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Abstract
Prolonged fixation can lead to the generation of tiny and fast eye movements called microsaccades, whose dynamics can be
associated with higher cognitive mechanisms. Saccade preparation is also reflected in microsaccadic activity, but the few
studies on this topic provided mixed results. For instance, fewer microsaccades have been observed when participants were
asked to prepare for an anti-saccade (i.e., a saccade in the opposite direction to the target) as compared to a pro-saccade (i.e.,
a saccade executed towards a target), but null results have also been reported. In the attempt to shed new light on this topic,
two experiments were carried out in which the context of presentation of pro- and anti-saccade trials was manipulated. Pupil
size was also recorded, as a further index of cognitive load. In Experiment 1, participants were asked to prepare and perform
pro- and anti-saccades in response to a peripheral target, according to a central instruction cue provided at the beginning
of each trial (intermixed condition). In Experiment 2, the same task was employed, but pro- and anti-saccade trials were
delivered in two distinct blocks (blocked condition). In both experiments, greater saccadic latencies and lower accuracy
emerged for anti- than for pro-saccades. However, in the intermixed condition, a lower microsaccadic rate and a greater
pupil size emerged when participants prepared for anti- rather than pro-saccades, whereas these diﬀerences disappeared in
the blocked condition. These results suggest that contextual factors may play a key role in shaping oculomotor dynamics
linked to saccade preparation.

