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Abstract We investigated the influence of the direction
of preceding saccadic trials on the latency of current pro-
saccades and antisaccades, in healthy subjects and
patients with schizophrenia. When prosaccades and anti-
saccades were performed in separate, single-task blocks,
we found that only prosaccades were delayed if the sac-
cade in the prior trial was in the same direction, consistent
with the expected directional effect from an ‘inhibition of
return’-like alternation advantage. However, both types
of saccades were executed more quickly when the saccade
in the penultimate trial was in the same direction, consis-
tent with previous demonstrations of directional plastic-
ity in monkeys. In blocks of randomly mixed prosaccades
and antisaccades, the directional effects in healthy sub-
jects were greatest when a prosaccade was preceded by an
antisaccade, consistent with a summation of effects of
alternation advantage (from the prior stimulus) and
directional plasticity (from the prior saccade). Schizo-
phrenic patients showed an additional phenomenon, a
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directionally specific inhibition of upcoming saccades by
preceding antisaccades. These results suggest that sac-
cades in humans are modulated by inter-trial effects
attributable to both an ‘inhibition of return’-like alterna-
tion advantage and directional plasticity.
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Introduction

What impact does recent behavior have upon current
action? This issue has significant implications for both
daily life and psychological research. In the latter, a sin-
gle trial is usually embedded in a block of trials, yet
responses are often analyzed without considering the
effects of preceding trials. However, a growing body of
literature shows that the response to a stimulus can be
modified by its history, by both the prior stimuli and
prior responses (Fecteau and Munoz 2003).

Research in monkeys has produced simple and ele-
gant demonstrations of inter-trial influences on saccadic
behavior. Using saccades made to right or left targets
randomly, Dorris et al. (2000) showed that the latencies
of saccades made to a target were lower if they were
made in the same direction as in the prior trial. This
directional effect was evident even from the trial preced-
ing the prior one (the penultimate trial), indicating that
the effect persists over several seconds at least. In neu-
rons of the superior colliculus, this behavioral effect was
accompanied by changes in the preparatory activity that
preceded the appearance of the target. A saccade
increased the future pre-target activity of neurons coding
for its direction, making it easier and more rapid in the
next trial for a pulse of neural firing to reach the thresh-
old to trigger a similarly directed saccade. This phenome-
non was labeled a type of “immediate neural plasticity”.

Whether such directional plasticity also exists in
humans is unclear. Other studies suggest a contradictory



effect. It may be harder rather than easier for humans to
make a saccade back to the same location (Rafal et al.
1989) or when the stimulus direction is repeated (Fecteau
et al. 2004). This has been called an “alternation advan-
tage” (Fecteau et al. 2004), which has similarities to “inhi-
bition of return” (Klein 2000). In inhibition of return, if a
target is preceded by more than 300 ms by another stimu-
lus at its location, the perceptual processing of the target
is degraded and saccades to it are delayed. Inhibition of
return has been hypothesized to play a role in facilitating
visual search, by decreasing the saliency of locations
already visited or attended (Klein 2000).

Which of these inter-trial effects dominates human
saccades? Our goal was to examine for persistent direc-
tional effects in a string of randomly directed horizontal
saccadic trials. As Dorris et al. (2000) did in monkeys, we
examined the effects of both the prior trial and the penul-
timate trial. We analyzed the effects both for prosac-
cades, in which the subject looks at the target when it
appears, and antisaccades, in which the subject makes a
more unusual response, looking in the direction opposite
to the target (Hallett and Adams 1980). The antisaccade,
by dissociating the direction of the stimulus and the
required motor response, allows us to determine whether
directional effects depend upon the direction of the stim-
ulus, the direction or the response, or the conjunction
between the direction of the saccadic stimulus and that
of the response.

We assessed these effects in two groups of human sub-
jects, healthy subjects and a cohort of patients with
schizophrenia. We have reported that schizophrenia
patients show abnormally persistent inhibitory effects of
antisaccades on subsequent trials (Barton et al. 2005). If
heightened persistence characterizes other inter-trial
effects in schizophrenia, they may be a good group in
which to detect subtle effects from directional plasticity.
On the other hand, there are also reports of reduced inhi-
bition of return in schizophrenia (Huey and Wexler
1994; Gouzoulis-Mayfrank et al. 2004, 2006). A combi-
nation of strong directional plasticity and weak inhibi-
tion of return might predict that alternation advantage
in this type of saccadic paradigm might also be reduced
in schizophrenia.

Experiment 1 (Single-task blocks)
Methods
Participants

The details of the methods have been described in our
previous reports on the inter-trial effects of antisaccades
in the same subjects (Cherkasova et al. 2002; Manoach
et al. 2002). We studied 16 healthy subjects, 5 women and
11 men with mean age of 40.3 years (SD 8.7), and 21 out-
patients with schizophrenia, 4 women and 17 men with
mean age of 43.7 years (SD 8.0). All patients had been

maintained on stable doses of antipsychotic drugs for at
least 6 weeks. Diagnoses were confirmed with Structured
Clinical Interviews for DSM-IV (First etal. 1997).
Healthy and schizophrenia groups did not differ in mean
age, sex distribution, handedness score or parental socio-
economic status (Hollingshead 1965; see Manoach et al.
2002 for subject details). The committee on clinical inves-
tigations at the Beth Israel Deaconess Medical Center
approved the study and all subjects gave written
informed consent.

