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Abstract Primary gaze fixation is never perfectly stable
but can be interrupted by involuntary, conjugate sacc-
adic intrusions (SI). SI have a high prevalence in the
normal population and are characterised by a horizontal
fast eye movement away from the desired eye position,
followed, after a variable duration, by a return saccade
or drift. Amplitudes are usually below 1° and they often
exhibit a directional bias. The aim of the present study
was to investigate the aetiology of SI in relation to
saccadic behaviour. It was hypothesised that if SI re-
sulted from deficits in the saccadic system (i.e. reduced
inhibitory mechanisms), changes in voluntary saccade
behaviour may be apparent and related to SI frequency.
To examine this, synchrony (no gap), gap, overlap and
antisaccade tasks were conducted on ten normal sub-
jects. No significant correlations were found between SI
frequency and voluntary saccade latencies, the percent-
age of express saccades, or the percentage of antisaccade
errors. In addition, no significant correlations were
found between SI directional biases and saccade latency
directional biases, express saccade biases or antisaccade
error biases. These results suggest that an underlying
alteration to saccadic behaviour is unlikely to be in-
volved in SI production, and that the SI command signal
may arise from the influence of attention on an intact
saccadic system. Specifically, descending corticofugal
signals relating to attention level and orientation may
alter the balance between fixation and saccade genera-
tion, so determining SI characteristics.
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Introduction

Fixation to a stationary target is never perfectly stable,
but is frequently interrupted by physiological, involun-
tary eye movements (Carpenter 1988; Ditchburn 1973).
These take the form of disconjugate slow micro-drifts
(1-3" arc), small conjugate microsaccades (5-10” arc) and
disconjugate micro-tremors (15" arc). A further class of
involuntary eye movements found during fixation are
saccadic intrusions (SI). They are characterised by an
initial fast eye movement away from the desired eye
position, followed, after a variable duration, by a return
saccade or drift.

Physiological SI have a high prevalence in the normal
population, and in their study Abadi and Gowen (2004)
described four identifiable types: monophasic square
wave intrusions (MSWI), biphasic square wave intrusions
(BSWI), single saccadic pulses (SSP) and double saccadic
pulses (DSP) (Fig. 1). They were found to be almost al-
ways conjugate and horizontal with typical amplitude and
frequency means and ranges of 0.6+0.5°, 0.1-4.1° and
18.0 £ 14.3 per minute, 0.6-54.8 per minute, respectively,
and their characteristics changed little between binocular
and monocular viewing (Abadi and Gowen 2004). ST of-
ten displayed a directional bias, defined as the side (right
or left) to which the majority of SI are directed. The
commonest bias was rightward (54%), with only 15%
being leftward and the remainder showing no bias.

The aetiology of physiological SI still remains un-
clear. Possible suggestions include omnipause neuron
dysfunction (Zee and Robinson 1979), a spurious
supranuclear error signal (Doslak et al 1983) and en-
larged microsaccades (Feldon and Langston 1977; Oht-
suka et al 1986). Abadi and Gowen (2004) have shown
that, in regards to physiological SI, omnipause neuron
dysfunction is unlikely, as SI displayed normal (not
raised) peak velocities, indicating that they represent a
planned rather than interrupted saccade. The contribu-
tion of other areas of the saccadic system towards SI
production has not previously been tested.
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Fig. 1a—d Position traces of the four SI types: a monophasic square
wave intrusion (MSWI), b biphasic square wave intrusion (BSWI),
¢ single saccadic pulse (SSP), d double saccadic pulse (DSP).
Recordings from right eye only

The saccadic system comprises extensive cortical and
subcortical networks, which function in a complemen-
tary manner to provide a balance between saccade
generation and periods of fixation (for a review see
Pierrot-Deseilligny et al 2004). The frontal eye fields are
thought to be involved in fixation disengagement and
triggering of intentional saccades to visual or remem-
bered target locations (Dias and Bruce 1994; Friedman
et al 1997, Gaymard et al 1999; Sommer and Wurtz
2000), while the dorsolateral prefrontal cortex is in-
volved in saccade inhibition, short term spatial memory
and prediction (Gaymard et al 2003; Guitton, Buchtel
and Douglas 1985; Pierrot-Deseilligny et al 1991, 2003).
The parietal eye fields control reflex saccade triggering
made to the sudden appearance of a target (Braun et al
1992; Pierrot-Deseilligny et al 1991; Powell et al 1999),
and the supplementary eye fields are important in trig-
gering sequences of voluntary saccades to internally
defined goals such as memory-guided saccades (Amador
et al 2004; Gaymard et al 1993).