Introduction
Microsaccades are tiny and fast eye movements that we
tend to produce during prolonged fixation (see MartinezConde, Macknik, Troncoso, & Dyar, 2013; Martinez-Conde
& Macknik, 2017). Even if a shared consensus concerning
the mechanisms underlying microsaccade generation is still
missing (e.g., Collewijn & Kowler, 2008; Martinez-Conde
et al., 2013; Poletti & Rucci, 2016; Rolfs, 2009), increasing
evidence has been reported, showing that microsaccades are
shaped not only by vision-related processes (e.g., Costela
et al., 2014; Engbert & Kliegl, 2004; Ko, Poletti, & Rucci,
2010; Martinez-Conde, Macknik, Troncoso, & Dyar, 2006;
McCamy, Macknik, & Martinez-Conde, 2014; McCamy,
Otero-Millan, Di Stasi, Macknik, & Martinez-Conde, 2014)
but also by higher order cognitive mechanisms (e.g., Betta,
Galfano, & Turatto, 2007; Engbert & Kliegl, 2003; Kliegl,
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Rolfs, Laubrock, & Engbert, 2009; Lange, Zweck, & Sinn,
2017; Rolfs, Engbert, & Kliegl, 2005; Valsecchi and Turatto,
2009).
Interestingly, the preparation of a motor response is also
reflected in microsaccadic dynamics. Preparing for an action
is an essential ability to establish eﬀective interactions with
the environment, and the study of any behavioural index
that could track motor preparation is, therefore, of great
interest. Nonetheless, so far, only a few studies explored the
potential link between microsaccades and motor preparation.
In a pioneering study, Betta and Turatto (2006) focused on
manual response preparation, reporting a decrement in the
absolute frequency of microsaccades when participants were
asked to provide a manual response to an upcoming signal,
as compared to a condition in which no manual response
was required. Saccade preparation has also been explored
by adopting the anti-saccade task (Hermens, Zanker, &
Walker, 2010; Watanabe, Matsuo, Zha, Munoz, & Kobayashi, 2013; see also Jainta, Vernet, Yang, & Kapoula,
2011). In the classic version of the anti-saccade task, participants are required to maintain fixation on a central spot
and to perform a saccade immediately after the onset of a
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target that can appear leftwards or rightwards with respect
to the centre of the screen. Depending on the instruction,
saccades have to be executed either towards the target (i.e.,
pro-saccade; for instance, if the target appears on the right,
then the saccade has to be executed towards the right as well,
landing on the target) or away from the target (i.e., antisaccade; for instance, if the target appears on the right, then
the saccade has to be executed towards the left, landing on
the opposite location to that of the target). Typically, smaller
latencies and a greater accuracy are observed for pro- than
for anti-saccades, in line with the idea that pro-saccades
would be strongly reflexive, whereas anti-saccades would
require the implementation of more volitional processes
(see Everling & Fischer, 1998; Munoz & Everling, 2004).
Intriguingly, the two studies that explored microsaccadic
dynamics in pro-/anti-saccade preparation reported mixed
results. Indeed, while in Hermens et al. (2010, Experiment
1B), no diﬀerences in microsaccadic rate emerged when
participants were asked to prepare for and execute pro- and
anti-saccades immediately after target onset, Watanabe et al.
(2013) reported that the preparation of pro-saccades was
associated with a greater microsaccadic rate as compared
to anti-saccades.
Several methodological aspects could account for the
divergent results reported by Hermens et al. (2010) and
Watanabe et al. (2013), such as diﬀerences in stimuli, timing or sample size. Nevertheless, we hypothesise that one of
the main reasons for this inconsistency could be identified in
the way pro- and anti-saccade trials were delivered. Indeed,
while Hermens et al. (2010) adopted a blocked design, in
which pro- and anti-saccades were executed in two distinct
blocks, Watanabe et al. (2013) adopted a mixed design, in
which pro- and anti-saccades were executed in a random
fashion in accordance with an instruction cue provided at
the beginning of each trial (see also Zeligman & Zivotofsky,
2017). Hence, while in Hermens et al. (2010) the oculomotor
behaviour remained constant within each block, in Watanabe
et al. (2013), participants were required to constantly update
their oculomotor behaviour. This, in turn, likely resulted in a
diﬀerent impact on cognitive load and its reflection on working memory which is involved in the maintenance of taskrelated information (e.g., Miyake & Shah, 1999). Intriguingly, increasing evidence is showing that cognitive load,
manipulated through a diﬀerential involvement of working
memory, is reflected in several eye movement parameters,
such as saccadic latency (e.g., Schaeﬀer et al., 2015) and
trajectory (e.g., Theeuwes, Olivers, & Chizk, 2005) and even
microsaccadic rate (Dalmaso, Castelli, Scatturin, & Galfano,
2017; Gao, Yan, & Sun, 2015; Pastukhov & Braun, 2010;
Siegenthaler et al., 2014; Valsecchi, Betta, & Turatto, 2007).
For instance, in Siegenthaler et al. (2014) participants were
asked to mentally count forward (low load) vs. backward
(high load) while maintaining fixation on a central spot.
