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Neural Activity Is Modulated by Trial History: A Functional
Magnetic Resonance Imaging Study of the Effects of a
Previous Antisaccade
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Saccadic latencies are influenced by what occurred during the previous trial. When the previous trial is an antisaccade, the latencies of
both prosaccades and antisaccades are prolonged. The aim of this study was to identify neural correlates of this intertrial effect of
antisaccades. Specifically, based on both monkey electrophysiology and human neuroimaging findings, we expected trials preceded by
antisaccades to be associated with reduced frontal eye field (FEF) activity relative to those preceded by prosaccades. Twenty-one healthy
participants performed pseudorandom sequences of prosaccade and antisaccade trials during functional magnetic resonance imaging
(fMRI) with concurrent monitoring of eye position. We compared activity in trials preceded by an antisaccade with activity in trials
preceded by a prosaccade. The primary result was that a previous antisaccade prolonged saccadic latency and reduced fMRI activity in the
FEF and other regions. No regions showed increased activity. We interpret the reduced FEF activity and slower saccadic responses to
reflect inhibitory influences on the response system as a consequence of performing an antisaccade in the previous trial. This demon-
strates that neural activity is modulated by trial history, consistent with a rapid, dynamic form of learning. More generally, these results

highlight the importance of trial history as a source of variability in both behavioral and neuroimaging studies.
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Introduction
Optimizing behavior depends on the ongoing adjustment of re-
sponses based on the context in which they occur. Although most
behavioral studies focus on the effects of immediate task condi-
tions, responses also depend on what occurred during the previ-
ous trial (Fecteau and Munoz, 2003). Behavioral studies demon-
strate that saccadic performance is influenced by the previous
saccade. In particular, compared with a previous prosaccade, per-
forming an antisaccade in the previous trial prolongs the latencies
of both prosaccades and antisaccades (Cherkasova et al., 2002;
Fecteau et al., 2004; Barton et al., 2006). Whereas prosaccades
require a gaze toward a suddenly appearing visual target, antisac-
cades require inhibition of the prepotent prosaccade and the gen-
eration of a saccade away from the target (Hallett, 1978).

What accounts for the previous antisaccade effect on latency?
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One possibility is that it reflects alterations in preparatory activity
in ocular motor regions. In monkey electrophysiology studies,
compared with a prosaccade, an antisaccade is associated with
reduced pretarget activity of saccade-related neurons in the fron-
tal eye field (FEF) (Everling and Munoz, 2000) and superior col-
liculus (Everling et al., 1999). Moreover, lower pretarget FEF ac-
tivity is correlated with increased saccadic latency and fewer
antisaccade errors. If an antisaccade command has persistent ef-
fects and reduces preparatory activity in the FEF not only in the
current trial but also in the subsequent one, then this could in-
crease the latency of the subsequent saccade (Barton et al., 2006).

Other aspects of saccades influence physiological and behav-
ioral characteristics of the subsequent saccade. For example, in a
monkey study requiring saccades to the right or left, latencies
were shorter if a saccade was in the same direction as the previous
saccade (Dorris et al., 2000). This latency effect was paralleled in
the superior colliculus by greater pretarget activity if the saccade
of the previous trial was in the preferred direction of the neuron.
This phenomenon was labeled “immediate neural plasticity,” be-
cause it indicated that neural activity could be shaped by experi-
ence in a continuous, dynamic manner. Similar intertrial effects
of saccades have been observed in the FEF (Bichot and Schall,
2002). In the present study, we reasoned that because the direc-
tion of the previous response can affect subsequent pretarget ac-
tivity, the powerful inhibition generated by a previous antisac-
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cade might also persist in the saccadic system as another type of
response-system “plasticity.”

We used event-related functional magnetic resonance imag-
ing (fMRI) to examine the neural basis of the previous antisac-
cade effect on latency. Participants performed a pseudorandom
series of prosaccades and antisaccades. We contrasted the effect
of a preceding antisaccade with that of a preceding prosaccade on
current trials. We hypothesized that a previous antisaccade
would be associated with reduced FEF activity in the period pre-
ceding target appearance. This hypothesis is based on electro-
physiology and fMRI findings that reduced FEF activity is asso-
ciated with longer saccadic latencies (Everling and Munoz, 2000;
Connolly et al., 2004) and findings of reduced fMRI activity dur-
ing manual responses that were preceded by inhibition (“no-go”)
versus “go” trials (Durston et al., 2002).

Materials and Methods

Sample

Twenty-one healthy participants (eight females; mean age, 34.2 = 12.6
years) were recruited by poster and website advertisements from the
Massachusetts General Hospital and Boston communities. All partici-
pants were strongly right handed (mean modified Edinburgh score,
90.5 * 11.5) (Schachter, 1994). The study was approved by the Partners
Human Research Committee, and all subjects gave written informed
consent.

