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Abstract The relations among spatial memory, Stroop-
like colour-word subtests, and errors on antisaccade and
memory-guided saccadic eye-movement trials for older and
younger adults were tested. Two types of errors in the anti-
saccade task were identified: short latency prosaccade errors
that were immediately corrected and longer latency uncor-
rected prosaccade errors. The age groups did not differ on
percentages of either corrected or uncorrected errors, but the
latency and time to correct prosaccade errors were shorter for
younger than older adults. Uncorrected prosaccade errors
correlated significantly with spatial memory accuracy and
errors on the colour-word subtests, but neither of these
neuropsychological indices correlated with corrected pro-
saccade errors. These findings suggest that uncorrected
prosaccade errors may be a result of cognitive factors
involving a failure to maintain the goal of the antisaccade
task in working memory. In contrast, corrected errors may be
aconsequence of a fixation system involving an initial failure
to inhibit a reflexive prosaccade but with active goal main-
tenance enabling correction to take place.

Keywords Ageing - Antisaccades - Prosaccade errors -
Spatial working memory - Inhibition - Memory-guided
saccades - Stroop - Goal-neglect

Introduction

Behavioural research has established that the prefrontal
cortex of the brain is associated with executive function,
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including working memory and attention. Although neu-
ronal systems required to complete various executive
function tasks can be quite distributed throughout frontal
brain regions, some tasks do lead to far greater activation in
some specific prefrontal cortex regions than others. In
particular, areas of the prefrontal cortex appear to be
associated with memory and inhibitory control (West 1996;
Elderkin-Thompson et al. 2008) and the dorsolateral pre-
frontal cortex (DLPFC) is especially implicated in spatial
memory (Raz et al. 1999). Functional neuroimaging studies
have consistently indicated that activation in the DLPFC
occurs during tasks involving non-verbal visual working
memory (Gold et al. 1996; Grady 1999). Lesion studies in
non-human primates indicate its role in visual monitoring
and strategic search (Petrides 1994). In addition, visual
perceptual, visuospatial and recognition memory functions
are represented in dorsolateral prefrontal cortex and appear
linked to parietal visual association cortex involved in
spatial memory (Grady 1999). The DLPFC is also part of
the neural circuitry controlling eye movements (Munoz
and Everling 2004) and is involved in the inhibition of
unwanted reflexive eye movements, as demonstrated in
patients with lesions affecting the DLPFC (Guitton et al.
1985; Pierrot-Deseilligny et al. 2005).

Eye movements that take place when the point of gaze is
shifted from one location in space to another are known as
saccades. Most saccades are reflexive, but voluntary sac-
cades may be made intentionally when participants are
directed to move their eyes to a specific location. Voluntary
saccades occur in the antisaccade task, in which partici-
pants are instructed to look away from a peripheral target to
its mirror position (Hallett 1978). To successfully perform
an antisaccade, participants are required to suppress the
reflexive saccade to the target, before generating the
intentional saccade to the alternative position (Everling and
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Fischer 1998). When a participant is unable to inhibit the
reflexive saccade, a prosaccade error is produced. Most
prosaccade errors are immediately corrected. However,
sometimes the prosaccade errors are not corrected, and
there have been some reports of differential effects of
ageing and dementing conditions on corrected and uncor-
rected prosaccade error rates. Klein et al. (2000) found that
young adults corrected a greater proportion of directional
errors than older adults, and Unsworth et al. (2004) also
obtained data that suggested that older adults failed to
initiate a corrective saccade on some antisaccade trials.
Abel et al. (2001) found that, over all antisaccade trials,
patients with Alzheimer’s Disease were likely to make
more uncorrected prosaccade errors than healthy age-mat-
ched controls. In addition, Guitton et al. (1985) noted that
patients with frontal lobe lesions also had difficulty gen-
erating a corrective saccade after failing to inhibit a
reflexive prosaccade. There are therefore two types of
prosaccade errors in the antisaccade task:

Corrected errors

These form the majority of errors and have very short
latencies, especially when the antisaccade task involves a
gap between the offset of the fixation point and target onset
(Everling and Fischer 1998). These errors may be due to a
failure to inhibit a reflexive saccade due to a reduction in
activity of fixation neurons.

Uncorrected errors

Failure to correct reflexive prosaccade errors may be
associated with a reduction in cognitive capacity such as
ability to focus attention on task requirements and appear
to be more common in individuals with dementing condi-
tions or frontal lobe damage. The proportion of uncorrected
errors is negatively correlated with scores on the Mini-
Mental State Examination (a test of cognitive impairment)
(Folstein et al. 1975), suggesting that the processes
underlying a failure to generate an antisaccade may be
indicative of cognitive decline. Children also fail to correct
a large proportion of their errors (Fischer et al. 1997),
indicating that the ability to generate a voluntary saccade
improves as the brain, in particular the DLPFC, matures.