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Similarly, in Gao et al. (2015), participants were asked to
make an addition or a subtraction between a given number
and another small (low load) vs. large (high load) number.
In both Gao et al. (2015) and Siegenthaler et al. (2014),
high load conditions led to a decrement in microsaccadic
rate. In the same vein, in Dalmaso et al. (2017), participants
were asked to remember two digits (low load) vs. five digits
(high load). A reduction in microsaccadic rate was associated with the high load condition as compared to the low
load condition. Taken together, these studies suggest that a
stronger involvement of working memory could be associated with a decrease of microsaccade generation (see also
Xue et al., 2017, for similar results with a perceptual load
manipulation). We believe that a similar rationale could also
be applied to explain the diﬀerent pattern of microsaccadic
rate associated with immediate pro- and anti-saccade preparation reported by the previous studies, since it is reasonable to hypothesise that the reduced cognitive load in the
blocked design of Hermens et al. (2010) may have contributed to decrease the diﬀerences in microsaccadic rate during
pro- and anti-saccade preparation; on the other hand, the
higher cognitive load in the intermixed design of Watanabe
et al. (2013) may have contributed to reveal diﬀerences in
microsaccadic rate during pro- and anti-saccade preparation. Importantly, the divergent results reported by Hermens et al. (2010) and Watanabe et al. (2013) could also be
explained by considering more specific mechanisms known
to be involved in pro-/anti-saccades, such as task switching
(e.g., Cherkasova, Manoach, Intriligator, & Barton, 2002;
Pierce, McCardel, & McDowell, 2015) or proactive inhibitory control (e.g., Albares et al., 2011; Wardak, Ramanoël,
Guipponi, Boulinguez, & Ben Hamed, 2011). Moreover,
Zeligman and Zivotofsky (2017), who explored the behavioural eﬀects of intermixed vs. blocked pro-/anti-saccade
trial administration, and reported a lower accuracy for both
pro- and anti-saccades when these were performed in an
intermixed fashion, also invoked cognitive load as the possible determinant of their findings. Following Zeligman and
Zivotofsky (2017), in the present context, we make reference
to cognitive load as the broader factor diﬀerentiating the two
trial-administration conditions.
In more detail, we directly explored the impact of intermixed vs. blocked pro-/anti-saccade trial administration
on microsaccadic dynamics analysed during the preparatory phase of saccadic eye movements. In Experiment 1,
pro- and anti-saccade trials were administered in a random
fashion (intermixed condition), while in Experiment 2, they
were provided in two distinct blocks (blocked condition).
Furthermore, unlike previous studies (Hermens et al., 2010;
Watanabe et al., 2013), in both experiments, pupil size was
also recorded. Indeed, converging evidence is accumulating, showing that pupil size can be employed to track both
cognitive control and working memory load dynamics (for
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reviews, see Just, Carpenter, & Miyake, 2003; van der Wel
& van Steenbergen, 2018). In more detail, stimuli—or
experimental conditions—associated with an increased task
demand are typically associated with an increment in pupil
size as compared to a pre-stimulus baseline period (e.g.,
Hyönä, Tommola, & Alaja, 1995; Klinger, Tversky, & Hanrahan, 2011; Lisi, Bonato, & Zorzi, 2015; Piquado, Isaacowitz, & Wingfield, 2010). For instance, pupil size would tend
to increase with the number of information (e.g., digits or
colours) that participants are asked to keep in memory (e.g.,
Kahneman & Beatty, 1966; Unsworth & Robison, 2018). In
the same vein, Wang, Brien, and Munoz (2015) reported a
greater pupil size associated with the preparation of an antisaccade than a pro-saccade, delivered in a random fashion.
Similarly, pupil size increments have been observed when
participants prepared for a more complex manual response
as compared to an easier one (e.g., Richer & Beatty, 1985).
Hence, pupil size can be considered as a reliable, independent and online physiological index to estimate the amount of
cognitive resources required to perform a given task (see van
der Wel & van Steenbergen, 2018). In the present context,
we reasoned that pupil size analyses might provide converging evidence for the role of cognitive load in shaping microsaccadic dynamics. In line with this latter notion, a recent
study by Krejtz, Duchowski, Niedzielska, Biele and Krejtz (2018) extended the study of Siegenthaler et al. (2014),
showing that—in a forward (low load) vs. backward (high
load) mental counting task—both pupil size and microsaccades reflected diﬀerences in cognitive load. Overall, we
expected to observe a lower microsaccadic rate and greater
pupil size when participants were asked to prepare an antithan a pro-saccade. Moreover, we also expected these diﬀerences to be greater in the intermixed condition (Experiment
1) as compared to the blocked condition (Experiment 2), in
line with the view of a greater cognitive load in the former
than in the latter case.