Apparatus and eye movement protocol

We recorded eye movements with a magnetic search coil
technique (Crist Instruments, Bethesda, MD, USA). Dis-
plays were generated by a Power Macintosh 9600/233,
using programs written in C++ on the Vision Shell pro-
gramming platform (http://www.kagi.com/visionshell),
and back-projected with an Eiki LC-7000U projector.
Eye position was digitized at 500 samples/s and a five-
point central difference algorithm (Bahill and McDonald
1983) derived velocity from eye position.

The initial display had a dark background with a
white 1° fixation ring at the center. The fixation ring was
flanked by two 0.7° white dots right and left. Trials
started when the subject’s eye was within 3° of center.
After 1-1.5 s, the fixation point was replaced by one of
the two prompts—a yellow ‘O’ of 4.5° diameter for pro-
saccade trials or a blue ‘X’ spanning 4.5° for antisaccade
trials. Prompts were replaced after 300 ms by the white
fixation ring. After a mean interval of 2 s (range 1,850—
2,150 ms) the ring target shifted to one of the two periph-
eral dots. After the subject fixated within 3° of the
desired target location, the ring returned to the center,
and the next trial began when the subject had returned to
within 3° of the central fixation mark.

Experiment 1 consisted of blocks of 26 trials with a
single type of saccadic task, either all prosaccades or all
antisaccades. Four blocks were given of each, resulting in
104 prosaccade and antisaccade trials. The blocks of
experiment 1 were interleaved with the blocks of experi-
ment 2 in a counterbalanced order in the same test ses-
sion. All subjects had a practice session of 20 trials for
each of the prosaccade and antisaccade blocks of experi-
ment 1, and the mixed saccade blocks of experiment 2.

Analysis

We identified saccades as eye movements with velocities
exceeding 47°/s. The onset of a saccade was taken as a
point at which the velocity of the eye first exceeded 31°/s.
The first saccade after target onset was considered the
saccadic response. The first saccade of each block was
eliminated from analysis. We excluded trials whose sacc-
adic responses had latencies less than 130 ms, as these
would be anticipatory responses in advance of rather
than in response to the appearance of the target. We also
excluded trials with latencies greater than 800 ms as
being too prolonged to accurately reflect the processes
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Fig. 1 Experiment 1: directional effects of the prior and penultimate
trials on saccadic latency during single-task blocks. Trials are divid-
ed into those following trials with the same saccadic direction and
those following trials with the opposite saccadic direction. Mean
latencies of saccades across subjects are shown, with error bars indi-
cating one standard error. Symbols at the bottom indicate the con-
gruence between stimulus and the response during previous and
current trials, with the arrow indicating the saccade direction and the
gray dot the location of the stimulus. a The effect of the prior trial
(irrespective of the penultimate trial). For prosaccades, saccades are
slower when preceded by saccades in the same direction than when

we wished to isolate. Saccades were classified as direc-
tionally correct if their vector was in the appropriate
direction, regardless of their amplitude.

Trials were classified by the congruence of the direc-
tion of the saccades in the prior two trials with the direc-
tion of the saccade in the current trial. Thus a Y'Y X trial
is one in which both the prior and the penultimate
responses (saccades in the Y direction) differ from the
current response (saccade in the X direction). This would
include both a right saccade preceded by two left sac-
cades and a left saccade preceded by two right saccades.
We included only directionally correct trials that were
preceded by two correct trials. ANOVA with repeated
measures was employed to examine the effects of subject
group (healthy vs. schizophrenia), saccade type (prosac-
cade vs. antisaccade), congruence of prior trial (same
direction vs. different direction) and congruence of pen-
ultimate trial, with subject as a random effect nested
within group. This was done using the JMP 3.2.6 pro-
gram (SAS Institute, Cary, NC, USA).

preceded by saccades in the opposite direction, consistent with alter-
nation advantage. For antisaccades the effect is not significant. b The
effect of the penultimate trial (irrespective of the prior trial). For
both antisaccades and prosaccades, saccades are faster when pre-
ceded by saccades in the same direction than when preceded by sac-
cades in the opposite direction, consistent with directional plasticity.
¢ Data for all different directional sequences. The directional plastic-
ity effect of the penultimate trial is fairly consistent across all differ-
ent sequences. Note that the results for schizophrenia are very
similar to those for healthy subjects

Results
Latency effects

The effects of the direction of the response in the immedi-
ately preceding trial were more consistent with alterna-
tion advantage than with directional plasticity (Fig. 1a).
The mean latency of saccades in the same direction was
about 9 ms slower than that for saccades in the direction
opposite to the prior trial [F(1,34) = 6.26, P < .013].
Alternation advantage was greater for prosaccades
[interaction of directional congruence with saccade type:
F(1,34) = 7.12, P < .008]. Linear contrasts showed a sig-
nificant effect of the direction of the prior prosaccade on
the latency of a current prosaccade (¢ = 4.19,
P < .0001), but no effect of the direction of the preceding
antisaccade on the latency of a current antisaccade
(t = 0.11,n.s.).

