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Abstract We examined whether the frontal eye fields
(FEF) are involved in the suppression of reflexive sac-
cades. Simultaneous recording of horizontal eye move-
ments and functional magnetic resonance imaging en-
abled us to perform a randomized pro- and antisaccade
task and to sort blood oxygenation level dependent
(BOLD) time series on the basis of task performance.
Saccadic reaction time distributions were comparable
across tasks indicating a similar effort in preprocessing
of the saccades. Furthermore, we found similar BOLD
activation in FEF during both correctly performed pro-
and antisaccades. Frontal eye field activation started pri-
or to target presentation and saccade generation. While
we observed only few erroneous antisaccades, these
were associated with a decrease in BOLD activity prior
to target presentation, and increased BOLD activity after
target presentation relative to correctly performed anti-
saccades. These findings are consistent with arole of the
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FEF in the suppression of reflexive saccades. The in-
crease in activity after target presentation for antisaccade
errors can only be indirectly linked to such a role but
may also reflect activity related to the generation of a
correction saccade. Frontal eye field BOLD activity may
further represent general arousal, preparatory set, short-
term memory, or salience-map related activity.
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Introduction

Antisaccades are voluntary saccades made toward the
mirror position of a visual object, i.e., a “virtual” target
defined purely by instruction (Hallet 1978; Hallet and
Adams 1980). To correctly perform an antisaccade, a re-
flexive (pro-) saccade toward the suddenly appearing vi-
sual stimulus needs to be suppressed. Frequently, errors
occur that indicate that the subject was unable to do so.
In this study, we focused on the role of the frontal eye
fields (FEF) in this suppression of reflexive saccades
while subjects make antisaccades. In humans, the FEF
are located in the vicinity of the precentral sulcus in
Brodmann area 6 (Paus et a. 1996). The FEF are part of
a cortical network that controls saccadic eye movements
(Gaymard et al. 1998) and have a specific role in the
generation of voluntary saccades, such as antisaccades
(Fischer and Boch 1991).

A number of recent human neuroimaging studies
(O’ Driscoll et al. 1995; Sweeney et a. 1996; Doricchi et
al. 1997; Connolly et al. 2000; Kimmig et al. 2001) re-
ported more activation of the FEF associated with anti-
saccades relative to prosaccades. One study (Muri et al.
1998) did not observe such a difference. The additional
activity in the FEF during antisaccades supports the in-
volvement of this areain the generation of voluntary sac-
cades. The studies cited above contrasted activation
when subjects performed the pro- and antisaccade trials
blockwise, such that no uncertainty with respect to trial



type was present. The differences in activation must thus
be related to the additional processing (i.e., response
suppression, trgjectory programming) required for the
correct execution of antisaccades. Additional, abeit indi-
rect, evidence for arole of the FEF in the suppression of
reflexive saccades comes from an event-related function-
al magnetic resonance imaging (fMRI) study of overt
and covert shifts of attention (Perry and Zeki 2000). In
this study, the FEF were more active during covert shifts
of attention that required suppression of saccades than
during overt shifts that required (pro-) saccade genera-
tion. In monkeys, Burman and Bruce (1997) found that
in nearly half of the sites tested, low threshold electrical
stimulation of the FEF prior to visual, memory-guided,
and antisaccades led to an increase in saccadic latency,
again supporting a role of the FEF in the suppression of
saccades.

An indication against a role of the FEF in reflexive
saccade suppression comes from a lesion report by
Gaymard et al. (1998, 1999). A subject with a small uni-
lateral lesion restricted to the FEF showed anormal error
rate in the antisaccade task. Gaymard et a. interpreted
this as indicating that the FEF have no role in reflexive
saccade suppression. In a monkey study, Everling and
Munoz (2000) found decreased activity in certain FEF
cells (those projecting directly to the superior colliculus)
during and prior to antisaccades relative to prosaccades.
Less activity on the antisaccade task, during which sup-
pression should be most pronounced, is an indication
that these particular FEF cells, at least, had no role in
preventing reflexive eye movements. However, the de-
crease in activity could well be the result of other (FEF)
neurons inhibiting this particular subset of cells.