An increase in overall prosaccade error rate with
increasing age has frequently been reported (Olincy et al.
1997; Butler et al. 1999; Klein et al. 2000; Nieuwenhuis
et al. 2000) but no study to date has systematically dif-
ferentiated between the two types of error in any age group.
Increased prosaccade error rates have generally been
interpreted as an indication that there is an age-related
decline in inhibitory control (e.g. Butler et al. 1999), but
more recent research suggests that increases in error rate
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may be due to changes in cognitive function related to
attention (Nieuwenhuis et al. 2004). For example, Klein
et al. (2000) found that older adults showed reductions in
both eye movement and neuropsychological performance
and that errors due to the tendency to repeat a particular
response on the Wisconsin Card Sorting test (a test of
frontal lobe function which assesses cognitive flexibility)
and prosaccade error rates were positively correlated.

Two potential sources of error in antisaccade trials have
been identified. Fischer et al. (2000) proposed that both
poor fixation control and poor voluntary control of sac-
cades contribute to the errors. Saccadic eye movements are
programmed by fixation and saccade neurons in the frontal
eye field and superior colliculus. These neurons respond
reciprocally, so that when fixation neurons are active,
saccade neurons cease to discharge, and correspondingly,
fixation neurons do not discharge when saccade neurons
are active. The two groups of neurons appear to be mutu-
ally inhibitory (Munoz and Everling 2004). Consequently,
any reduction in the activity of fixation neurons, such as
occurs when a gap between fixation offset and target onset
is introduced into the antisaccade task, releases saccade
neurons from inhibition. The consequent increase in the
activity of these neurons increases the likelihood of a
reflexive prosaccade error towards the target during an
antisaccade trial. Participants with a weakness in the fixa-
tion system, as identified by their tendency to make large
numbers of express saccades on an overlap prosaccade
task, also make a large number of prosaccade errors in the
gap antisaccade task (Fischer et al. 2000). In addition, the
correlation between fixation losses and antisaccade error
rate observed by Barton et al. (2008) in patients with
schizophrenia and healthy participants indicates a link
between antisaccade errors and the ability to suppress
unwanted saccades during fixation. Corrected saccade
errors, with their short latency and rapid correction,
therefore appear to be result of a weakness in the fixation
system. Participants who have high levels of attention and
are focussed on the goal of producing an antisaccade are
able to make an immediate correction when a prosaccade
error occurs by performing a voluntary saccade to the an-
tisaccade destination.

Not all prosaccade errors are the result of the inhibition
of automatic prosaccades, as indicated by the significant
correlation between antisaccade error rates and errors in a
prosaccade task observed by Barton et al. (2008). Fischer
et al. (2000) proposed that some prosaccade errors are the
result of a failure within a voluntary, cognitive system. A
weakness of this system is indicated by a high prosaccade
error rate, slower saccade reaction times, a failure to cor-
rect errors, and when errors are corrected, a failure of the
corrective saccade to reach the opposite side of the display
(Fischer et al. 2000). A considerable body of research
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showing that factors which affect cognitive capacity also
affect antisaccade performance provides evidence for the
involvement of cognitive factors in performance on the
antisaccade task. Patients with dorsolateral frontal lobe
deficit have slower antisaccade latencies than control par-
ticipants (Guitton et al. 1985), as do patients with schizo-
phrenia (e.g. Barton et al. 2008). In addition, individuals
with low working memory capacity tend to make more
antisaccade errors and have slower antisaccade latencies
than individuals with high working memory capacity
(Unsworth et al. 2004). Variations in task characteristics
such as instructions to participants also strongly influence
antisaccade error rates and latencies (Nieuwenhuis et al.
2004). A decrease in the interval between trials produces
an increase in both prosaccade errors and latency. This
decrease in performance has been thought to be the result
of goal-neglect, the temporary failure to maintain a task
goal in working memory (Unsworth et al. 2011). As inter-
trial interval becomes shorter, participants have less time
available between trials to focus attention on the forth-
coming trial, leading to temporary lapses of attention on
some trials. This loss of attention causes participants to
take longer to respond to the task on these trials, resulting
in an increase in the number of trials with long latencies in
the latency distribution. Unsworth et al. (2011) demon-
strated that, at short inter-trial intervals, there was an
increase in the tail of the distribution, rather than a shift in
its overall position. This finding was consistent with their
suggestion that it takes time to activate a task goal in
working memory and that goal-neglect contributes to a loss
in performance in the antisaccade task.

Godijn and Kramer (2007) proposed an attentional
control model of antisaccade production based on the
outcome of their experiments on the effects of target type
on performance in an antisaccade search task. They suggest
that attentional control is guided by working memory
processes related to goals relevant for to a particular task
and that to generate a correct antisaccade, participants must
actively maintain the task goal in working memory. During
an antisaccade task, attention must be disengaged from the
target location to the antisaccade destination, and any
failure or delay in this transfer of attention would result in
either an error or a delayed response. Failure to fully
transfer attention to the antisaccade destination would be
likely to cause the error to remain uncorrected, or if the
error is corrected, the end-point of the resulting antisaccade
will not reach the desired destination.