However, the results from the penultimate trial were the
opposite (Fig. 1b). Here the effects were more consistent



Table 1 Number of trials and

error frequency in experiment 1 Group Current Direction Mean n Mean Star}dqrd
saccade of trials Yerror deviation

n — 1 analysis
Control subjects Prosaccade Different 50 0.88 3.04
Same 45 0.71 1.81
Antisaccade Different 44 11.22 10.06
Same 44 7.02 10.62
Schizophrenic Prosaccade Different 47 1.49 2.57
patients Same 44 1.06 242
Antisaccade Different 35 32.11 21.07
Same 31 24.39 19.95

n — 2 analysis
Control subjects Prosaccade Different 47 1.20 3.15
Same 44 0.65 2.59
Antisaccade Different 42 9.72 7.90
Same 36 6.09 6.77
Schizophrenic Prosaccade Different 45 2.01 3.27
patients Same 41 0.48 1.27
Antisaccade Different 25 30.43 21.12
Same 23 30.77 26.13

with directional plasticity than alternation advantage.
The mean latency of saccades in the same direction as
the saccade two trials back was about 8 ms faster, not
slower [F(1,34) = 10.05, P < .002]. Furthermore the
results were similar for both prosaccades and antisac-
cades, as indicated by a lack of interaction of directional
congruence of the penultimate trial with saccade type.

As expected, schizophrenic patients had longer anti-
saccade latencies than control subjects, as indicated by
an interaction between the subject group and current
saccade type [F(1,34) = 739, P < .0001]. However, there
were no significant interactions involving subject group
and directional congruency of either the prior or penulti-
mate response. Hence we conclude that the directional
effects for the schizophrenia patients were not different
from those in the healthy subjects in this single-task
block design.

Directional error effects (Table 1)

There was a significant effect of saccade type, with more
error on antisaccades than prosaccades [F(1,34) = 130,
P < .0001] and a significant main effect of directional con-
gruence from the immediately preceding trial, with more
errors when direction changed (12%) than when it stayed
the same (8%) [F(1,34) = 7.1, P < .009]. There was a sig-
nificant interaction between saccade type and directional
congruence of the preceding trial [F(1,34) = 6.2,
P < .013], with a small repetition advantage for antisac-
cades (tr = 3.64, P < .0003) but not prosaccades (t = 0.12,
n.s.). There were no significant effects involving the direc-
tional congruence of the penultimate trial. Hence speed
accuracy trade-offs cannot explain the effects of the direc-
tion of the preceding trial on prosaccade latency or the
effects of the direction of the penultimate trial on the
latency of either prosaccades or antisaccades.

Group effects showed a significant main effect, with
schizophrenic patients making more errors [F(1,34) = 14.3,
P < .0006], and an interaction between group and saccade

type, with schizophrenic error rate similar to that of con-
trols for prosaccades (¢ = 0.87, n.s.) but elevated for anti-
saccades (r = 9.95, P < .0001). As with the latency data,
no other group interactions were significant.

Comment

These results provide evidence of both directional plas-
ticity and an alternation advantage in human saccades.
The ‘inhibition of return’-like alternation advantage
dominates the effects of the preceding trial on the next,
but its effects weaken rapidly, so that by two trials later
directional plasticity is evident instead. The alternation
advantage was only evident for prosaccades. Previous
studies have been variable on this point. One recent
study reported that there was no interaction between
saccade type and direction repetition, but their figure
suggests that the antisaccade data were more variable
and it is unclear if a specific comparison of direction for
antisaccades would have yielded a significant result
(Reuter et al. 2006). Another study has reported that
both prosaccades and antisaccades show inhibition of
return following a preceding prosaccade under some
cuing conditions, but only prosaccades and not antisac-
cades manifest this directional effect with other cues
(Rafal et al. 1994). (However, the relevance of these find-
ings to the current data is limited by the fact that in that
study the antisaccades were all preceded by prosaccades.)

We suggest that a finding of alternation advantage
with prosaccades but not antisaccades may imply that
this phenomenon is dependent upon a stimulus at the
prior saccade’s goal. This stimulus dependency accords
with the hypothesis that inhibition of return serves to
facilitate visual exploration, does not require the execu-
tion of a prior response (Klein 2000) and is consistent
with recent data suggesting that alternation advantage
originates in sensory rather than motor biases (Fecteau
et al. 2004). In contrast, directional plasticity from the
penultimate trial was present for both prosaccades and



antisaccades, indicating that this effect depends more on
the penultimate saccade than on the penultimate stimu-
lus. Hence directional plasticity may reflect changes gen-
erated by motor responses.

The results in the schizophrenic patients were no
different from the controls. Thus there is no evidence of a
reduced alternation advantage from weakened inhibition
of return or excessively strong directional plasticity
effects from the penultimate trial.

The fact that we found influences of directional plas-
ticity from the penultimate trial (in that a saccade in the
same direction as a saccade two trials back is faster than
one in the opposite direction) suggests that similar effects
might be present from the immediately prior trial, but
masked by stronger ‘inhibition of return’ in the opposite
direction. To investigate this, we turned to the blocks of
randomly mixed pro- and antisaccade trials of Experi-
ment 2.