These cortical areas project to the superior colliculus
(SC), which is central to both fixation control and sac-
cade generation. Here, cells have been identified in the
rostral SC (in the region corresponding to the foveal
portion of the retinotopic map) that discharge during
fixation, and pause or decrease their activity during
saccades (Munoz and Wurtz 1992, 1993a). Together
with the saccade-related burst and build-up cells of the
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caudal SC, these rostral fixation cells are thought to
provide a mutually inhibitory network with the omni-
pause neurons and excitatory burst neurons of the
brainstem (Gandhi and Keller 1999; Munoz and Wurtz
1993a, 1993b, 1995a, 1995b). During fixation, rostral
fixation cells prevent saccade production by inhibiting
the caudal SC saccade cells and the brainstem excitatory
burst neurons and by exciting the omnipause neurons.
When a saccade is required, the caudal SC saccade cells
inhibit the rostral fixation cells and the omnipause
neurons and excite the brainstem excitatory burst neu-
rons. The basal ganglia also provide inhibitory modu-
lation over the SC and can suppress reflexive and
volitional saccades generated by the SC (Hikosaka and
Wurtz 1985).

Variation in the activity of any of the aforementioned
saccadic areas can present as latency changes and diffi-
culty in initiating or suppressing saccades. Increased
distractibility and the production of unwanted saccades
are a feature of lesions to the dorsolateral prefrontal
cortex (Gaymard et al 2003; Guitton et al 1985; Pierrot-
Deseilligny et al 1991) and the basal ganglia (Hikosaka
and Wurtz 1985; Lasker et al 1987). A reduction in
saccade latency together with a higher number of express
saccades and antisaccade errors accompanies increased
frontal eye field activity due to an increase in its excit-
atory drive to the burst and build-up cells of the SC
(Everling and Munoz 2000). In contrast, it has been
observed that neurons in the supplementary eye field fire
more vigorously before correct antisaccades than regular
saccades, and that their activity is less if an error is made
on the antisaccade task, suggesting that they may



influence the SC fixation cells (Amador et al 2004;
Everling et al 1998b; Everling and Munoz 2000; Schlag-
Rey et al 1997). Inactivation of SC fixation cells causes a
reduction in the ability to fixate and an inability to
suppress unwanted saccades (Munoz and Wurtz 1992,
1993b). It is possible that SI could be the consequence of
an increase or decrease in activity in areas such as the
dorsolateral prefrontal cortex, frontal eye field, supple-
mentary eye field, basal ganglia or SC, that upsets the
balance between fixation and saccade generation.

It was hypothesised that if SI resulted from altered
activity of these saccade-related areas, visually-guided
saccades may display different latency characteristics
that correlate with SI frequency. For example, if SI were
caused by a reduction in the threshold required to pro-
duce a saccade, this may predispose the system towards
saccade generation and shorter latency voluntary sac-
cades. Subjects with higher frequencies of SI would be
more likely to display shorter saccade latencies, a greater
number of express saccades (particularly on the overlap
task when the fixation system should be engaged) and a
higher number of antisaccade errors. In addition, we
investigated whether voluntary saccade biases correlated
with SI directional biases. Asymmetry in the activity
between the cortical hemispheres may lead to shorter
voluntary saccade latencies (and a greater number of SI)
in one direction than the other. Our results show no
significant relationship between SI metrics and volun-
tary saccadic behaviour, suggesting that SI do not arise
from modified properties of the saccadic system.

Materials and methods
Subjects

Ten normal control subjects participated in the experi-
ments, prior to which informed consent was obtained.
Out of the ten controls, five were naive in respect to
performing experiments and the nature of the tasks.
Subject age range, mean and standard deviation were
21-54 years and 33 £ 13 years respectively. The subjects
had no previous or current history of ocular disease,
general health problems or medication that had been
linked to any ocular complications. Corrected visual
acuity was 0.2 LogMAR or better in each eye and ste-
reoacuity (TNO) was 60” arc or better. All studies were
approved by a university ethics committee and per-
formed in accordance with the Declaration of Helsinki.