A direct comparison of these single cell, imaging, and
lesion studies is hampered by both methodological dif-
ferences as well as the difficulty to directly compare
neuroimaging and single cell results. The results so far
are not unequivocal and it thus remains unclear whether
the FEF have a role in the suppression of spontaneous
and reflexive saccades. Without expecting to immediate-
ly resolve this issue, we decided to employ an approach
frequently used in monkey physiology (see, for example,
Everling and Munoz 2000) in a human event-related
fMRI experiment in order to gain additional insight in
the role of the FEF. The approach is to randomize the
presentation of pro- and antisaccades on a trial-by-tria
basis. Only briefly before the presentation of the target
the expected saccade type is indicated, making the task
unpredictable. Subjects must therefore prepare them-
selvesin asimilar way for each type of task, eliminating
strategy-related differences from influencing the results.
Indeed, when pro- and antisaccades are randomized in
such a way, their latencies tend to become quite similar
(Weber 1995). This similarity supports the idea that ran-
domizing pro- and antisaccade trials renders the prosac-
cades voluntary, rather than reflexive, such as in a block
paradigm. Thus, at a behavioral level at least, pro- and
antisaccades become much more comparable under the
condition of randomized presentation.
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Materials and methods

Our methods for visual stimulation, recording and analysis of eye-
movement data, and acquisition of fMRI data have been described
elsewhere (Kimmig et al. 1999, 2001). We here only describe de-
tails that were specific to the current study.

Stimulus presentation during the randomized pro- and antisac-
cade task was as follows. A blue fixation spot was positioned in
the center of the display at the beginning of each trial. Two differ-
ent conditions were performed, a prosaccade and an antisaccade
task. A change in color of the fixation spot, 500 ms prior to target
onset indicated the type of saccade to make. A change to green in-
dicated the subject had to make a prosaccade, whereas a change to
red indicated an antisaccade trial. During the saccadic eye-move-
ment task, the fixation spot was extinguished 200 ms prior to the
onset of the peripheral (10° to the left or right) target. The subject
was asked to make a saccade as quickly as possible to the target
location. After 1.5 s the target disappeared and the central fixation
spot appeared again in the center of the display and subjects relo-
cated their gaze to the fixation spot.

Eye-movement data were used to categorize pro- and antisac-
cade trials into correct and incorrectly performed trials and lapses,
as well as used to determine saccade latency (difference between
onset of the target and start of the saccade). The fMRI data for
lapses and saccades with a latency shorter than 80 ms (classified
as anticipatory) were discarded, but since this occurred rarely (less
than 5% of trials) no further analysis on these data was conducted.

Event-related fMRI data acquisition and analysis

Functional imaging was performed with T2*-weighted gradient
recalled echoplanar imaging. (The technical datafor the functional
measurements were TE 66 ms, TR 1.5 s, flip angle 90°, field of
view 256 mm, six slices, matrix 128x128, voxel size of 2x
2x4 mm.) During the stimulation protocol 128 volumes were ac-
quired over a 3.2-min period. In this period, 10 saccade trials were
presented to the subject (five pro- and five antisaccades randomly
interleaved). Although this “sparse” presentation allowed us to
present only relatively few trialsin arun, it does alow us to com-
pletely follow the rise and fall of the blood oxygenation level de-
pendent (BOLD) signal. Subjects performed four to six runs each,
such that 4060 saccade trials were collected for each subject.

Left and right hemispheric ROIs in the human FEF were deter-
mined both on the basis of the anatomical location and by requiring
that the time course of the BOLD activation was correlated with the
presentation of saccade targets (irrespective of the type of saccade
or performance). The ROl was 6x6 voxels centered on the maxi-
mum of activation. Time courses in the thus defined ROIs were ex-
tracted from the data of each run for both left and right hemispheres.

Of each run, the first four volumes were discarded to remove
saturation onset effects. The raw time course data were first cor-
rected for slow linear changes in mean signal intensity over the
entire time series. The data were converted to percent signal
change by subtracting and dividing by the mean signal intensity of
the time series during each trial. The BOLD responses associated
with each type of trial were then separately averaged. The fMRI
response amplitudes were computed from the time series as de-
scribed by Ress et al. (2000) and were used to scale the responses
of each subject. To have a fair number of erroneous antisaccades
contributing to the results we only present data combined over
subjects. The presence of statistically significant differences in the
fMRI time series and latency data was verified using ANOVA
with (when applicable) subject, hemisphere, saccade type and er-
ror, and time from stimulus onset as independent variables.
Post hoc analysis was performed using Scheffe’'s F procedure.

