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Abstract

The ability to generate flexible behaviors to accommodate changing goals in response to identical sensory stimuli is a signature
that is inherited in humans and higher-level animals. In the oculomotor system, this function has often been examined with the
anti-saccade task, in which subjects are instructed, prior to stimulus appearance, to either automatically look at the peripheral
stimulus (pro-saccade) or to suppress the automatic response and voluntarily look in the opposite direction from the stimulus
(anti-saccade). Distinct neural preparatory activity between the pro-saccade and anti-saccade conditions has been well docu-
mented, particularly in the superior colliculus (SC) and the frontal eye field (FEF), and this has shown higher inhibition-related fix-
ation activity in preparation for anti-saccades than in preparation for pro-saccades. Moreover, the level of preparatory activity
related to motor preparation is negatively correlated with reaction times. We hypothesised that preparatory signals may be
reflected in pupil size through a link between the SC and the pupil control circuitry. Here, we examined human pupil dynamics
during saccade preparation prior to the execution of pro-saccades and anti-saccades. Pupil size was larger in preparation for cor-
rect anti-saccades than in preparation for correct pro-saccades and erroneous pro-saccades made in the anti-saccade condition.
Furthermore, larger pupil dilation prior to stimulus appearance accompanied saccades with faster reaction times, with a trial-by-
trial correlation between dilation size and anti-saccade reaction times. Overall, our results demonstrate that pupil size is modu-
lated by saccade preparation, and neural activity in the SC, together with the FEF, supports these findings, providing unique

insights into the neural substrate coordinating cognitive processing and pupil diameter.

Introduction

The ability to act flexibly in response to identical sensory stimuli is
a critical cognitive behavior in humans and animals. This flexibility
in responding has been attributed to the variations in readiness to
respond and the intention to perform a particular act, commonly
referred to as preparatory set (Hebb, 1972; Evarts et al., 1984). The
anti-saccade task has provided much insight into preparatory set in
the oculomotor system (Munoz & Everling, 2004), because subjects
in the task are instructed prior to stimulus appearance to generate
either a pro-saccade (look at a peripheral stimulus) or an anti-sac-
cade (look in the opposite direction from the stimulus). Unlike the
automatic visuomotor response required in the pro-saccade condi-
tion, to complete an anti-saccade subjects must suppress the auto-
matic saccade and generate a voluntary response in the opposite
direction from the stimulus.

For the successful execution of pro-saccade or anti-saccades, dis-
tinct neural preparatory signals are preset after task instruction (e.g.
Munoz & Everling, 2004; McDowell et al., 2008). Although many
areas have been identified, the superior colliculus (SC) and the
frontal eye field (FEF) are particularly important, because they pro-
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ject directly to the paramedian pontine reticular formation to pro-
vide the necessary input to initiate saccadic eye movements
(Schiller et al., 1980). In human functional magnetic resonance
imaging (fMRI) studies, there is an increase in FEF activation dur-
ing preparation for anti-saccades as compared with preparation for
pro-saccades (Connolly ef al., 2002; DeSouza et al., 2003; Mano-
ach et al., 2007). Additionally, preparatory activity negatively cor-
relates with saccade reaction times (SRTs) (Connolly er al., 2005;
Alahyane et al., 2014). Similarly, in single-neuron recordings of
the monkey SC and FEF, there is higher fixation-related activity
(rostral region) prior to stimulus appearance on correct anti-sac-
cades than on pro-saccades, and the level of pre-saccadic activity
(caudal region) negatively correlates with SRTs (Dorris et al.,
1997; Dorris & Munoz, 1998; Everling et al., 1998, 1999; Everling
& Munoz, 2000).

We hypothesised that these documented preparatory activities
should be reflected in pupil size, because the SC has links to the
pupil control circuit (C.A. Wang & D.P. Munoz, unpublished data).
Microstimulation of both the rostral and the caudal SC evokes tran-
sient pupil dilation (Netser et al., 2010; Wang et al., 2012), and
modulations of stimulus contrast and modality on SC activity are
similar to those modulations on pupil size (Wang & Munoz, 2014;
Wang et al., 2014). To examine the relationship between different
types of saccade preparation and pupil dynamics, we use an inter-

© 2015 Federation of European Neuroscience Societies and John Wiley & Sons Ltd



leaved pro-saccade and anti-saccade paradigm, with a gap of no
stimulus inserted between fixation point (FP) disappearance and
peripheral stimulus appearance, to investigate preparatory processes
for the generation of pro-saccades or anti-saccades. Before stimulus
appearance, greater pupil dilation was observed in preparation for
correct anti-saccades than in preparation for correct pro-saccades,
and pupil dilation was smaller when erroneous pro-saccades were
made in the anti-saccade condition. Furthermore, pupil dilation was
larger during the generation of faster saccades than during the gener-
ation of slower saccades. Together, our results suggest that pupil
size is an effective proxy of neural activity related to preparation of
pro-sccade and anti-saccade generation.