Experiment 1: intermixed proand anti-saccade trials
In this experiment, a centrally placed instruction cue
informed participants on whether to prepare for a pro-saccade or an anti-saccade. The instruction cue was randomly
selected on each trial, so that participants were constantly
asked to update their oculomotor behaviour for the whole
duration of the experiment.

Materials and methods
Participants
Twenty-two naïve students (mean age = 23 years; SD = 1.43,
2 males) with normal or corrected-to-normal vision were
tested. The study was approved by the Ethics Committee
for Psychological Research at the University of Padova and
conducted in accordance with the Declaration of Helsinki.
Informed consent was obtained from all individual participants included in the study.
Apparatus
Eye movements were recorded binocularly at 500 Hz using
an EyeLink 1000 Plus (SR-Research)1. Stimuli were presented through Experiment Builder (SR-Research) on a
24-in monitor (1280 × 1024 px, 120 Hz) placed at 65 cm
from the participant. A chinrest was used to prevent head
movements. Room luminance and screen background (grey
coloured; R = 180, G = 180, B = 180) were kept constant
throughout the experiment and they were identical for all
participants.
Procedure
The task was designed by following the main guidelines of
the anti-saccade task protocol proposed by Antoniades et al.
(2013). A nine-point calibration was followed by a validation procedure. Before each trial, participants were asked to
look at a centrally placed ring (external diameter 0.4°, black
coloured; internal diameter 0.14°, grey coloured), and then,
the experimenter initiated the trial by pressing the spacebar
on the host PC (Fig. 1, drift checking frame). In this manner,
it was possible to both perform a drift checking procedure
and control that participants were looking at the centre of
the screen. A successful drift checking was followed by a
brief tone that informed the participant of the imminent start
of the trial. Each trial started with a centrally placed ring
(external diameter 0.4°, black coloured; internal diameter
0.14°, grey coloured) for 1500 ms (Fig. 1, fixation frame)
which was then replaced by the instruction cue, which consisted of either a square (side 0.73°; black coloured) or a diamond (i.e., the square rotated of 45°) with a small circle at
the centre (diameter 0.14°, grey coloured; Fig. 1, instruction

1

Some authors reported that, in video-based eye-tracking systems,
changes in pupil size can influence the computation of eye-gaze
direction, leading to potential artefactual results (e.g., Choe, Blake,
& Lee, 2016; Nyström, Hooge, & Andersson, 2016). However, Gautier, Bedell, Siderov and Waugh (2016; Appendix C)—who recorded
pupil size and microsaccades through an EyeLink 1000—concluded
that pupil size is unlikely to aﬀect microsaccade detection.
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Fig. 1 Stimuli (not drawn to
scale) and sequence of events
employed in both Experiments 1 (intermixed condition)
and 2 (blocked condition).
a, b Two trials in which the
instruction cue is the square
and the diamond, respectively.
Depending on the association
between the instruction cue and
the requested eye movement,
participants were asked to prepare and perform a pro-saccade
towards the target or an antisaccade towards the opposite
location to that of the target

cue frame). Half of the participants were instructed to
prepare a pro-saccade in the presence of a square and an
anti-saccade in the presence of a diamond, the other half
learned the opposite association. After a random duration of
2000–2500 ms (100-ms steps), a target circle (diameter 0.5°;
black coloured) appeared 10° either rightwards or leftwards
of the instruction cue (Fig. 1, target frame). Depending on
the instruction cue, participants were asked to perform, as
fast and accurate as possible, a pro-saccade towards the target or an anti-saccade in the opposite direction. Finally, a
visual feedback appeared for 1000 ms inviting the participant to blink, if needed. Importantly, in both the fixation and
the instruction frames, participants were asked to maintain
their eyes at the centre of the screen avoiding blinking; otherwise, an error visual feedback appeared for 1000 ms, and
the trial was aborted and appended at the end of the session.
This allowed us to collect a reasonable number of epochs
without blinks while preventing an excessive duration of the
experiment. Ten randomly selected practice trials were followed by 200 experimental trials presented in random order.
Hence, there were potentially 100 data points per experimental cell (pro- vs. anti-saccade). A short break was provided
every 40 trials. The whole experiment lasted about 1 h.