Experiment 2 (mixed-task blocks)

Blocks with all prosaccades or all antisaccades allow
only a limited exploration of the influence of the stimulus
and response of the prior trial on the response in the next
trial. Consider a block of antisaccades alone. If one
knows that the required response in the current antisac-
cade trial is in the opposite direction to that of the previ-
ous antisaccade, then it automatically follows that the

Fig. 2 Depiction of inter-trial

inhibitory effects. Left side indi- experiment 1

PROSACCADES (CURRENT TRIAL)

current antisaccade must be in the same direction as the
previous stimulus. Thus in a block of pure antisaccades,
the direction of the stimulus and the direction of the
response will always be opposite and it is not possible to
disentangle their discrete effects on subsequent trials. To
explore both stimulus-based and response-based inter-
trial effects, it is desirable to have a paradigm in which
one can independently dissociate the relation between
the current trial’s response and the prior stimulus direc-
tion on one hand and the prior response direction on the
other. Blocks with a random mixture of both prosac-
cades and antisaccades provide such a dissociation. For
example, with two prosaccades in the same direction,
both the prior saccade and the prior stimulus are congru-
ent with the direction of the current prosaccade. How-
ever, if the trial before the prosaccade was an antisaccade
in the same direction, then the prior saccade is congruent
but the prior stimulus is not. If there are both stimulus-
based and response-based effects from the prior trial, the
contrast between these two types of sequences will show
additive interactions of these effects in one case and sub-
tractive interactions in the other (Fig. 2). A similar strat-
egy has been used recently to support conclusions that
sensory rather than motor processes in the prior trial
generate alternation advantage (Fecteau et al. 2004).

We formulated a key prediction based upon three
assumptions derived from experiment 1. First, we pro-
posed that the prior trial generates both alternation
advantage and directional plasticity. Second, we hypoth-
esized that alternation advantage derives from the prior

ANTISACCADES (CURRENT TRIAL)
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for a prior antisaccade in the
opposite direction to the current

saccade, whether prosaccade or
antisaccade. Prior prosaccades
had little effect




stimulus and therefore causes a slowing of a saccade in
the same direction as the stimulus of the prior trial.
Third, we hypothesized that directional plasticity derives
from the previous response and therefore facilitates a
saccade in the same direction as the saccade in the prior
trial. If these assumptions are correct, then the longest
prosaccade latencies should occur when a prosaccade is
preceded by an antisaccade in the opposite direction. In
such a sequence the prosaccade is preceded by a stimulus
in the same direction and a response in the opposite
direction and the effects of alternation advantage and
directional plasticity should coincide, leading to a larger
overall effect on latency. In contrast, a preceding prosac-
cade in either direction would have less effect, since the
effects of alternation advantage and directional plasticity
would not coincide but instead compete (Fig. 2).

Methods

As stated above, data for experiment 2 were collected in
the same subjects in the same testing session as experi-
ment 1, with experimental blocks interleaved in a coun-
terbalanced order. The same trial design was used, with
the same stimuli and timing parameters. In contrast to
experiment 1, experiment 2 consisted of blocks of 52 tri-
als that contained a random mix of prosaccades and
antisaccades. Each block was repeated four times, gener-
ating 104 prosaccade and antisaccade trials.

In these mixed-task blocks, trials were classified not
only by the congruence of the direction of the prior sac-
cade with the direction of the current saccade, but also
by the type of the saccade in the prior trial. Here the
ANOVA with repeated measures examined the effects of
subject group (healthy vs. schizophrenia), current sac-
cade type (prosaccade vs. antisaccade), prior saccade
type and directional congruence (same vs. different
response direction), again with subjects as a random
effect nested within group. Again, we included only cor-
rect trials that had also been preceded by a correct trial
and omitted the first trial of each block from analysis.
For specific a priori comparisons or explorations of the
bases of significant interactions, we used linear contrasts
within the ANOVA analysis.

Results
Latency effects

We first report the results that do not involve subject
group. Main effects and interactions that are not men-
tioned were not significant. As expected, both antisac-
cades in the current trial [F(1,34) = 305, P < .0001] and
having an antisaccade in the prior trial [F(1,34) = 19.8,
P < .0001] were associated with increased latency, con-
sistent with reports from other subjects (Fecteau et al.
2004; Barton et al. 2006). The only effect involving the
directional congruence of responses was a significant
three-way interaction between directional congruence,
current saccade type and prior saccade type [F(1,34) =

429, P < .039]. The predictions from interacting effects
from both a stimulus-based alternation advantage and a
response-based directional plasticity were supported in
prosaccades (Fig.3). There was significant inhibition
(longer prosaccade latencies) from a prior antisaccade in
the opposite direction compared to one in the same
direction (¢ = 2.01, P < .043), consistent with a hypoth-
esized combination of effects from both alternation
advantage and directional plasticity operating to slow
the response. This effect was particularly evident in the
healthy subjects (r = 2.96, P < .004). Also, the direction
of a prior prosaccade had no significant effect on the
latency of a current prosaccade, which would be the
expected result when the opposing effects of alternation
advantage and directional plasticity cancel out each
other. However, for current antisaccade trials the effect
of direction of the prior response was less evident,
regardless of the type of prior saccade (Table 2).

When the effects of subject group were studied, an
interesting difference emerged in the directional analysis
between healthy and schizophrenia subjects. As expe-
cted, schizophrenia patients had longer antisaccade
latencies than the healthy controls, seen in a significant
interaction between current saccade type and subject
group [F(1,34) = 17.3, P < .0001]. However, there was
also a significant interaction between subject group and
directional congruence [F(1,34) = 5.9, P < .016] and a
three-way interaction between subject group, directional
congruence and prior saccade type [F(1,34) = 6.48,
P < .011]. Figure 3 shows that two chief differences gen-
erated these interactions. First, schizophrenia patients
did not show the significant delay of prosaccade latencies
that healthy subjects had when the prior trial had an
antisaccade response in the opposite direction. Second,
there was a paradoxical slowing of a current antisaccade
by another antisaccade in the same direction (¢ = 2.74,
P < .006), which did not occur in healthy subjects. This
paradoxical slowing is opposite to the predicted effects of
either alternation advantage or directional plasticity.
Rather, a different phenomenon must be present.

