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Abstract
The cortical sources of event-related-potentials (ERP) using realistic source models were
examined in a prosaccade and antisaccade task. College-age participants were presented with a
preparatory interval and a target that indicated the direction of the eye movement that was to be
made. In some blocks a cue was given in the peripheral location where the target was to be
presented and in other blocks no cue was given. An Independent Components Analysis (ICA) of
the EEG resulted in component clusters representing a central negative slow wave prior to the
target, a positive wave and spike potential immediately prior to the saccade, and a positive
potential about 70 ms prior to saccade over frontal pole electrode locations. The negative
pretarget slow wave and the positive presaccadic slow wave were based on a common set of
brain areas located in the anterior cingulate cortex and cingulate gyrus, but did not discriminate
prosaccade and antisaccade eye movements. The frontal pole activity was related to the cueing
and the type of eye movement, and its cortical sources were located in several areas of the

prefrontal cortex.
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Cortical Sources of ERP in the Prosaccade and Antisaccade Task using Realistic Source Models
Based on Individual MRIs

The prosaccade and antisaccade task has been useful in the study of the brain control of
eye movements. This task consists of the presentation of a target in one of two peripheral
locations. An eye movement is made either to the target (“prosaccade”) or away from the target
to the opposite location (“antisaccade”). This task has been used in a wide variety of studies to
examine visual attention and eye movement control (Everling & Fisher, 1998; Munoz &
Everling, 2004) and may be useful for examining neuropsychological status (i.e., schizophrenia,
McDowell & Clementz, 2001; ADHD, Klein, Raschke, & Brandenbusch, 2003). Several studies
with non-human animals have shown that areas of the frontal cortex, such as the frontal eye
fields (FEF), supplementary eye fields (SEF), dorsolateral prefrontal cortex (DPC), and
prefrontal cortex are involved in the generation of prosaccade and antisaccade eye movements.
Neuroimaging studies using PET, MRI, block-design fMRI, and event-related fMRI have
examined this task in human participants and have found activity in several of these brain areas.
The human neuroimaging studies lack the temporal resolution used in the non-human studies and
therefore may not be able to examine the neural processes that are time-locked to these eye
movements. Alternatively, studies have recorded scalp event-related-potentials (ERP) and show
several types of presaccadic ERP activity related to prosaccade and antisaccade eye movements
(Brickett, Weinberg, & Davis, 1984; Evdokimidis, Liakopoulos, Constantinidis, &
Papageorgiou, 1996; Everling, Krappmann, & Flohr, 1997; Everling, Spantekow, Krappmann, &
Flohr, 1998). Two recent studies used cortical source analysis to determine the brain areas
responsible for the generation of the ERP linked to these eye movements (McDowell, Kissler,
Berg, Dyckman, Gao, Rockstroh, & Clementz, 2005; Richards, 2003). This paper describes a
study of college-age participants’ ERP activity in a prosaccade and antisaccade task. Independent
Components Analysis (ICA) and cortical source analysis using realistic source models based on

individual MRIs were used to examine the cortical areas involved in this task.
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There have been several neuroimaging studies of the prosaccade and antisaccade tasks in
humans using PET, MRI, or fMRI. The first studies in this area used PET imaging and a blocked
design (Doricchi, Perani, Incoccia, Grassi, Cappa, Bettinardi, Galati, Pizzamiglio, & Fazio, 1997,
Fox, Fox, Raichle, & Burde, 1985; O’Driscoll, Alpert, Matthysee, Levy, Rauch, & Holzman,
1995; Sweeney, Mintun, Kwee, Wiseman, Brown, Rosenberg, & Carl, 1996). Participants were
given blocks of prosaccade trials, blocks of antisaccade trials, and perhaps trials with steady
fixation, and subtraction techniques were used to identify brain areas more active in eye
movements than fixation, or differential activity in prosaccade and antisaccade blocks. Similar
studies have been done using fMRI (Connolly, Goodale, Desouza, Menon, & Vili, 2000;
Cornelissen, Kimmig, Schim, Rutschmann, Magquire, Broerse, Den Boer, & Greenlee, 2002;
Ford, Goltz, Brown, & Everling, 2005; Kimmig, Greenlee, Gondan, Schira, Kassubek, &
Mergner, 2001; Matsuda, Matsuuraa, Ohkuboa, Ohkuboa, Matsushimab, Inouec, Tairac, &
Kojimaa, 2006). Although the results from these neuroimaging studies are not entirely
consistent, several areas of the frontal cortex (FEF, SEF, DPC, ventromedial or ventrolateral
PFC) are more active in these eye movement tasks than during fixation, or more active in
antisaccade than prosaccade testing blocks. Other brain areas show such activation, such as the
superior parietal cortex, intraparietal sulcus, and extrastriate occipital cortex. The most recent
studies used event-related fMRI in order to do mixed-task presentations and to link the brain
areas to specific components of this task. (Cornelissen et al., 2002; Curtis & D’Esposito, 2003, in
press; Desouza, Menon, & Everling, 2003; Ford et al., 2005)

There are two drawbacks to the neuroimaging procedures using PET or fMRI. First, the
studies using block designs are influenced by preparatory set psychological processes and cannot
separate the effects of components of the task on neural processes. It is possible with event-
related fMRI to use a design in which prosaccade and antisaccade trials are randomly intermixed
(mixed-trials design). In that case, BOLD activation in the FEF may be the same size for
prosaccade and antisaccade trials (Cornelissen et al., 2002). This suggests that some of the

additional activation on antisaccade blocks is due to preparatory-set activity. This point is shown
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elegantly in event-related designs that distinguish the BOLD activity linked to an instruction
about which saccade type will be done and BOLD activity linked to an instruction to execute the
saccade. For example, Ford et al. (2005) distinguished the early part of a preparatory period (first
6 of 10 s), the latter part of a preparatory period (last 4 of 10 s), and events following the target
and saccade (events: 0.5s; fMRI 5 s; see Figure 1 in Ford et al., 2005). They found that the FEF,
SEF, areas in the prefrontal cortex (DPC; anterior cingulate cortex) and posterior cortex
(intraparietal sulcus, parietal-occipital sulcus) have preparatory activity that distinguishes
prosaccades and antisaccades. The block designs cannot distinguish between the preparatory
events and the events surrounding the execution of the eye movement.

The second drawback of neuroimaging techniques is the intrinsic limit on temporal
resolution. The BOLD response is about 4 s and with carefully planned designs one might be
able to study events nearing 1 s resolution (Huettel, Song, & McCarthy, 2004). This may be
sufficient for the preparatory interval processes prior to target onset. However, human reaction
time in these tasks are on the order of 300 to 500 ms, with “express saccades” being as fast as
100 ms (Fischer & Weber, 1993). This is substantially smaller than the minimum resolution of
PET or fMRI recording. For example, the Ford et al. (2005) study distinguished the early part of
a 10 s preparatory interval, the latter part of the preparatory interval, and the period of about 4 s
surrounding the target and saccade. The preparatory events in the latter part of the preparatory
interval affect the BOLD response that continue into the events surrounding the target and
response. Curtis and D’Esposito (2003), Desouza et al (2003), and Ford et al. (2005) find larger
activations for antisaccades than prosaccades in FEF, SEF, and other frontal and posterior areas
(e.g., anterior cingulate cortex; parietal cortex) when the BOLD signal is locked to the stimulus-
response period, but some of these effects disappear when the preparatory period is used as a
baseline for the BOLD response (Desouza et al, 2003). This suggests that neither the block
design nor the event-related fMRI design can distinguish between brain activities associated with