eyes. Trials in which participants blinked during the first
saccade were discarded from the analyses (2.45% of trials).
Saccadic directional errors (i.e., saccades directed towards
the spatial location opposite to that requested by the instruction cue) were analysed separately (6.93% of trials). Finally,
saccadic latencies less than 80 ms or greater than 800 ms
were interpreted as outliers and discarded from the analyses
(0.77% of trials).
Saccadic errors and latencies: data analyses
The mean percentage of saccadic directional errors was
analysed through a two-tailed paired t test between prosaccade and anti-saccade trials. The results indicated that
participants committed less errors during pro-saccade trials
(M = 3.90%, SE = 0.767) as compared to anti-saccade trials
(M = 10.75%, SE = 1.796; t(21) = 3.542, p = 0.002, d = 0.754;
see Fig. 2; Table 1).
Mean saccadic latencies of correct trials were analysed
through a two-tailed paired t test between pro-saccade and

Results
Saccadic errors and latencies: data pre-processing
DataViewer (SR-Research) was used to generate two saccade reports (one for each eye), time-locked to target onset,
containing saccadic latency and direction. Saccadic latency
was measured as the time elapsing from target onset to the
initiation of the first saccade. The first saccade was identified as the first eye movement with a velocity and acceleration exceeding 30°/s and 8000°/s2, respectively, and with
a minimum amplitude of 1°. After that, saccadic latencies
were obtained by averaging the data of the left and the right
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Fig. 2 Mean accuracy and latencies observed in saccadic eye movements of Experiment 1. Error bars are standard error of the mean.
Smaller RTs and fewer errors in pro-saccade trials, as compared to
anti-saccade trials, confirmed that the anti-saccade task worked properly
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anti-saccades. The results indicated that participants were
faster to perform a pro-saccade (M = 288 ms, SE = 13.67)
as compared to an anti-saccade [M = 342 ms, SE = 15.18,
t(21) = 9.606, p < 0.001, d = 2.048].
Overall, these results confirmed that the anti-saccade
task worked as expected, since pro-saccades led to faster
and more accurate responses as compared to anti-saccades
(see also Everling & Fischer, 1998).
Microsaccadic rate: data pre-processing
Microsaccades were analysed binocularly and only the correct trials identified in saccade analyses were considered.
DataViewer (SR-Research) was used to generate a sample
report starting at the onset of the instruction and ending
after 2000 ms. This sample report contained X and Y coordinates of both eyes, sampled every 2 ms, and was used to
detect microsaccades by employing a modified version of
the algorithm proposed by Engbert and Kliegl (2003). This
algorithm was adapted for the 500-Hz sampling frequency
and implemented in MATLAB (MathWorks). The velocity
threshold was set to λ = 4, the minimum duration threshold was set to four samples, and only binocular microsaccades were considered. Moreover, only microsaccades with
a maximum amplitude of 1° were included in the analyses
(see also Dalmaso et al., 2017; Engbert & Kliegl, 2003;
Martinez-Conde et al., 2013).
Microsaccadic rate: data analyses
First, we verified that the algorithm detected microsaccades
accurately. Since it is known that microsaccades, similar to
saccades, are characterized by a positive correlation between
peak velocity and amplitude known as “main sequence” (see
Zuber, Stark, & Cook, 1965), we performed a correlation
analysis between these two parameters. A positive correlation emerged, r = 0.697 p < 0.001, suggesting that we identified microsaccades correctly (see Fig. 3).
Then, we calculated the microsaccadic rate within the
2000-ms temporal epoch that started at the onset of the
instruction cue. This was achieved by calculating microsaccadic rate separately for each participant and experimental condition, and then averaging these data across
participants. As depicted in Fig. 4, after the onset of the
instruction cue (t = 0), microsaccadic rate showed a period
of inhibition followed by period of rebound, a pattern that
is fully consistent with the previous evidence (e.g., Engbert & Kliegl, 2003; Hafed & Ignashchenkova, 2013; see
also Rolfs, 2009). To note, the two previous studies that
explored microsaccade generation before pro- and antisaccades found diﬀerences in microsaccadic rate about
400 ms before target onset (Hermens et al., 2010; Watanabe et al., 2013). Here, to explore microsaccades behaviour
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microsaccades emerged for the preparation of anti-saccades as compared to pro-saccades, and this was evident
in most of the 200-ms time windows (indicated by green
bars in Fig. 4; ts > 2.281, ps < 0.047) apart from three, in
which the comparisons did not reach the canonical levels of significance (i.e., 0–200, 400–600, and 1000–1200,
indicated by grey bars in Fig. 4; ts < 2.048, ps > 0.067). In
sum, these findings are in line with the previous evidence
in which fewer microsaccades were associated with the
preparation of an anti-saccade rather than a pro-saccade
(Hermens et al., 2010, Experiment 1A; Watanabe et al.,
2013).
Pupil size: data pre-processing
Fig. 3 Correlation between peak velocity and amplitude in Experiment 1. This “main sequence” (see Zuber et al., 1965) established
that microsaccades were correctly detected