Eye movement recording and instrumentation

Binocular horizontal eye movements were recorded
using an IRIS 6500 infrared limbal tracker (Skalar
Medical, Delft, The Netherlands). The analogue output
was filtered through a passive 100 Hz low-pass filter,
digitised to 12-bit resolution and then sampled at
intervals of 5 ms (200 Hz). The system was linear to
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+20° and had a resolution of >5" arc. Each subject’s
head was restrained using chin and cheek rests. Head
movements were calculated to be less than 6" arc in
amplitude.

The targets were back-projected onto a 210x82 cm
screen and viewed from 114 cm, giving a field of 105°
(horizontal) x 41° (vertical). Screen luminance was
0.01 cd/m?. Test targets consisted of two illuminated
concentric circles containing an inner (0.3°) and outer
cross (3.02°). Target luminance was 0.04 cd/m?, giving a
contrast of 75%. Testing was carried out in a near-dark
room unless stated otherwise. Subject’s eye movements
were calibrated by moving the target sinusoidally at
0.32 Hz over a horizontal range of +10°.

In the overlap paradigm, one target was back-pro-
jected and the other target was front-projected. Both
fixation and saccade targets were of equal size and lumi-
nance. Liquid crystal shutters attached to the back-pro-
jector were used to obscure the target during the gap task.

Experimental tasks
Fixation task

Ten subjects performed at least 2 x 50 s sets of binocular
primary fixation, randomly at different times during
their visits. Instructions to subjects were ““‘to keep their
eyes as still as possible whilst looking at the centre of the
cross”. SI frequency, defined as the frequency per min-
ute of all four types of SI, was calculated. The resolution
of the recording system limited the inclusion of SI to
those above 0.09°.

Saccade tasks
Synchrony (no gap) paradigm

Following a 2 s period of primary fixation, the target
jumped pseudo-randomly either to the right or left by 4°.
At the end of each rightward or leftward jump, the
target returned to the primary position within 1 s. In all
cases, extinction of the central fixation target and pre-
sentation of the peripheral target were synchronous (no
gap). Six blocks of saccades, each lasting 50 s, were re-
peated twice, resulting in a total of 192 saccades, 96 in
each direction (rightward or leftward). Subjects were
instructed to follow the target as quickly and accurately
as possible, but not to attempt to predict the motion of
the target.

Gap, overlap and synchrony antisaccade paradigms

The same six saccade sets used for the synchrony task
were also employed for gap, antisaccade and overlap
tasks. During the gap task, the central fixation target
was extinguished 200 ms prior to the presentation of the
peripheral target (Fig. 2a). During the overlap task the
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central fixation target remained illuminated while the
peripheral target jumped to the right or left (Fig. 2b). In
both the gap and overlap tasks, subjects were instructed
to follow the target as quickly and as accurately as
possible, but not to attempt to predict its direction. The
synchrony antisaccade task was identical to the syn-
chrony task, except the subject was instructed to look as
quickly as possible and with similar amplitude in the
direction opposite to the target movement. In all tasks
the target returned to primary position after 1 second. A
total of 192 saccades were performed, 96 in each direc-
tion.

Saccade tasks were performed in a random order. A
target amplitude of 4° was chosen as it has been reported
that a maximum number of express saccades are gen-
erated at this amplitude (Biscaldi et al 1996; Weber et al
1992). A 200 ms gap was used as a higher number of
express saccades have been documented at this gap
interval. This is hypothesised to be due to SC fixation
cell activity being at a minimum after 200 ms (Dorris
and Munoz 1995; Dorris et al 1997; Fischer et al 1995;
Fischer and Weber 1997; Mayfrank et al 1986; Suzuki
and Hirai 2000).

