the Video, the Author hereby disclalms
all such rights and transfers all such rights to JoVE.

6. Grapt of Rights in Video — Open Access. This Section 6
applles only if the “"Open Access” box has been checked in
Item 1 above. In consideration of JOVE agreeing to produce,
display or otherwise assist with the Video, the Author hereby
grants to JoVE, sublect to Section 7 below, the exclusive,
royalty-free, perpetual (for the full term of copyrlght In the
Article, including any extensions thereto) license {a} to publish,
repraduce, distribute, display and store the Video in all forms,
formats and media whether now known or hereafter
developed {Including without limitation in print, dightal and
electronic form) throughout the world, {b) to translate the
Video Inte other languages, create adaptations, summaries or
extracts of the Video or other Derlvative Works or Collective
Works hased on all or any portlon of the Video and exercise all
of the rights set forth in (a) above in such translations,
adaptatlons, sumrnaries, extracts, Derivative Works or
Collective Works and {c} to license others to do any or all of
the above. The foregoing rights may be exercised in all media
and formats, whether now known or hereafter devised, and
Include the right to make such modifications as are technically
necessary to exercise the rights in other media and formats.
For any Video to which thls Section 6 is applicable, 1oVE and
the Author hereby grant to the public all such rights in the
Video as provided in, but subject to all limitations and
requirements set forth In, the CRC License,

7. Government Employees, If the Author is a United States
government employee and the Article was prepared In the
course of his or her duties as a United States government

employee, as indicated in Item 2 above, and any of the

licenses or grants granted by the Author hereunder exceed the
scope of the 17 U.5.C. 403, then the rlghts granted hereunder
shall be limited to the maximum rights permitted under such

6125426
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statuta. In such case, all provisions contalned herein that are
not in conflict with such statute shall remaln th full force and
effect, and all provisions contained herain that do so conflict
shall be deemed to be amended so as to provide to JoVE the
maxlmurn rights permissible within such statute.

8. Likeness Privacy, Personality. The Author heteby grants
loVE the right to use the Author's name, voice, likeness,

pleture, photograph, image, blography and performance in any
way, commercial or otherwise, in connection with the
Materials and the sale, promotion and distribution thereof.
The Author hereby waives any and all rights he ar she may
have, relating to hls or her appearance in the Video or
otherwlse relating to the Materials, under all applicable
privacy, likeness, personality or similar laws,

9. Author Warranties, The Author represents and warrants
that the Article Is original, that it has not been published, that
the copyright interest is owned by the Auther {or, if more than
ang author is listed at the beginning of this Agreement, by
such authors collectively) and has not been assigned, licensad,
ar otherwise transferred to anmy other party. The Authar
represents and warrants that the author(s) listed at the top of
this Agreement are the only authars of the Matarials. If more
than one author |5 lsted at the top of this Agreement and if
any such author has not entered into a separate Article and
Video License Agreement with 1oVE ralating to the Materials,
the Author represents and warrants that the Author has been
authorized by each of the other such authors to execute this
Agreement on his or her behalf and to bind him or her with
respect to the terms of thls Agreement as if each of them had
been a party hereto as an Author, The Author warrants that,
the use, reproductlon, distribution, public or private
performance or display, and/or modification of all or any
portion of the Materials does not and will not violate, infringe
and/or misappropriate the patent, trademark, intellectual
property aor other rights of any third party. The Author
represents and warrants that it has and will continue to
comply  with all government, Insthtutional and  other
regulations, including, without limltation all institutional,
laboratory, hospital, ethical, human and animal treatment,
privacy, and all ather rules, regulations, laws, procedures or
guidelines, applicable to the Materials, and that all research
Invelving human and animal subjects has been approved by
the Author's relevant institutional review hoard.

10. loVE Discretion. [f the Author requests the assistance of
loVE In praducing the Video in the Author's facllity, the Author -
shall ensure that the presence of JoVE employess, agents or
independent contractors is in accordance with the relevant
regulatlons of the Author's institution. I more than one
author is listed at the beginning of this Agreement, JOVE may,
in its sole discretion, elect not take any actlon with respect to
the Article until such time as it has received complete,
executed Article and Videa License Agreements from each
such author. JoVE reservas the right, in its absolute and sole
discretion and without giving any reason therefore, to accept
or decline any work submitted to JoVE. JoVE and its
employees, agents and independent contractors shall have
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full, unfettered access to the facilities of the Author or of the
Author's institution as necessary to make the Vidoo, whether
actually published or not. JoVE has sole discretlon as to the
method of making and publishing the Materials, including,
without limitation, to all decisions regarding editing, lighting,
filming, timing of publication, if any, length, quality, content
and the like,

11. [ndemnification., The Authar agrees to indemnify JoVE
and/ar its successors and assigns from and against any and all
claims, costs, and expenses, including attorney’s fees, arising
out of any breach of any warranty or other representations
contained herein. The Author further agreas to indemnify and
hold harmiess IoVE from and against any and all claims, costs,
and expenses, including attorney’s fees, resulting from the
breach by the Author of any reprasentation or warranty
contained haretn or from allegations or instances of violation
of intellectual property rights, damage to the Author's or the
Author's institution’s facilities, fraud, llbel, defamation,
research, equipment, experiments, property damage, personal
injury, violations of institutional, faboratory, hospital, ethical,
human and animal ftreatment, privacy or other rules,
regulations, laws, procedures or guidelines, llabilltles and
other losses or demages related in any way to the submisslon
of work to JoVE, making of videas by loVE, or publication In
JoVE or elsewhere by loVE. The Author shall be responsible
for, and shall hold JoVE harmlass from, damages caused by
lack of sterllization, lack of cleanliness or by contamination
due to the making of a video by JOVE its employees, agents or
independent contractors. Al sterilization, cleanliness or
decontamination procedures shall be solely the responsibility
of the Author and shall be undertaken at the Author's

ARTICLE AND VIDEO LICENSE AGREEMENT

expense.  All indemnifications provided hereln shall include
JOVE's attorney’s fees and costs ralated to sald losses or
damages. Such indemnification and holding harmless shall
inchude such losses or damages Incurred by, or in connection
with, acts or omissions of laVE, Hs ermployees, agents or
independent contractars.