Fig. 4 Mean microsaccadic rate calculated within the 2000-ms temporal epoch starting from the instruction cue onset (i.e., t = 0) and
ending at the target onset (i.e., t = 2000), in Experiment 1. Shaded
areas indicate the standard error of the mean. Green and grey rectangles below x-axis indicate the ten 200-ms time windows (fdr corrected) used for statistical testing. Asterisk denotes a significant difference between the two experimental conditions, while “ns” means
that the diﬀerence was non-significant. Fewer microsaccades emerged
for the preparation of anti-saccades as compared to pro-saccades, and
this was evident in most of the 200-ms time windows apart from three
(i.e., 0–200, 400–600, and 1000–1200 ms)

in more detail, ten comparisons [false discovery rate (fdr)
corrected] between mean microsaccadic rate for pro- and
anti-saccades were performed through a 200-ms moving
window that started at the onset of the instruction cue (see,
e.g., Dalmaso et al., 2017; Hermens et al., 2010; Valsecchi
& Turatto, 2009, for a similar approach). Overall, fewer
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Pupil size was analysed binocularly averaging the data of left
and right eyes and only the correct trials identified in saccade analyses were considered. DataViewer (SR-Research)
was used to generate two sample reports: one considering the 100-ms time window just before the onset of the
instruction (i.e., the baseline temporal epoch), and another
one starting at the onset of the instruction and ending after
2000 ms (i.e., the experimental temporal epoch). These two
sample reports contained the average pupil size sampled
every 2 ms. Because the EyeLink 1000 Plus reports pupil
size in arbitrary integer units, these units were converted in
mm by making a comparison with the arbitrary integer units
corresponding to an artificial eye of 7 mm. Each data point
within the experimental temporal epoch was then transformed to diﬀerences relative to a baseline level, namely,
the average pupil size in the 100-ms baseline temporal epoch
before instruction onset (see Mathôt, Fabius, Van Heusden,
& Van der Stigchel, 2018). This baseline-correction procedure was applied separately for each participant and trial.
Pupil size: data analyses
First, no diﬀerences emerged between mean pupil size baseline for pro- and anti-saccade trials, t(21) = 0.516, p = 0.611,
d = 0.110 (see Fig. 5). Then, pupil size within the 2000-ms
epoch was analysed following the same procedure adopted
for microsaccades, namely, ten comparisons (fdr corrected)
between mean pupil size for pro- and anti-saccades were performed through a 200-ms moving window that started at the
onset of the instruction. None of the comparisons between
0 and 600 ms (indicated by grey bars in Fig. 5) were statistically significant (ts < 1.810, ps > 0.106). More interestingly,
all the comparisons between 600 and 2000 ms (indicated by
green bars in Fig. 5) were significant (ts > 2.276; ps < 0.047),
reflecting a greater pupil size in the preparation of anti-saccades than pro-saccade trials (also see Wang et al., 2015).
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Experiment 2: blocked pro- and anti-saccade
trials
In Experiment 2, the same task of Experiment 1 was
employed with the following exception: Pro- and antisaccade trials were delivered in two distinct blocks rather
than in a random fashion. In so doing, participants were
not requested to constantly update their oculomotor behaviour on each trial, as an attempt to reduce the impact of
cognitive load on pro-/anti-saccade preparation. In other
words, because the participants had to reiterate the very
same oculomotor response across the whole block of trials,
the diﬀerences in both microsaccades and pupil size associated with pro-/anti-saccade preparation, were expected
to decrease.
Fig. 5 Top-left inset illustrates mean values of pupil size at baseline, calculated 100 ms before target onset. The main plot illustrates
mean pupil size calculated within the 2000-ms temporal epoch starting from the instruction cue onset (i.e., t = 0) and ending at the target
onset (i.e., t = 2000). Shaded areas indicate the standard error of the
mean. Green and grey rectangles below x-axis indicate the ten 200ms time windows (fdr corrected) used for statistical testing. Asterisk
denotes a significant diﬀerence between the two experimental conditions, while “ns” means that the diﬀerence was non-significant. Starting from t = 600 ms, a greater pupil size was associated with the preparation of anti-saccades as compared to pro-saccades

Materials and methods
Participants
A new sample of 22 naïve students (mean age = 22 years;
SD = 2.33, 1 male) with normal or corrected-to-normal
vision were tested. The study was approved by the Ethics
Committee for Psychological Research at the University
of Padova and conducted in accordance with the Declaration of Helsinki. Informed consent was obtained from all
individual participants included in the study.
Apparatus