Data and statistical analysis

Data recorded from the right eye only was used for
analysis. Modified software packages (Visual Basic and
Microsoft Excel) were used to detect voluntary saccades.
Saccade start and end points were determined by a 40°/s
per cut-off criterion, and the calculated amplitude, la-
tency, peak velocity and duration stored to disc.
Parameters measured included saccade latency (from
target presentation), percentage of express saccades,

(@) Gap task ON OFF
Fixation point _J 1800ms 1000ms
Target OFF ON
2000ms
Eye movement
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Gap 200ms \
Latency
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Target 1000ms
2000ms
E ye movement h
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Fig. 2a-b Schematic representation of gap a and overlap b
paradigms

percentage of antisaccade errors and percentage of those
errors corrected. Artifacts such as blinks and drift were
discarded (<3% of dataset). In order to exclude non-
visually driven saccades, anticipatory saccades
(<80 ms) (Fischer et al 1993b; Wenban-Smith and
Findlay 1991) and saccades that were two standard
deviations above the mean latency were removed from
the analysis. Express saccades were defined as having
latencies between 80-134 ms (Fisher et al 1997).

SI were detected manually by scanning the position,
velocity and acceleration data for peaks indicative of
saccades. Start and end positions of saccades were de-
tected by visual observation employing an amplitude-
dependent velocity criterion (>10°/s). This was due to
the amplitude of SI often being less than 1°, with peak
velocities rarely above 40°/s.

The Student’s two-tailed ¢-test was used to test
significance (P <0.05) of saccade latencies and biases.
Z-scores (P <0.05) were used to calculate significant SI
directional biases and significant difference between two
proportions. Relationships were tested using Pearson
correlation coefficient.

Results
Saccadic intrusion characteristics

Four different SI types were identified. Each has been
described previously (Abadi and Gowen 2004) (Fig 1).
MSWI were the most common type in all subjects, ex-
cept in subjects 3, 5 and 9 where DSP were predominant
and subject 1 who exhibited a higher number of BSWI
(Table 1, column 4). The frequencies and directional
biases of the combined and predominant SI in the ten
subjects are shown in the second, third, fourth and fifth
columns of Table 1. The mean combined SI amplitude,
standard deviation and range in each of the ten subjects
was 0.5+0.4° and 0.1-4.1° respectively. SI mean fre-
quency, standard deviation and range were 26.8 £17.5
and 8.9-54.8 per minute respectively. Four subjects
displayed a significant rightward SI bias, five no signif-
icant bias, and one a significant leftward bias (P <0.05).

Voluntary saccade characteristics

Table 2 displays the voluntary saccade latencies from
the right eyes of the ten control subjects and group
means for each of the four different saccade paradigms.
Group mean latencies significantly (P <0.01) decreased
and increased during the gap and overlap task respec-
tively in comparison to the synchrony task, and were
significantly (P <0.01) longer in the antisaccade task
than in the overlap task. All subjects, except 8, showed a
significant (P <0.05) decrease in latency in at least one
direction with the gap paradigm (column 6) compared to
the synchrony task (column 3), and all exhibited a sig-
nificant (P <0.05) increase in latency with the overlap



Table 1 SI characteristics compared to voluntary saccade latency bias on synchrony, gap, overlap and antisaccade tasks and antisaccade error bias
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(column 9) when compared to the synchrony task and a
significant (P <0.05) increase in latency during the an-
tisaccade task (column 12) when compared to the
overlap task.

Table 2 displays the percentage of express saccades
produced for each subject and the group means for each
saccade paradigm (synchrony/gap/overlap) (columns 4,
7, 10). As a group, express saccade percentage non-
significantly increased during the gap paradigm and
significantly (P <0.05) decreased during the overlap
paradigm when compared to the synchrony task. All but
one subject (5) exhibited express saccades. When con-
trasting the synchrony and gap paradigm, all subjects
except 1, 5, 8 and 10 produced significantly more express
saccades in the latter task (P <0.05) and all except 5, 7,
8, 9 and 10 produced significantly more express saccades
during the synchrony in comparison with the overlap
task (P <0.05). However, no subjects produced sig-
nificantly more express saccades on the overlap task
than the synchrony and gap tasks (P <0.05) but subject
1 (Z=8.89, P>0.05) and 10 (Z=9.09, P=0.05) demon-
strated significantly more express saccades during the
synchrony task as opposed to the gap task.

Errors (saccades directed opposite to the target
direction) were minimal on synchrony, gap and overlap
tasks, although significantly more were produced during
the gap and overlap task than on the prosaccade task
(P<0.05) (Table 2, columns 5, 8, 11). All subjects
exhibited varying percentages of antisaccade errors
(Table 2, column 13).