Directional error effects

There was a significant main effect of saccade type, with
antisaccades  less accurate  than  prosaccades
[F(1,34) = 179, P < .0001]. There was a significant inter-
action of current saccade type with prior saccade type
[F(1,34) = 46.1, P < .0001], with both prosaccades and
antisaccades more inaccurate when the prior trial was a
different saccade type—again, a finding we have already
reported in this group (Manoach et al. 2002) and consis-
tent with reports from other subjects (Fecteau et al. 2004;
Barton et al. 2006). There was a main effect of directional
congruence of the responses [F(1,34) = 6.16, P < .02],
with slightly more errors when the direction was
changed, but no significant interactions involving direc-
tional congruence.

Looking at group effects, controls were more accurate
than schizophrenia patients [F(1,34) = 26.5, P < .0001].
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Fig. 3 Experiment 2: prior trial effects from preceding prosaccades
versus antisaccades. Mean latencies of saccades across subjects are
shown, with error bars indicating one standard error. Symbols at the
bottom indicate the congruence between stimulus and the response
during the prior and current trials, with the arrow indicating the sac-
cade direction and the gray dot the location of the stimulus. In this
experiment a prosaccade (or an antisaccade) could be preceded by ei-
ther a prosaccade or an antisaccade, allowing the directional effects of

the prior stimulus and the prior saccade to be dissociated. We hypoth-
esized that inhibition of a current saccade is generated by a stimulus in
the same direction (alternation advantage) or a saccade in the oppo-
site direction (directional plasticity). When these coincide, the effects
of prior direction on latency are maximized; when they compete, they
cancel each other. This pattern of results is seen in the healthy subject
data. However, schizophrenic patients show a paradoxical increase in
latency from a prior antisaccade in the same direction

Table 2 Number of trials and

. . Group Current Prior saccade Response Meann Mean  Standard
error frequency in experiment 2 saccade direction  of trials %error deviation

Control subjects Prosaccade Prior prosaccade Different 25 1.94 2.85

Same 23 0.19 0.79

Prior antisaccade Different 22 8.20 8.31

Same 22 8.98 10.43

Antisaccade Prior prosaccade Different 25 16.94 9.90

Same 25 14.86 12.34

Prior antisaccade Different 23 10.02 11.09

Same 23 7.57 6.74

Schizophrenic Prosaccade  Prior prosaccade Different 24 3.98 5.63

patients Same 22 447 6.03

Prior antisaccade Different 19 16.63 11.10

Same 17 11.02 1158

Antisaccade Prior prosaccade Different 24 3591 17.45

Same 23 35.21 15.21

Prior antisaccade Different 17 34.43 20.18

Same 17 23.04 16.88

There was a significant interaction of group with saccade
type [F(1,34) = 46.5, P < .0001], with schizophrenia
patients only slightly worse than controls on prosaccades
(t = 2.59, P < .01), but far worse than controls for anti-
saccades (z = 12.2, P < .0001). There was also a signifi-
cant three-way interaction between group, prior saccade
type and directional congruence [F(1,34) = 4.29,
P < .04]. Schizophrenia patients showed an effect of
directional congruence when the preceding response was

an antisaccade (¢ = 3.82, P < .0002), with fewer errors
when the saccade was in the same direction as the prior
antisaccade response, but no effect of prior prosaccades
(t = 0.04, n.s.). Control subjects did not show an effect of
directional congruence from either prior prosaccades
(¢t = 0.81, n.s) or prior antisaccades (z = 0.35, n.s.).

Thus, schizophrenia patients not only have paradoxi-
cally longer-than-expected latencies of any saccade when
it is preceded by an antisaccadic response in the same



direction, but also make fewer errors in this circum-
stance. Thus the anomalous effect of prior antisaccades
in schizophrenia has characteristics of a speed accuracy
trade-off, but none of the other directional effects on
latency do.

Comment

For healthy subjects performing prosaccades, the predic-
tion that prosaccades preceded by antisaccades in the
opposite direction would have the longest latencies of the
four types of prosaccade sequences was confirmed. Also
confirmed was the prediction that the direction of a prior
prosaccade would modulate current prosaccade latencies
less than the direction of a prior antisaccade. This is
because the hypothesized effects of alternation advan-
tage and directional plasticity would oppose each other
with a prior prosaccade, but act synergistically with a
prior antisaccade. However, the directional effects of
prior antisaccades do not emerge so clearly in the data
for current antisaccades. While Fig. 3 suggests a trend
for prior antisaccades to have longer latencies when pre-
ceded by a prior antisaccade in the opposite direction,
the linear contrast failed to reach significance. This may
suggest that these directional inter-trial effects are muted
with antisaccades, whose generation involves more com-
plex processes such as prosaccade suppression and vec-
tor inversion (Munoz and Everling 2004).

The anomalous finding in schizophrenia patients is
also of interest. We have previously shown that antisac-
cades increase the latencies of either prosaccades or anti-
saccades in the next trial (Cherkasova et al. 2002), and
that this effect is more persistent in schizophrenia (Bar-
ton et al. 2005). If there is a directionally specific compo-
nent to this enhanced antisaccade-induced inhibition of
the saccadic system in schizophrenia, then antisaccades
might also delay any subsequent saccade made in the
same direction. If so, this would create a paradoxical
slowing of antisaccades made in the same direction as a
prior antisaccade, as observed in the current data. Also,
this antisaccade effect could mitigate against the syner-
gistic effects of alternation advantage and directional
plasticity in current saccades preceded by antisaccades.
This would explain why the prosaccades of healthy sub-
jects benefit from a preceding antisaccade in the same
direction, but schizophrenia patients show no directional
effect of a prior antisaccade. Thus a proposed directional
antisaccadic inhibition specific to schizophrenia could
explain both of the statistical anomalies related to sub-
ject group.