Materials and methods
Participants

All experimental procedures were reviewed and approved by the
Queen’s University Human Research Ethics Board in accordance
with the Declaration of Helsinki. Nineteen participants, ranging in
age between 20 and 23 years, were recruited for this study. All par-
ticipants had normal or corrected-to-normal vision, and were naive
regarding the purpose of the experiment. They provided informed
consent, and were compensated for their participation.

Recording and apparatus

Eye position and pupil size were measured with a video-based eye
tracker (Eyelink-1000 monocular-arm; SR Research, Osgoode, ON,
Canada) at a rate of 500 Hz with monocular recording (the left eye
and pupil were used for consistency with previous studies). Stimulus
presentation and data acquisition were controlled by Eyelink Experi-
ment Builder and EYELINK software. Stimuli were presented on a 17-
inch LCD monitor at a screen resolution of 1280 x 1024 pixels
(60-Hz refresh rate), subtending a viewing angle of 32 x 26°, and
the distance from the eyes to the monitor was set at 58 cm (sug-
gested by the Eyelink company). We used the suggested method
(Steiner & Barry, 2011; Wang et al., 2012) to transfer output pupil
area values recorded from the eye tracker to actual pupil size in
diameter (see Wang & Munoz, 2014).

Pro-saccade and anti-saccade task

Participants were seated in a normal illuminated room, and the
experiment consisted of 120 trials (Fig. 1A). Each trial began with
the appearance of an FP (diameter, 0.5° 42 cd/m?) on a black back-
ground (0.1 cd/m?). The trial condition was revealed via the FP
color (pro-saccade, red FP; anti-saccade, green FP; the luminance
level of two FP colors was matched). After 1000 ms of central fixa-
tion, the FP disappeared for 200 ms (gap) before the peripheral
stimulus appeared (diameter, 0.5°; gray dot with luminance 42 cd/
m?) to the left or right of the FP (10° eccentricity on the horizontal
axis). The gap period between FP disappearance and peripheral
stimulus appearance was inserted to examine preparatory processes
and induce more directional errors in the anti-saccade condition. In
pro-saccade trials, the participants were instructed to look towards
the peripheral stimulus as soon as it appeared. In anti-saccade trials,
the participants were instructed to look in the opposite direction
from the stimulus as soon as it appeared. Trial condition (pro-sac-
cade and anti-saccade) and stimulus location (left and right) were
randomly interleaved. Saccades towards either the right or left direc-
tion were combined for data analysis.
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FiG. 1. (A) Each trial started with a central colored fixation point (42 cd/
m* two isoluminant colors for the pro-saccade and anti-saccade condi-
tions, respectively) on a black background. After 1000 ms, a blank screen
was presented for 200 ms (gap) before stimulus presentation. Participants
were required to move their eyes to the stimulus in the pro-saccade
condition, but move to the opposite location in the anti-saccade condition.
Note that the FP colors displayed here are only for illustration of the
paradigm. (B) Three selected epochs for pupil analyses: FIX (fixation
start), 100-300 ms after fixation onset; FIX.,q (fixation end), 950-1000 ms
after fixation onset; GAP.,q (gap end), 150-200 ms after gap onset. Eye,
eye position; T, target.