Most subjects displayed a voluntary saccade latency
bias for all four tasks. A significant difference
(P<0.05) between rightward and leftward directed
saccades is indicated by the asterisk in Table 2 and
documented in greater detail in Table 1 (columns 6-9).
Subjects also showed an express saccade (Table I,
columns 10-12) and/or an antisaccade error bias
(Table 1, column 13).

Saccade latency and saccadic intrusions

Average rightward and leftward saccade latencies for
each of the four saccade tasks were plotted against fre-
quency of SI for each subject (Fig. 3). No significant
correlation between SI frequency and saccade latency
was found for any of the saccade tasks (P>0.05).

Three subjects (1, 2 and 6) had consistently shorter
saccade latencies across all tasks. From Table 1 (column
2) it can be seen that only subject 6 had a high SI fre-
quency. Six subjects did not show a significant gap effect
for one (subjects 1, 2, 4, 5, 10) or both (subject 8)
directions (P <0.05). Subjects 1 (t=-7.89, P<0.001)
and 8 (r=1.65, P<0.05) had significantly shorter sac-
cade latencies in one direction for the synchrony task
compared with the gap task. All these subjects exhibited
different SI frequencies, and no consistent relationship
between the direction of the absent gap effect and the SI
directional bias was evident.
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Fig. 3a—d SI frequency for each of the ten subjects plotted against
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a synchrony; b gap task; ¢ overlap task; d antisaccade task (all
n=20). R values shown for rightward and leftward saccades

Express saccades and saccadic intrusions

The percentage of express saccades for each subject was
compared to SI frequency for the synchrony, gap and
overlap saccade tasks. No correlation was found
(P>1.0).

Three subjects (2, 6 and 7) displayed express saccade
percentages above 30% on the gap paradigm (Table 2,
column 7) but no subjects exhibited more that 15% on
the overlap task (Table 2, column 10). Coincidently,
subjects 6 and 7 had a relatively high SI frequency of
39 and 33 per minute respectively, whereas subject 2
had a low frequency of 9 per minute (Table 1, column
2). However, subject 5 did not produce express sac-
cades for any of the paradigms yet exhibited a high
frequency of SI (55 per min). Subjects 1 (Z=28.89,
P<0.05) and 10 (Z=9.09, P<0.05) produced more
express saccades in the synchrony task than in the gap
paradigm. This was to the same side as that of the
absent gap effect. Subject 1 had a low SI frequency and
the SI directional bias did not match the express sac-
cade bias, whereas subject 10 demonstrated a high SI
frequency and the SI directional bias corresponded
with the express saccade bias.

Antisaccade errors and saccadic intrusions

No correlation was found (r=-0.52; P>1.0) between
antisaccade errors and the frequency of SI. All subjects
corrected the majority of their errors by making a fur-
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ther saccade towards the side opposite to the target
(Table 2, column 14).

Whilst subjects 1, 2 and 9 produced the highest per-
centage of errors (Table 2, column 13), none of the three
exhibited a high frequency of SI (Table 1, column 2).
Subjects 1 and 2 were the youngest members of the
study.

Saccade latency directional bias and saccadic intrusion
directional bias

The SI directional bias was compared to voluntary
saccade latency bias, with the view that the SI directional
bias may correspond to the direction of the shorter la-
tency saccades. No subject showed a consistent rela-
tionship between SI directional bias and voluntary
saccade latency bias for all four saccade paradigms
(Table 1, columns 3, 6-9). Indeed, latency bias was not
consistent across the four tasks.

Express saccade bias was also compared to SI bias by
separately plotting the percentage of rightward express
saccades from the synchrony and gap tasks against the
percentage of rightward SI for each subject (Fig. 4a,b).
The percentage of rightward express saccades from
combined synchrony, gap and overlap tasks was also
plotted against the percentage of rightward SI for each
subject (Fig. 4c). No correlations were found, the r
values being —0.46, —0.26 and —0.27 (P >0.05) for the
synchrony, gap and combined synchrony, gap and
overlap tasks respectively.

Express saccade biases of all subjects are shown in
Table 1 (columns 10-12). As with voluntary saccade
latency biases, express saccade bias was not consistent
for the synchrony, gap or overlap tasks. Furthermore,
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biases were more apparent in the gap and synchrony
tasks where 8/10 and 4/10 subjects respectively displayed
a bias, in contrast to the overlap task where 1/10 subjects
demonstrated a bias.