We consequently propose that corrected prosaccade
errors on the antisaccade task are most likely to be the
outcome of a weakness in the fixation system, whereas
uncorrected errors are the outcome of goal-neglect. The
aim of the current study was to investigate the character-
istics of both corrected and uncorrected errors in the

antisaccade task using groups of younger and older par-
ticipants, and to assess whether these errors are differen-
tially influenced by cognitive factors such as inhibitory
control and working memory. We also aimed to investigate
the characteristics of premature error rates on the memory-
guided saccade task. These errors are correlated with pro-
saccade error rates in the antisaccade task and apparently
include both reflexive errors and premature memory-gui-
ded responses (Abel and Douglas 2007). To assess the
involvement of cognitive factors in both error rates and
antisaccade latencies, we correlated these oculomotor
variables with performance on two neuropsychological
tests.

If different neural processes are responsible for cor-
rected and uncorrected errors, we would expect these to
correlate differentially with performance on the neuropsy-
chological tests. One of the tests was a set of Stroop-like
subtests (Delis et al. 2001; Stroop 1935) that required
inhibition of the prepotent tendency to read a word. We
proposed that the inhibitory processes involved in these
tasks would correlate with corrected error rate on the an-
tisaccade task, which also requires inhibition of a reflexive
tendency. To assess visuospatial working memory, a spatial
memory task (Greenwood et al. 2005) was used to assess
capacity to quickly encode and recall the location of dots
presented on a monitor. Since spatial working memory
capacity and attentional control are closely associated
(Godijn and Kramer 2007), we predicted that spatial
working memory would correlate with uncorrected errors
on the antisaccade task but not with corrected errors.

Overall, older adults were expected to make more errors
on the antisaccade trials than younger adults, and it was
also predicted that the type of error would be differentially
affected by age group. Based on the proposal by Nie-
uwenhuis et al. (2004) that the performance of older adults
is affected by goal-neglect, and if this is responsible for
uncorrected saccade errors, we specifically predicted that
older adults would make more uncorrected errors than
younger adults.

Method
Participants

Twenty-five adults and thirty-one older adults were
recruited. The younger group were predominantly under-
graduate students from Southern Cross University, but
there were 5 non-students. The older group were recruited
through local advertisements and all were living indepen-
dently in the community. Participants took part voluntarily
and did not receive any remuneration for their participa-
tion. All participants gave their written, informed consent,
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and the study was approved by the Human Research Ethics
Committee of Southern Cross University.

Data for the antisaccade task were collected for 31 older
participants. However, two of these participants appeared
to have difficulty with the task, and their data were not
included in the analyses as fewer than 75% of their trials
could be analysed. A further participant in the older group
was excluded as he performed a total of only 3 correct
antisaccade trials out of 120. Of the remaining 28 partici-
pants, 11 were men, with ages for the older adult group
ranging from 59 to 71 years (M = 66.25, SD = 3.05). Due
to calibration difficulties for positions above and below the
horizontal plane for two older participants wearing trifocal
or multifocal lenses, accurate memory-guided saccade data
could not be collected for those additional two participants.
Consequently, data for the memory-guided saccade task
were available for only 26 older participants, of whom 11
were men, with ages ranging from 59 to 70 years
(M = 65.96, SD = 2.96). Antisaccade and memory-guided
saccade data were collected for 25 younger participants, for
one of whom less than 75% of the trials could be analysed.
Of the remaining 24 younger participants, only 6 were
men. The ages of the younger group ranged from 19 to 35
(M = 27.0, SD = 5.97). Neuropsychological measures
were completed on all participants but only data for which
saccade results were also available as noted above were
included in the analyses.

Apparatus

All tasks were presented on a 19-inch CTX computer
monitor with a resolution of 1,024 x 768 pixels at 60 Hz
to participants seated at a computer desk in a well-lit room.
For the eye-movement tasks, a chin and head rest stabilised
head position and maintained a 77-cm distance from the
computer monitor. Eye movements were recorded with an
Eyelink 1000 eye tracking system (SR Research), con-
nected to an eye position camera. Specifically, eye move-
ments were recorded by monitoring pupil position and
corneal reflectance with a sampling rate of 1,000 Hz and
spatial resolution of 0.05 deg. Eye-movement stimuli were
created using SR Research Experiment Builder 1.1.2.
Saccades were detected when eye velocity was 30 deg/s,
acceleration exceeded 8,000 deg/s/s and position changed
by >.15 deg. All variables were extracted from the
recordings using SR Research Dataview 1.7.5.

Eye-movement stimuli
Saccade tasks

For prosaccades, a 0.5 deg yellow circle was displayed in
the centre of a black background on the screen for 800 ms,
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followed by a 200 ms gap during which the screen was
blank. A 0.5 deg, yellow target circle was subsequently
presented for 1,000 ms, 8 deg to the left or right of the
fixation circle, and participants were required to move their
eyes to the target as soon as it appeared. Left versus right
target presentation was randomised. After target offset, the
central fixation circle reappeared in preparation for the next
trial. The antisaccade stimuli were identical to those of
prosaccades, except that the stimuli were presented in red,
and the participants were instructed not to look at the
stimulus, but to move their eyes to the mirror image
position on the opposite side of the screen (Fig. 1a). The
yellow or red fixation circles cued the participant as to
whether a prosaccade or antisaccade was required,
respectively (see further detail below).