Discussion
Experiment 1 results can be summarised as follows. As for
saccades, smaller latencies and a greater accuracy emerged
for pro- than for anti-saccades, thus confirming that the pro-/
anti-saccade task worked properly (see also Everling & Fischer, 1998; Munoz & Everling, 2004). More interestingly,
preparation of an immediate pro-saccade was reflected in a
greater number of microsaccades as compared to preparation
of an immediate anti-saccade. This finding can be interpreted
as evidence that microsaccade rate can provide a reliable index
of cognitive load. This interpretation is supported by the data
stemming from the analyses of pupil size. Indeed, pupil size
is known to be modulated by the engagement of cognitive
resources (e.g., Kahneman & Beatty, 1966; Piquado et al.,
2010), and accordingly, the present findings show a larger
dilation during the preparation of an immediate anti-saccade,
as compared to the preparation of an immediate pro-saccade.
The overall pattern of results aligns with the previous studies
using an intermixed presentation of trials (Wang et al., 2015;
Watanabe et al., 2013).

The apparatus was the same as that used in Experiment 1.
Procedure
The procedure was identical to that employed in Experiment 1, with the following exception: Pro- and antisaccade trials were presented separately—rather than
intermixed—in two distinct blocks. Block order was counterbalanced across participants.

Results and discussion
Data pre-processing procedures were the same as in the
previous experiment.
Saccadic errors and latencies
Saccades were analysed as in Experiment 1. Trials with
blinks were removed (3.30% of trials). Directional errors
(4.66% of trials) were analysed separately. Trials with

13

Author's personal copy
Psychological Research

Fig. 6 Mean accuracy and latencies observed in saccadic eye movements of Experiment 2. Error bars are SEM. As for Experiment 1,
smaller RTs and fewer errors emerged on pro-than anti-saccade trials,
confirming that the anti-saccade task worked properly

latencies less than 80 ms and greater than 800 ms were
also removed (0.17% of trials).
The mean percentage of saccadic directional errors was
analysed through a two-tailed paired t test between prosaccade and anti-saccade trials. The results indicated that
participants committed less errors on pro-saccade trials
(M = 1.43%, SE = 0.293) as compared to anti-saccade trials
[M = 8.67%, SE = 1.281; t(21) = 5.782, p < 0.001, d = 1.232].
Mean saccadic latencies of correct trials were analysed
through a two-tailed paired t test between pro- and anti-saccades. The results indicated that participants were faster to
perform a pro-saccade (M = 255 ms, SE = 9.55) as compared
to an anti-saccade (M = 319 ms, SE = 13.16, t(21) = 7.905,
p < 0.001, d = 1.685; see Fig. 6).
Overall, as for Experiment 1, these results confirmed that
the anti-saccade task worked properly.

Fig. 7 Correlation between peak velocity and amplitude in Experiment 2. As for Experiment 1, this “main sequence” (see Zuber et al.,
1965) established that microsaccades were correctly detected

Microsaccadic rate
Microsaccades were analysed as in Experiment 1. A positive
correlation emerged between peak velocity and amplitude,
r = 0.614, p < 0.001 (see Fig. 7), suggesting that microsaccades were identified correctly.
Microsaccadic rate analyses were performed within the
2000-ms temporal epoch starting at the instruction cue onset
(t = 0; see Fig. 8). Similar to Experiment 1, an inhibition
phase was followed by a rebound phase. More importantly,
none of the ten fdr-corrected comparisons showed significant diﬀerences between pro- and anti-saccade trials (indicated by grey bars in Fig. 8; ts < 2.724, ps > 0.06), a result in
line with Hermens et al. (2010; Experiment 1B).
Pupil size
Pupil size was analysed as in Experiment 1. No differences emerged between mean pupil size baseline
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Fig. 8 Mean microsaccadic rate, in Experiment 2, calculated within
the 2000-ms temporal epoch starting from the instruction cue onset
(i.e., t = 0) and ending at the target onset (i.e., t = 2000). Shaded areas
indicate the standard error of the mean. Grey rectangles below x-axis
indicate the ten 200-ms time windows (fdr corrected) used for statistical testing. “ns” denotes a non-significant diﬀerence between the
two experimental conditions. Overall, no diﬀerences emerged for the
preparation of anti-saccades as compared to pro-saccades

for pro- and anti-saccade trials, t(21) = 1.2, p = 0.244,
d = 0.256 (see Fig. 9). Moreover, none of the ten fdrcorrected comparisons computed within the 2000-ms
epoch were significant (ts < 1.866, ps > 0.527; see Fig. 9).
Hence, these results mimicked the pattern reported in
microsaccadic rate.
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Fig. 9 Top-left inset illustrates mean values of pupil size at baseline, calculated 100 ms before target onset. The main plot illustrates
mean pupil size calculated within the 2000-ms temporal epoch starting from the instruction cue onset (i.e., t = 0) and ending at the target onset (i.e., t = 2000). Shaded areas indicate the standard error of
the mean. Grey rectangles below x-axis indicate the ten 200-ms time
windows (fdr corrected) used for statistical testing. “ns” denotes a
non-significant diﬀerence between the two experimental conditions.
Overall, no diﬀerences emerged for the preparation of anti-saccades
as compared to pro-saccades