Data analysis

SRT was defined as the time from the target appearance to the first
saccade away from fixation (eye velocity exceeded 30°/s). Trials
were scored as correct if the first saccade after stimulus appearance
was in the correct direction (towards the stimulus in the pro-saccade
condition; away from the stimulus in the anti-saccade condition).
Direction errors were identified as the first saccade in the wrong
direction after target appearance (e.g. towards the stimulus in anti-
saccade trials). Short-latency stimulus-driven saccades within the
first peak of a multimodal distribution of SRTs are traditionally
identified as express saccades (Fischer et al., 1997; Munoz et al.,
1998). A binomial sign test was used to determine the start and end
of the express saccade epoch by measuring when the proportion of
anti-saccade error trials (in 10-ms bins) exceeded that of correct
anti-saccade trials (P < 0.1). Consistent with a previous study
(Munoz et al., 1998), saccades with SRTs between 90 and 140 ms
were considered to be express saccades in the current study. SRTs
longer than express saccades were considered to be regular-latency
saccades. The saccades with SRTs of <90 ms were classified as
anticipatory (Munoz et al., 1998), and excluded from analyses.
Trials with blinks or an eye position deviation of > 2° from the
central FP during the required period of central fixation (100—
1200 ms after the FP onset) were excluded from analysis. There
remained > 20 trials for each condition from each participant, except
for erroneous and express analyses. It has been found that there are
few direction errors for this age group (Munoz et al., 1998; Alahy-
ane et al., 2014). Four participants were excluded from direction-
error-related analyses in the current study because they made no
errors, and three participants did not make enough express saccades
(N < 4), and were therefore excluded from this analysis. Because
there were few direction errors, the current study mainly focused on
the comparison between correct pro-saccade and anti-saccade trials.
Pupil size data can be distorted by eye position, because the size
of the pupil depends on the angle of the eyeball in a video-based
eye tracker. To maintain an accurate measure of pupil size, the
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selected epochs for pupil analysis were either during the central fixa-
tion period or before saccade initiation, when eye position was
located at the center of the screen. Specifically, three epochs were
selected for analysis to examine pupil size under different stages of
saccade preparation (Fig. 1B): start of visual fixation epoch (FIX:
100-300 ms after fixation onset), end of visual fixation epoch
(FIXepa: 950-1000 ms after fixation onset), and end of gap epoch
(GAPeq: 150200 ms after gap appearance).

Following a large body of literature (Bala & Takahashi, 2000;
Moresi et al., 2008; Wang et al., 2012), we examined change in pupil
diameter by using baseline correction. Two baseline-correction epochs
were used to examine pupillary light responses or pupil responses
more related to saccade preparation. The first baseline pupil diameter
value was determined by averaging pupil size from the first 100—
300 ms after fixation onset, and, for each trial, original pupil diameter
values were subtracted from this baseline pupil diameter value.

The presentation of the FP (with a higher luminance value relative
to background) can change overall illumination to induce the pupil-
lary light reflex (Loewenfeld, 1999), and these pupillary responses
were not modulated by task conditions. There were insignificant dif-
ferences between the pro-saccade and anti-saccade conditions
regarding maximum constriction size and time to maximum con-
striction (Fig. S1). To specifically illustrate pupil dynamics related
to saccade preparation, the epoch representing the end of the pupil-
lary light responses was used as a second baseline-correction win-
dow. The same baseline-correction procedure was used, except that
the second baseline pupil diameter value was determined by averag-
ing pupil size from 800 to 850 ms after FP onset (when the pupil
reached its greatest constriction after FP appearance; 843 and
818 ms for pro-saccade and anti-saccade conditions, respectively).
With this baseline correction, we differentiated the influence of con-
striction and dilation components on observed differences in pupil
size, and the dilation component of the pupillary responses was
more correlated with saccade preparation.

To confirm the validity of the second baseline-correction epoch,
an additional baseline-correction epoch (pupil size in FIX.,q epoch)
was performed to reveal changes in pupil size after the gap onset,
because the introduction of the gap period between FP disappear-
ance and peripheral stimulus appearance is known to enhance prepa-
ratory activity (Dorris et al., 1997; Dorris & Munoz, 1998). These
analyses revealed identical modulation with larger pupil dilation in
correct anti-saccade trials and in correct pro-saccade or erroneous
anti-saccade trials (Fig. S2), and greater pupil dilation for faster
SRTs in both correct pro-saccade and anti-saccade trials (Fig. S3).

Note that although the disappearance of the FP in the current
study can decrease illumination and therefore increase pupil size, the
response latency for these responses during the whole background
luminance change was regularly longer than 300 ms (Wang &
Munoz, 2014). The duration of the gap (between FP disappearance
and peripheral stimulus appearance) was only 200 ms, and it was
therefore highly unlikely that the darkness pupillary response
induced by FP disappearance could start prior to stimulus presenta-
tion (the darkness reflex response latency in the current study should
be much longer than the whole background luminance change).

All reported paired r-tests are two-sided.

Results
Saccadic responses in pro-saccade and anti-saccade tasks

Saccade behavior in the pro-saccade and anti-saccade tasks is well
documented (Everling & Fischer, 1998; Munoz et al., 1998; Munoz

& Everling, 2004; Hutton & Ettinger, 2006). Consistently, there
were more direction errors in the anti-saccade condition. Error rates
were 3.7% and 13.3% for the pro-saccade and anti-saccade condi-
tions, respectively (Fig. 2A; t;3 = 3.76, P < 0.01). It took longer to
generate correct anti-saccades than pro-saccades: the mean SRTs for
pro-saccades and anti-saccades were 175 ms and 230 ms, respec-
tively (Fig. 2B; 15 = 7.31, P < 0.01). Figure 2C and D shows the
distribution of correct and erroneous SRTs for pro-saccade and anti-
saccade trials, respectively. SRTs for erroneous anti-saccades (mean,
164 ms) were shorter than those for correct anti-saccades (Fig. 2D;
t14 = 5.81, P < 0.01).