Memory-guided saccade task

A central yellow cross fixation cue was presented on the
black background and remained present until fixation was
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Fig. 1 a The antisaccade task showing eye position following target
onset for a correct antisaccade, corrected prosaccade error, and
uncorrected prosaccade error. The double arrows labelled a, b and
¢ represent the latency of a correct antisaccade, corrected prosaccade
error and uncorrected prosaccade error, respectively. The arrow
labelled d represents the time to correct a correct prosaccade error,
and e represents antisaccade amplitude. b The memory-guided
saccade task showing eye position following target onset for a
premature saccade and an accurate memory-guided saccade. The
arrow labelled a represents premature saccade latency, and b repre-
sents memory-guided saccade latency. The arrow labelled c represents
the amplitude of the memory-guided saccade
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stable. A subsequent circular 0.5 deg, yellow target was
randomly presented at one of 12 peripheral locations 8 deg
from the centre, ranging in angular position from O to
330 deg in steps of 30 deg. After 250 ms, the peripheral
circular target disappeared. The central fixation cross
remained for a further 2,000 ms following the offset of the
peripheral target. Participants were asked to continue to
focus on the central fixation cross until it disappeared, after
which they looked at the location of the most recent
peripheral target. After 1,000 ms, the central fixation cue
reappeared in preparation for the subsequent trial (Fig. 1b).

Neuropsychological tasks
Stroop-like colour-word subtests

The colour-word subtests (Delis et al. 2001) assess basic
visual processing speed on colour naming and word read-
ing as well as the interference effect related to naming an
ink colour while ignoring the incongruent colour word (i.e.
the Stroop effect). In this Stroop-like subtest, participants
must inhibit an over-learned response (reading the word)
and perform a counter-intuitive task instead (name the ink
colour).

A computerised version of the colour-word subtests was
used. The Colour Naming subtest required participants to
name aloud as quickly as possible the colour of 1 cm x
1 cm coloured squares presented in rows on the computer
monitor. Participants were then asked in a second subtest
(Word Reading) to quickly read aloud a page of colour
words (i.e. GREEN, BLUE, RED) written in black ink. As
is assessed in the standard Stroop test (Stroop 1935), par-
ticipants were then required on the interference subtest to
name aloud the colour of the ink used in colour words
written in either congruent (e.g. RED written in red ink) or
incongruent fonts (e.g. GREEN written in red ink). Total
time in seconds for each subtest and the number of
uncorrected and self-corrected errors were recorded by the
examiner by means of a stopwatch.

Spatial memory

A spatial working memory task (SPWM) devised by
Greenwood et al. (2005) was administered via computer.
Participants were instructed to keep their eyes on a fixation
crosshair that appeared in the centre of the screen for 1 s.
After the fixation, one, two or three black dots appeared at
randomised locations on the screen for 500 ms. The dots
then disappeared and the fixation cross reappeared for 3 s.
During this time, participants were required to remember
the locations of the previously presented black dots. At the
end of the 3 s delay, a red dot appeared on the screen in
either one of the same locations as the target dots (match

condition) or at a different location (non-match condition).
On non-match trials, the distance between the correct
location and the test dot was varied over three levels.
Participants had 2 s to respond to the red dot by pressing
one of two keys on a button box—the left key for non-
match trials or the right key for a match trial, using the
forefinger on their left and right hands. There were 18
practice trials before the onset of the measured trials. One
hundred and twenty trials were presented with 40 trials for
each set size (1, 2, or 3 black dot locations). Sixty trials
were match trials and 60 non-match trials. Accuracy for
each of the 1, 2 and 3-item stimuli were recorded and
averaged over match and non-match trials. Reaction time
to the three set sizes was similarly recorded.

Procedure

After signing the consent form, participants were allocated
to the first of the four tasks, previously determined by
counterbalancing the order. The two neuropsychological
tests and the two eye-movement tasks were presented
together, with the order of presentation of the two sets of
tasks counterbalanced. The two eye-movement tasks and
two neuropsychological tasks within each set were also
counterbalanced and were separated by short rest periods.

Verbal instructions were provided to all participants
prior to each task, and detailed instructions were displayed
on the computer monitor before the commencement of
trials. The responses and eye position of participants were
also monitored during the practice trials to confirm com-
pliance with the task instructions.

Eye-movement tasks

For both eye-movement tasks, a 9-point calibration was
performed at the beginning of each block of trials, and
participants were given the opportunity to have a short
break between each block. For the saccade task, a block of
12 practice prosaccade trials was followed by a block of 12
practice antisaccades. Experimental data collection then
commenced. A block of 60 prosaccade trials was followed
by a block of 60 antisaccade trials (blocked trials). These
two blocks were then followed by two blocks of 60 trials
each, in which the trials were randomly switched between
antisaccade and prosaccade (mixed trials). The type of the
subsequent trial was cued by the central fixation circle,
which changed colour 500 ms prior to the gap preceding
target onset. Prior to the commencement of each block,
participants were informed of the trial type to be presented
in each block. For the memory-guided saccade task, one
practice block of 12 trials was followed by three experi-
mental blocks consisting of 12 trials.
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Data analysis
Antisaccade data

The first saccade after target onset was considered the
saccadic response. Trials for which participants failed to
make a saccade of at least 5 deg, or for which the saccade
occurred before 80 ms after target onset (anticipatory eye
movements) or more than 800 ms after the target (delayed
responses) were excluded from the analysis. Mean per-
centage of trials that were not analysed was 9.2% for the
older group and 7.4% for the younger group. This differ-
ence was not significant. For antisaccade trials, incorrect
prosaccades were categorised as corrected if there was a
subsequent antisaccade with an amplitude greater than
10 deg in the correct direction and as uncorrected if there
was no subsequent correction. The latencies of corrected
and uncorrected prosaccades, and the time taken to make a
subsequent corrective antisaccade, were also derived from
the eye-movement recordings. Figure la depicts a correct
antisaccade along with the two types of prosaccade errors
and their respective latencies.