Saccadic paradigm

Before scanning, the task was explained, and participants practiced until
they were comfortable. Participants were encouraged to respond as
quickly and accurately as possible. They received five cents for each cor-
rect response, an incentive intended to enhance attention and motiva-
tion. Each task run lasted 5 min, 22 s and consisted of a pseudorandom
sequence of prosaccade trials (range of 32—40 trials per run), antisaccade
trials (29-37), and intervals of fixation (9—17). The prosaccade and an-
tisaccade trials were balanced for right and left movements. Figure 1
provides a graphic depiction of the task and a description of task param-
eters. Fixation intervals lasted 0 s (i.e., no fixation interval, the next trial
started immediately), 2 s, 4 s, or 6 s. The fixation intervals provided a
baseline, and their variable length introduced “temporal jitter,” which
optimizes the analysis of rapid presentation event-related fMRI designs
(Buckner et al., 1998; Burock and Dale, 2000; Miezin et al., 2000). The
schedule of events was determined using a technique to optimize the
statistical efficiency of event-related designs (Dale, 1999). Participants
performed six runs of the task, with short rests between runs. The total
experiment lasted ~40 min and generated a total of 211 prosaccade and
211 antisaccade trials.

Stimulus display and eye tracking

Displays of the eye movement task were generated by an Apple Power
Mac G4 (Apple Computer, Cupertino, CA), using programs written in
C++ on the Vision Shell programming platform, and back projected
with a Sharp (Osaka, Japan) XG-2000 color liquid crystal display projec-
tor onto a screen positioned on the head coil. The ISCAN (Burlington,
MA) fMRI Remote Eye Tracking Laboratory recorded saccades during
scanning. This system used a video camera mounted at the rear of the
MRI bore. The camera imaged the eye of the supine participant via an
optical combiner, a 45° cold transmissive mirror that reflects an infrared
image of the eye, the infrared illumination being provided by a small
light-emitting diode cluster mounted on the head coil. The system used
passive optical components with no ferrous content within the bore to
minimize artifacts in the MR images. Vision Shell triggered the scanner to
begin acquiring data. Stimuli presented by Vision Shell were digitally
encoded and relayed to ISCAN as triggers that were inserted into the eye
movement recordings. Eye images were processed by an ISCAN RK-
726PCI high-resolution pupil/corneal reflection tracker, located outside
of the shielded MRI room. Eye position was sampled at a rate of 60 Hz.
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Figure 1. Saccadic paradigm with idealized eye position traces. Saccadic trials lasted 4000

ms and began with an instructional cue at the center of the screen. a, b, For half of the partici-
pants, orange concentricrings were the cue for a prosaccade trial (@) and a blue X was the cue for
an antisaccade trial (b). These cues were reversed for the rest of the participants. The cue was
flanked horizontally by two small green squares of 0.2° width that marked the potential loca-
tions of targets, 10° left and right of center. These squares remained on the screen for the
duration of each run. ¢, At 300 ms, the instructional cue was replaced by a green fixation ring at
the center of the screen, of 0.4° diameter and luminance of 20 cd/m 2. After 1700 ms, the ring
shifted to one of the two target locations, right or left, with equal probability. This was the
target to which the participant responded. The green ring remained in the peripheral location
for 1000 ms and then returned to the center, where participants were also to return their gaze
for 1000 ms before the start of the next trial. Fixation intervals were simply a continuation of the
fixation display that constituted the final second of the previous saccadic trial.

Scoring of eye movement data

Eye movement data were scored in MATLAB (Mathworks, Natick, MA)
using a partially automated program that determined the directional
accuracy of each saccade with respect to the required response and the
latency from target onset. Saccades were identified as horizontal eye
movements with velocities exceeding 47°/s. The onset of a saccade was
defined as the point at which the velocity of the eye first exceeded 31°%/s.
Only trials with saccades in the desired direction and latencies >130 ms
were considered correct, and only correct saccades were included in the
latency analyses. The cutoff of 130 ms excluded anticipatory saccades,
which are executed too quickly to be a valid response to the appearance of
the target (Fischer and Breitmeyer, 1987; Doricchi et al., 1997; Straube et
al., 1999).

Image acquisition

Images were acquired with a 3.0T Siemens (Erlangen, Germany) Trio
whole-body high-speed imaging device equipped for echo planar imag-
ing. Head stabilization was achieved with cushioning, and all participants
wore earplugs (29 dB rating) to attenuate noise. Automated shimming
procedures were performed, and scout images were obtained. Two high-
resolution structural images were acquired for slice prescription, spatial
normalization, and cortical surface reconstruction using a three-
dimensional (3D) magnetization-prepared rapid gradient echo
(MPRAGE) sequence [repetition time (TR), 2530 ms; echo spacing, 7.25
ms; echo time (TE), 3 ms; flip angle, 7°; voxel size, 1.3 X 1.3 X 1 mm]. T1-
and T2-weighted structural images, with the same slice specifications as
the blood oxygen level-dependent (BOLD) scans, were obtained to assist
in registering functional and structural images. Functional images were
collected using a gradient echo T2*-weighted sequence (TR, 2000 ms; TE,
30 ms; flip angle, 90°). Twenty contiguous horizontal slices parallel to the
intercommissural plane (voxel size, 3.13 X 3.13 X 5 mm) were acquired
interleaved. The functional sequences included prospective acquisition
correction (PACE) for head motion (Thesen et al., 2000). PACE adjusts
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slice position and orientation in real time during data acquisition. This
reduces motion-induced effects on magnetization history.