the preparatory control processes and brain activities controlling eye movement execution.
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An alternative that may overcome the temporal resolution limits of PET or fMRI is to
examine ERP responses in the prosaccade and antisaccade task. There is a slow negative ERP
component before eye movements that begins up to 1 s prior to saccade onset and has its
maximum value over the vertex. In blocked designs (e.g., Everling et al., 1997, 1998) this ERP
component has a larger amplitude and more widespread scalp distribution during antisaccade eye
movement blocks than during prosaccade eye movement blocks. In mixed-trial designs, if the
warning stimulus in the preparatory interval is informative about the upcoming saccade and there
IS a response stimulus indicating the eye movement, this potential may be larger on antisaccade
than on prosaccade trials (Klein, Heinks, Andresen, Berg, & Moritz, 2000; Richards, 2003). But
if the warning stimulus is uninformative with respect to the eye movement type, and the response
stimulus is a target that indicates the eye movement type, this ERP component still occurs but
there is no difference between the amplitude of this component on prosaccade and antisaccade
trials (Evdokimidis et al., 1996; Richards, 2003). The close link of this component to the
preparatory period and its time course (500 to 1000 ms before saccade onset) suggest it
represents the preparatory activity in mixed-trial designs, or response set in blocked designs,
similar to the preparatory BOLD activity occurring in event-related fMRI studies. There is a
slow positive ERP component about 30-300 ms prior to saccade onset and which occurs over
central and parietal areas (Everling et al., 1997; Richards, 2003). This positive component is
more closely linked to the eye movement control itself. There is a small positive ERP component
occurring about 70 ms prior to the eye movement over frontal pole electrodes contralateral to the
eye movement that is larger on antisaccade than on prosaccade eye movements (Richards, 2003).
These latter components represent control processes closely tied to eye movement execution.
The time course of these components imply that they represent brain activity that cannot be
studied in detail with PET or fMRI-BOLD methods, even in event-related fMRI designs.

The ERP components in these tasks occur in specific locations on the scalp but do not
give precise information about cortical areas involved in their generation. However, cortical

source analysis ( Scherg, 1990; Scherg, 1992; Scherg & Picton, 1991; Huizenga & Molenaar,
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1994) may be used to estimate the cortical sources of the ERP components in this task. Two
studies have used source analysis of EEG in this task (McDowell et al., 2005; Richards, 2003).
McDowell et al. (2005) used a block design and measured EEG and MEG activity in response to
the onset of the cue to move the eyes and activity preceding the eye movement. They used L2
minimum norm source estimation, restricted sources to specific regions-of-interest, and
calculated the source solutions with a three-compartment boundary element model with realistic
locations of the sources. Activity in response to the imperative stimulus occurred primarily in
posterior areas (cuneus, middle occipital gyrus). The activity preceding saccade onset occurred in
FEF, SEF, and DPC and was larger on antisaccade than prosaccade trials. They were able to
detail activity with ms resolution through the period immediately preceding saccade onset.
Richards (2003) used a mixed-trial design with experiment events that distinguished
preparatory activity, target-response locked activity, and presaccadic activity. He did principal
components analysis (PCA) of the ERP and equivalent current dipole analysis of the component
loadings to identify the cortical sources of the ERP components. The slow negative ERP
component was associated with preparatory target activity had its cortical sources in Brodmann
areas 6, 9, and 11. The location in this study of the activity in area 6 would be closest to the FEF
or SEF (SMA) and area 9 would be closest to the DPC. The activity associated with this region
did not differ on prosaccade and antisaccade trials. It was concluded that this area is related most
closely to target preparatory activity and that the blocked-trials design is necessary to show a
prosaccade-antisaccade difference in this activity in the ERP (cf., Richards, 2003, and Everling
et al., 1997, Evdokimidis et al., 1996, or McDowell et al., 2005). The ERPs and PCA activations
associated with target-response locked activity had cortical dipoles that were predominantly in
the posterior cortex (extrastriate occipital cortex, parietal lobe). This finding parallels that from
McDowell et al. (2005) and suggests that activity in this brain area is due to brain processes
involved in target detection and evaluation rather than eye movement control. Richards (2003)
found a small positive ERP component about 70 ms prior to eye movement, contralateral to the

eye movement, and larger on antisaccade than prosaccade trials. This had cortical sources
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located in Brodmann areas 10 (frontal pole), 11 (orbital-frontal gyrus), and 8. Some studies of
PET and fMRI have shown activity in these prefrontal areas (e.g., Sweeney et al., 1996). The
close link of this ERP component with the eye movement suggests brain areas closer to the
frontal pole are closely tied to eye movement execution, whereas brain areas associated with eye
movement preparatory activity (e.g., FEF, SEF, DPC) may be involved in overall planning,
preparatory set processes, and heightened activity for cue evaluation.

The current study was designed to further examine the cortical sources of the ERP found
in the prosaccade and antisaccade task. High-density EEG recording (128 channels) was done in
a targeted eye movement task in a mixed-choice trials design (Evdokimidis et al., 1996; Klein et
al., 2000; Richards, 2003). College-age participants were tested in a targeted procedure in which
a cue signals a 2 s preparatory interval followed by a target that indicates the direction and type
of eye movement and is the imperative signal for the eye movement. This makes it possible to
separate the ERP responses to the various components of the task (target preparation, target
onset, eye movement preparation, and eye movement; Everling & Fisher, 1998).

The primary goal of the study was to improve the analysis of the cortical sources of the
ERP with Independent Components Analysis (ICA) and realistic models of cortical source
analysis. The ICA was done on the raw extracted data by concatenating the segments and
submitting them to the ICA procedure, i.e., no averaging was done prior to the component
analysis. This follows the procedures used by Makeig, Sejnowski, and their associates
(DeLorme, Makeig, Fabre-Thorpe, & Sejnowski, 2002; Jung, Makeig, McKeown, Bell, Lee, &
Sejnowski, 2001a; Makeig, Bell, Jung, & Sejnowski, 1996; Makeig, Jung, Bell, Ghahremani, &
Sejnowski, 1997; also see Richards, 2004, 2005; Reynolds & Richards, 2005). An advantage of
this approach is that the activations may be examined in relation to the experimental conditions
(i.e., cued or uncued trials, prosaccades or antisaccade eye movements. The analysis of ERP with
PCA has been done previously in several studies (Picton et al., 2000; Spencer, Dien, & Donchin,
1999), and in one relatively recent study of the ERP in prosaccade and antisaccade eye

movements (Richards, 2003). The ICA approach may be better for the study of cortical sources
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of ERP because ICA components tend to result in single components that are a result of single
cortical sources, whereas PCA components often result in single components that are linear
combinations of multiple underlying sources and must be modeled with multiple-dipole source
models (Richards, 2004). The ICA components were clustered according to their topographical
similarity (Reynolds & Richards, 2005; Richards, 2005). This is done because different ICA
components from a single individual may represent cortical sources in similar brain areas due to
the specificity of the ICA components (Richards, 2004).

Cortical source analysis (equivalent current dipole analysis; e.g., Scherg, 1990; Scherg,
1992; Scherg & Picton, 1991; Huizenga & Molenaar, 1994) was used to determine the cortical
sources of the ERP with realistic source models based on individual MRIs. Cortical source
analysis was done by estimating an equivalent current dipole for component loading weights of
each ICA component (DeLorme et al., 2002; Jung et al., 2001a; Jung, Makeig, Westerfield,
Townsend, Courchesne, & Sejnowski, 2001b; Richards, 2003, 2004, 2005, 2006). | used a
computer program (Richards, 2006) that allowed the use of realistic source volumes and realistic
resistance paths for the forward model. The program restricted source locations based on a three-
dimensional tetrahedral wireframe computed from a MRI done on each participant (Richards,
2006). This allowed the source locations to be restricted to gray matter locations for that
participant and defined specific Brodmann areas tailored to the individuals’ anatomical space
rather than a generic brain or normalized Talairach space (Ha, Youn, Kong, Park, Ha, Kim, &
Kwaon, 2003). This computer program used realistic resistance models for calculating the forward
model with a finite element model for the resistance pathways (Awada, Jackson, Williams,
Wilton, Baumann, & Papanicolaou, 1997; Buchner, Knoll, Fuchs, Rienacker, Beckmann,
Wagner, Silny, & Pesch, 1997; Rosenfeld, Tanami, & Abboud, 1996; Slotnick, 2004). The
realistic models should improve the accuracy of the source localization while retaining the

temporal advantage that ERP has over MRI- or PET-based neuroimaging methods.
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Method
Participants
The participants were nineteen adults. The participants ranged in age from 20 to 41 at
time of testing (mean = 25.6, SD = 5.35) and consisted of undergraduate and graduate students.
All participants were of normal intelligence and had no medical problems. The research was
approved by the Institutional Review Board for the Use of Human Subjects and informed
consent to participate in the study was obtained from each participant.