The number of corrected and uncorrected prosaccade
errors was totalled for each participant for blocked and
mixed antisaccade trials separately and expressed as per-
centages of the total number of trials available for analysis.
Error rate distributions were positively skewed, and per-
centage errors for each condition were therefore square
root transformed to normalise the distributions. The
transformed percentage errors were then entered into a
mixed between-within ANOVA, with Age Group as the
between subjects factor, and Error Type (corrected vs.
uncorrected) and Block type as the within subjects factors.

Memory-guided saccade data

Memory-guided saccade trials were included in the anal-
ysis if a saccade greater than 2 deg and less than 10 deg
occurred subsequent to target offset. The mean percentage
of trials that did not fulfil these criteria was 4.8% for older
participants and 4.5% for younger participants. This dif-
ference between age groups was not significant. Analysed
trials were scored as correct if the participant successfully
refrained from making a saccade towards the target prior to
the offset of the fixation cue, and as premature if a reflexive
prosaccade of at least 2 deg was made subsequent to the
onset of the target, but prior to the offset of the fixation
point. The latency and amplitude of each correct memory-
guided saccade was recorded. In addition, the delay
between target onset and initiation of premature saccades
was recorded. Premature saccades were expressed as a
percentage of the trials available for analysis. These vari-
ables are depicted in Fig. 1b.
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Colour-word subtest data

Completion time in seconds and the number of corrected
and uncorrected errors for each subtest of the colour-word
subtests (colour naming, word reading, colour-word inter-
ference) were included in the analyses. In addition, a
within-subject composite score was computed to control
for colour naming speed that may have differed across age
groups. The composite “interference score” was computed
as (Interference subtest time — Colour Naming time)/
(Interference time + Colour naming time) x 100 so that
the change in completion time during the interference
subtest could be understood in terms of per cent difference
relative to an estimate of the individual’s overall speed on
both subtests.

Results
Antisaccade error analysis

The mean percentage of corrected and uncorrected prosac-
cade errors for both antisaccade trials for the younger and
older age groups for blocked and mixed trials is shown in
Fig. 2. Overall, participants corrected more errors than they
failed to correct, F(1,50) = 38.84, P < .001, 172 = 43.7%.
Although there was an overall tendency for older participants
to produce more prosaccade errors than younger partici-
pants, the main effect of age was not significant,
F(1,50) = 1.18, P > .05, 112 = 2.3%. The main effect of
Block Type was significant, with a larger percentage of
errors occurring on mixed than on blocked trials,
F(1,50) = 31.24, P < .001, * = 38.5%. The Age Group x
Error Type interaction was not significant, F(1,50) = .043,
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Fig. 2 Mean percentages of corrected and uncorrected prosaccade
errors for younger and older age groups for blocked and mixed trials.
Error bars depict 1 SEM
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P > .05, 112 = .1%, indicating that the there were no dif-
ferences between the two age groups on either corrected or
uncorrected error rates. None of the other interactions were
significant: Age Group x Block Type F(1,50) = .90,
P> .05 #*=.2%; Block Type x Error Type,
F(1,50) = .074, P > .05, * = 2%; Age Group x Block
Type x Error Type, F(1,50) = .15, P > .05, ;72 = .3%.

The temporal nature of corrected prosaccade errors was
examined further by comparing the latencies of the erro-
neous prosaccades with correct saccades produced during
prosaccade trials. Prosaccade errors are thought to be a
result of the “visual grasp reflex,” the reflexive tendency to
look toward a new target, and would be expected on
average to be faster than the mean latency of prosaccades
(which would include a range of saccade latencies
including short latency express saccades). The latency of
corrected erroneous prosaccades was significantly faster
(M = 153.26, SD = 41.96) than that of correct prosac-
cades in the prosaccade task (M = 170.87, SD = 41.05),
#(51) = 3.95, P < .001, d = 0.4, suggesting that corrected
prosaccades are due to an initial reflexive response.

Mean latencies for both uncorrected and corrected pro-
saccade error trials are shown in Fig. 3a. The mean pro-
saccade latency for a corrected error trial was significantly
longer for the older group than for the younger group,
t(50) = 4.12, P < .001, d = 1.17, as was the time taken to
correct the error, #(50) = 3.59, P = .001, d = 1.00. There
was no difference, however, in mean latency between the
two groups for uncorrected prosaccade errors. Overall, the
latency for corrected errors (M = 158, SD = 42.46) was
significantly, and substantially, shorter than latency for
uncorrected errors (M = 348, SD = 183.57), 1(43) = 6.95,
P <.001,d = 1.71.