Pupil dynamics before stimulus appearance

To examine the modulation of pupil dynamics by saccade prepara-
tion (pro-saccades and anti-saccades), we analysed pupil size during
the instructed fixation period prior to stimulus appearance. Fig-
ure 3A shows pupil size baseline-corrected to the diameter at fixa-
tion onset (FIX), revealing pupil constriction during the instructed
fixation period in both conditions. The initial constriction could be
largely attributed to the changes in overall luminance level following
the presentation of the luminant FP (typically referred to as the
pupillary light reflex). Importantly, the task-dependent pupil size dif-
ferences between the pro-saccade and anti-conditions began to
emerge ~850 ms after instructed fixation onset, with larger pupil
size for correct anti-saccade trials than for correct pro-saccade trials.
However, these numerical differences were not significant (FIX¢,q
epoch — pro-saccade, —0.13 mm, anti-saccade, —0.12 mm, #;g = 1,
P =0.32; GAP.,q epoch — pro-saccade, —0.1 mm, anti-saccade,
—0.08 mm, t;3 = 1.5, P = 0.15), which could be the result of con-
current processing for the pupillary light reflex and saccade prepara-
tion increasing the level of variability in pupil size.

To reduce this variability, baseline correction was applied to the
pupil diameter value when the pupil reached its greatest constriction
(800—850 ms after fixation onset) to examine pupil dynamics more
specifically related to saccade preparation (for details, see Materials
and methods). Figure 3B summarises changes in pupil diameter
prior to stimulus appearance, revealing an increase in pupil size in
both the pro-saccade and anti-saccade conditions. More importantly,
pupil dilation was greater in correct anti-saccade trials than in cor-
rect pro-saccade trials, with larger pupil size being observed for cor-
rect anti-saccades in the GAP.,y epoch (50 ms before target
presentation) (Fig. 3C; pro-saccades and correct anti-saccades,
t1g = 3.01, P < 0.01). These differences in pupil size in the GAPeyq
epoch were observed for the majority (15/19) of participants
(Fig. 3D), and these effects in pupil size were observed as early as
~40 ms after the start of the gap period (Fig. 3B; #-test in 20-ms
bins, P < 0.05; black bar above x-axis). In addition, pupil dilation
was significantly less pronounced when an erroneous pro-saccade
was triggered towards the stimulus in the anti-saccade condition
(GAP,,q epoch, Fig. 3C; correct anti-saccade and erroneous anti-sac-
cade, 114 = 2.5, P < 0.05). As mentioned previously, participants in
this age group made few errors on anti-saccade trials (only 15 par-
ticipants were included for this comparison) (Munoz et al., 1998;
Alahyane er al., 2014); therefore, anti-saccade error effects should
be interpreted with caution.

Larger pupil size in preparation for faster saccades

It has previously been shown that preparatory activity correlates
with SRTs in pro-saccade and anti-saccade trials in both humans
and monkeys (Dorris et al., 1997; Dorris & Munoz, 1998; Everling
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FIG. 2. Saccade behaviors in the pro-saccade and anti-saccade conditions. (A and B) Modulation of direction-error rates by task condition (A) and SRTs (B).
(C and D) The distribution of correct or erroneous SRTs for pro-saccades (C) or and anti-saccades (D). The vertical dotted lines represent the range of express

saccades. Anti, anti-saccade; Pro, pro-saccade.

et al., 1999; Everling & Munoz, 2000; Connolly et al., 2005). If
pupil size reflects the preparatory signal for the generation of pro-
saccades and anti-saccades, it should be different between faster and
slower saccades. SRTs between 90 and 140 ms were considered to
be express saccades (Fig. 2D; see Materials and methods). In pro-
saccade trials, the mean SRTs were 116 and 199 ms for express and
regular-latency saccades, respectively. Pupil dilation was greater for
express saccades prior to stimulus appearance (Fig. 4A). The effects
were consistent before saccade initiation, with changes in pupil size
of 0.039 and 0.029 mm in the GAP,,4 epoch for express and regu-
lar-latency saccades, respectively (Fig. 4B; 7,5 =2.1, P < 0.05).
However, the correlation coefficients between dilation size in the
GAP,,q epoch and SRTs for each individual subject showed no cor-
relation (a histogram of the correlation coefficients is shown in
Fig. 4C), and the mean correlation coefficient was —0.02 (parried #-
test of r-values against zeros: f;5 = 0.48, P > 0.6). This could be
attributable to a reduction in statistical power resulting from small
variability in pro-saccade SRTs with fewer express saccades per
subject.