Apparatus and Stimuli

Each participant sat in a comfortable chair approximately 75 cm from a 29” (56 x 42 mm)
color video computer monitor (NEC Multisync XM29) displaying at 1280 horizontal and 1024
vertical pixels. The pretarget stimuli remained on the screen at all times and consisted of a 2.6°
square outline at each of three areas located in the center or 10° to the right or left of center. The
pretarget period was indicated by a small solid square in the center square outline. At target
onset, the small solid square was removed, and a solid triangle, a checkerboard pattern, or a four-
point star replaced one of the peripheral squares. The peripheral spatial cue consisted of a solid
blinking square in the right or left target location.
Procedure

The participant sat in the chair and the viewing area facing the television monitor. The
participant was informed that this was a study of the brain control of eye movements and was
given instructions and practice in the procedure. The pretarget stimuli were presented for 2 s,
followed by the presentation of the target for 2.5 s, followed by an interstimulus interval varying
randomly from 1 s to 3 s. The participants were instructed to make an eye movement toward the
checkerboard target when it appeared (prosaccade), away from the triangle target to the opposite
outline square (antisaccade), or to keep the eyes fixated in the center location when the four-
point star appeared (catch trial). The peripheral spatial cue was presented for the first 500 ms of

the 2 s pretarget period.
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There were two cueing procedures used in the study. The “no cue” procedure consisted of
the presentation of the pretarget and target stimuli without a cue, and the “peripheral cue”
procedure consisted of the presentation of the blinking square for the first 500 ms of the pretarget
period in the peripheral position where the target would occur. Ten of the participants received
these two conditions in alternating 5-min blocks, with as many presentations as possible within
the blocks. The other 9 participants had multiple sessions, with the other sessions consisting of
one of these two cueing conditions and some other conditions (see Richards, 2003 for
conditions) but which were not analyzed in this study. There were 33 sessions used in the study.

Recording of EEG and Segmenting of EEG for ERP

The EEG was recorded with a 128 channel EEG system (EGI, Inc; Tucker, 1993; Tucker,
Liotti, Potts, Russell, Posner, 1994), referenced to vertex during recording and re-referenced
algebraically to an average reference, recorded with 20K amplification, at a sampling rate of 250
Hz, and with impedances below 100 kQ." The segments for the EEG were extracted for 1000 ms
preceding target onset through the target onset until the saccade toward the target, and for 100
ms after saccade onset for target trials. For catch trials only the first 500 ms following target
onset were extracted. The saccade to make the eye movement to the target was identified in the
electrooculogram (EOG) recording (Matsuoka & Harato, 1983; Matsuoka & Ueda, 1986). Trials
with incorrect eye movements or blinks were excluded from the analysis.

Anatomical MRI, Head Segmenting, Talairach Locations

A structural (anatomical) MRI was done for each participant in the study. Three of the
MRIs were T1-weighted images done on a 1.5T GE MRI, with 0.859 mm slices and 256 (axial)
X 184 (saggital) X 256 (coronal) resolution (Palmetto Imaging, Columbia, SC). The rest of the
MRIs were T1-weighted images done on a 3.0T Philips Intera MRI, with 1.0 mm slices and 256
X 159 X 256 resolution (Center for Advanced Imaging Research, Medical University of South
Carolina, Charleston, SC). The MR Viewer program (Source Signal, Inc) was used for
segmenting the MRI into component materials (Richards, 2002). The anterior commisure and

posterior commisure were located in the MRI. The anterior commisure was defined as the origin,
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the line between the anterior and posterior commisure as the coronal axis, and the perpendicular
lines bisecting the anterior commisure as the coronal and saggital planes (i.e., Talairach
coordinate system; Talairach & Tournoux, 1988). The MRI was used to identify a number of
“fiducial locations” on the skull (nasion, inion, vertex, mastoids, preauricular skull locations) and
brain (front and rear of cortex; dimensions of cortex at anterior of corpus callosum, anterior
commisure, posterior commisure, halfway between posterior commisure and rear of cortex;
posterior point of cerebellum). An electrode placement map was generated for each participant
based on a scalp wireframe of the MRI and the known locations of the EGI electrodes. The
materials in the head were segmented, including scalp, skull, CSF, white matter, gray matter,
muscle, and eyes (Richards, 2002, 2005). Three-dimensional tetrahedral wireframes were
computed that contained the location of each corner of the tetrahedron and the type of material
making up the tetrahedron. These wireframe files had voxel sizes of 4 mm, with from 55K to
90K vertices, and 260K to 450K tetrahedra for each wireframe. Figure 1 (top row) shows the
segmented wireframe from an anatomical MRI from one participant. The MRIs were displayed
with the MR Viewer program (Source Signal, Inc) or the MRICro program (Rorden,

http://www.sph.sc.edu/comd/rorden/mricro.html).

The Talairach coordinates, or the Brodmann areas (BA) defined by the Talairach
coordinate system, were calculated with respect to the three-dimensional wireframe of each
participant’s MRI. The Talairach Daemon Client (Fox & Uecker, 2005; Lancaster, Summerln,
Rainey, Freitas, & Fox, 1997; Lancaster, Woldorff, Parsons, Liotti, Freitas, Rainey, Kochunov,
Nickerson, Mikiten, Fox, Freitas, Rainey, Kochunov, Nickerson, Mikiten, & Fox, 2000) was
used to define approximately 1.25M points for 1 mm voxels of the Talairach coordinates for
Brodmann areas and anatomical locations. Using the fiducial brain locations in the participant
MRI and the corresponding locations in the Talairach coordinates, the Talairach coordinates
could be mapped to the MRI coordinates of an individual by calculating the spherical coordinates
of a point in the MR, locating the closest fiducial MRI marker, transforming the radius of the

spherical coordinate by the ratio of the Talairach to the MRI fiducial point, and then looking up



Cortical sources of eye movements 13

the corresponding Talairach coordinate. This mapping resulted in a faithful representation of
Talairach-defined Brodmann areas onto each MRI (Richards, 2002, 2005). Figure 1 (bottom two
rows) show the restricted wireframe models for Talairach coordinates mapped to one individual
for the frontal pole (BA 10), orbital-frontal gyrus (BA 11), anterior cingulate cortex (parts of BA
24, 32), and the cingulate gyrus (parts of BA 23, 24, 31).

Independent Components Analysis

Independent Components Analysis (ICA) was done on the extracted EEG data. The
details of this procedure can be found in Richards (2005; also see Richards, 2004). The ICA was
done on the raw extracted data by concatenating the segments and submitting them to the ICA
procedure, i.e., no averaging was done prior to the component analysis. The variables for the
analysis were the 128 electrode sites, leading to the estimation of 128 components. The weights
were calculated using the extended-1CA algorithm of Lee, Girolami, and Sejnowski (1999),
using sphering of the input matrix to aid in convergence, with an initial learning rate of .003, and

the publicly available program done in C++ from the Matlab versions by Sigurd Enghoff (March,

2000; see http://www.cnl.salk.edu/~enghoff/). The component weights from this analysis
represent topographically and temporally coordinated activity in the EEG data and topographical
plots represent the spatial organization of the components.