Memory-guided saccades

Older participants produced a significantly higher per-
centage of premature saccades (M = 18.92, SD = 12.71)
than younger participants (M = 11.99, SD = 8.72),
1(48) = 2.23, P = .031, d = .63. The mean latency of
these premature saccades was significantly and substan-
tially longer that the latencies for both corrected,
1(46) = 20.46, P < .001, d = 2.99, and uncorrected pro-
saccade #(45) = 6.72, P < .001, d = .99, errors in the an-
tisaccade paradigm. Although premature saccade latencies
tended to be longer for the older adult group, this differ-
ence was not significant (Fig. 3a).

Relations among colour-word subtests
and saccade variables

Except for word reading, completion times on the colour-
word subtests were influenced by age (Fig. 3b). In particular,
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Fig. 3 a Mean prosaccade latencies for younger and older partici-
pants for the antisaccade task (corrected prosaccade, non-corrected
prosaccade and time to correct prosaccade errors) and for premature
prosaccades in the memory-guided saccade paradigm. b Time taken
to complete colour-word subtests (colour naming, word reading and
colour-word interference) and computed composite interference score
for older and younger participants

as shown by the differences on the composite measure of
interference, older adults were significantly more affected by
colour-word interference than younger adults #(50) = 3.64,
P = .001,d = 1.01. Those in the older age group on average
demonstrated a greater cost in processing speed due to
interference even after controlling for basic colour naming
speed. To test whether performance on the eye-movement
tasks and inhibition of response were related, correlations
were computed between antisaccade error rates and anti- and
prosaccade latencies, and performance on the colour-word
task. Preliminary examinations of the distributions of the
error rates indicated that although the distributions were
positively skewed, there were no outliers which substantially
influenced the size of the correlations. The two performance
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Table 1 Correlations among

Colour-word Antisaccade Prosaccade Percentage Percentage Percentage
colour-word subtest and .
. . variable latency latency uncorrected corrected premature
antisaccade task variables
prosaccades prosaccades saccades
Colour-word errors 37 17 20% —.11 —.02
Interference score 28* 32% —.08 .02 —.01

* P < .05; ** P < .01

measures assessed were the total number of colour-word
errors (summed over corrected and uncorrected error types)
in the interference subtest and the composite interference
score. The correlations are shown in Table 1. The total
number of errors on the colour-word task correlated signif-
icantly and positively with uncorrected prosaccade errors but
did not correlate with corrected errors. The difference
between these correlations was close to significance,
z =187, P = .061. There were also significant positive
correlations between the colour-word variables and anti-
saccade latency. The significant correlation between the
interference score, and both antisaccade and prosaccade
latencies, suggests that the greater the cost to a participant
due to colour-word interference, the longer it takes to pro-
gramme an eye movement. There was no significant corre-
lation between any of the colour-word variables and
percentage of premature saccades in the memory-guided
protocol.

Relations among spatial memory and saccade variables

An estimate of overall spatial memory accuracy and
response time was obtained by averaging accuracy scores
and button-press speed across the three dot conditions.
Reaction time scores for correct match and mismatch trials
were averaged together. There was no statistically signifi-
cant difference across age groups in overall spatial memory
accuracy. However, younger adults (M = 752.25 ms,
SD = 196.81) responded more quickly to the test dot than
older adults (M = 930.75, SD = 165.38), #50) = 3.59,
P = .001, d =1.00. Correlations between the average
accuracy score, and corrected and uncorrected prosaccade
error rate, and percentage of premature saccades for the
memory-guided saccade task are displayed in Table 2.
There was a moderate negative correlation between spatial
memory accuracy and uncorrected error rate, indicating
that decreased spatial memory capacity is associated with
an increase in uncorrected prosaccade errors. However,
spatial memory accuracy was not correlated with corrected
errors. This difference between correlations was signifi-
cant, z = 2.63, P = .009. Spatial memory also correlated
significantly with antisaccade latency (Table 2). The cor-
relation between spatial memory and percentage of pre-
mature saccades was not significant, suggesting that spatial
memory as assessed here is not related to premature
saccades.

@ Springer

Table 2 Correlations between spatial memory accuracy and oculo-
motor variables

Variable Spatial Uncorrected Corrected  Percentage
memory prosaccade  prosaccade premature
accuracy errors errors saccades

Antisaccade —.33% A4%* —.13 25
latency

Uncorrected —A5%* - — .02 49%*
prosaccade

errors

Corrected —.06 - .07
prosaccade

errors

Percentage —.16 -
premature

*P < .05; % P < .01

Antisaccade performance and premature
memory-guided saccades

The percentage of premature saccades in the memory-
guided saccade task was moderately correlated with the
percentage of uncorrected errors in the antisaccade task but
was not correlated with the percentage of corrected errors
(Table 2). This difference in how saccade error types
correlated with premature saccades was significant,
z = 2.12, P = .034. There was no significant correlation
between either colour-word error rate or spatial memory
accuracy and premature saccades. There was a significant
correlation between antisaccade latency and uncorrected
prosaccade errors in the antisaccade task (Table 2), indi-
cating that participants who had long antisaccade latencies
also tended to produce more uncorrected errors.

