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We used functional magnetic resonance imaging
(fMRI) to investigate cortical activation during the
performance of three oculomotor tasks that impose
increasing levels of cognitive demand. (1) In a visually
guided saccade (VGS) task, subjects made saccades to
flashed targets. (2) In a compatible task, subjects made
leftward and rightward saccades in response to foveal
presentation of the uppercase words “LEFT” or
“RIGHT.” (3) In a mixed task, subjects made rightward
saccades in response to the lowercase word “left” and
leftward saccades in response to the lowercase word
“right” on incompatible trials (60%). The remaining
40% of trials required compatible responses to upper-
case words. The VGS and compatible tasks, when com-
pared to fixation, activated the three cortical eye
fields: the supplementary eye field (SEF), the frontal
eye field (FEF), and the parietal eye field (PEF). The
mixed task, when compared to the compatible task,
activated three additional cortical regions proximate
to the three eye fields: (1) rostral to the SEF in medial
frontal cortex; (2) rostral to the FEF in dorsolateral
prefrontal cortex (DLPFC); (3) rostral and lateral to
the PEF in posterior parietal cortex. These areas may
contribute to the suppression of prepotent responses
and in holding novel visuomotor associations in work-

ing memory. e 2001 Academic Press

INTRODUCTION

A fundamental question regarding the nature of
voluntary motor control is whether different cortical
systems are involved in generating a given response
depending on the conditions under which the re-
sponse is initiated. For example, studies have shown
that a specific set of brain regions are activated
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during the early stages of learning sequences of
movements and that the regions recruited by a motor
task change during learning (Sakai et al., 1998).
Stimulus—-response (S-R) incompatibility tasks are
useful for probing cognitive processes subserving vol-
untary response generation because stimulus—re-
sponse relationships of varying complexity can be
used to elicit the same motor response. Extensive
behavioral and electropsychophysical research has
been dedicated to examining motor responses gener-
ated during S-R incompatibility conditions (Chris-
tensen et al., 1996), though little is known about the
cortical basis of such cognitive functions.

Previous functional imaging studies of S-R incom-
patibility, or response conflict, have consistently impli-
cated the anterior cingulate cortex (Paus et al., 1993)
and the inferior frontal gyrus (Taylor et al., 1997) as
sites of executive function during task performance.
However, the effects of S-R incompatibility on cortical
motor areas are not yet well characterized. In the
present study, we used fMRI to investigate activation
during the performance of an oculomotor S-R incom-
patibility task. In our S-R incompatibility task, auto-
matic response tendencies were inappropriate and con-
flicted with the correct responses. We contrasted
activation in this task to activation in two control tasks
that were matched for number of saccades and orbital
position, but that required responses compatible with
the stimuli.

Anatomical studies in monkeys (Cavada and Gold-
man-Rakic, 1989; Bates and Goldman-Rakic, 1993)
have shown that subregions in lateral frontal cortex
are densely interconnected with specific regions of
medial frontal and parietal cortex. These regions
together may comprise a circuit for the higher
order control of response generation. We therefore
predicted that the spatial resolution of fMRI would
permit us to selectively activate this circuit. Specif-
ically, we hypothesized that distinct regions proxi-
mate to the well defined cortical eye fields (Luna et
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al., 1998) would be preferentially activated by the
S-R incompatibility task because of its greater de-
mands on both attentional and motor control sys-
tems.

MATERIALS AND METHODS

Subjects and Behavioral Tasks

Subjects were eleven right-handed volunteers (seven
female; mean age 25.4 years (SD = 6.1)). Written con-
sent and experimental procedures for this study com-
plied with the Code of Ethics of the World Medical
Association (1964 Declaration of Helsinki). In a pre-
scan session, subjects were acclimated to the confine-
ment of the scanner environment and familiarized
with the tasks. All subjects were experienced in per-
forming eye movement and cognitive tasks in a labo-
ratory setting, and had practiced performing the three
tasks for 30 min during the prescan session.

Visually guided saccade task. Subjects fixated a
central circular stimulus (0.5° of visual angle) for 750
ms. When the central stimulus was extinguished, a
white circular target subtending 1.0° of visual angle
appeared unpredictably at locations 8° to the right or
left. Subjects were instructed to look toward these tar-
gets. The targets remained present until the central
stimulus reappeared 750 ms later, cueing subjects to
resume central fixation.

Compatible task. The compatible task required
subjects to generate eye movements in response to
semantic cues. Subjects fixated a central circular tar-
get (0.5° of visual angle) for 750 ms after which the
words “LEFT” or “RIGHT” (uppercase white letters)
appeared centrally for 100 ms. Subjects were in-
structed to execute a saccade in the direction indicated
toward one of two static targets 8° to the left or right of
fixation. After 750 ms, the central target reappeared
and subjects fixated it.