Table 1 compares the SI directional bias (column 3)
with the antisaccade error bias (column 13). Rightward
errors indicate that the target jumped right, and instead
of making a saccade to the left the subject made a sac-
cade to the right. SI and antisaccade error bias corre-
sponded in two subjects only.

Comparisons with predominant SI type

The same comparisons described above were repeated
but using the predominant SI type (Table 1, columns 4—
5). The predominant SI type was defined as the most
common SI type present for each subject. Once again, no
consistent relationships were apparent.

Discussion
Voluntary saccades and SI characteristics

The present experiments tested the hypothesis that
SI may be a consequence of altered activity of the
saccadic system, specifically an imbalance that favours
saccade initiation as opposed to saccade inhibition.
Four saccade tasks—synchrony, gap, overlap and anti-
saccades—were used to explore the relationship between
volitional saccade latencies, express saccades and anti-
saccade errors with SI characteristics.

SI frequency was not found to be correlated with
voluntary saccade latencies, express saccade frequency
or antisaccade error frequency, suggesting that the
baseline activity of the saccadic system was not predis-
posed towards SI generation. Furthermore, no rela-
tionship was observed between SI directional bias and
voluntary saccade latency, express saccade and antisac-
cade directional biases. Indeed the intra-subject volun-
tary saccade latency biases were not the same across all
four tasks and did not match the express saccade or
antisaccade error bias.

The examination of individual subject differences
further discourages any link between altered saccadic
activity and SI. Of the three subjects (1, 2 and 6) who
displayed the shortest saccade latencies across all tasks,
high numbers of SI were recorded only in one of the
three subjects (6). These results do not support the
hypothesis that shorter saccade latencies are associated
with the production of SI. It has been previously sug-
gested that less then 30% and 15% express saccades on
the gap and overlap paradigms respectively is within
normal limits (Fischer et al 1993a). Three subjects (2, 6,
7) produced greater than 30% express saccades on the
gap task; subjects 6 and 7 had a relatively high SI fre-
quency of 39 and 33 per minute, respectively, whereas,
subject 2 had a low frequency of 9 per minute (Table 1).
However, two subjects (5 and 10) exhibited exceptionally
high frequency rates of SI, but few express saccades on
any of the tasks. Furthermore, none of the ten subjects
exhibited greater than 8% express saccades on the
overlap task, implying that the SC rostral fixation cells
and their afferent and efferent projections were essen-
tially functioning within normal limits as the presence of
a fixation target prevented disengagement.

Ten subjects (1, 2, 4, 5, 8 and 10) did not exhibit a gap
effect, suggesting that either the onset of the gap had not
promoted fixation disengagement or that the fixation
system was already in a state of disengagement. In the
latter case, one would also expect shorter saccade
latencies, a higher number of express saccades in syn-
chrony, gap and particularly overlap tasks and a higher
number of antisaccade errors. Of the six subjects, only
two subjects (1 and 2) demonstrated a higher number of
express and antisaccade errors and shorter overlap la-
tency values (Table 2). An increased level of pre-stimu-
lus (preparatory) activity in the SC build-up neurons has



been associated with the generation of shorter latency
saccades (Dorris et al 1997; Gomez et al 1994; Suzuki
and Hirai 2000) and antisaccade errors (Everling et al
1998a). Express saccades result if the visual burst created
by the appearance of the target coincides with the region
of increased excitement in the build-up cells (Dorris et al
1997). An increase in saccade preparation would also
reduce the activity of the SC fixation cells without the
need for a gap due to mutually inhibitory connections
between the fixation and saccade-related cells. That
subjects 1 and 2 produced relatively few SI (11 and 9 per
minute, respectively) argues against the view that re-
duced fixation cell activity and increased levels of pre-
paratory activity give rise to SI. The observations that SI
frequency did not increase during the saccade tasks in
subjects 1 and 2 and that there did not appear to be an
increase in SI during the gap period for any subjects
provides additional support for this conclusion.

Three of the subjects without a gap effect (5, 8 and 10)
had moderate to high SI frequencies but did not produce
increased numbers of express saccades or antisaccade
errors, suggesting that the gap did not disengage fixation
in these subjects. It is possible that higher frequencies of
SI interfere with voluntary saccade production, pre-
venting faster latency saccade preparation. Although
this cannot be conclusively ruled out, Fig. 3 shows that
some subjects with lower SI frequencies have longer
latencies than subjects with higher SI frequencies.