Analysis of imaging data

All analyses were conducted using FreeSurfer (Fischl et al., 1999a) and
FreeSurfer Functional Analysis Stream (Burock and Dale, 2000) soft-
ware. Eight time points at the beginning of each run were acquired and
discarded to allow longitudinal magnetization to reach equilibrium and
the hemodynamic response to the first trial (which has no historical
influences) to return to baseline. In addition to the on-line motion cor-
rection (PACE), functional scans were corrected retrospectively for mo-
tion using the analysis of functional neuroimages algorithm (Cox and
Jesmanowicz, 1999), intensity normalized, and smoothed using a 3D 8
mm full-width half-maximum Gaussian kernel. Finite impulse response
(FIR) estimates (Burock and Dale, 2000; Miezin et al., 2000) of the event-
related hemodynamic responses were calculated for each of the four trial
types [prosaccades preceded by prosaccades (ps/PS), prosaccades pre-
ceded by antisaccades (as/PS), antisaccades preceded by prosaccades (ps/
AS), and antisaccades preceded by antisaccades (as/AS)] within partici-
pants. This involved using a linear model to provide unbiased estimates
of the average signal intensity at each time point for each trial type with-
out making a priori assumptions about the shape of the hemodynamic
response. Hemodynamic response estimates were computed at 12 time
points with an interval of 2 s (corresponding to the TR) ranging from 4 s
before the start of a trial to 18 s after the start. Temporal correlations in
the noise were accounted for by prewhitening using a global estimate of
the residual error autocorrelation function truncated at 30 s (Burock and
Dale, 2000). Functional images were aligned to the 3D structural image
for each participant that was created by averaging the two MPRAGE
scans after correcting for motion. Anatomical scans were smoothed using
the same parameters as the functional scans. To determine the effect of
trial history on the present trial, we contrasted identical trial types that
differed with regard to the identity of the previous trial (as/PS vs ps/PS
and as/AS vs ps/AS) at time points presumed to reflect pretarget activity
(0,2,and 4 s). This is based on findings that event-related hemodynamic
responses begin ~2 s after the stimulus (in this case, the instructional cue
at 0 s) and peak between 4 and 7 s (Boynton et al., 1996; Dale and
Buckner, 1997; Miezin et al., 2000). As a result of the timing of slice
acquisition, activity at each time point represents a full 2 s. For example,
the zero time point represents hemodynamic activity between 0 and 2 s.
Because the target appeared 2 s into the trial, activity at the 4 s and, to a
lesser extent, 2 s time points also reflect target-related activity.

Region of interest analyses

Given our a priori hypothesis, we first conducted region-of-interest
(ROI) analyses in the FEF and two other cortical regions involved in
saccade generation, the supplementary eye field (SEF) and parietal eye
field (PEF). We used a two-step ROI approach to localize these regions
based on individual participant anatomy and regional activity in an or-
thogonal contrast (Curtis and D’Esposito, 2003). This approach avoids
signal loss attributable to variability in region location between partici-
pants and increases statistical power as a result of signal averaging within
participants. By defining these regions in an orthogonal contrast, activity
measurements are unbiased with regard to hypotheses concerning trial
history. The putative human homologs of the FEF, SEF, and PEF were
identified on the unregistered cortical surfaces of each participant using
anatomical criteria and functional constraint.

Anatomical criteria. The FEF is located in and around the precentral
sulcus and gyrus, beginning approximately at the level of the superior
frontal sulcus (Paus, 1996; Koyama et al., 2004). The medial hemispheric
surface and cortex below the middle frontal gyrus were not included. The
SEF is located in the dorsomedial cortex in and around the paracentral
sulcus, superior to the cingulate sulcus, and posterior to the coronal
plane passing through the anterior commissure (Berman et al., 1999).
The PEF was localized to the intraparietal sulcus (Pierrot-Deseilligny et
al., 2003).

Functional constraint. Within these anatomical boundaries, we defined
the region of interest as all active vertices in the all-trials versus fixation
contrast at 4 s (the time of peak activity in ocular motor regions) at a
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threshold of p < 0.05 (this threshold is used for region identification, not
for hypothesis testing). This contrast captures activity in current saccadic
trials of either type that might be affected by a previous trial of either type
but is unbiased to differences between trial types. This resulted in two
ROI labels for each region in each participant, one in each hemisphere.
Within these ROI labels, we compared activity for trials preceded by
antisaccades versus those preceded by prosaccades at 0, 2, and 4 s using
paired t tests based on a random-effects model.