Mixed task. In this task, subjects were instructed
to execute a saccade in the direction opposite to that
indicated by lowercase words (“right” and “left”). These
incompatible trials occurred 60% of the time and were
randomly intermixed with compatible trials. Pilot be-
havioral testing indicated that a 60/40 ratio of incom-
patibile/compatible trials maximized reaction time on
incompatible trials.

The experimental design consisted of 10.5 cycles of
alternating 30 s blocks of two tasks. Three experiments
were performed on each subject, contrasting the VGS
task with fixation, the compatible task with fixation,
and the mixed task with the compatible task.

Image Acquisition and Data Analysis

Functional images were acquired with gradient-echo,
resonant echoplanar imaging using a 1.5 Tesla whole

FIG. 1. Group average map of activation in dorsal midline neo-
cortex during three task comparisons: (A) visually guided saccade
task vs fixation; (B) compatible response task vs fixation; (C) mixed
vs compatible tasks. Functional data from 11 subjects are superim-
posed on a single subject’'s anatomy. Threshold for activation was t =
3.5. AC, anterior commisure; SEF, supplementary eye field; pre-
SMA, presupplementary motor area.

body scanner (Signa, General Electric Medical Systems).
Seven axial slices were acquired from the dorsal surface
of the brain to the superior aspect of the corpus callosum,
which included all cortical eye fields and other regions of
interest. Scanning parameters were: TE = 50 ms; flip
angle = 90°; single shot; FOV = 40 X 20 cm; acquisition
matrix = 128 X 64, voxel size = 3.125 X 3.125 X 5 mm
with 1 mm gap; TR = 1.5 s; 420 images/slice. Locally
developed FIASCO software (Eddy et al., 1996) was used
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FIG. 2. 3-D surface renderings of group average activation maps for three task comparisons. (A) Visually guided saccade and compatible
tasks vs fixation; (B) compatible task vs fixation and mixed vs compatible tasks. Functional data from 11 subjects are superimposed over a
single subject’s anatomy. Threshold for activation was t = 3.5. DLPFC, dorsolateral prefrontal cortex.

to deghost, correct for in-plane head motion, reconstruct
images, and to perform voxelwise t tests comparing the
conditions of interest. Using public-domain AFNI soft-
ware (Cox et al., 1996), activation maps of individual
subjects were resampled to 1 mm?® using nearest neighbor
interpolation, overlaid onto high-resolution structural
images, transformed into Talairach space, and smoothed
with a small 3-D Gaussian filter with a sigma of 0.7 mm.
Individual activation maps were then averaged across
subjects to generate group activation maps. Group t maps
were thresholded for significance using a cluster-size
method to reduce the risk of Type 1 errors associated with

multiple comparisons (Forman et al., 1995). A cluster size
of 8 contiguous voxels over a volume of 200 mm® with a t
value threshold of 3.5 was used as a statistical signifi-
cance criterion. Thresholded activation maps were pro-
jected onto 3-D renderings of the cortical surface for an-
atomical localization and visualization.

RESULTS AND DISCUSSION

Comparison of visually guided saccades with fixation
revealed activation in all three cortical eye fields: SEF
(Fig. 1A), FEF, and PEF (Fig. 2A, red and green). The
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FIG. 3. Coronal views (—48 >y > —64) of group average activation maps showing parietal activation from the compatible vs fixation
comparison (blue) and the mixed vs compatible comparison (yellow). Regions of overlap are shown in green. Threshold for activation was

t=35.

same zones were activated by the compatible task
when compared to fixation (Fig. 1B; Fig. 2A, blue and
green; Table 1).?

The mixed task, as compared to the compatible task,
elicited additional activation in cortex proximate to
each of the three eye fields (Table 1). In medial frontal
cortex, the locus of activation was immediately rostral
to the SEF, rostral to the anterior commissure, and
superior to the cingulate sulcus (Fig. 1C). On the lat-
eral surface of frontal cortex, the locus of activation
was in the rostral aspect of the middle frontal gyrus,
well anterior to the FEF activation observed in the

It is noteworthy that FEF activation in the compatible task
extended ventrally into the inferior branch of the left precentral
sulcus (Fig. 2a). This region is dorsal and posterior to Broca's area,
and its activation may reflect engagement of left hemisphere lan-
guage systems in the interpretation of semantic cues for oculomotor
responses.

compatible and VGS paradigms (Fig. 2B). In parietal
cortex, the locus of activation was just lateral to the
PEF (Fig. 3, yellow and green) as defined by the com-
patible task (Fig. 3, blue and green). Parietal activation
also extended farther rostrally in the mixed task rela-
tive to the compatible task (Fig. 2B).