Discussion

In this study, younger and older adults were compared on
corrected and uncorrected prosaccade error rates, and on
premature saccades in the memory-guided saccade task. The
two groups were also compared on two neuropsychological
tasks selected because the underlying cognitive processes
that the tasks are designed to measure hypothetically over-
lapped with those of the saccade tasks. In particular, spatial
memory and response inhibition characterised components
of both the saccade and neuropsychological measures. Our
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results showed that older adults did not perform as well on
the interference score derived from the colour-word subtests,
and on the memory-guided saccade task, as younger adults.
However, we did not obtain any significant differences
between the two age groups in either corrected or uncor-
rected error rates.

The major finding of this study was that corrected and
uncorrected prosaccade errors in antisaccade tasks differ
substantially and that they relate in different ways to neu-
ropsychological tests. As predicted, spatial memory accu-
racy was negatively correlated with uncorrected errors on the
antisaccade task, but not with corrected prosaccade errors.
The two correlations differed significantly. Colour-word
errors on the Stroop task also correlated with uncorrected
errors, but not with corrected errors. Our data confirmed
previous research (Everling and Fischer 1998) demonstrat-
ing that corrected prosaccades were of very short latency,
similar to that of express saccades. We also showed that the
corrected prosaccade latencies had low variability, and the
lack of a correlation of the error rate with either neuropsy-
chological test supports the proposal that the majority of
these errors occur due to a failure to inhibit the visual grasp
reflex rather than to cognitive factors.

We initially proposed that there would be a correlation
between corrected error rate and performance on the Stroop
task because inhibition of a prepotent response is involved
in both these measures. The failure to obtain such a cor-
relation implies that the inhibitory processes underlying the
Stroop test and antisaccade corrected error rate differ.
Different inhibitory paradigms are proposed to have vary-
ing levels of executive control, not all involving the pre-
frontal cortex (Nigg 2000). It is therefore likely that the
fixation system underlying inhibition of reflexive saccades
is more automatic than processes involved in an executive
inhibition task such as the Stroop test, which requires the
ability to deliberately inhibit a dominant or prepotent
response when necessary (Andres et al. 2008).

Uncorrected prosaccade errors were longer in latency
than those associated with corrected errors and showed
much more inter-individual variability in latency. They
correlated significantly with total errors on the colour-word
tasks, accuracy on the spatial memory task, and also with
percentage of premature saccades on the memory-guided
saccade task, suggesting that the failure to correct prosac-
cade errors is due to cognitive factors, such as working
memory and attentional control.

These correlations between error types and neuropsy-
chological tasks can be interpreted in relation to the fixa-
tion and voluntary systems involved in antisaccade
performance identified by Fischer and colleagues (Fischer
et al. 1997; Everling and Fischer 1998; Fischer et al. 2000).
Corrected errors were similar in latency to express sac-
cades, indicating that most of these errors occurred as a

failure of the fixation system to inhibit a reflexive saccade.
In the gap antisaccade task, the 200 ms gap between offset
of the fixation point and target onset causes fixation neu-
rons to become disengaged, allowing saccade neurons to
become disinhibited. Consequently, when a gap is present,
a strong fixation system is required to suppress a reflexive
saccade towards a stimulus long enough for a voluntary
antisaccade to be programmed. Any weakness in the fixa-
tion system would mean that participants are less able to
suppress reflexive saccades and make larger numbers of
prosaccade errors in the gap antisaccade task (Fischer et al.
2000). After making a prosaccade error, participants who
are able to maintain their focus on the antisaccade goal
subsequently programme a voluntary saccade and the
reflexive error is corrected. This rapid correction of the
prosaccade errors may be achieved by the rapid transfer of
attention from the target to the antisaccade destination
enabling the subsequent corrective saccade to be pro-
grammed (Godijn and Kramer 2007).

The lack of any significant correlation between cor-
rected errors and the neuropsychological tests suggests that
corrected errors are not strongly influenced by cognitive
factors. It is possible, however, that cognitive processes
may contribute to a proportion of these errors. For exam-
ple, a brief period of goal-neglect at the onset of a target
may result in a delayed response culminating in a prosac-
cade. The remainder of the time the target is visible would
then be sufficient for a participant to refocus attention and
to make a corrective saccade before the end of the trial. A
prosaccade error may consequently be the result of either a
loss of fixation causing a failure to inhibit the visual grasp
reflex or a failure to maintain attention. However, only a
failure to maintain and implement the goal of producing an
antisaccade would prevent the error from being corrected.

The mean latency of uncorrected errors was approxi-
mately twice as long as that of corrected errors, suggesting
that the majority of these errors were due to factors other
than the failure to inhibit a reflexive saccade. The corre-
lations between uncorrected errors, and spatial working
memory and Stroop error rate indicate that these factors are
cognitive. There was a significant correlation between
spatial memory and antisaccade latency indicating that
participants with lower spatial memory accuracy took
longer to make an accurate response to an antisaccade trial,
and the longer they took to respond, the more likely they
were to make an uncorrected error. Since long latency
responses appear to be due to a failure to focus attention on
a task (Unsworth et al. 2011), the positive correlation
between latency and uncorrected error rate also supports
the proposal that uncorrected errors are the outcome of a
failure to maintain attention.