All 10 subjects displayed minimal antisaccade errors,
and when they did occur were able to correct them. An
error rate of approximately 14% has been reported in
gap antisaccade tasks (Fisher and Weber 1992). As the
current antisaccade task did not involve a gap, one
would expect lower error rates. Only two subjects (1 and
9) exceeded this value, although one subject (2) also
demonstrated a higher percentage of antisaccade errors
than the other seven subjects. All three displayed low SI
frequencies, challenging the theory that SI are caused by
deficient inhibitory mechanisms. Two subjects (1 and 2)
exhibited shorter saccade latencies and frequent express
saccades, which, as discussed earlier, may be attributed
to increased SC preparatory activity. One subject (9)
who had few express saccades on any of the tasks, was
one of the oldest of the group. Increased numbers of
antisaccade errors have been reported in older age
groups (>20% as opposed to 13% in younger subjects)
(Fischer et al 1997).

Saccade latencies using the gap and overlap task have
been shown to increase (by approximately 20-50 ms)
between the ages of 21 and 55 years (Fischer et al 1997,
Munoz et al 1998). To examine whether this may have
masked any relationship between the SI frequency and
saccade latency we compared subjects of similar ages
who had different SI frequencies (subjects 9, 10 and 5, 4)
and found their saccade latencies to be similar. Two
subjects (6 and 7) with moderate frequencies of SI do
have significantly (P <0.01) shorter latencies than an
age-matched subject 8 who had fewer SI. These two
subjects also have comparable latencies with younger
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subjects (1, 2 and 3). However, in a previous study it was
found that SI frequency does not appear to be age-re-
lated (Abadi and Gowen 2004). This reinforces the view
that there is no relationship between saccade latencies
and SI frequency, since a greater number of SI would be
expected in early adulthood (when saccade latencies are
shorter) and fewer SI in the older population.

Directional biases

Directional right-left asymmetries in voluntary saccade
tasks have been observed previously (Fischer et al 1997,
Honda 2002; Munoz et al 1998; Weber and Fischer
1995). Weber and Fischer (1995) reported that asym-
metries in express saccade frequency and saccadic
latencies were more apparent when attention was
disengaged (gap 200 ms). Results of the present study
also indicate that latency asymmetries are more appar-
ent during the gap task, although in agreement with
Honda (2002), asymmetries in the synchrony and
overlap tasks were also observed. The subjects used by
Weber and Fischer (1995) were trained and this may
have contributed to a reduction in the asymmetries.
Weber and Fischer (1995) suggested that the process of
attentional disengagement might have a different
strength/time course for the right and left hemispheres,
so when attention is disengaged, asymmetries become
apparent. However, the fact that a gap effect can be
produced by offset of an unattended target implies that
the gap is more akin to warning effects or fixation cell
offset then attention disengagement (Kingstone and
Klein 1993; Walker et al 1995). This implies that activity
associated with a gap (fixation cell disengagement,
preparatory effects) does have asymmetrical properties,
or that once alerted, attentional processes (other than
disengagement) may then influence saccade latencies.

The finding that SI directional biases were uncorre-
lated with the voluntary saccade biases indicates that the
underlying cause of SI is unlikely to be related to an
inherent bias within the circuitry of the saccadic system.
However, the observation that voluntary saccade latency
biases are not consistent implies that there are likely to
be a number of governing factors. For example, biases
may depend on the particular task; for example, a static
fixation task where no response is required may evoke
more of a baseline bias than an active saccade task,
where prior knowledge activates mechanisms involved in
prediction and selection that override any baseline
asymmetries. In such a case, SI and voluntary saccade
asymmetries may be under the influence of the same
system (attention) but represent different modes of that
system.