Exploratory analyses of the cortical surface in the registered

group data

After a priori regional analyses, we investigated activation on the cortical
surface in the registered group data to determine whether other regions
showed an effect of trial history. To register data across subjects, anatom-
ical and functional scans were spatially normalized using a surface-based
spherical coordinate system (Dale et al., 1999; Fischl et al., 1999a,b). The
cortical surface-based registration procedure uses a nonrigid alignment
algorithm based on sulcal and gyral patterns rather than only intensity
information (Fischl et al., 1999b). After the spatial normalization of an-
atomical and functional scans, the significance of each contrast was tested
using a random-effects model in which the mean and SE of the contrast
effect size (i.e., differences between hemodynamic response estimates for
the conditions being compared) were computed across participants. Sta-
tistical activation maps were displayed on a template brain consisting of
the averaged cortical surface of an independent sample of 40 adults from
the Buckner laboratory at Washington University (St. Louis, MO). Cor-
tical activation was localized using an automated surface-based parcella-
tion system (Fischl et al., 2004).

For all contrasts, we used a significance threshold of p < 0.001 and a
minimum cluster size of 115 mm 2 These parameters correct for multiple
comparisons and set the overall p level at <0.05 on the basis of Monte
Carlo simulations using synthesized white Gaussian noise data (Forman
etal., 1995). In regions showing a significant historical effect, we derived
hemodynamic response time courses from the FIR models by plotting
activity at 2 s intervals for the vertex with the peak task-related signal
change, scaled by the error variance (local maxima) for the four different
saccadic classes: ps/PS, as/PS, ps/AS, and as/AS. To facilitate comparison
with other studies, approximate Talairach coordinates were derived by
mapping the surface-based coordinates of group activation peaks back to
the original structural volume for each participant, registering the vol-
umes to the Montreal Neurological Institute (MNI305) atlas (Collins et
al., 1994), and averaging the MNI305 coordinates that corresponded to
the surface peak across participants. The resulting coordinates were
transformed to standard Talairach space using an algorithm developed
by Matthew Brett (http://imaging.mrc-cbu.cam.ac.uk/imaging/MniTa-
lairach) [for a comparison of the accuracy of localization using surface-
based and Talairach procedures, see Fischl et al. (1999b)].

Antisaccade versus prosaccade contrast

To determine whether regions showing a historical effect based on trial
type were differentially involved in current antisaccade versus prosac-
cade trials, we also examined activation in this contrast in the registered
group data.

Results

Behavior

Latency data were absent for two participants because of techni-
cal difficulties during scanning (Fig. 2). Only the latencies of
correct, nonanticipatory saccades were included in the behav-
ioral analyses. Fewer than 1% of trials were anticipatory saccades.
Error data were logit transformed before analysis. Compared
with prosaccades, antisaccades had longer latencies (F, 15 =
1638.76; p < 0.001) and higher error rates (F(, 5o, = 68.35; p <
0.001). To determine the effect of a previous antisaccade, we only
examined the latency and error rate of trials preceded by a correct
response because these more accurately reflect the historical in-
fluences of interest. As expected, a correctly performed antisac-
cade in the previous trial slowed latencies (F; ;5) = 21.55; p <
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Figure 2.  Bar graphs with SE bars of latency in seconds (a) and percentage errors (b) for

current trial type divided by previous trial type. Two asterisks denote statistical significance
(p << 0.05), and one asterisk denotes a trend ( p << 0.10). PS, Prosaccades; AS, antisaccades.

0.001). This effect was greater for current prosaccades than cur-
rent antisaccades (interaction: F(, ;) = 4.53, p < 0.05; prosac-
cade: t4) = 4.86, p < 0.001; antisaccade: ¢4y = 1.75, p = 0.08).
The pattern of findings for accuracy was different. There was no
main effect of a previous antisaccade (F(, ,5) = 1.76; p = 0.19).
Rather, a previous antisaccade affected antisaccade and prosac-
cade error rates differently (interaction: F(, ,5, = 28.04, p <
0.001). There were more prosaccade errors (t,) = 4.69; p <
0.001) and fewer antisaccade errors (£, = 2.80; p < 0.01) if the
previous trial was an antisaccade. This, too, is consistent with our
previous reports indicating a task-switching effect on accuracy
and demonstrates divergent effects of trial history on latency and
accuracy.