We can formulate a simple explanatory model incor-
porating these three carry-over effects: directional plas-
ticity, inhibition of return and an additional directionally
selective antisaccadic inhibition specific to schizophrenia
(Fig. 4). The variable we wish to explain is the difference
between latencies of saccades in the same versus opposite
direction of the stimulus in the prior trial. Thus we con-
sider the inhibitory costs that each process adds to a sac-
cade in the same direction as the stimulus in the prior

trial. For simplicity, we assume that the magnitudes of
alternation advantage and directional plasticity are
equivalent and that the interaction between all three
effects is linear and additive. We also assume, as above,
that both effects are attenuated partially in antisaccades.
Whether all of these assumptions are justified can be
debated, but, as Fig. 4 shows, simple addition of these
effects creates a pattern that reasonably approximates
the results with our blocks of randomly mixed trials.

However, this modest model is limited in that such
linear interactions do not appear to account for the
latency data in the single-task blocks, where alternation
advantage appears to be much stronger than directional
plasticity in the effect of a prior prosaccade on a current
one. Others have also recently noted discrepancies
between single-task and mixed-task blocks for direc-
tional effects (Reuter et al. 2006). It may be that the
differential demands on attention and working memory
between single-task and mixed-task blocks modulate the
relative strength of these different inter-trial influences,
much as the different demands of prosaccades and anti-
saccades appear to modulate the strength of alternation
advantage in the single-task blocks. Specifically, these
factors may attenuate the alternation advantage in
mixed-task blocks, allowing the influence of directional
plasticity to be more apparent. Furthermore, the atypical
effects of a prior antisaccade are not evident in the
schizophrenia data in the single-task blocks, again sug-
gesting that the additional demands inherent to the
mixed-task blocks may be important for the unmasking
of this anomaly.

It is also important to note that these results are
somewhat discordant with the report of Fecteau et al.
(2004), who used a similar paradigm of randomly mixed
prosaccades and antisaccades and a similar inter-target
interval of 3.7 s, in a smaller group of 12 subjects. They
found an alternation advantage for all combinations of
prosaccades and antisaccades, in terms of the relation of
the current stimulus to the side of the preceding stimulus,
but without the interaction of directional congruence
with current or prior saccade type that we found. The
reason for this discrepancy is unclear. Apart from other
methodological differences, it may be that, just as the
weights of the different inter-trial influences may vary
with task demands, so too they may vary between indi-
viduals. It may be, for example, that directional plasticity
effects were particularly weak in the subjects in the prior
report. Our results at least have the advantage in that
they were obtained in the same subjects and test sessions
as the single-task blocks, which showed directional plas-
ticity effects, and whose results were used to generate
predictions that were examined and confirmed in the
mixed-task design.

On the other hand, there is some support for this
model from one other recent study that examined mix-
tures of prosaccades and antisaccades in normal subjects
(Reuter et al. 2006). This study found that the only sig-
nificant effect of the prior saccade’s direction on latency
was that a prior antisaccade in the opposite direction
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Fig. 4 Modeling the directional effect in experiment 2. To quantify
the effect of the prior trial’s direction, we subtract the latency for re-
sponses preceded by stimuli in the opposite direction, from the laten-
cy for responses preceded by stimuli in the same direction
(‘same — different’). Current prosaccades are on the left half of each
graph, antisaccades are on the right half. Each half shows the effect
of a prior prosaccade (PS) or a prior antisaccade (45S). a Data from
the patients for this same/different directional measure. b Model of
the results from simple addition of the individual effects in ¢. ¢ Hypo-
thetical effects of alternation advantage, directional plasticity and
the proposed directionally specific antisaccade inhibition in schizo-
phrenia. These are modeled as their effect on the latency of trials pre-
ceded by trials with stimuli in the same direction as the current

increased the latency of a current prosaccade. This in fact
is the prediction of our model that the longest prosac-
cade latencies should occur when a prosaccade is pre-
ceded by an antisaccade in the opposite direction, and it
is also consistent with our results that the largest direc-
tional effect is from a prior antisaccade on a current pro-
saccade, and all other effects are insignificant (Fig. 4).
Finally, we caution that the consistency of our model
with the results and the a priori prediction from hypoth-
eses generated in experiment 1 does not exclude other
explanations for the pattern of results in experiment 2.
For example, since an antisaccade requires suppression
of a prosaccade in the opposite direction, persistence of
this may prolong a prosaccade in the opposite direction
in the next trial, as we found. An antisaccade in the next
trial may not be affected if this directionally selective
inhibition is specific to the prosaccade task set. However,
such an explanation fails to incorporate the directional

saccade, the “cost to same”. Alternation advantage always adds to
the latency of these trials (increasing cost). However, the directional
plasticity effect will differ depending on whether the prior trial was a
prosaccade or an antisaccade. If a prosaccade, its effect will be oppo-
site to that of alternation advantage, because directional plasticity
facilitates repetition of saccades in the same direction. If an antisac-
cade it will add to alternation advantage. The model speculates that
both alternation advantage and directional plasticity may be re-
duced for current antisaccades. The schizophrenic antisaccade effect
is a response-based effect that increases latency of saccades in the
same direction as the prior antisaccade but opposite to the prior
stimulus. Therefore there is a reduction in the latency cost to trials
with the same direction as the prior antisaccade’s stimulus

effects seen in experiment 1 and in fact would predict no
directional effects in that setting.