As shown in Fig. 3a, the average length of time taken to
initiate a premature saccade on the memory-guided saccade
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task (572 ms) was much longer than the latencies of either
corrected (151 ms) or uncorrected (352 ms) prosaccade
errors. This suggests that processes other than the failure to
inhibit a reflexive prosaccade are involved in the produc-
tion of premature saccades. The average duration of these
saccades was longer than the target duration (250 ms), and
they are thus premature memory-guided saccades made
prior to the offset of the fixation point. The long latencies
of premature saccades and the moderate correlation
between the percentage of premature saccades and uncor-
rected errors indicate that premature saccades in the
memory-guided task occurred as a failure to maintain the
goal of the memory-guided saccade task on some trials. In
this task, the fixation point remained present during and
after the appearance of the target, enabling fixation neurons
to remain engaged, and to continue to inhibit saccade
neurons that would otherwise respond to the target. Con-
sequently, very few short latency saccades to the target
were made. For both premature saccades and uncorrected
errors, participants appear to successfully suppress a
reflexive saccade, only to subsequently lose track of the
requirements of the task and make an erroneous saccade
towards the target later in the trial.

Variations in the attentional demands of tasks and dif-
ferences between individuals in working memory capacity
will lead to variations in the extent to which the task goal is
properly maintained. Thus, antisaccade error rate and
latency will vary between studies depending on task
parameters such as the inter-trial interval. In our study, the
interval between the offset of the previous target and the
gap was relatively short (800 ms). This short interval may
have facilitated the production of uncorrected errors due to
the limited time available to focus attention on the sub-
sequent trial (Unsworth et al. 2011).

The interrelations between spatial memory accuracy,
percentage of premature saccades and percentage of
uncorrected prosaccade errors indicate that a reduction in
spatial memory performance affects the capacity to main-
tain the task goal to programme voluntary saccades when
required. Dual-task research, in which a cognitive task is
presented at the same time as an antisaccade task, also
indicates that an increase in memory load due to the con-
current task reduces performance on the antisaccade task.
Under these conditions, an increase in prosaccade errors in
healthy participants occurs in the dual-task condition
compared to the antisaccade task alone (Roberts et al.
1994; Mitchell et al. 2002). Eenshuistra et al. (2004) spe-
cifically compared older and younger participants on a gap
antisaccade task in addition to manipulating memory load.
As in our study, they obtained no effect of age on pro-
saccade error rate in the control antisaccade condition with
no concurrent memory load. However, in a condition that
included a concurrent memory updating task, the number
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of prosaccade errors was higher for older participants than
for younger participants. Further research is necessary to
determine which type of antisaccade errors was affected by
increasing memory load.

Age group differences

Contrary to expectations, this study did not obtain signifi-
cant differences between the two age groups in percentages
of either corrected or uncorrected prosaccade errors.
Although not all age-related antisaccade research has
obtained error effects (e.g. Munoz et al. 1998), most pre-
vious research has indicated strong effects of age on error
rate (Klein et al. 2000; Nieuwenhuis et al. 2000; Olincy
et al. 1997). Although Klein et al. (2000) and Nieuwenhuis
et al. (2004) found that older adults made more uncorrected
antisaccade errors than younger adults, a significant dif-
ference between the age groups was not obtained in our
study. However, older adults were found to make more
premature errors on the memory-guided saccade task than
younger adults, supporting previous research (Abel and
Douglas 2007; Gottlob et al. 2007). Thus, the prediction
that a reduction in the capacity in working memory leading
to failures in maintaining task goals reduces performance
in oculomotor tasks in older adults was partially supported.
It is possible that any differences in performance between
men and women on the antisaccade task may have affected
the overall error rates of the two age groups, since there were
more men (11) in the older age group, than in the younger
group (6). However, a comparison of men and women on
both corrected and uncorrected errors indicated that there
were no significant differences between the two genders.

Conclusion

This study has shown for the first time that there are clear
differences between corrected and uncorrected errors on
the gap antisaccade task. Corrected errors appear to be due
to a weakness in the fixation system and are unlikely to be
the outcome of cognitive factors such as memory limita-
tions or lack of inhibitory control. Uncorrected error rate,
on the other hand, was related to performance on both
neuropsychological tests, and these errors appear to be due
to a failure to maintain the goal of producing an antisac-
cade in working memory. Any reduction in the capacity of
working memory would therefore be more likely to pro-
duce an increase in uncorrected errors than in corrected
errors. Although our study did not find a significant dif-
ference between older and younger age groups in uncor-
rected errors, a difference did occur in the rate of premature
errors in the memory-guided saccade task, another measure
that appears to involve goal maintenance.
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To date, research that has used the antisaccade task to
investigate deficits in psychopathology (for a review, see
Hutton and Ettinger 2006) has focussed mainly on the
latency and overall error rate of prosaccade errors, without
differentiating between the two error types. If, as suggested
by this study and that of Fischer et al. (1997), there are two
separate systems which give rise to prosaccade errors, it is
important that future research involving patient groups
distinguishes between the rates of corrected and uncor-
rected errors in these participants.
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