Imaging
Trial history effects: analyses based on all trials including current
and previous errors
Influence of a previous antisaccade on current antisaccades (as/AS
vs ps/AS). ROI analyses demonstrated that a previous antisaccade
was associated with reduced activity in the following ocular mo-
tor regions: bilateral FEF (0, 2, and 4 s), bilateral SEF (right: 0, 2,
and 4 s; left, 2 and 4 s), and bilateral PEF (2 and 4 s) (Table 1).
Analyses of registered group data also showed reductions in oc-
ular motor regions, including the bilateral FEF (left, 2 and 4 s;
right, 4 s), right SEF (2 and 4 s), and left PEF (4 s) (Fig. 3, Table 2).
Additional regions showing reductions were the bilateral orbito-
frontal cortex (left: 0, 2, and 4 s; right, 0 and 2 s), right insula (0,
2,and 4 s), left posterior cingulate sulcus (2 and 4 s), left superior
parietal gyrus (2 s), right superior parietal gyrus (4 s), and left
precuneus (4 s). There were no areas of increased activity.
Influence of a previous antisaccade on current prosaccades
(as/PS vs ps/PS). ROI analyses revealed that a previous antisac-
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cade significantly reduced activity in the bilateral FEF (right, 0
and 2; left, 0 s) and right SEF (0 s) (Table 1). In the registered
group data, differential activation in ocular motor regions did not
reach significance. Other regions that showed significant reduc-
tions included the bilateral orbitofrontal cortex (left: 0, 2, and 4 s;
right, 0 and 2 s), right insula (0 s), and right middle temporal
gyrus (2 s) (Table 2).

Control analyses

Error effects

To exclude the possibility that either current or previous errors
account for previous antisaccade effects in our regions of interest,
we reanalyzed the data with current error trials and all correct
trials preceded by an error modeled as separate events so that they
were not included in the contrasts examining trial history. One
subject was excluded from this analysis because technical difficul-
ties with eye movement recordings made it impossible to classify
asubstantial portion of the saccadic trials as correct or erroneous.
For current antisaccades, excluding current and previous errors
had little effect, suggesting that trial history effects could not be
accounted for by errors (Table 1). For current prosaccades, how-
ever, excluding current and previous errors eliminated differ-
ences in FEF activity, but SEF activity at 0 s continued to differ-
entiate between trials preceded by prosaccades versus
antisaccades. In the exploratory analysis of registered group data,
significant reductions were also seen in insula and orbitofrontal
cortex for antisaccades and in orbitofrontal cortex for prosac-
cades. There were no areas of increased activity.

Exploratory analysis of current antisaccades versus prosaccades
We examined the registered group data to determine whether
regions showing a historical effect were differentially involved in
current antisaccade versus prosaccade trials. Relative to prosac-
cades, antisaccades were associated with greater activation in a
network of regions important for saccadic execution, including
the bilateral FEF, SEF, PEF, and dorsal anterior cingulate cortex
(Fig. 4). Table 2 lists regions with significant activation.

Hemodynamic saturation effects

Because the FEF, SEF, and PEF showed increased activity for
antisaccades versus prosaccades, fMRI activity in these regions in
the trial after an antisaccade could be reduced as a result of satu-
ration of the hemodynamic response rather than decreased neu-
ral activity (Miezin et al., 2000; Wager et al., 2005). If this were the
case, reductions should dissipate with longer intertrial intervals
because the hemodynamic response from the previous trial has

Table 1. ROI t test and p values comparing the effect of a previous antisaccade (AS) versus prosaccade (PS) on activity in the FEF, SEF, and PEF of the right and left

hemispheres at 0, 2, and 4 s during current antisaccade and prosaccade trials

FEF SEF PEF
Left Right Left Right Left Right
AS 0s All trials —3.11, 0.006* —2.58, 0.02* —1.84,0.08 —2.12, 0.05* —1.50,0.15 —2.04,0.06
Correct trials —2.23, 0.04* —1.30,0.21 —1.75,0.10 —2.28, 0.03* —1.23,0.24 —1.60,0.13
2s Al trials —4.84, <0.0001* —3.00, 0.007* —2.08, 0.05* —2.55, 0.02* —2.45,0.02% —2.44, 0.02*
Correct trials —4.32, 0.0004* —3.15, 0.005* —3.17, 0.005* —3.09, 0.006* —2.34, 0.03* —2.63, 0.02*
4s All trials —4.81, 0.0001* —2.71,0.01* —2.36, 0.03* —2.54, 0.02* —4.51, 0.0002* —3.11, 006*
Correct trials —4.12, 0.0006* —3.60, 0.002* —3.58, 0.002* —3.06, 0.007* —4.01, 0.0008* —3.64, 0.002*
PS 0s All trials —2.22, 0.04* —3.00, 0.007* —1.23,0.23 —2.43, 0.03* —1.11,0.28 —1.83,0.08
Correct trials —1.26,0.22 —0.88,0.39 —0.80,0.43 —2.66, 0.02* —0.65,0.52 —1.18,0.25
2s All trials —1.54,0.14 —2.14, 0.05* —0.84,0.41 —1.51,0.15 —0.88,0.39 —1.81,0.09
Correct trials 0.63,0.54 —0.55,0.59 —0.87,0.39 —1.43,0.17 —0.15,0.88 —1.33,0.20
4s All trials —0.43,0.67 —0.86,0.40 —0.05, 0.96 —1.11,0.28 0.08, 0.94 —1.10,0.29
Correct trials 0.25,0.80 0.64,0.53 0.23,0.82 —1.21,0.24 0.71,0.49 —0.54,0.59

The rows labeled " correct trials” contain the contrasts that excluded all error trials and all correct trials preceded by an error. *p = 0.05. Bold indicates statistically significant values.
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were all significant (see supplemental ma-
terial, available at www.jneurosci.org).
Thus, previous antisaccade effects per-
sisted and were qualitatively similar in
magnitude after delays of up to 6 s. This
suggests that the finding is not a result of
hemodynamic saturation from the resid-
ual hemodynamic response of the preced-
ing trial but rather reflects a neural effect
elicited by the type of preceding trial.