Discussion

The results in these experiments confirm the existence of
directionally selective inter-trial effects on saccadic
latency. The findings from blocks of randomly mixed
prosaccades and antisaccades provide evidence that
alternation advantage is not the only factor operating
from the immediately prior trial, even though it domi-
nates when prosaccades are performed in a uniform
block. The results also provide support for the concept
that alternation advantage is based upon the prior stimu-
lus, not the prior response. If it was the latter, alternation
advantage would always compete with directional
plasticity and one would be unlikely to find any differ-
ence between the effects of a prior prosaccade or a prior



antisaccade. The fact that dissociating the stimulus from
the response in the prior trial leads to very different pat-
terns in latency argues that alternation advantage and
directional plasticity must derive from separate aspects
of the prior trial, one possibly stimulus-based, the other
possibly response-based. When the effects of the two are
aligned the directional effect of the prior trial is magni-
fied, as seen in the prosaccades of our healthy subjects;
when they compete the directional effect is reduced.

Experimentally, alternation advantage is seen as an
inter-trial effect in a series of responses separated by sev-
eral seconds, even up to 11s (Fecteau etal. 2004),
whereas inhibition of return is traditionally studied as
the effect of a preceding cue on a response that follows
hundreds of milliseconds later and hard to detect after 2-3 s
(Samuel and Kat 2003). Despite these differences, Fec-
teau et al. (2004) offer plausible arguments why both may
reflect the same underlying neural phenomena. While
inhibition of return is classically demonstrated with a
first visual stimulus that attracts attention to a specific
location, following which manual or saccadic responses
to a second stimulus at that location are delayed, several
studies show that inhibition of return can also occur
when the first stimulus also requires a saccade of its own
(Vaughan 1984; Posner etal. 1985; Rafal et al. 1994;
Tanaka and Shimojo 1996; Taylor and Klein 2000). Thus
it is plausible that inhibition of return is operating
between saccades in a series of trials, as with alternation
advantage.

In most studies of inhibition of return, the magnitude
of the effect on either manual or saccadic reaction times
is a function of the interval between the first and the sec-
ond stimulus, ranging from a peak of 30 to 50 ms when
the interval is about 300 to 500 ms and decaying to 20 ms
or less when the interval is greater than 2,000 ms (for
reviews, see Klein 2000; Samuel and Kat 2003). The 9 ms
magnitude of our effect, occurring at an average inter-
trial interval of around 34 s, is small but consistent with
the size of inhibition of return effects seen at around
3,200 ms (Fig. 1 of Samuel and Kat 2003) and in the orig-
inal report showing inhibition of return in a second sac-
cade after a first one (Posner et al. 1985) and is also
consistent with the alternation advantage reported for
inter-target intervals of 3.7 s (Fecteau et al. 2004).

Although others and we propose that alternation
advantage arises from the stimulus in the preceding trial,
one point of remaining ambiguity is which aspect of the
current trial is affected by alternation advantage. While
we view the preceding stimulus as facilitating an upcom-
ing saccade in the opposite direction, Fecteau et al.
(2004) view it as facilitating an upcoming stimulus in the
opposite direction. This was based on their mixed-block
data showing such an effect regardless of whether the
current or prior trial was an antisaccade or a prosaccade.
Our results and those of Reuter etal. (2006) differ,
though, showing in particular no significant effect with
current antisaccades. The operation of an alternation
advantage facilitating the current stimulus as the sole
inter-trial influence would not explain the interaction we

found. Rather, an interaction fits best with a combina-
tion of effects from directional plasticity (prior saccade
affecting current saccade) and alternation advantage
(prior stimulus affecting current trial). With such a com-
bination, what would be the difference between an alter-
nation advantage affecting the current stimulus versus
one operating on the current saccade? Both would pre-
dict the same directional effects on current prosaccades,
namely little effect from prior saccades, because direc-
tional plasticity and alternation advantage act in oppos-
ing directions, and a large effect from prior antisaccades,
because their effects would summate. Where these two
concepts of alternation advantage differ is in the effect on
current antisaccades. Alternation advantage acting on
the current saccade predicts that directional effects
would summate for an antisaccade preceded by an anti-
saccade and cancel for an antisaccade preceded by a pro-
saccade, whereas alternation advantage acting on the
current stimulus predicts the opposite. Unfortunately,
our results and those of Reuter et al. (2006) show that
the effects on a current antisaccade are modest: while we
find a non-significant but slightly higher latency effect for
an antisaccade preceded by an antisaccade, they find a
non-significant but slightly higher latency effect for an
antisaccade preceded by a prosaccade. Since the key
differences predicted by these two concepts of alternation
advantage cannot be confirmed with significant findings
from the available data, this issue is unsettled.