The component loadings were clustered according to their similarity. The clusters were
first seeded with components similar to those found in a prior study with PCA clusters (Richards,
2003). The ICA components were clustered according to a minimum distance criterion. The
component weights of an ICA component were inverted if the inverse weights best fit the cluster.
The overall appearance of most of the clusters was of positive loadings (high negative loadings
reversed) except for the cluster that represents the large negative slow ERP component occurring
before target onset. These clusters were visually reviewed and were modified to reassign
components to clusters and to remove obvious outliers. The sign of the original component
loadings was retained so that activations would be properly oriented for components that were

inverted during the clustering.
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The activations of the components represent the temporal activity of the ICA components
and may be calculated for each point in the sequence of ERP segments (Makeig et al., 1996,
1997; Richards, 2004). Thus, the activations may be analyzed in conjunction with the
experimental events (target, saccade) and by the experimental factors (subject, eye movement
type, cueing type). The ICA activations were multiplied by the variance of the ICA component
loadings, which results in activations that represents the activity of the component in the metric
of the original electrode recording. Topographical maps of the component loadings represent the
spatial distribution of the component across the entire ERP segment. Spatiotemporal maps of the
averaged ERP data represent the activity of the original electrode recording over specified
periods of time in relation to the experimental events or factors. The EMSE computer program
(Source Signal Imaging, San Diego, CA) was used to make the topographical maps, which
consist of a spherical spline interpolation (Perrin, Pernier, Bertrand, & Echallier, 1989) shown in
a radial projection (Perrin, Bertrand, & Pernier, 1987).

Realistic Cortical Source Analysis

The ICA analyses were followed by cortical source analysis (“brain electrical source
analysis”, “equivalent current dipole analysis (ECD)”; Scherg, 1990; Scherg, 1992; Scherg &
Picton, 1991; Huizenga & Molenaar, 1994; Richards, 2004, 2005, 2006). The ICA component
loadings were analyzed with ECD models to determine the location of hypothetical current
dipoles that generate a scalp current similar to the weights describing the component. The
realistic cortical source models used source locations based on the three-dimensional tetrahedral
wireframes from individual participants’ MRI. This was done in a computer program (Richards,
2006) that restricted the location of each dipole source to gray matter locations in the participant
MRI tetrahedral wireframe. Specific brain regions were used in which designated Brodmann
areas determined by the Talairach coordinate system were used as the source locations for the
analysis. The Broadman areas to be used were determined on theoretical grounds and by
reference to past cortical source analyses studies (McDowell et al., 2005; Richards, 2003) and

PET or MRI neuroimaging studies. | will call these regions “source volumes” to emphasize the
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restriction of the dipole to specific brain regions, though single-point ECD sources were used
rather than volume dipole sources. Dipoles were tested in these restricted regions and the best-
fitting dipole (RMS error between forward model and empirical data; min 0.75 fit) was
determined as the appropriate cortical source. This is not a strict “region-of-interest” approach
(e.g., McDowell et al., 2004), since the best-fitting region was selected from among several
regions and ECDs with poor fits to the empirical data (RMS < 0.75) were not used. The realistic
cortical source models used realistic resistance pathways from the source location to each
electrode in the computation of the forward model. This was done by determining the path from
each tetrahedron that would be used as a source to each electrode and locating each tetrahedron
between the source and the electrode. The volume of each tetrahedron in this pathway and the
conductivity (inverse of resistance) of the material were multiplied. The weighted sum of all
tetrahedra in the pathway represented the resistance of the pathway from the source to the
electrode. This was calculated off-line for each possible source (all gray matter, eyes) separately
for each participant and these values were stored in a lookup table. The ECDs were calculated
by using as the initial dipole location the mean location for a specified source volume for an
individual. Subsequent dipole locations in the iteration minimization process were constrained to
the source volume. The best-fitting ECD was found whose location and amplitude provided a
scalp current that best fit the ICA component weights, using the Powell (Powell, 1964; Press,
Flannery, Teukolsky, & Vetterling, 1992; Press, Teukolsky, Vetterling, & Flannery, B.P., 2002)
and the Broyden-Fletcher-Goldfarb-Shanno minimization algorithms (Broyden 1970a, 1970b;
Fletcher, 1970; Goldfarb, 1970; Shanno, 1970; Press et al., 1992, 2003). Details of the realistic
cortical source analysis and the computer program can be found in Richards (2006).

Results

Saccade Error and Latency

The onset of the saccade from the center to the targeted square was analyzed. There were
8082 eye movements in the experiment. The error rate for the uncued and cued trials was

approximately equal (3.24 and 3.29 %, respectively), but there were slightly more errors on the
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antisaccade than on the prosaccade trials (2.50 and 4.04 %, respectively), but errors on the two
trial types (uncued, cued) were similar for prosaccade and antisaccade trials. The latency of the
saccade onset from the target onset was analyzed by a repeated measures ANOVA with trial type
(cued, uncued) and eye movement type (prosaccade, antisaccade) as factors. There were main
effects for trial type, F (1, 29) = 28.66, p <.001, movement type, F (1, 29) = 86.09, p < .001, and
an interaction between them, F (1, 29) = 12.46, p < .001. As expected, saccades were faster on
cued than uncued trials (M = 435.6, N = 4029, SE = 2.53; M = 473.0, N = 4053, SE = 2.38) and
for prosaccade eye movements than antisaccade eye movements (M = 422.8, N = 4162, SE =
2.33; M =487.9, N = 3920, SE = 2.51). The interaction between trial type and eye movement
type occurred because the cue facilitated the reaction time of the prosaccade eye movements by
29 ms whereas it facilitated the antisaccade eye movements by 54 ms.

Grand Average ERP

Grand average ERP (Figure 2) and topographical maps (Figure 3) were constructed to
display the target-locked and saccade-locked ERP changes occurring in this task (e.g, Richards,
2003). Figure 2 (top panel) shows the pretarget ERP from 1 s before target onset through 200 ms
of target onset for several frontal-central electrodes. The pretarget ERP averages (top panel)
showed a positive slow component with maximal amplitude in the prefrontal scalp leads (e.g.,
FP1, FPz, FP2) that tapered off in the frontal scalp leads (Fz). There was a negative slow ERP
component primarily in the central and parietal leads. The spatiotemporal topographical maps for
this effect (Figure 3, top row) show that the negative slow component occurred over a large
bilateral area of the scalp. Figure 2 shows the presaccade ERP for several parietal electrodes
(bottom panel). This shows a slow positive component beginning about 150 ms prior to saccade
onset. The positive presaccadic potential shown in Figure 2 occurring immediately before
saccade onset appears to be the “spike potential”. This is also seen in the spatiotemporal
topographical maps (Figure 3, second row). Figure 3 shows topographical maps for the first 100
ms of the saccade towards the target and the expected lateralized potential changes due to the

EOG. The topographical map on the three-dimension scalp shows a presaccadic positive



Cortical sources of eye movements 17

potential that occurred about 70 ms prior to stimulus onset, that was larger on the cued-
antisaccade trials than on the cued-prosaccade trials, and did not differ on the uncued trials.

Independent Components Analysis Clusters

The raw ERP were analyzed with the ICA method and the component loadings were
clustered. Every participant had a single lateralized component that centered around the outer
electrodes near the eyes. Figure 4 (top row) shows the loading weights for this component for
four different participants. The other clusters were first seeded with components similar to those
found in a prior study with PCA clusters (Richards, 2003). One cluster consisted of components
that had relatively large loadings on the electrodes around the central and parietal scalp sites.
Figure 4 (second row) shows the loading weights for this component for four different
participants. Figure 4 (bottom row) shows the mean of the loading weights for all participants for
the ICA component clusters that were primarily in the anterior and central portions of the scalp.
These include the cluster with the loadings around the eye, a cluster with positive loadings in the
anterior (frontal pole) electrodes and negative loadings in the posterior (central and parietal)
electrodes, a central cluster with negative loadings, and loadings near the frontal pole electrodes
that were lateralized to one side or the other (clusters from left to right, respectively, in bottom
row, Figure 4). | also found clusters with component loadings that were primarily in the posterior
and occipital portions of the scalp. These clusters were related to the ERP activity occurring at
target onset and were not analyzed further in this study. The clusters that were classified
represent about 53% of the total variance in the ERP.