Subjects
After giving their informed consent, three volunteers participated

in the study. The subjects age ranged from 24 to 36 years. All
subjects were males, one of whom was author FW.C.



272

Fig. 1 Frequency distributions 25 25 - -
of saccadic reaction times for A) Prosaccades B) Antisaccades
prosaccades (A) and antisac- 20 - 244176ms 201 276:66ms
cades (B). Bin width 20 ms
e 151 15 w
@ ‘ ‘
o
S
¢ 10 10
2 I
5 ; W 5
),
0 NN ‘Hm 0o 0 T(M ‘
0 100 200 300 400 500 600 0 100 200 300 400 500 600
Latency Latency
Fig. 2 A Average blood oxy- ‘ A, ‘ ' : i i *
genation level dependent 1518 oo At Gorrect | 151 ) — Fer

(BOLD) responses of three
subjects for correct pro- and
correct and erroneous antisac-
cadesin the frontal eyefields
(FEF). B Average BOLD re-
sponses of three subjects aver-
aged over correct pro- and anti-
saccades in the FEF and ar-
ea V1 (primary visual cortex).
The saccade target appeared at
t=0 s (bars show SEM)

Response (% BOLD signal change)

Pro, Correct

I
I
I
I
!
i
!
I

' L L L L

Time from stimulus presentation (s)

Table 1 Percentage of correct and incorrect anti- and prosaccades
for each subject

Subject Antisaccades Prosaccades
Correct Error Correct

F.C. 49% 2% 49%

J.J. 32% 13% 55%

R.E. 48% 2% 50%

Results

Data were acquired for three subjects [mean Talairach
coordinates (Talairach and Tournoux 1988) for the FEF
averaged over subjects and hemispheres. x=40.6 (+4.9),
y=-8.5 (£3.8), z=55.4 (£4.5); number in brackets is stan-
dard deviation]. Table 1 lists the percentage of correct
and incorrect anti- and prosaccades for each subject. Fig-
ure 1 shows that the latency distributions for pro- and
antisaccades were fairly comparable (median, skewness,
and variance of 239, 1.5, 5,586 and 266, 0.6, 4,333, re-
spectively). There were significant differences in latency
associated with the different response and saccade types
[F(2,125)=4.6; P<0.05]. Post hoc analysis showed that
the small difference of 32 ms between correct pro- and
antisaccades (mean latencies of 244 and 276 ms, respec-
tively) reached significance (P<0.01). Latencies for cor-
rect and incorrect antisaccades differed by 95 ms (mean
latencies 276 and 181 ms, respectively), which was high-
ly significant (P<0.001).
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Figure 2A shows the BOLD responses in the FEF, av-
eraged over left and right hemispheres. Note that the
BOLD responses for correctly performed pro- and anti-
saccades are highly comparable. In contrast, there was a
clear difference in the BOLD response of correct and in-
correct antisaccades. Prior to target appearance BOLD
activity for erroneous antisaccades was dlightly lower
than for correct ones. For up to 9 s after target appear-
ance, however, BOLD activity for erroneous antisac-
cades was higher than for correct ones. About 10 s after
target appearance an undershoot was measured. There
were significant differencesin BOLD response over both
the 7 s prior to target appearance as well as the first 9 s
after target appearance associated with the different re-
sponse and saccade types [F(2,1205)=4.9; P<0.01 and
F(2,1446)=7.7; P<0.001, respectively]. For both time
spans, post hoc analysis showed that the difference be-
tween pro- and antisaccades was not significant, whereas
the difference between correct and erroneous antisac-
cades was significant (P<0.05 and P<0.001 for time
spans prior to and after target presentation, respectively).
All antisaccade errors were followed by a correction sac-
cade.

Figure 2B shows the BOLD response averaged over
all correct saccades in area V1 (primary visua cortex)
and in FEF. The BOLD activity in FEF starts to rise well
before target presentation and does so in a much more
pronounced way thanin V1.