In schizophrenia patients, our single-task blocks
showed that their alternation advantage was no different
from that of controls. While alternation advantage has
not been previously studied in schizophrenia, there are a
few reports on inhibition of return in this condition,
though with conflicting findings. Some report that inhibi-
tion of return is reduced (Huey and Wexler 1994; Gou-
zoulis-Mayfrank et al. 2004, 2006), but others report that
it is normal (Carter et al. 1992; Fuentes et al. 1999; Fuen-
tes and Santiago 1999) or only abnormal in the paranoid
subtype of schizophrenia (Carter et al. 1994). Differences
cannot be attributed to medication status, since all stud-
ies involved medicated subjects except for two (Carter
etal. 1992, 1994). Rather, Gouzoulis-Mayfrank et al.
(2004, 2006) suggested two possible methodologic rea-
sons for the discrepancy. First the studies with normal
results studied inhibition of return at longer intervals of
about 1,200 ms. Since one study suggested that inhibition
of return may be more delayed than reduced in schizo-
phrenia, in that it began at around 300 ms in controls but
at 500 ms in schizophrenic patients (Larrison-Faucher
et al. 2002), the magnitude of inhibition of return at long
intervals may be similar in the two groups. Second, the
studies with normal results used a ‘cue-back’ procedure,
in which the cue at the peripheral location is followed by
a cue at fixation. Another study showed that the reduced
inhibition of return without this ‘return to fixation’ cue
normalized in schizophrenic patients when the cue was
provided (Sapir et al. 2001). Since sequences of saccadic
trials are characterized by relatively long inter-target
intervals with a return to a fixation cue at the start of



each trial, our study shares key conditions with the trials
showing normal inhibition of return in schizophrenia.
Thus the finding in experiment 1 of normal alternation
advantage in schizophrenia is consistent with current
proposals about inhibition of return in this condition.

In the mixed-trial blocks the inter-trial directional
effects were more complicated in schizophrenia patients,
in whom we found that a preceding antisaccade inhibited
any subsequent saccade in the same direction. In mon-
keys, the instruction to perform an antisaccade reduces
the pre-target preparatory activity in the frontal eye field
and superior colliculus, an effect that correlates with
increased response latency and reduced error rate (Ever-
ling etal. 1999; Everling and Munoz 2000). We have
hypothesized that, just as the directional plasticity has
carry-over effects on the pre-target activity of the next
trial, this depressive effect of antisaccades might also
carry over to subsequent saccades. This would explain
our finding that antisaccades delay any type of saccade
in the next trial (Cherkasova et al. 2002). In schizophre-
nia, there is significant difficulty in performing antisac-
cades, with a high error rate that suggests difficulty
inhibiting the reflexive prosaccade. However, when
schizophrenia patients make a successful antisaccade, the
inhibition generated by the antisaccade appears to be
prolonged, as it delayed the latencies of saccades two tri-
als later in these subjects but not in healthy controls
(Barton et al. 2005). The results here suggest that there is
a directionally specific aspect of this antisaccadic inhibi-
tion of the saccadic system, which is also abnormally
strong in schizophrenia. We have suggested that this
excessive inhibition may be an adaptive response to the
difficulty these subjects have in suppressing reflexive
errors during the antisaccade task. To correctly perform
an antisaccade may require much stronger inhibitory
control of the saccadic system in schizophrenia patients.
This could be implemented through greater depression
of preparatory activity in ocular motor structures. This
would not only increase latency but also help mitigate
against their high error rate, thus partially counteracting
their marked difficulty in suppressing reflexive prosac-
cades. Persistence into the next trial of a directional
aspect of this preparatory modulation could account for
the reduced errors and increased latencies for saccades in
the same direction as a prior antisaccade that we found
in schizophrenia in this report. This directional carry-
over from a prior antisaccade is also reflected in our
prior report from these same patients that schizophrenia
patients make perseverative errors (errors repeating the
same direction as a prior response) after an antisaccade
but not a prosaccade, an effect not found in healthy sub-
jects (Barton et al. 2005).

Hence we suggest that schizophrenic patients have
difficulty not so much with inhibition but with implement-
ing inhibitory control, reflected in a highly variable ability
to inhibit a reflexive prosaccade from one trial to the next.
Difficulty in implementing inhibition may be reflected in
decreased activity in brain areas such as prefrontal cortex
(McDowell et al. 2002): these could be due to primary

deficits in initiating inhibitory mechanisms but could also
reflect secondary effects of abnormalities in other cognitive
domains, such as working memory (Roberts et al. 1994),
goal activation (Nieuwenhuis et al. 2004) or context pro-
cessing (Cohen and Servan-Schreiber 1992, 1993; Cohen
etal. 1999). To overcome this barrier to implementation
requires excessive deployment of inhibition, possibly lead-
ing to greater depression of preparatory activity in ocular
motor structures, with the consequence of the abnormally
strong and persistent inhibitory inter-trial effects from a
prior antisaccade we have documented.

In conclusion, we demonstrate that the effects of a
prior saccade include both an ‘inhibition of return’-like
alternation advantage from the preceding stimulus and
directional plasticity from the prior saccade. Alternation
advantage serves to depress trials with the same stimulus
location, whereas directional plasticity facilitates
repeated saccades in the same direction as the prior
response. Alternation advantage may have a shorter time
course than directional plasticity in our paradigm, since
it is only evident from the prior trial, while the effects of
the penultimate trial are consistent with directional plas-
ticity instead. In blocks of randomly mixed prosaccades
and antisaccades, patterns can be seen that suggest that
both effects are present from the prior trial and interact
in their effects on latency. Schizophrenia patients have an
additional effect, in which a prior antisaccade inhibits
any future saccade in the same direction. These findings
illustrate the complexity of inter-trial effects and the
modulation of current behavior by past events in human
subjects and reveal some important differences in direc-
tional inter-trial influences between humans and mon-
keys (Dorris et al. 2000).
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