Cortical Source Analysis

The cortical source analysis of the ICA components in the component clusters was done.
Each component of a cluster was analyzed separately. The cluster with loadings around the eyes
seemed to represent the ERP associated with the eye movement (Figure 3). Single-dipole models
with one dipole in the eye, two-dipole models with one dipole in each eye, and single-dipole
model with dipoles located anywhere in the gray matter of the cortex were tested. The best fitting

model for every component was a two-dipole model with one dipole located in each eye. The fits
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for these models ranged from 0.87 to 0.99 (M = 0.96). Figure 5 shows the locations of the ECDs
in the eye socket.

The cluster with loadings in the anterior and posterior electrodes was next tested for ECD
locations. The source volumes that were chosen to restrict ECD locations were the frontal pole,
orbital-frontal gyrus, anterior cingulate cortex (or rostral anterior cingulate cortex, Polli, Barton,
Cain, Thakkar, Rauch, & Manoach, 2005), anterior portion of cingulate gyrus (anterior to
anterior commisure, or dorsal anterior cingulate cortex, Polli et al., 2005), cingulate gryus
(posterior to anterior commisure), and Brodmann areas 6 and 8. Single dipole models were fit for
each of these areas and the best-fitting dipole model was chosen. Table 1 and Figure 5 show
results from this analysis. Most of the dipoles were located in the orbital-frontal gyrus and the
anterior cingulate cortex. The fits of the model ranged from 0.88 to 0.99 (M = 0.94). Figure 5
shows the average component loadings for the ICA components whose ECDs were located either
in the anterior cingulate cortex or the orbital-frontal gyrus.

The cluster with the loadings in the central and parietal scalp areas was examined for
ECD locations. The same source volumes as the previous analysis were used for the ECD
analysis. Table 1 and Figure 6 show the results from this analysis. Most of the dipoles were
located in the cingulate gyrus in the portion posterior to the anterior commisure. The average
component loadings for the ICA components whose ECDs were located in the cingulate gyrus
were much larger than the loadings either in the anterior cingulate cortex or the anterior portion
of the cingulate gyrus (Figure 5). The fits of the model ranged from 0.76 to 0.99 (M = 0.89).

The cluster with the lateralized frontal pole scalp electrode loadings was examined. Table
1 and Figure 7 show the results from this analysis. Most of the dipoles were in the frontal pole
area (BA 10), orbital-frontal gyrus (BA 11), or anterior cingulate cortex (BA 24, 32). The
average component loadings did not look different for the ICA components with ECDs located in

these three areas (Figure 7). The fits of the models ranged from 0.75 to 0.99 (M = 0.87).
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Component Activations

Eye movement activation The activation of the component with loadings around the eyes

(Figure 5) were calculated. Figure 8 shows the activations for the presaccade and postsaccade
periods, separately for left and right eye movements, prosaccade and antisaccade eye
movements, left and right targets, and noncued and cued trial types. There was no significant
activity in this component in either the pretarget or presaccade periods. The only significant
activity occurred during the time when the participant made an eye movement. The direction of
the activation was consistent with the pattern of loadings for this cluster (Figure 5) and the
potential changes in the recording electrodes occurring at the onset of the saccade (Figure 2,
middle panels). This cluster represents the activity due to the eye movements.

Pretarget period The activation during the pretarget period of the anterior-posterior and

central negative component clusters was examined. Figure 9 shows the activation for these
clusters separately for the source volumes in which ECDs were located for these clusters. The
ICA components with sources in the anterior cingulate cortex and orbital-frontal gyrus showed
an increasing slow wave activity during this period (top figures) and for the central negative
cluster the components with sources in the cingulate gyrus showed the increasing slow wave.
This increase reflects the slow positive ERP component for electrodes in the frontal pole area
(anterior-posterior cluster) and the slow negative ERP component for electrodes over the central
and parietal scalp areas (anterior-posterior and central negative clusters; cf. Figure 2 pretarget
ERP and Figure 4 component loading average).

The pretarget activations were analyzed as the change in activation level from the first 50
ms of this interval to the last 50 ms and with a linear polynomial trend.? The data from the
anterior-posterior component cluster was analyzed with a cue type (2: uncued, cued) X eye
movement type (2; prosaccade, antisaccade) X brain area (anterior cingulate cortex; anterior
portion of cingulate gyrus; posterior portion of cingulate gyrus; orbital-frontal gyrus; see Table
1) ANOVA. The only significant effect for this analysis was the brain area factor, F (3, 23) =

3.12, p = .045. The overall change and linear trend for the anterior cingulate cortex and the
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orbital-frontal gyrus showed a significant change over the pretarget period. The pretarget
activations from the negative central component cluster were analyzed with a cue type (2) X eye
movement type (2) X brain area (3: anterior cingulate cortex, anterior portion of cingulate gryus,
posterior portion of cingulate gyrus; see Table 1) ANOVA. The only significant effect was the
brain area factor, F (2, 19) = 4.62, p = .0232. The overall change and linear trend for the
components with ECDs located in the posterior portion of the cingulate gyrus were larger than
those for the other brain areas, reflecting the increase in the activation of this component shown
in Figure 9.

Presaccade The activation of the ICA components during the 300 ms immediately
preceding the saccade was examined. This was separated into the parietal positive slow wave, the
spike potential, and the presaccadic positive potential in the frontal pole component cluster.
Figure 10 (top panel) and Figure 11 (top panel) show the activation for the anterior-posterior
cluster and the central negative cluster in the presaccade period. There was a steadily decreasing
slow wave activity during this period. This decrease and the negative loadings for the clusters in
the central and parietal areas reflect the slow positive slow ERP component in the parietal scalp
locations prior to saccade onset (Figures 2 and 3). | first tested the activity from about -300 ms
before saccade onset to -35 ms before stimulus onset with the change from the first 25 ms of this
interval to the last 25 ms and the linear polynomial trend. A cue type (2) X eye movement type
(2) X brain area (4) ANOVA for the central negative component cluster activations resulted in a
significant main effect of cue type, F (1, 27) = 4.74, p = .0383, and the interaction between cue
type and brain area was close to being significant, F (6, 54) = 1.95, p = .0892. The cue type
effect was significant for the central negative components with ECDs located in the anterior
cingulate cortex and posterior portion of the cingulate gyrus. The comparable analysis for the
anterior-posterior component cluster activations had a significant overall difference from zero
but no significant effects involving the experimental factors. Figure 12 shows the presaccadic
activations for these two clusters only for the components whose ECDs were in the anterior

cingulate cortex or posterior portion of the cingulate gyrus. The cued trial type resulted in a
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larger slow wave for the central negative trials than the uncued trial type, for components located
in both brain areas.

The activation of the components during the period preceding the saccade showed a
“spike potential”. Figure 10 (bottom panel) and Figure 11 (bottom panel) show the activation
with bandpass filtering similar to ERP averages and shows the parietal spike potential (Figures 2,
3) primarily occurring in the anterior-posterior component cluster. The spike potential was
analyzed for the -30 ms preceding the saccade onset, using the filtered activation data. | used the
components from the anterior-posterior cluster whose ECDs were located in anterior cingulate
cortex and the orbital-frontal gryus. There were no significant effects for any of the experimental
factors.