Discussion

Our findings demonstrate that the neural
response to an event is modulated by re-
cent history. In the wake of a challenging
task, the response system seems to “step
on the brakes,” reducing activation and
slowing responses, perhaps as a means of
enhancing accuracy. Although this may
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not have been advantageous during the
present experiment because the sequence
of trials was randomized to remove pre-
dictability, in the real world, events are sel-
dom in arandom sequence, and the ability
to modulate responses based on immedi-
ate experience is critical to adaptive behav-
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ior. Specifically, in the context of a sac-
cadic paradigm, we found that relative to a
previous prosaccade, an antisaccade in the
preceding trial was associated with re-
duced FEF activity in the current antisac-
cade trial. We interpret this reduction to
reflect the effects of having to inhibit the
response system in the previous trial. A
previous antisaccade was also associated
with activity reductions in the SEF and or-
bitofrontal cortex, and no region showed
increased activity. This provides specific
anatomical correlates to the behavioral
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observation that a previous antisaccade

Figure3.

Cortical activation in the exploratory analyses of the registered group data for the contrast of as/AS versus ps/AS at 0,

prolongs saccadic latencies (Cherkasova et
al., 2002; Fecteau et al., 2004; Barton et al.,

2,and 4 s displayed on the lateral and medial views of the inflated cortical surface. Vertices showing reduced activity for a previous
antisaccade at a threshold of p << 0.001 are displayed in blue. There were no regions showing significantly increased activity,
which would be displayed in red. The gray masks cover nonsurface regions in which activity is displaced. The hemodynamic
response time course graphs with SE bars are displayed for vertices with peak activation for each condition in selected regions.
Approximate Talairach coordinates are given in Table 2. Time in seconds is on the x-axis, and the percentage of signal change
relative to the fixation baseline is on the y-axis. LH, Left hemisphere; RH, right hemisphere; OFC, orbitofrontal cortex.

2006). These findings demonstrate that
trial history shapes ocular motor perfor-
mance and associated brain activity in a
continuous, dynamic manner constitut-
ing a form of immediate neural plasticity

more time to decay. To investigate this possibility, we examined
the influence of the intertrial interval on the magnitude of the
activity reduction in the FEF for as/AS versus ps/AS trials. We
divided ps/AS and as/AS trials with regard to the length of the
preceding fixation interval: 0, 2, 4, or 6 s. Because there were
relatively few trials preceded by 4 and 6 s of fixation, these trials
were combined for analysis. For each participant, we examined
activity in FEF vertices that showed a previous antisaccade-
related reduction at p < 0.05. ANOVAs revealed that the effect of
a previous antisaccade did not differ as a function of length of the
preceding fixation interval in either hemisphere (interaction of
previous saccade type and intertrial interval: left, F, ,;,= 0.80,
p = 0.45; right, F, )= 0.94, p = 0.40), and contrasts of as/AS
versus ps/AS activity in each hemisphere at each intertrial interval

(Dorris et al., 2000).
The effects of trial history appear to in-
teract with current task demands (i.e.,
whether a prosaccade or antisaccade was required). For current
antisaccades, a previous antisaccade was associated with reduced
activity in the FEF at the beginning of the trial, before the target,
and this reduction was sustained at 2 and 4 s. For current prosac-
cades, a previous antisaccade was associated with reduced FEF
activity at 0 and 2 s, but this reduction was absent when trials with
current and previous errors were excluded. The SEF and PEF also
showed reductions from a previous antisaccade that, with the
exception of a reduction in the right SEF at 0 s for prosaccades,
were only present for current antisaccades. In the FEF, SEF, and
PEF, reciprocally interconnected cortical regions that contribute
to saccade generation, the finding that a previous antisaccade
affected activity differently for current prosaccades and antisac-
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Table 2. Cortical regions showing significant activation in the exploratory analyses of the registered group data for the contrasts of as/AS versus ps/AS, as/PS versus ps/PS,