To examine these effects in the anti-saccade condition, we sepa-
rated correct anti-saccade trials according to SRT (including only
regular-latency saccades), grouping faster and slower SRTs (median
split). The mean SRTs were 200 and 265 ms for short-latency and
long-latency anti-saccades, respectively. Figure 4D shows changes
in pupil diameter according to stimulus appearance, revealing greater
dilation for short-latency than for long-latency correct anti-saccades,
with mean diameters of 0.052 and 0.042 mm in the GAP.,q epoch
for short-latency and long-latency saccades, respectively (Fig. 4E;

t1ig = 2.2, P < 0.05). Figure 4F shows summary histograms of corre-
lation coefficients for all subjects in anti-saccade trials, revealing a
negative correlation between dilation size and SRTs (mean correla-
tion coefficient of —0.11, #;5 = 2.9, P < 0.05), suggesting a trial-by-
trial correlation between SRTs and pupil size related to anti-saccade
preparation. Note that the correlation coefficient found here was
only moderate, and this could be partly attributed to a relatively
small number of trials per subject (20-50 trials).

Absolute pupil diameter between pro-saccades and anti-
saccades

It is well accepted that pupil size is modulated by activity in the
locus coeruleus—norepinephrine system, arguably via arousal (Aston-
Jones & Cohen, 2005), partly because of a clear correlation between
absolute pupil size and neural activity in the locus coeruleus (Raj-
kowski et al., 1993). To examine the influence of arousal between
the pro-saccade and anti-saccade conditions, we also analysed abso-
lute pupil diameter. Absolute pupil diameter between the pro-sac-
cade and anti-saccade conditions was similar between correct pro-
saccade and anti-saccade trials. For the pro-saccade and anti-saccade
conditions, absolute pupil sizes were 2.78 and 2.77 mm at the start
of fixation (FIX,, epoch) (Fig. 5SA; f;3 = 1.44, P = 0.16), 2.65 and
2.65 mm at the end of fixation (FIX.,q epoch) (Fig. 5B; ;5 = 0.31,
P =0.76), and 2.68 and 2.69 mm at the end of a gap period
(GAP,q epoch) (Fig. 5C; t;3 = 0.36, P =0.72), suggesting that
the overall level of arousal between the two conditions was very
similar.
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Discussion

Pupil size has long been used as an effective indicator of cognitive
processing (Hess & Polt, 1964; Kahneman & Beatty, 1966; Kahn-
eman et al., 1967; Beatty, 1982), and has been associated with
motor preparation (Richer et al., 1983; Richer & Beatty, 1985; Jain-
ta et al., 2011). In the current study, we specifically examined pupil
dynamics during active preparation for the flexible generation of
pro-saccades or anti-saccades. We hypothesised that saccade prepa-
ratory activity evident in the SC and FEF should be manifested in
pupil size in a similar fashion, because of a suggested link between
the SC and the pupil control circuit (C.A. Wang & D.P. Munoz,
unpublished data). Pupil size was different prior to stimulus appear-
ance in the two conditions: pupil dilation was greater before correct
anti-saccades than before correct pro-saccades or erroneous pro-sac-
cades made in anti-saccade trials, reflecting a correlate of top-down
inhibitory control. In addition, larger pupil size at the time of stimu-
lus appearance was accompanied by faster SRTs in both the pro-sac-
cade and anti-saccade conditions, reflecting a correlate of saccade
preparation. Overall, the results show that pupil size prior to stimu-
lus presentation effectively reflected preparatory set activity related
to saccade initiation, and confirmed a direct link between saccade
preparation and pupil size.

Two types of preparatory activity during pro-saccade and anti-
saccade preparation