The relation between the ICA component activation and the locations of each ECD in the
component clusters was examined. This was first done for the pretarget negative slow wave and
the presaccade positive slow wave activity. A linear polynomial trend filter was calculated for
the pretarget period to find activity that matched the linear trend in the pretarget ICA clusters
(Figure 9) for the ECD for each individual component. Figure 13 (left panels, top two rows)
shows the activation level for the ECDs mapped onto one participant’s MRI for the pretarget
period. The activation of the ECDs in the cingulate gyrus was spread across the entire region,
whereas the ECDs for the anterior cingulate cortex had the largest activations clustered in the
most rostral portion of this cortical area. A similar analysis for the presaccade period had
approximately the same results, with the activations level spread across the entire posterior
portion of the cingulate gyrus and more localized in the anterior cingulate cortex (Figure 13,
center panels, top two rows). The activity-dependent-locations had a number of ECD locations
that were common between the pretarget and the presaccade slow waves (Figure 13, right panels,
top two rows). The common locations to the pretarget and presaccade slow waves in the anterior
cingulate cortex were clustered in the rostral portions of the anterior cingulate cortex (Talairach

coordinates, -0.5, 6.4, 4.0 mm).
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The location of the ECD activations were examined for their relation to the cueing effect
(Figure 12). The linear trend effect calculated for the presaccade activity for the uncued trials
was subtracted from the same effect on the cued trials (cued minus uncued). Figure 13 (lower
left) show the activation of the ECDs for the posterior portion of the cingulate gyrus and for the
anterior cingulate cortex. The largest activation differences (cued minus uncued) tended to be in
the anterior locations of the cingulate gyrus (Taliarach coordinates, -4.23, -16.47, 23.52 mm).
The cueing effect for the anterior cingulate cortex (bottom row, middle figure) has the activation
distributed throughout anterior cingulate cortex source volume. | also examined the location of
the ECD activations for the spike potential, in the anterior cingulate cortex and the orbital-frontal
gyrus. This activity was scattered throughout these regions (Figure 13, bottom right panel).

Presaccade positive potential The activation of the ICA components during the 100 ms

immediately preceding the saccade was examined for a presaccadic positive potential that
occurred primarily in the frontal pole component cluster. Figure 14 shows the activation for the
frontal pole cluster in the presaccade period, separately for the trials when the frontal pole cluster
locations were contralateral to the eye movement or ipsilateral to the eye movement. There was
little or no activity in these components when the eye movement was ipsilateral to the cluster.
For the contralateral trials, about 40% of the components showed no significant activity in this
presaccade period, whereas about 60% of the components showed activation. The activity for the
components that were active during this period was analyzed as the peak or average of the
activation from -80 ms to -32 ms before saccade onset and the quadratic polynomial trend. A cue
type (2) X eye movement type (2) by brain area (4; frontal pole, orbital-frontal gyrus, anterior
cingulate cortex, prefrontal cortex (BA 6, 8); see Table 1) resulted in an interaction effect for cue
type and eye movement type that approached significance, F (1, 21) = 3.41, p = .0789. Post hoc
tests on the brain areas showed this effect to be significant only for the orbital-frontal brain area.
Figure 15 shows the presaccade activations for the four brain areas. The largest activity
occurring at about 70 ms prior to saccade onset occurred on the cued-antisaccade trials, whereas

the other cue-eye movement activations were smaller and not significantly different (Figure 15,
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second panel). Post hoc trials showed that the activation in the components whose ECDs were
located in the prefrontal cortex (BA6, BA8) were significantly affected by the eye movement
type, E (1, 25) = 4.64, p = .041. The activation of the components was significantly larger on the
antisaccade than on the prosaccade trials, regardless of cue type (Figure 15, bottom panel).

The relation between the ICA component activation and the locations of each ECD in the
component clusters was examined for the presaccadic positive potential. This was done by
calculating a quadratic linear trend in the period from -80 ms to -32 ms for each component.
Figure 16 shows the activation level for the ECDs mapped onto one participant’s MRI,
separately for the brain areas in which the ECDs of the frontal pole cluster were located,
separately for the antisaccade and prosaccade trials, and the difference between them
(antisaccade activity minus prosaccade activity). This analysis shows that the activity of these
components during the presaccadic positive potential was spread across the entire brain region
from which the ECDs came. The difference activity plots (right panels) did not seem to cluster
this activity in any brain region.

Discussion

Presaccadic ERP

There were four types of ERP activity found in this study that replicated findings from
other studies. First, there was a negative potential shift in the ERP that occurred before target
onset and was associated with the preparatory interval of the task rather than the saccade itself.
Several studies of ERP activity in the prosaccade and antisaccade task report this negative shift
in the EEG that begins up to 1 s prior to saccade onset and has its maximum over the vertex
(Brickett et al., 1984; Evdokimidis et al., 1996; Everling et al., 1997, 1998; Klein et al., 2000;
Richards, 2003). This potential was similar to the “contingent negative variation” found in tasks
with a preparatory interval and an imperative stimulus (e.g., S1-S2; CNV; Fabiani, Gratton, &
Coles, 2000; Walter, Cooper, Aldridge, MacCallum, & Winter, 1964). In studies using a block
design, in which prosaccade and antisaccade trials are given in different blocks, this ERP

component is larger in the antisaccade trial blocks than in the prosaccade trial blocks. In mixed-
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choice trials when the cue for the preparatory interval is informative for the type of eye
movement, most often this negative presaccadic potential does not differ between prosaccade
and antisaccade trials (Evdokimidis et al, 1996; Richards, 2003). This presaccadic potential
occurs for cued-catch trials (Richards, 2003) or in the current study when the cue was
uninformative about the type of eye movement on the trial.

Three of the four presaccadic activities were closely tied to events surrounding the
saccade itself. The second type of ERP activity was the slow positive potential shift in ERP
beginning about 100 ms before saccade onset with maximum values over central and parietal
leads. The increase in the anterior-posterior ICA cluster and the corresponding decrease in the
central negative ICA cluster reflected this slow shift (Figures 10, 11). This positive slow
component over parietal leads is not unique to studies of the antisaccade and prosaccade but is
also found in voluntary eye movements. No difference was found in this component between
antisaccade and prosaccade trials (Evdokimidis et al., 1996; Everling et al., 1997, 1998;
Richards, 2003), but in the current study it was larger for cued trials than uncued trials (Figure
12). The third type of ERP component was the sharp spike in ERP over the central and parietal
leads called the “spike potential”. In one study this potential was larger for antisaccade trials than
prosaccade trials (blocked design, Everling et al., 1997) but generally this potential was the same
on prosaccade and antisaccade trials (Evdokimidis et al., 1996; Everling et al., 1997, 1998; Klein
et al., 2000; Richards, 2003; current study).

I found a presaccadic positive potential in this study occurring about 70 ms before
saccade onset (Figure 3, bottom row; Figures 14, 15). The activity was positive in the frontal
pole scalp leads contralateral to the upcoming saccade and was larger on antisaccade than
prosaccade trials (Figure 15). This presaccadic ERP component was found in the study by
Richards (2003) and may be seen in ERP tracings and topographical plots in other studies using
these tasks (Figure 2A in Evdokimidis et al., 1996; Figure 1 in Everling et al., 1996). It was
suggested previously that this presaccadic ERP does not reflect inhibition of reflexive eye

movements toward the target because of its presence on prosaccade and antisaccade trials, but
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must be involved in the computation of the saccade to the targeted field. Such movement
planning was heightened on antisaccade trials (Figure 15, second and fourth rows) or when the
direction cues indicated target side and antisaccades were indicated (Figure 15, second row). The
source analyses of the ICA representing eye movements (Figure 5) and their activations (Figure
8) showed that the presaccadic ERP was a separate component from the EOG activity occurring
immediately during and after the saccade.

Cortical Source of Presaccadic ERP Activity

The primary goal of this study was to improve the analysis of the cortical sources of the
presaccadic ERP. In doing so, the cortical sources of this activity can be identified and perhaps
compared with neuroimaging studies using PET or fMRI. The studies of PET or fMRI using the
block design find neural activity in this task in nearly every cortical area known to be involved in
eye movement control in primates (FEF, SEF, superior parietal lobe, DPC [areas 9, 46], anterior
cingulate cortex, anterior medial PFC [areas 8, 9], ventromedial PFC [area 10]; Everling &
Fischer, 1998; Munoz & Everling, 2004). Studies using event-related fMRI that separate the
preparatory interval BOLD activity from response activity often report the BOLD activity in
response to informative preparatory cues is larger on antisaccade than prosaccade trials in the
FEF or SEF (SMA) (Curtis and D’Esposito, 2003, in press; Desouza et al., 2003; Ford et al.,
2005). However, such preparatory activity has been found in many areas (e.g., Ford et al., 2005;
anterior cingulate cortex, FEF, SEF, DPC, intraparietal sulcus, parietal-occipital sulcus) and
implies that an extended network of areas in the frontal and parietal lobes are involved in the
preparation for eye movements in this task.