Neural substrate of SI

Our studies suggest that an imbalance between saccade
initiating and saccade inhibiting processes does not
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appear to be responsible for SI production. It is well
established that interactions between the SC fixation,
build-up and burst cells determine saccade initiation and
latency (Gandhi and Keller 1999; Munoz and Wurtz
1993a, 1993b, 1995a, 1995b) with higher levels of pre-
saccadic burst and build-up cell activity being correlated
with express saccade and antisaccade error formation
(Dorris et al 1997; Edelman and Keller 1996; Everling
et al 1998a; Gomez et al 1994; Suzuki and Hirai 2000). If
a local reduction in SC fixation cell activity or increase in
burst/build-up cell excitement was responsible for SI
production we would have expected shorter voluntary
saccade latencies, an increased number of express sac-
cades (particularly on the synchrony and overlap sac-
cade tasks), and more frequent antisaccade errors to be
associated with higher SI frequencies. As our findings
are of a behavioural nature, we cannot conclusively rule
out a direct contribution of the SC to SI production, but
would suggest that although the SC may well be acti-
vated during SI production, the original SI signal is
probably not generated within the circuitry of this
structure.

It also appears unlikely that higher cortical areas such
as the dorsolateral prefrontal cortex that are involved in
saccade inhibition are responsible for SI generation. SI
could arise if the inhibitory influence of the dorsolateral
prefrontal cortex over the SC was reduced, facilitating
saccade generation. This is reflected in the difficulty that
patients with dorsolateral prefrontal cortex lesions have
in suppressing inappropriate saccades (Braun et al 1992;
Gaymard et al 2003; Pierrot-Deseilligny et al 1991, 2003)
and the increase in express saccade number when the
dorsolateral prefrontal cortex is inhibited (Muri et al
1999). Reduction in inhibitory signals from the sub-
stantia nigra pars reticulata has also been shown to lead
to the production of square wave intrusion-like inter-
ruptions of fixation in monkeys (Hikosaka and Wurtz
1985). However, if these two areas were involved in
physiological SI production, an increase in express sac-
cade and antisaccade error rate would be expected to
correlate with SI frequency. Additionally, in those sub-
jects with higher SI frequencies, the normal latencies and
express saccade percentage found on the synchrony, gap,
overlap and antisaccade tasks in conjunction with the
ability to correct for antisaccade errors indicates the
normality of the frontal eye field that is involved in
intentional saccade triggering and fixation disengage-
ment (Dias and Bruce 1994; Friedman et al 1997,
Gaymard et al 1999; Pierrot-Deseilligny et al 2003;
Sommer and Wurtz 2000).

In summary, our results suggest that SI are not the
result of an underlying change in the excitability of the
saccadic system. It is possible that they are a conse-
quence of descending commands related to attentional
shifts arising from areas such as the parietal cortex,
anterior cingulate, thalamus, basal ganglia or cerebellum
(Coull et al 2000; Nobre et al 2000; Posner et al 1984;
Powell et al 1999; Rafal 1999; Rafal and Henik 1994;
Rosen et al 1999; Walker and Findlay 1996). Activity

from these areas may stimulate the SC build-up cells that
have been proposed to be possible neurophysiological
correlates of attention allocation, resulting in a saccade
(Kustov and Robinson 1996). This would suggest that
the fixation system, rather than existing as a separate
entity or as a part of another system such as smooth
pursuit, is comprised of a network of interacting areas
such as the dorsolateral prefrontal cortex, frontal eye
fields, basal ganglia and SC that are governed by a su-
pramodal attention system and task demands.

The above is highlighted by the findings of a recent
study that examined the effect of increased task demand
on SI during pursuit tracking, and found the SI rate to
decrease as the speed and unpredictability of pursuit
tracking increased as well as to a memorized rather than
visual target during fixation (Shaffer et al 2003).
Increased attention levels upon the task may have
suppressed attention shifts that could give rise to SI.
Indeed, attention and eye movements appear to share
much neural circuitry (Hunt and Kingstone 2003;
Nobre et al 2000; Smith et al 2004) and microsaccade
characteristics are affected by the orientation of exoge-
nous and endogenous attention (Engbert and Kliegl
2003; Galfano et al 2004, Hafed and Clark 2002).
Furthermore, evidence for an asymmetry in the strength
of attentional processes between the right and left
hemispheres is suggested by imaging studies (Nobre
et al 1997) and the fact that hemispatial neglect occurs
more often and to a stronger extent with right-sided
parietal lesions then left-sided lesions (Kastner and
Ungerleider 2000; Posner et al 1984). This could explain
the predominant rightward SI directional bias, and
further investigation into the influence of attention on
SI has yielded supportive results (Gowen et al, Cogn
Brain Res, in review).
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