In single-neuron recordings, preparatory activity in the monkey SC
and FEF is distinctively different prior to stimulus presentation
between the generation of pro-saccades and anti-saccades (Everling
et al., 1998, 1999; Everling & Munoz, 2000). Two types of prepara-
tory process are preset to generate pro-saccades and anti-saccades
(Munoz & Everling, 2004). First, the fixation-related activity (related
to top-down inhibition) required to suppress unwanted antomatic
responses is increased in correct anti-saccade trials as compared with
correct pro-saccade trials during the instructed fixation period before
stimulus appearance (Everling ef al., 1998, 1999). The failure of suffi-
cient fixation-related activity before stimulus presentation in the anti-
saccade condition, as is evident from increased pre-saccadic build-up
activity, results in direction errors. Second, the pre-saccadic activity
related to motor preparation increases for saccade neurons during the
gap period, and SRTs correlate with the level of pre-saccadic activity
for both pro-saccades (Dorris et al., 1997; Dorris & Munoz, 1998)
and anti-saccades (Everling et al., 1999; Everling & Munoz, 2000).
Similarly, these two types of preparatory signal are evident in
human fMRI studies. First, there is a higher level of blood oxygen-
level dependent signal in the FEF for anti-saccade preparation than
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of correlation coefficients for the relationship between SRTs and pro-saccade pupil size in the GAP,,q epoch for all subjects (n = 16). (D) Pupil response for short-
latency and long-latency anti-saccades prior to stimulus appearance. (E) Change in pupil size between short-latency and long-latency anti-saccades in the GAPenqg
epoch for each individual participant (n = 19). (F) Distribution of correlation coefficients for the relationship between SRTs and anti-saccade pupil size in the GAP,q
epoch for all subjects (n = 19). In A and D, the shaded colored regions surrounding the pupillary response represent the standard error range (across participants) for
different conditions. The gray area represents the epochs selected for pupil analyses. The black bar on the x-axis indicates the time line at which differences between
two conditions are statistically significant (P < 0.05). The vertical dotted line represents the onset of the gap. In C and F, the vertical dotted line represents a zero
value of the correlation coefficient (r = 0). Anti, anti-saccades; Pro, pro-saccades; r, correlation coefficient.

Pro-saccade
3)A Anti-saccade 3|B s1c

25 25

Absolute pupil diameter (mm)

FIXst GAPend

FIXend

FIG. 5. Absolute pupil diameter between the pro-saccade and anti-saccade conditions in (A) the FIX epoch (100-300 ms after fixation onset), (B) the FIX.,q
epoch (950-1000 ms after fixation onset), and (C) the GAP.,4 epoch (50 ms before stimulus presentation). In A—C, the error bars represent the standard errors
across participants. Pro-saccade, correct pro-saccade trials; Anti-saccade, correct anti-saccade trials.

for pro-saccade preparation (Connolly et al., 2002; DeSouza et al.,
2003; Ford et al., 2005; Brown et al., 2007; Manoach et al., 2007),
in agreement with the fixation-related activity observed in monkeys.
Second, the level of activation related to saccade preparation nega-
tively correlates with SRTs in both pro-saccade and anti-saccade con-
ditions (Connolly ez al., 2005; Alahyane et al., 2014), in agreement
with the pre-saccadic activity observed in monkeys. The increase in
the blood oxygen-level dependent signal in the FEF might reflect
these two types of preparatory processing (Alahyane et al., 2014).

The role of the SC in correlating pupil size with saccade
preparation

The SC, a midbrain structure known for its causal role in the control
of saccadic eye movements and attention (Gandhi & Katnani, 2011;
White & Munoz, 2011; Krauzlis et al., 2013), has been hypothe-
sised to encode stimulus salience and relevance to coordinate vari-
ous components of orienting (Sparks, 1986; Fecteau & Munoz,

2006; Knudsen, 2007; Boehnke & Munoz, 2008; Mysore & Knud-
sen, 2013; Corneil & Munoz, 2014). The SC has recently been
linked to the pupil control circuit, because microstimulation of the
SC evoked transient pupil dilation (Netser et al., 2010; Wang et al.,
2012), and pupil dilation evoked by SC microstimulation is similar
to that evoked by the presentation of salient stimuli (Wang &
Munoz, 2014; Wang et al., 2014). Moreover, the effects of stimulus
contrast and modality on the pupil response are similar to those
observed in the SC. These results extend a central role of the SC in
coordinating various components of orienting (Corneil & Munoz,
2014), including not only shifts of gaze and attention, but also pupil
dilation (Sokolov, 1963), and suggest that SC activity may be asso-
ciated with pupil size. Because pupil dilation is evoked by SC micr-
ostimulation in the areas associated with both fixation-related
(rostral SC) and saccade-related (caudal SC) neurons (Wang et al.,
2012), it is possible that pupil size is modulated by both types of
preparatory signal described above. Therefore, it is predicted that
pupil size should be larger in preparation for correct anti-saccades
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than in preparation for correct pro-saccades, and pupil size should
be negatively correlated with SRTs.