12, Fees. To cover the cost incurred for publication, loVE
must recelve payment before production and publication the
Materials. Payment is due In 21 days of invoice. Should the
Materials not be publishad due to an editorial or production
decision, these funds will be returned to the Authar.
Withdrawal by the Author of any submitted Materlals after
final peer review approval will result in a USS1,200 fee to
cover pre-production expenses incurred by JOVE, If payment is
not received by the completion of filming, production and
publication of the Materials will be suspended untll payment is
received,

13, Transfer, Governlng Law. This Agreement may be
assigned by JoVE and shall inure to the benefits of any of

JOVE'S successors and assignees.  This Agreement shall be
governed and construed by the Internal laws of the
Cammonwealth of Massachusetts without glving effect to any
corflict of law provision theraunder. This Agreement may be
executed in counterparts, sach of which shall be deemed an
original, but all of which together shall be deemed to me one
and the same agreement. A signed copy of this Agreement
delivered by facslmlle, e-rmail or other means of electranic
transmisslon shail be deemed to have the same legal effect as
deltvery of an orlginal signed copy of this Agreement.

A signed copy of this document must be sent with all new submissions. Only one Agreement required per submission.

CORRESPONDING AUTHOR: )

Name: | d;wuz-cv e : l
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1) Upload a scanned copy of the document as a pfd on the JoVE submission site;

2) Fax the document to +1.866.381.2236;

3) Mail the document to JoVE / Attn: JoVE Editorial / 1 Alewife Center #200 / Cambridge, MA 02139

Far guestions, please email submissions@jove.com or call +1.617.945.9051
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Rebuttal Comments
Click here to download Rebuttal Comments: JoVE_finalrevisions_table_121714.docx

Manuscript: JoVE52773

We thank the reviewers for their careful and helpful comments and set out
below the changes we have made to the manuscript in response. These changes
are also tracked in the Microsoft Word document.

Reviewer’s comments

Authors’ response

Major concerns: No major concerns
except the figure 1 that is a little
bit confusing because all
electrodes are superimposed: it
seems that some electrodes are
implanted in the thalamus or the
lateral boarder of the brainstem
for example (yellow and green
one) which is not the case . It
would be nice to have also a view
of the electrodes implanted in the
anterior cinculate gyrus.

We have modified Figure 1 such that all
three planes are demonstrating the
anterior cingulate electrodes.
Unfortunately, since the electrodes are
all in different planes, some of them
will appear to be in different planes no
matter which cuts we choose.

L 130: at least one of the first paper
describing the original
methodology should be mentioned
to be fair: Talairach J, Bancaud J:
Stereotaxic approach to epilepsy.
Methodology of anatomo-
functional stereotaxic
investigations. Progr Neurol Surg
5:297-354, 1973.

Although a search of Medline did not
reveal this reference, we have added a
similar reference from those authors.

Thank you.

L138: | will add the following
sentence : SEEG has been used for
4 decades mainly in France and
Italy, and for that reason it is more
common in Europe.

This has been added.

| 140 : burholes should be replaced
by twist drill

This has been changed.

L141 i will add : « the ease of
examining bilateral hemispheres,
but only when required and not on
a systematic basis"

This has been changed.

L181 : Ensure that the patient
suffers from focal epilepsy

This has been changed.
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L186 : SEEG is not indicated only
when grids are not indicated ; in
centers using SEEG, all patients
requiring depth recordinsg are
explored using SEEG, even if a
superficial cortical focus is
suspected

The language has been changed.

L526 : LFPs originate from
excitatory and inhibitory post
synaptic membrane potentials

This has been changed.

L530 : i do not understand what «
SEEG Ecog data » means ? do you
mean SEEG data ?

Ecog has been removed.

L541 : i am not sure that the orbito
cortex is deeply located (as
opposed to insula or cingulate
cortex), it is at the surface but not
easely reached from the convexity

Language changed.

1) It may be useful for the reader
to have more information about
the electrodes used in the
procedure. For instance, are the
electrodes from FHC or Medtronic?

What is the electrode material?
What is the general impedance of
the electrodes and the tip
diameter and un-insulated length?

We have added those details to the
materials section of the paper. Thank

you.

2) Although the processor has 512
channels, does the authors suggest
an ideal number of depth
electrodes that can be (should be)
simultaneously recorded from
when considering spatial/temporal
resolution and technical/data size
feasibility and management? As a
related question, what is the
safest/closest distance that one
depth electrode can be from
another using the stereotactic
navigation software and

The number of electrodes is
determined by the clinical status of the
patient in terms of potential seizure
foci. In practice, there are never more
than 15-20 electrodes placed so
spatial/temporal resolution and data
size management is never an issue.
Placed an additional note at line 401
for clarity. In general, the head frame
and navigation software claim an
accuracy within 1-2 mm butin
practice, each electrode is probably at
least 1-1.5 cm away from the nearest
electrode.




considering surgical
considerations, e.g., hemorrhage?

3) The last page of the manuscript

(page 26) is incomplete and the
sentence on page 25 starting with
"This splitter box is a semi-custom

device" is also incomplete.

This may be a function of the Excel
table being large in landscape format
and going on to the next few pages.