Discussion

We find that when saccades to both real (prosaccades)
and virtual objects (antisaccades) are presented in a ran-
domized manner, saccade latency, distributions, and
BOLD responses in FEF are similar. The mean differ-
ence in latency for pro- and antisaccades in our random-
ized paradigm of 32 ms is comparable to the 28 and
27 ms difference reported by Weber (1995) for a cue
lead time of O and 300 ms, respectively (our cue lead
time was 500 ms). The difference is much smaller than
in aregular block design [for example, Weber (1995) re-
ported a difference of 72 ms and Kimmig et al. (2001)
found a difference of 50 mg]. Peaks in the frequency dis-
tribution of reaction times indicate different processing
stages of saccades (Fischer and Weber 1998). The distri-
butions for pro- and antisaccades were comparable. We
take this as an indication for similar preprocessing of
pro- and antisaccades in our paradigm. The similarity in
latency also supports the idea that randomizing the trial
order for pro- and antisaccades renders the prosaccades
voluntary, rather than reflexive, the latter of which oc-
curs in a non-random block paradigm. In such a pare-
digm, the differential activity for pro- and antisaccades
has been taken to indicate FEF involvement in suppres-
sion. In the randomized paradigm, suppression is re-
quired prior to both pro- and antisaccades. The similarity
in BOLD response for both saccade types can thus be
taken as an indirect indication for a role of the FEF in
the suppression of reflexive saccades.

The BOLD response in the FEF started to rise well
before the appearance of the target and before the sac-
cade was generated indicating the presence of presaccad-
ic neural activity. A direct comparison between areas is
somewhat complicated by potential influences of differ-
ences in vascularization. We nevertheless think that such
a comparison may provide information about the func-
tional origin of BOLD signals. Also in V1 the BOLD
signal rose slightly prior to target appearance, yet in FEF
this was much more pronounced and occurred at an ear-
lier moment in time. This suggests that this early rise is
not just areflection of a general increase in arousa or at-
tention but rather is related to specific neural processing
taking place in FEF. The early rise in activity is rather
gradual in comparison to the usually reported event-re-
lated BOLD response. Since these neura control pro-
cesses are internally triggered the saccadic event can on-
ly serve as a relative time marker, similar to the “Bere-
itschaftspotential” in the electric and magnetic encepha-
lography literature (Kristeva-Feige et a. 1997). As the
actual time of onset is uncertain, the resulting BOLD re-
sponse is temporally smoothed.

Only very few erroneous saccades were included in
this study. Nevertheless, we will try to interpret the asso-
ciated BOLD response. The early risein FEF BOLD sig-
nal with correct pro- and antisaccades could be reflecting
neural activity related to inhibitory processing. To the
extent that errors are indeed due to a failure to suppress
reflexive saccades to the visual target, the slight decrease
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in activity associated with erroneous antisaccades prior
to target appearance is consistent with this idea. After
target appearance, the FEF BOLD response for errone-
ous antisaccades rose above that for correct ones. This
increase in BOLD activity appears inconsistent with in-
hibitory processing. However, BOLD activity increases
almost linearly with the frequency with which saccades
are elicited (Kimmig et al. 2001). As all erroneous sac-
cades were corrected, a parsimonious explanation is that
the late increase reflects additional neural activity related
to the generation of this correction saccade.

In conclusion, the similarity in pro- and antisaccade-
related responses as well as the early increase in activity
are consistent with arole for the FEF in inhibitory activi-
ty. Also the decrease in activity prior to antisaccade er-
rors is consistent with such a role. The increase, rather
than a decrease, in activity after antisaccade errors can
only be reconciled in an indirect way with such a role,
but may also be reflecting activity related to the genera-
tion of a correction saccade. Presaccadic BOLD activity
in the FEF is probably not exclusively related to inhibi-
tion. It could aso be reflecting preparatory set-related
activity (Everling and Munoz 2000), the storage of pa-
rameters for a forthcoming saccade (Gaymard et al.
1998, 1999), or the build up of a salience map that marks
stimulus locations for their relevance (Thompson and
Bichot 1999).
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