Greater pupil dilation (Fig. 3B-D) was shown for correct anti-sac-
cades than for correct pro-saccades, consistent with the larger inhibi-
tion-related activity observed in the human FEF (Connolly ez al.,
2002; DeSouza et al., 2003; Ford et al., 2005; Brown et al., 2007;
Manoach et al., 2007) and in the monkey SC and FEF (Everling
et al., 1999; Everling & Munoz, 2000). The motor preparatory activ-
ity negatively correlates with SRTs for both pro-saccades and anti-
saccades in the human FEF (Connolly et al., 2005; Alahyane et al.,
2014) and in the monkey SC and FEF (Dorris et al., 1997; Dorris &
Munoz, 1998; Everling et al., 1998, 1999; Everling & Munoz, 2000).
Consistently, there was greater pupil dilation for faster than for slower
pro-saccades (Fig. 4A and B) and anti-saccades (Fig. 4D—F). There-
fore, our pupil results are in agreement with documented preparatory
activities in the anti-saccade task in the human fMRI and monkey
neurophysiology literature, suggesting that pupil size can be an effec-
tive proxy of neural activity related to saccade preparation. Note that
pupil size between pro- and anti-saccade condition, similarly to fMRI
FEF activation, does not need to be indifferent even that it reflects
two types of preparatory activity (fixation-related and saccade-
related), because one activity may be weighted more than another.

Other brain regions are also involved in saccade preparation in
the anti-saccade task, such as the supplementary eye field, parietal
eye field, dorsolateral prefrontal cortex, anterior cingulate cortex,
and basal ganglia (Funahashi er al., 1993; Schlag-Rey et al., 1997;
Connolly et al., 2002, 2005; DeSouza et al., 2003; Ford et al.,
2005; Johnston & Everling, 2006; Brown et al., 2007; Manoach
et al., 2007, Watanabe & Munoz, 2010; Alahyane et al., 2014).
However, the preparatory activity observed in these areas is less
consistent across different studies, and there is as yet no evidence to
clearly link these structures to pupil control. Further research is
required to determine the contributions of other structures to modu-
lation of pupil size in the anti-saccade task.

Neural substrate linking pupil size and cognitive processing

Because of the popularity of video-based eye-tracking, pupil record-
ings are becoming increasingly available in eye movement studies. A
growing number of studies have incorporated pupil size measurement
to examine the relationship between pupil size and various cognitive
processes, such as target detection, covert orienting, subjective per-
ception, decision-making, and rational regulation (Einhauser ez al.,
2008; Privitera et al., 2010; Gabay et al., 2011; Nassar et al., 2012;
Wierda et al., 2012; Eldar et al., 2013; de Gee et al., 2014).
Although the locus coeruleus—norepinephrine system is usually impli-
cated as the underlying network for cognition-related pupil responses
(Aston-Jones & Cohen, 2005), absolute pupil diameter was similar
between the pro-saccade and anti-saccade conditions in our study
(Fig. SA—C), suggesting a similar level of LC activity between pro-
saccade and anti-saccade trials. Therefore, an additional neural signal
is probably required to coordinate this modulation between the pro-
saccade and anti-saccade conditions, arguably via the SC and FEF.

Pupil size related to anti-saccade generation and motor
preparation

Pupil dynamics in the anti-saccade task were first examined in a
clinical investigation (Karatekin et al., 2010). Unlike here, the pre-
paratory process was not a focus in that study, because participants
were required to recognise the peripheral stimulus to identify the
trial condition (pro-saccade or anti-saccade), and pro-saccade or

anti-saccade preparation could therefore not begin until after stimulus
appearance. Moreover, because their measurement epochs of pupil
size were after stimulus presentation, the observed differences in
pupil size could also be influenced by stimulus presentation.
Although they found greater pupil dilation after stimulus appearance
in correct anti-saccade than in erroneous anti-saccade or correct pro-
saccade trials, these results could be explained by different types of
saccade execution or stimulus presentation (not preparation).

A link between pupil size and motor preparation has been sug-
gested previously, with a slow increase in pupil size prior to a finger
movement (Go) as compared with no movement (NoGo) being
observed (Richer et al., 1983; Richer & Beatty, 1985). Another
study demonstrated greater pupil dilation during an oculomotor task
with a gap between FP disappearance and target appearance than in
an overlap condition when the FP remained visible (Jainta er al.,
2011). However, some factors such as expectation could be involved
differently in preparation for Go and NoGo trials, and the presence
or absence of a visible FP can have substantial effects on many pro-
cesses besides motor preparation, including visual processing.
Unlike previous studies, the current study contrasted the preparation
of pro-saccade and anti-saccade generation, according to well-docu-
mented results on preparation from monkey neurophysiology and
human fMRI research, to specifically reveal the modulation of pupil
size by different types of saccade preparation, providing critical evi-
dence to support a direct link between saccade preparation and pupil
size with potential underlying mechanisms.