and current AS versus PS
Talairach coordinates
Contrast Time point (s) Activated regions X y z tvalue pvalue
as/AS vs ps/AS 0 Right insula 35 -7 —6 —7.06 7.64E-07
Left orbitofrontal cortex -7 25 =21 —6.00 7.24E-06
Right orbitofrontal cortex 5 28 —19 —6.00 7.87E-06
2 Left posterior cingulate sulcus =15 -39 49 —6.05 6.49E-06
Left FEF =25 1 48 —6.05 6.55E-06
Left superior parietal gyrus —22 —45 60 —5.46 2.38E-05
Right SEF 8 2 51 —4.62 1.64E-04
4 Right FEF 22 2 52 —6.77 1.38E-06
Left PEF —26 -51 47 —6.57 2.1E-06
Left precuneus —10 —46 49 —5.66 1.53E-05
Right superior parietal gyrus 24 —52 59 —4.22 4.26E-04
as/PS vs ps/PS 0 Right insula 31 23 -13 —4.60 1.72E-04
2 Right orbitofrontal cortex 14 32 —18 —7.04 7.85E-07
Right middle temporal gyrus 61 -29 -1 —6.63 1.85E-06
Left orbitofrontal cortex -8 29 -19 —6.06 6.32E-06
ASvsPS 0 Right posterior cingulate cortex 23 —-23 50 —5.26 9.23E-05
Right central sulcus 13 —20 46 —4.87 3.78E-05
4 Right SEF 10 10 45 9.07 1.58E-08
Left FEF —28 2 49 8.49 4.63E-08
Left SEF -1 14 36 8.33 6.17E-08
Right FEF 30 -2 4 8.09 9.89E-08
Right parietal transverse sulcus 22 —56 52 7.83 1.63E-07
Left superior parietal gyrus —12 —63 53 6.9 8.71E-07
Right insula 30 28 5 6.67 1.71E-06
Right PEF 33 =40 37 6.44 2.81E-06
Left dorsal anterior cingulate cortex =3 22 2 6.28 3.93E-06
Leftinsula =27 29 2 6.20 4.66E-06
Right subcentral gyrus 43 —16 19 —5.58 1.85E-05
Left PEF —33 —34 38 5.40 2.74E-05
Right dorsal anterior cingulate cortex 7 15 3 5.29 3.56E-05
Left inferior frontal gyrus =37 23 8 5.20 4.33E-05
Left superior occipital sulcus —25 —84 19 5.12 5.25E-05
Left angular gyrus -39 —65 Ly} —4.73 1.27E-04
Left precuneus —4 —56 15 —4.47 2.34E-04

Talairach coordinates derived from the surface maps, t test values, and p values (in exponents, base 10) are given for the vertex with maximal activation across the 0, 2, and 4 s time points. Regions in bold type are those for which the
hemodynamic responses are plotted in Figure 3. Talairach coordinates are approximate and may not always correspond to the surface localizations.

‘4.
p<0.001 LH RH

Figure 4.  Cortical activation at a threshold of p << 0.001 for the contrast of antisaccades
versus prosaccades at 4 s displayed on the lateral and medial views of the inflated cortical
surfaces of the right hemisphere (RH) and left hemisphere (LH). Significantly increased activity
is displayed in red, and decreased activity is displayed in blue. a, FEF; b, SEF; ¢, PEF; d, dorsal
anterior cingulate cortex; e, insula.

cades suggests that trial history interacts with current task de-
mands. One interpretation of this pattern of findings is that the
cue to perform an antisaccade perpetuated activity reductions
necessary for effective inhibition, whereas the cue to perform a
prosaccade led them to dissipate.

Could the activity reductions associated with a previous anti-
saccade instead result from a previous error? There was a higher
error rate for antisaccades than prosaccades. Errors can increase
response time and accuracy and presumably also alter brain ac-
tivity in the subsequent trial (Rabbitt, 1966), including for anti-
saccade tasks (Nieuwenhuis et al., 2001). Excluding both error
trials and correct trials preceded by errors from our contrasts
examining trial history did not substantially alter the findings for
current antisaccades, but for current prosaccades, FEF activity
differences were no longer significant. Although this may reflect
reduced power because of fewer trials and collinearity in the anal-
ysis, the possibility that reduced FEF activity for prosaccades pre-
ceded by antisaccades reflects the intertrial effects of errors can-
not be excluded. Previous errors, however, cannot account for
the prolonged latencies of prosaccades preceded by antisaccades
because trials with previous and current errors were not included
in the latency analyses.

As in our previous studies, a previous antisaccade prolonged
saccadic latencies. This effect was significantly greater for prosac-
cades than antisaccades, for which it was only a statistical trend.
[This more equivocal result for antisaccades in the present study
compared to previous ones may reflect the relative insensitivity to
small latency differences of the scanner-based eye movement re-
cording system because of the relatively low sampling rate (60
Hz). A previous behavioral study found a significant 16 ms dif-
ference between switched and repeated antisaccades using a sys-
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tem with a 500 Hz sampling rate (Cherkasova et al., 2002).] The
larger effect for prosaccades likely reflects that latency is influ-
enced by both previous antisaccade and task-switching costs
(Barton et al., 2006). When participants change from a prosac-
cade to an antisaccade or vice versa, this constitutes a switch of
tasks. Task switching involves cognitive processes not present
when repeating trials and generally incurs both latency and accu-
racy costs (Allport et al., 1994; Rogers and Monsell, 1995; Meiran
et al., 2000). Thus, task-switching latency costs are expected to
add to the effect of a previous antisaccade in slowing current
prosaccades and subtract from the effect of a previous antisaccade
in slowing current antisaccades (Barton et al., 2006). The fact that
switched antisaccades are actually faster than repeated ones (par-
adoxical task-switching benefit, rather than cost) reflects that it is
the effect of a previous antisaccade, rather than task switching,
that dominates latency costs. The opposite is true for errors.
Switched trials, both prosaccades and antisaccades, are associated
with a higher error rate than repeated trials in this and previous
studies (Cherkasova et al., 2002; Barton et al., 2006). This dem-
onstrates divergent effects of trial history on latency and error
rate.