Discussion
Experiment 2 led to two main results. First, pro-saccades
were associated with lower latencies and a greater accuracy, in line with Experiment 1 and previous literature (e.g.,
Munoz & Everling, 2004). Second, and more importantly,
the pattern of microsaccadic rate was consistent with the
results reported by Hermens et al. (2010) for immediate proand anti-saccades in a blocked design. Indeed, no significant diﬀerences emerged in microsaccadic rate as a function
of whether participants were requested to prepare for and
execute a pro- or an anti-saccade. No eﬀects emerged for
pupil size either. The overall pattern is consistent with our
hypothesis that the discrepant findings reported in the literature might stem from a diﬀerential cognitive load induced by
the specific experimental procedures adopted by Hermens
et al. (2010) and Watanabe et al. (2013). These findings thus
confirm that contextual factors can be highly involved in
shaping oculomotor behaviour.

General discussion
Despite microsaccades are highly involved in many mechanisms related to low-level vision (e.g., Collewijn & Kowler,
2008; Hafed, Chen, & Tian, 2015; Martinez-Conde et al.,
2013), evidence is accumulating showing that these tiny
eye movements are also sensitive to higher order cognitive

mechanisms, such as attention (e.g., Engbert & Kliegl, 2003)
or motor preparation (e.g., Betta & Turatto, 2006). The main
aim of the current study was to investigate microsaccadic
rate associated with the preparation of pro- vs. anti-saccades
to shed light on the conflicting results in the literature.
Unlike the few previous studies on this topic (Hermens et al.,
2010; Watanabe et al., 2013), here, we directly manipulated
the way pro- and anti-saccade trials were delivered, which
was either intermixed (Experiment 1) or blocked (Experiment 2). Moreover, pupil size was also recorded as an indirect additional way to assess cognitive control and working
memory load (van der Wel & van Steenbergen, 2018). Overall, fewer microsaccades and a greater pupil size emerged
when participants prepared for anti-saccades as compared
to pro-saccades, but these diﬀerences emerged only when
pro- and anti-saccade trials were administered in an unpredictable fashion.
One of the main differences between intermixed vs.
blocked conditions was that while in the first case, participants were constantly asked to update their oculomotor
behaviour in accordance with the instruction cue provided
at the beginning of each trial, in the second case, this updating behaviour was unnecessary and unlikely. This would be
associated—in turn—with a diﬀerent cognitive load, which
was reasonably higher in Experiment 1 (intermixed design)
as compared to Experiment 2 (blocked design). Importantly,
an increasing number of studies reported a decrement in
microsaccadic rate when individuals are engaged in highly
demanding tasks, such as diﬃcult arithmetic processing
and mental counting (Gao et al., 2015; Siegenthaler et al.,
2014; Valsecchi et al., 2007) or maintenance of information
in memory (Dalmaso et al., 2017). Hence, it seems highly
likely that cognitive load played a key role in shaping microsaccadic dynamics in our two experiments. Importantly, the
potential involvement of cognitive load finds also support—
albeit indirect—in pupil size analyses. Indeed, it is known
that a greater pupil size is typically associated with increasing processing complexity (e.g., Hyönä et al., 1995) and
greater cognitive/working memory load (e.g., Kahneman &
Beatty, 1966; Klinger et al., 2011; Piquado et al., 2010; Unsworth & Robison, 2018; for reviews see Just et al., 2003; van
der Wel & van Steenbergen, 2018). This pattern emerged
also in the preparation of anti-saccades as compared to prosaccades, but only in Experiment 1 (intermixed condition),
thus mirroring the results observed for microsaccadic rate.
It is important to note that the potential relationship between
executive control and the oculomotor system finds also support at the neural level, since there is evidence of a broad
neural pathway between these two domains (Shen, Bezgin,
Selvam, McIntosh, & Ryan, 2016). Moreover, some studies
suggest that the dorsolateral prefrontal cortex, a fundamental
cortical region for executive functioning (e.g., Gilbert et al.,
2006), would directly project to the Superior Colliculus (SC;
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Johnston & Everling, 2009), a subcortical structure which
seems highly involved in both microsaccade generation
(e.g., Hafed, Goﬀart, & Krauzlis, 2009; Krauzlis, Goﬀart,
& Hafed, 2017; see also Peel, Hafed, Dash, Lomber, & Corneil, 2016) and pupillary response (Wang, Boehnke, White,
& Munoz, 2012).
The observation that a greater microsaccadic rate was
associated with the preparation of a pro-saccade rather than
an anti-saccade does not seem to be entirely consistent with
the theoretical model proposed by Rolfs, Kliegl and Engbert
(2008). According to this model, saccadic eye movements
would be mainly generated by the activity within a motor
map localized in the SC. The central site of this map—likely
located on the rostral SC—would encode for fixations, while
the more peripheral sites of this map would encode for saccades. When the firing rate activation within this motor map
would exceed a hypothetical upper-bound threshold, one of
these two oculomotor behaviours (i.e., fixation vs. saccade)
would take place, according to the activation locus (i.e.,
central vs. peripheral). Moreover, due to a local excitation
mechanism, this activation would also spread to adjacent
areas within the map. Consequently, the central activation
underlying a fixation would also slightly extend to neighbouring sites encoding saccades. Thus, microsaccade generation would be the consequence of a spread activation
of the central motor map site. Hence, according to Rolfs
et al. (2008), microsaccade generation should be more pronounced in oculomotor tasks associated with an enhanced
fixational activity, such as the anti-saccade task, in accordance with physiological evidence that showed a greater activation of the rostral SC before anti-saccades than pro-saccades (Everling, Dorris, Klein, & Munoz, 1999). However,
both our data and the few studies on this topic (Hermens
et al., 2010; Watanabe et al., 2013) reported opposite—or
even null—results.
The available findings with anti- and pro-saccade tasks
seem to be consistent with the model proposed by OteroMillan, Macknik, Serra, Leigh and Martinez-Conde (2011),
who described a threshold-free neural mechanism for microsaccade generation. In more detail, Otero-Millan et al. (2011)
hypothesised the presence of reciprocal inhibitory circuits
between the omnipause neurons (OPN), responsible for the
fixation behaviour, and the long-lead burst neurons (LLBN),
responsible for saccade generation. During a fixation, a greater
activation in the rostral SC would activate OPN which, in
turn, would inhibit the LLBN and, as a result, the tendency to
generate microsaccades. Occasionally, SC activation would
move from the rostral to the caudal lobe, for reasons likely
due to neuron noise or fixational errors (or both) rather than to
threshold exceeding. As a consequence, the caudal SC would
activate the LLBN which, in turn, would inhibit the OPN, thus
increasing the likelihood to generate a microsaccade. According to this model, anti-saccade preparation could be associated
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with a decrement in microsaccade production, because, in this
case, SC activation would be stronger in the rostral lobe (see
also Everling et al., 1999). Complementarily, pro-saccade
preparation could activate more strongly the caudal SC or, at
least, the activation could be more spread within the SC, thus
explaining the greater production of microsaccades (see also
Watanabe et al., 2013). Hence, one could speculate that the
context in which pro- and anti-saccades were executed in the
current study (i.e., intermixed vs. blocked administration) may
have played a role in shaping neuron noise, fixational errors,
or both, which may have been higher in the intermixed condition (Experiment 1) as compared to the blocked condition
(Experiment 2). Given the recent finding that microsaccade
deployment could also be shaped by cortical activity in the
frontal eye fields (FEF; Peel et al., 2016), and given that FEF
are highly involved in pro-/anti-saccade tasks (e.g., Everling &
Munoz, 2000; see also Zhou & Constantinidis, 2017), future
studies are, nonetheless, necessary to elucidate in more detail
the actual mechanisms underlying microsaccade generation
under these specific circumstances.
Similar to the modern “rediscovery” of microsaccades
(see Rolfs, 2009), pupillometry has also gained a renewed
interest in vision science in recent years. More specifically,
new potential links between pupil size and both physiological and cognitive mechanisms have been reported (e.g.,
Sirois & Brisson, 2014). In accordance with a recent theoretical framework, attention orienting would be served by a
neural network which would include, other than areas such
as the SC and the FEF, even the autonomic nervous system,
that is known to control pupil size (see Corneil & Munoz,
2014). Indeed, physiological evidence showed that pupil size
modulations can be evoked by stimulating the SC (Wang
et al., 2012), and combined eﬀects on both pupil size and
saccades (including microsaccades) have been reported in
attention-related tasks (Privitera, Carney, Klein, & Aguilar,
2014; Wang, Blohm, Huang, Boehnke, & Munoz, 2017).
Anatomically, this pupil orienting response would be regulated by indirect projections from the SC to the autonomic
system with no involvements of the OPN. This would
explain why, in some cases, the pupil orienting response can
be elicited without generating saccades (Wang et al., 2012).
Taken together, all of these results suggest that the pupillary response could be expression of the orienting reflex
mechanism, and future studies could track both pupil and
(micro)saccades to get a wider picture of visuo-attentional
mechanisms.

Conclusions
In two experiments, we investigated microsaccadic rate
and pupil size dynamics in the preparation of pro- vs.
anti-saccades. Overall, our results showed that a smaller
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microsaccadic rate and a greater pupil size are associated
with the preparation of an anti-saccade as compared to a prosaccade, but these diﬀerences emerged only when these two
saccadic eye movements had to be performed in a random
(Experiment 1) rather than blocked (Experiment 2) fashion. We suggest that cognitive load might have played a key
role in shaping our results, in line with the notion that the
functioning of human oculomotor system would be highly
sensitive to ongoing high-level cognitive mechanisms.
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