Other explanations for the observed pupil size differences

Although our study used different FP colors to indicate different
conditions, the observed differences in pupil size between the pro-
saccade and anti-saccade conditions were unlikely to have resulted
from the use of different FP colors, because there were significant
differences in pupil dilation size between correct and erroneous anti-
saccade trials (same FP color; Fig. 3C), and the modulation of pupil
dilation by ensuing SRTs was evident in individual pro-saccade and
anti-saccade trials (Fig. 4). Recent studies showed that pupil size
was larger during planning of a saccade to a dark area than during
planning of a saccade to a bright area (Mathot et al., 2013, 2015).
Although participants had to saccade to a brighter region in the pro-
saccade condition than in the anti-saccade condition, this was unli-
kely to be the case, because it is hard to explain the same modula-
tion of pupil dilation by ensuing SRTs in individual correct pro-
saccade and anti-saccade conditions (Fig. 4). Specifically, if the
preparation for looking at a ‘bright’ area (pro-saccade condition)
makes pupil size smaller, then better preparation, i.e. faster SRTs,
should result in smaller pupil size in the pro-saccade condition, but
larger pupil size in the anti-saccade condition. However, the same
effects of SRTs, i.e. larger pupil dilation observed with faster SRTs,
were demonstrated in both pro-saccade and anti-saccade conditions
(preparation for looking at ‘bright’ and ‘dark’ areas).

Conclusion

Pupil size is an easy-to-measure way of understanding neural pro-
cessing. The current study showed that pupil size is modulated by
active preparation related to the initiation of pro-saccades and anti-
saccades, and that pupil size prior to stimulus appearance effectively
predicts subsequent saccadic behaviors. The involvement of the SC,
together with the FEF, can reconcile the observed results. These
findings suggest that pupil size is an effective proxy of neural activ-
ity related to saccade preparation, and also implicate a central role
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of the SC in coordinating the orienting response, including both
saccadic eye movements and pupil dilation, providing an additional
neural substrate to coordinate various types of cognitive processing
and pupil diameters, given the causal role of the SC in attention
(Zenon & Krauzlis, 2012; Krauzlis et al., 2013).

Supporting Information

Additional supporting information can be found in the online ver-
sion of this article:

Fig. S1. (A) Magnitude of maximum constriction between correct
pro-saccade and anti-saccade trials (f;3 = 0.86, P = 0.4). (B) Time
to maximum constriction between correct pro-saccade and anti-sac-
cade trials (113 = 1.1, P = 0.29). The error bar represents standard
error across participants (n = 19).

Fig. S2. (A) Change in pupil diameter (baseline-corrected to 950—
1000 ms of fixation onset) for the pro-saccade and anti-saccade con-
ditions before stimulus appearance. (B) Pupil dilation size during
the GAP.,q epoch (50 ms before stimulus presentation) among trials
with correct pro-saccades, correct anti-saccades, or erroneous anti-
saccades. (C) Pupil dilation size for correct pro-saccade and anti-sac-
cade conditions during the pre-stimulus epoch for each individual
participant (n = 19). In A and B, the shaded colored regions sur-
rounding the pupillary response represent the standard error range
(across participants) for different conditions. The gray area repre-
sents the selected epoch for pupil analyses. The vertical dotted line
indicates the onset of the gap, and the black bar on the x-axis indi-
cates the time line at which differences between the pro-saccade and
anti-saccade conditions were statistically significant (P < 0.05). In
C, the error bar represents standard error across participants. In D,
the error bar represent standard error within participants. Pro, correct
pro-saccade trials; Anti, correct anti-saccade trials; Anti-Error, erro-
neous anti-saccade trials.

Fig. S3. (A) Pupil response for express and regular-latency pro-sac-
cades prior to stimulus appearance. (B) Change in pupil size
between express and regular-latency pro-saccades in the GAPeyq
epoch for each individual participant (n = 16). (C) Distribution of
correlation coefficients for the relationship between SRTs and pro-
saccade pupil size in the GAP.,q epoch for all subjects (n = 16).
(D) Pupil response for short-latency and long-latency anti-saccades
prior to stimulus appearance. (E) Change in pupil size between
short-latency and long-latency anti-saccades in the GAP.,q epoch
for each individual participant (n = 19). (F) Distribution of correla-
tion coefficients for the relationship between SRTs and anti-saccade
pupil size in the GAP,,q epoch for all subjects (n = 19). In A and
D, the shaded colored regions surrounding the pupillary response
represent the standard error range (across participants) for different
conditions. The gray area represents the epochs selected for pupil
analyses. The black bar on the x-axis indicates the time line at
which differences between the two conditions are statistically signifi-
cant (P < 0.05). The vertical dotted line represents the onset of
the gap. In C and F, the vertical dotted line represents a zero
value of the correlation coefficient (r = 0). Anti, anti-saccades; Pro,
pro-saccades; r, correlation coefficient.
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