The ERP activity in the current study similar to the preparatory BOLD response was the
negative potential that began at the preparatory cue and preceded target onset. The anterior-
posterior ICA cluster and the central negative ICA cluster had activity that represents the ERP
component (cf. Figure 2, top row, Figure 3, top row, with Figure 9). These component clusters
had cortical sources predominantly in the anterior cingulate cortex or the cingulate gyrus

posterior to the anterior commisure, with the anterior-posterior cluster also having some dipoles
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located in the orbital-frontal gyrus (see Table 1 and Figures 5, 6, and 13). The sources in the
anterior cingulate cortex were similar to several studies showing activity in blocked designs
(Brown, DeSouza, Goltz, Ford, Menon, Goodale, & Everling, 2004; Matsuda et al., 2006;
Raemaekers, Vink, van den Heuvel, Kahn, & Ramsey, 2005) or event-related fMRI activity in
the preparatory period (Ford et al., 2005). In addition to being larger for antisaccades than
prosaccades, the area corresponding to the anterior portion of the cingulate gyrus (Table 1)
shows a larger BOLD response in the preparatory interval on antisaccade trials that were correct
compared to error trials (Ford et al., 2005). Both the anterior cingulate cortex and anterior
portions of the cingulate gyrus have been shown to be active after saccades in this task
differentially for error and correct antisaccades (Poli et al., 2005). This implies that this area is
heavily involved in both saccade planning and eye movement evaluation in this task. The
anterior-posterior ICA cluster and the central negative ICA cluster had a large number of dipole
sources in the portion of the cingulate cortex posterior to the anterior commisure (Table 1,
Figures 6 and 13). | could find no published article describing activity in this area related to the
prosaccade and antisaccade task or in the comparison of eye movements to fixation in PET or
MRI studies. This suggests that this area was involved in generic preparatory activity common in
the CNV for a wide variety of tasks (Fabiani et al., 2000).

The presaccadic positive potential occurring about 70 ms before saccade onset was most
closely tied to saccade activity and was different on prosaccade and antisaccade trials (Figure 3,
bottom row; Figures 14, 15). The cortical sources for this ICA component were located in the
anterior areas of the prefrontal cortex, predominantly in the orbital-frontal gyrus (BA 11), the
frontal pole (BA 10), and anterior cingulate cortex (BA 24, 32) (see Table 1, Figures 7 and 16).
This replicates the cortical source locations for this component cluster found in a prior study
(Richards, 2003). Additionally, some sources were located in the Brodmann areas 6 and 8 (Table
1, Figure 16). The locations in the frontal pole and orbital-frontal gyrus were similar to those
found in PET and fMRIi studies. Several studies have reported PET or MRI BOLD activity in the

anterior regions of the frontal pole (Sweeney et al., 1996; Brown et al., 2004). The ICA clusters
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with dipole sources in Brodmann areas 6 and 8 may correspond to PET and fMRI studies of the
FEF. In the current study the presaccadic ERP potential was larger on both cued- and uncued-
antisaccade trials than on prosaccade trials (Figure 15, bottom row). Studies using PET or fMRI
with a posteriori identification of active areas generally find the FEF are more active during this
task than during fixation and more active in antisaccade eye movements than prosaccade eye
movements (e.g., Matsuda et al., 2006; Ford et al., 2005). Many fMRI studies select regions a
priori (“region-of-interest” analysis) in order to limit statistical error rate. The FEF is uniformly
selected in these studies and shows this differential BOLD activity (Cornelissen et al., 2002;
Curtis & D’Esposito, 2003, in press; DeSouza et al., 2003). The areas covered in the dipoles for
this region (Table 1, Figure 16), however, were more widespread than the area of mean
activation found in a posteriori MRI studies or the area chosen in region-of-interest MRI
analyses. The dipoles for this area were found in the FEF (Paus, 1996; e.g., Ford et al., 2005, +-
26, -7, 51 to 54.; Matsuda et al., 2006, -42/+46 [l/r], -4/-6, 58/50) and in other areas that have
been shown to be active in MRI studies (i.e., posterior inferior frontal gyrus, Brown et al., 2003,
-44/+43 [l/r], 1/13, 33/24).

The current study improved the analysis of the cortical sources of eye movement control
over two prior studies (McDowell et al., 2005; Richards, 2003) in several ways. First, the
McDowell et al. (2005) study used a “region-of-interest” approach and examined only selected
cortical areas for the presaccadic ERP (lateral and medial FEF, SEF, and DPC). The extensive
involvement in the current study of the anterior cingulate cortex, frontal pole, and orbital-frontal
areas in the brain activity immediately preceding the eye movement therefore would have been
overlooked. Second, these prior studies used a single MRI for the identification of source
locations (average of individual MRIs in McDowell et al, 2005; single MRI in Richards, 2003)
and McDowell et al. averaged the source locations to show continuous source areas. The use of
an averaged MRI, generic brain, or normalized space leads to an artificial restriction of source
locations and apparent localization precision, whereas the averaging of different underlying scalp

sources may lead to smearing of the EEG (ERP) potential and smearing of the source locations.
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Doing source analysis tailored to the individual’s anatomical space may be particularly important
in the presence of significant differences in head size or the relation of the brain areas to scalp
landmarks (Ha et al., 2003). Third, the use of finite element models for the resistance pathways
for calculating the forward model (Awada et al., 1997; Buchner et al, 1997; Rosenfeld et al,
1996; Slotnick, 2004) was an improvement over the three-shell spherical model used by Richards
(2003) or the three-compartment boundary element model used by McDowell et al. (2005). The
boundary element models are geometrically more realistic than the spherical models, but cannot
faithfully represent changes in resistance between gray matter, white matter, CSF, and muscle
within the central compartment. The finite element models account for non-homogenous tissue
within the head, local variations in tissue depth or area, and electrical anisotropies; though in
practice, boundary element models and finite element models may give very similar results
(Slotnick, 2004).

The ICA approach in the current study was better than the PCA approach used in
Richards (2003). The ICA algorithm results in many components with equivalent variance
because the components often represent the effect of single brain sources on scalp EEG activity.
Alternatively, PCA components load variability upon fewer components and therefore more
often result in single PCA components that are linear combinations of multiple cortical sources
(Richards, 2004). The results from the PCA in Richards (2003) probably confused the central
negative cluster with the posterior-anterior cluster, whereas they were clearly distinguished in
this analysis (Figures 4, 5, and 6). The improved component differentiation in this study led to
different functional activations for the ICA components (e.g., spike potential in anterior-posterior
but not central negative). The differentiation of the activations from the components representing
different cortical locations for the dipoles in a cluster result in distinct functional activation
patterns for all the ERP activity studied in the present paper.