Is it possible that task switching rather than persistent antisac-
cade effects accounts for the fMRI intertrial effects that we ob-
served? Task switching has been associated with greater activity in
task-relevant regions (Swainson et al., 2003). Whereas switched
antisaccades had greater activity than repeated ones, switched
prosaccades had relatively reduced activity. This difference in the
direction of the sign for switched trials is thus more consistent
with the effects of a previous antisaccade than with the effects of
task switching.

Control analyses ruled out the possibility that our findings
were as a result of hemodynamic saturation effects. If the reduc-
tions were because of a vascular effect, one would expect them to
dissipate with longer intertrial intervals because the hemody-
namic response from the previous trial has more time to decay.
We examined this possibility explicitly in the FEF and found that
the magnitude of the activity reduction for trials preceded by an
antisaccade was not affected by the length of the intertrial inter-
val, thus ruling out a vascular explanation of our findings.

We interpret the reduced hemodynamic response in the FEF
and longer saccadic reaction times as a result of a previous anti-
saccade to reflect the effects of having to inhibit the response
system in the previous trial. It is important to note, however, that
the same FEF region that showed reduced BOLD activity in asso-
ciation with a previous antisaccade showed significantly in-
creased activity for current antisaccades versus prosaccades. The
finding of increased BOLD activity in the FEF for antisaccades
versus prosaccades is consistent with numerous previous neuro-
imaging studies (O’Driscoll et al., 1995; Sweeney et al., 1996;
Connolly et al., 2002; Ford et al., 2005) and has been interpreted
to reflect inhibition of the FEF. These interpretations seem to be
contradictory: How can increased BOLD activity with a current
antisaccade and reduced BOLD activity with a previous antisac-
cade both reflect inhibition of FEF neurons? In reconciling these
interpretations, we are limited by fundamental ambiguities re-
garding the source of the BOLD signal and its limited temporal
resolution. BOLD activity correlates with local field potentials
that reflect the input to a region, interneuron activity, and neu-
ronal spiking (Logothetis et al., 2001; Lauritzen, 2005; Mukamel
et al., 2005). A possible reconciliation, then, is that the increased
BOLD activity in the FEF during an antisaccade versus prosac-
cade reflects input from other regions needed to inhibit the pre-
potent prosaccade response. In this situation, increased BOLD
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activity does not imply neuronal excitation but a heightened
level of input, which in the case of an antisaccade is inhibitory
(DeSouza et al., 2003). This explanation also reconciles the ap-
parent discrepancy between single-unit recording findings that
antisaccades are associated with reduced preparatory activity in
the FEF compared with prosaccades (Everling and Munoz, 2000),
whereas fMRI studies show increased preparatory FEF activity for
antisaccades. However, in the following trial, the effects of these
recent inhibitory inputs may be seen as reduced local or interneu-
ron activity and spiking, and hence as reduced BOLD activity in a
trial preceded by an antisaccade versus a prosaccade. Clearly,
other interpretations are possible, and a more definitive explana-
tion of the neuronal basis of the finding of reduced BOLD activity
in the trial after an antisaccade will require a convergence of
information from other techniques.

Finally, although our a priori hypothesis focused on the FEF,
the SEF and orbitofrontal cortex were the only regions to show
activity reductions for both trial types when error effects were
controlled. In contrast to saccade-related neurons in the FEF,
which show reduced preparatory discharge for antisaccade versus
prosaccade commands that is associated with fewer errors (Ever-
ling and Munoz, 2000), those in the SEF show increased activity
that predicts accurate performance (Schlag-Rey et al., 1997;
Amador et al., 2004). The SEF also shows increased fMRI activity
for antisaccade versus prosaccade trials in this and other studies
(Brown et al., 2006). If, as has been theorized, the SEF contributes
to generating internally versus visually guided eye movements
(Everling and Munoz, 2000; Amador et al., 2004), activity reduc-
tions in trials after antisaccades could contribute to prolonged
saccadic latencies. Clarifying the contribution of these regions to
representing information regarding trial history requires addi-
tional study.

In summary, our findings demonstrate that neural activity is
modulated by trial history and provides specific anatomical cor-
relates to behavioral observations that a previous antisaccade
prolongs saccadic latencies (Manoach et al., 2002; Fecteau et al.,
2004; Barton et al., 2006). They suggest that intertrial effects are
an important source of variability in both behavioral and neuro-
imaging studies.
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