These results demonstrate that performance of eye
movements during the mixed task activates regions of
cortex proximate to each of the cortical eye fields (FEF,
SEF, and PEF). In lateral frontal cortex, activation in
the mixed task was rostral to the FEF, as mapped by
the compatible and VGS tasks. This activation in dor-
solateral prefrontal cortex (DLPFC) may be related to
the need to suppress prepotent responses on incompat-
ible trials, a possibility supported by clinical evidence
(Guitton et al., 1985; Perret, 1974). Furthermore, im-
aging studies have reported similar activations in fron-
tal cortex during other voluntary response suppression
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TABLE 1

Localization of Active Regions in Dorsal Cortex in Talairach Space during Performance of the Visually Guided Saccade
Task, the Compatible Task, and the Mixed Task

Visually guided vs fixation

Compatible vs fixation

Mixed vs compatible

Left Right Left Right Left Right
FEF —47, -9, 52 42, -8, 57 -32, -7,51 41, —8, 56 -31, -3, 63 33, 2, 62
DLPFC — — — — —-36, 52, 30 33, 49, 31
PEF -21, =71, 53 17, =75, 54 —20, =74, 54 17, =75, 54 —26, —75, 49 19, —-81, 47
PPCr. — — — — -39, —57, 50 40, —52, 55
SEF -2, =5, 58 -2, —4, 55 —
Pre-SMA — — 0, 6, 53

Note. FEF, frontal eye field; DLPFC, dorsolateral prefrontal cortex; PEF, parietal eye field; PPCg,, rostrolateral posterior parietal cortex;
SEF, supplementary eye field; pre-SMA, presupplementary motor area.

paradigms (Konishi et al., 1999; Jonides et al., 1998;
Sweeney et al., 1996).

Because incompatible trials were intermixed with
compatible trials, activation in DLPFC may also reflect
the requirement to attend to and hold in working mem-
ory two aspects of the cue (word case and semantic
content) and their associated response requirements.
This possibility is consistent with previous reports in
the single unit literature of rule-dependent activity in
monkey DLPFC (White and Wise, 1999; Asaad et al.,
2000). The zone of activation coincided with locations
in DLPFC thought to play a role in the executive con-
trol of spatial cognitive and motor processes, particu-
larly in maintaining sensory information and response
plans over time (Fuster, 1992; Sweeney et al., 1996;
Courtney et al., 1997). Further studies are needed to
determine the degree to which activation in this region
reflects the suppression of task-inappropriate re-
sponses rather than a more general role in the guid-
ance of motor output according to complex rules.

In medial frontal cortex, activation in the mixed task
was rostral to the SEF in a region that coincides with
the presupplementary motor area (pre-SMA; Picard
and Strick, 1996). This area has been activated in
previous imaging studies during both manual and oc-
ulomotor sequence learning tasks (Kawashima et al.,
1998; Boeker et al., 1998; Petit et al., 1996; Hikosaka et
al., 1996; Sakai et al., 1998) and during the perfor-
mance of tasks requiring a delayed response (Petit et
al., 1999; Sweeney et al., 1998). The pre-SMA is
thought to play a central role in the acquisition of novel
visuomotor associations (Hikosaka et al., 1999). The
activation observed here may therefore reflect the
learning and use of novel associations between the
lower case stimuli and the task appropriate but incom-
patible oculomotor responses.

In parietal cortex, activation during the VGS and
compatible tasks coincides with areas in parietal cortex
in and around the intraparietal sulcus that have been

reported in earlier fMRI studies of eye movements and
attention (Corbetta et al., 1999; Luna et al., 1998). This
region may be functionally comparable to the lateral
intraparietal area (LIP) in the monkey (Colby and
Goldberg, 1999), which exhibits both visual and sac-
cade-related activity. However, recent work has placed
human LIP near the medial surface of superior pari-
etal cortex (Sereno et al., 2000) and the exact relation-
ship between subregions within human and monkey
parietal cortex is still unclear. Previous imaging stud-
ies have emphasized the degree to which activation in
parietal cortex generalizes over a variety of attention
tasks (Wojciulik and Kanwisher, 1999). Activation in
the mixed task was clearly rostral and lateral to that
seen in the two control paradigms. This is the first
demonstration of clear segregations within parietal
cortex of regions differentially activated when tasks
vary in voluntary attentional demands.

Anatomic and neurophysiologic studies in monkeys
indicate that multiple cortical pathways are involved
in controlling motor output. One pathway, comprising
LIP, SEF, and FEF, is specialized for controlling eye
movements (Bruce, 1990). Adjacent to each of these
fields is a cortical district that participates in more
complex cognitive functions: area 7a (Andersen et al.,
1998), pre-SMA (Tanji, 1996), and DLPFC (Funahashi
et al., 1991). These areas are densely interconnected
(Cavada and Goldman-Rakic, 1989; Bates and Gold-
man-Rakic, 1993; Luppino et al., 1993), and may com-
prise a higher-order circuit for guiding eye movements
based on internal plans and decisions (Goldman-Rakic,
1988). Our results suggest that a parallel system exists
in humans.
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