The results of the cortical analysis in the current study compare favorably with
neuroimaging studies using PET, block-design fMRI, and event-related fMRI. This study and
others (Evdokimidis et al., 1996; Everling et al., 1998; Richards, 2003) showed the negative
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presaccadic potential was related to preparatory responses to the target and not the events
surrounding the saccadic eye movements. Several studies using event-related fMRI showed that
activity in the areas of the brain that differentiate antisaccade from prosaccade eye movements
(e.g., FEF) have substantial preparatory BOLD activity (Curtis and D’Esposito, 2003;
Cornelissen et al., 2002; Desouza et al., 2003; Ford et al., 2005). When the BOLD activity was
linked to the preparatory period, some of the BOLD differentiation for antisaccades and
prosaccades was eliminated (Cornelissen et al., 2003; Desouza et al., 2003; Ford et al., 2005).
Although the event-related fMRI design can separate blocked trials and mixed-trials effects and
can separate preparatory effects from eye movement effects, the temporal resolution of the fMRI
neuroimaging technique cannot identify the temporal process of brain activity surrounding the
saccade (c.f. 4 s preparatory effects with 0.5 s saccade effects, Figure 1 in Ford et al., 2005).
Studies using ERP and cortical source analysis (e.g., current study; McDowell et al., 2005;
Richards, 2003) identified brain areas that were associated with the saccadic eye movement and
pinpointed brain activity in the 100 ms preceding the saccade (Figures 10, 11, 12, 14, 15; Figures
1 and 2 in McDowell et al., 2005). | conclude that ERPs with cortical source analysis are useful
in differentiating brain activities associated with general preparatory processes for control and

brain activities associated with eye movement execution.
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Footnotes
The choice of 100 kQ as the maximum impedance value was based on the high input

impedance of the EGI amplifiers. These amplifiers have an input impedance of about 200 MQ.
compared with traditional EEG amplifier impedances of about 10 MQ. Given the
recommendation of interelectrode impedances being at least 1% of amplifier input impedance
(e.g., 10 kQ for 10 MQ amplifier; Picton et al., 2000), 100 kQ is appropriate for this amplifier.
Ferree, Luu, Russell, and Tucker (2001) estimate that for this amplifier system a 50 kQ
preparation would lead to a maximum 0.025% signal loss, and therefore the current levels should
lead to no more than a 0.050% signal loss. They found no discernible signal loss with electrode
preparations at about 40 kQ.

*The ANOVA:s for the analyses were done with a general linear models approach using
non-orthogonal design because of the unequal number of eye movements across factors, and
because of the different numbers of eye movements across subjects (see Searle, 1971, 1987;
Hocking, 1985). The ANOVAs involving multiple intervals were done by creating a transformed
variable from a polynomial trend reflecting the overall activation pattern shown in the figures
and for polynomial trends reflecting the shape of the activity. In all analyses, the Scheffe method
was used to control for inflation of testwise error rate. The error mean squares for each post hoc
comparison was obtained from the error term for the omnibus interaction for that post hoc
evaluation. The significance of the post hoc tests was p < .05 for all tests and these individual

probabilities were not reported in the text.
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Table 1. Talairach coordinates (mm) and cortical areas of the equivalent current dipole locations

for the ICA component clusters.

Positive Anterior and Negative Central

N Saggital Coronal Axial Mag. SD* | Brodmann Cortical Area
Area
45 -3.9 37.5 -15.2 18.48 11 Orbital-frontal gyrus
49 -0.7 17.0 -2.4 18.19 24, 32 Anterior Cingulate
Cortex
18 3.6 20.3 23.8 13.79 24 Cingulate Gyrus
(Anterior to AC)
31 0.8 -22.5 25.4 17.66 23,31 Cingulate Gyrus
(Posterior to AC)
Negative Central
N Saggital Coronal Axial Mag. SD* | Brodmann Cortical Area
Area
28 1.4 18.3 8.7 18.59 24, 32 Anterior Cingulate
Cortex
29 -0.3 12.5 25.6 15.06 24 Cingulate Gyrus
(Anterior to AC)
57 0.4 -21.6 26.6 18.46 23,31 Cingulate Gyrus
(Posterior to AC)
Lateral Frontal Pole
N Saggital* Coronal Axial Mag. SD* | Brodmann Cortical Area
Area
260 214 49.2 0.5 16.88 10 Frontal Pole
282 15.0 37.5 -16.4 20.54 11 Orbital-Frontal Gyrus
256 4.4 16.7 1.6 18.96 24, 32 Anterior Cingulate
Cortex
134 30.0 10.2 32.7 29.46 6, 8 Prefrontal Cortex

the saggital coordinate.

The ECDs for the lateralized frontal pole ECDs was calculated as the absolute value of

*The magnitude of the SD, calculated as the length of a vector from the average ECD

location to the SD, indicates the approximate radius of a sphere for locations within 1 SD of the

centroid. For bi-lateral locations, the magnitude of the SD is around the absolute value of the

saggital coordinates.
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Figure Captions

Figure 1. A segmented wireframe from the anatomical MRI from one individual
participant showing scalp (white), skull (blue), CSF (yellow), gray matter (red), white matter
(green), muscle (brown), and the nasal and throat air cavity (purple). The eye socket was also
identified. The bottom two rows show restricted portions of the wireframe models for some brain
areas used as source volumes in this study.

Figure 2. Grand average ERP for pretarget and presaccade activity for representative
electrodes. The pretarget period shows frontal pole (Fp) and frontal (Fz) electrodes showing a
slow positive ERP component simultaneous with central (Cz) and parietal (Pz) electrodes
showing a slow negative ERP component (CNV). The presaccade activity shows the parietal
slow ERP component and spike potential in the parietal leads.

Figure 3. Topographical spatiotemporal scalp potential maps for the grand average ERP
in the pretarget, presaccade, and postsaccade periods. The scale for all topographical maps
representing pretarget or presaccade ERP ranges from -10 to 10 pV, whereas the scale for
saccades ranges from -60 to 60 pV. The color scale is for all figures.

Figure 4. Three-dimensional scalp projections showing four individuals with similar
component loadings near the eyes (top row) and the central negative component (second row).
The average for the component loading clusters for the frontal and central clusters are shown in
the third row.

Figure 5. Equivalent current dipole locations for the ICA clusters representing the eyes
and the anterior-posterior loadings. Each location on the MRI represents the ECD location of a
single ICA component. The topographical and three-dimensional scalp potential maps show the
average of the component loadings for the dipoles located this brain source volume. Table 1 has
the average of the Talairach coordinates for the component cluster ECD locations.

Figure 6. Equivalent current dipole locations for the central negative ICA cluster for the

cingulate gyrus (posterior to anterior commisure) and the anterior cingulate cortex.
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Figure 7. Equivalent current dipole locations for the frontal pole component cluster for
the orbital-frontal gyrus, frontal pole, and anterior cingulate cortex.

Figure 8. The activations of the component cluster with loadings near the eyes.

Figure 9. Activations during the pretarget period for the pretarget period for the anterior-
posterior cluster and the central negative cluster. Each line drawing indicates the temporal
activation for the components whose equivalent current dipoles occurred in the specified cortical
source volume.

Figure 10. Activations during the presaccade period for the component cluster with
anterior-posterior loadings. The top figure is the unfiltered activation and shows the parietal slow
ERP component (Figures 2, 3). . The bottom figure represents activity with bandpass filtering at
levels similar to ERP averages and shows the parietal spike potential (Figures 2, 3).

Figure 11. Activations during the presaccade period for the component cluster with
central negative loadings. The top figure is the unfiltered activation and shows the parietal slow
ERP component (Figures 2, 3). The bottom figure represents activity with bandpass filtering at
levels similar to ERP averages and does not show a spike potential.

Figure 12. Activations during the presaccade period for the ICA components with
equivalent current dipoles in the anterior cingulate cortex (top graph) and in the posterior portion
of the cingulate gyrus (bottom graph), separately for uncued and cued trials.

Figure 13. Activity-based locations in the MRI for the ICA components showing a
pretarget negative slow wave and presaccade parietal slow wave. The panels represent the
activation of the components whose ECDs were found in the posterior portion of the cingulate
gryus (top row) or the anterior cingulate cortex (middle row), and ECD activations in common
between the pretarget and presaccade slow waves. The bottom row shows the activations for the
presaccade cueing effect and the spike potential.

Figure 14. Activations during the presaccade period for the component cluster with

loadings in the frontal pole scalp electrodes. The presaccadic positive potential occurring about
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50-60 ms preceding saccade onset was found only in selected ICA components contralateral to
the eye movement towards the target.

Figure 15. Activations during the presaccade period for the frontal pole component
cluster, separately for the specified cortical source volumes. Effects of the cueing and eye
movement conditions were found primarily in the orbital-frontal and prefrontal regions.

Figure 16. Activity-based locations in the MRI for the frontal pole component cluster
during prosaccade and antisaccade eye movements in the brain areas in which ECDs were found.

The right panels are the difference activations (antisaccade minus prosaccade).
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