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Abstract

Over the last decades, several studies have demonstrated that conscious and unconscious reward incentives both affect performance
in physical and cognitive tasks, suggesting that goal pursuit can arise from an unconscious will. Whether the planning of goal-directed
saccadic eye movements during an effortful task can also be affected by subliminal reward cues has not been systematically investi-
gated. We employed a novel task where participants made several eye movements back and forth between a fixation point and a
number of peripheral targets. The total number of targets visited by the eyes in a fixed amount of time determined participants’
monetary gain. The magnitude of the reward at stake was briefly shown at the beginning of each trial and masked by pattern images
superimposed in time so that at shorter display durations participants perceived reward incentives subliminally. We found a main effect
of reward across all display durations as higher reward enhanced participants’ oculomotor effort measured as the frequency and peak
velocity of saccades. This effect was strongest for consciously perceived rewards but also occurred when rewards were subliminally
perceived. Although we did not find a statistically significant dissociation between the reward-related modulation of different saccadic
parameters, across two experiments the most robust effect of subliminal rewards was observed for the modulation of the saccadic fre-
quency but not the peak velocity. These results suggest that multiple indices of oculomotor effort can be incentivized by subliminal
rewards and that saccadic frequency may provide the most sensitive indicator of subliminal incentivization of eye movements.

NEW & NOTEWORTHY Reward incentives motivate humans to exert more effort, and they do so even when rewards are sub-
consciously perceived. It has been unknown whether these effects also extend to eye movements that have lower energetic
demands compared with other movement types. We devised a behavioral task that required fast execution of multiple eye
movements. Subliminal rewards enhanced the frequency and peak velocity of saccadic eye movements, with the most reliable
effect observed for saccadic frequency.

conscious awareness; reward; saccade; subliminal

INTRODUCTION

Human behavior is guided by a drive to maximize survival
chances through avoiding unwanted situations and approach-
ing desirable outcomes, that is, rewards (1). However, humans’
cognitive or physical resources, for instance, the extent to
which they can exert physical effort in a task in order to obtain
a reward, are limited. Hence, to efficiently interact with the
surroundings, in a way that rewards are maximized while the
effort to attain them is kept as low as possible, agents often
set a certain goal at a given point in time and adjust their per-
formance accordingly (2). A longstanding idea in cognitive
neuroscience posited that the underlying processes of goal-
pursuit arise from conscious awareness, where an agent is

aware of the content of what one is experiencing or trying to
achieve and the costs entailed. In the last decades, this idea
has been challenged as researchers have repeatedly shown
that goal-pursuit can also have its origin in an unconscious
mind or even operate without conscious awareness (3–7).
Here, we ask whether these effects also extend to goal-
directed planning of eyemovements.

Our study is inspired by the pioneering work of Pessiglione
et al. (7) investigating whether goal-pursuit could be influ-
enced by subliminally presented reward incentives. It was
demonstrated that participants can adjust their level of physi-
cal effort in a handgrip force task dependent on the magni-
tude of the reward at stake in each trial. Remarkably,
monetary reward incentives not only increased the exerted
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force when theywere consciously perceived (i.e., were suprali-
minal) but also invigorated performance when presented
below the conscious threshold (i.e., subliminally). The analy-
sis of the simultaneously acquired fMRI data demonstrated
that the same subcortical brain structures encode consciously
as well as subconsciously perceived reward incentives. A
number of subsequent studies replicated these results extend-
ing them to other behavioral paradigms requiring physical
(8, 9) or mental effort (6, 10). Nevertheless, differences
between the effects of conscious and unconscious reward
incentives have also been reported. In a recent study, it
was demonstrated that although both supraliminal and
subliminal reward cues produce the same behavioral out-
come, the underlying neural dynamics seem to be different
(11). Furthermore, other studies showed that unconscious
reward processing is rather limited when it comes to improv-
ing performance strategy and efficiency during complex task
contexts (12, 13).

Reward effects on eye movements are ubiquitous, as
reported by a number of previous studies (for a review see
Ref. 14). For instance, neurophysiological studies in monkeys
have demonstrated that the time to initiate a stimulus-driven
saccade (i.e., saccade latency) is significantly shorter when a
higher reward is expected (15–17). Furthermore, in rewarded
conditions saccades typically have higher peak velocities (17,
18). Importantly, the reward-related increase in saccades’
peak velocity cannot be fully explained by the stereotypic
relationship between saccades’ velocity and amplitude known
as “main sequence” (19), demonstrating that reward incen-
tives affect saccades’ velocity above and beyond biome-
chanical factors. Similar results were found in human
psychophysics studies as monetary rewards were shown to
increase saccade velocity (20) and vigor, that is, the peak
velocity as a function of amplitude (21–23).

Despite the wealth of studies on the impact of rewards on
different saccade parameters, it is not known whether humans
can voluntarily control their saccadic “effort” based on the
magnitude of the reward incentives (but see Ref. 24). Likewise,
it is not known whether a putative reward-related adjustment
of saccadic effort also occurs when the incentives are perceived
subliminally, as has been the case for tasks requiring manual
or cognitive effort (7, 10, 13). Examining the effects of sublimi-
nal incentives on eye movements not only allows to test the
ubiquity of these effects across different effectors and task con-
texts but also helps to shed light on their underlying neural
mechanisms. Planning of saccadic eye movements involves a
well-defined neuralmachinery encompassing cortical and sub-
cortical regions (25, 26), and reward effects have been reported
at both levels (15, 27). Determining which aspects of saccadic
effort can be influenced by subliminal rewards provides a
first step toward delineating whether reward-driven mod-
ulation of oculomotor effort can be controlled through
subcortical mechanisms as has been shown for other types
of motor actions (7).

While studying the motivational effects of subliminal
rewards, it is important to note that a task needs to be suffi-
ciently demanding to warrant an adjustment of effort based
on the expected rewards (28–30). Considering the frequency
with which eye movements can be executed (i.e., 3 saccades/
s), the energetic cost of moving the eyes is rather low (31).
Therefore, an important question is whether an oculomotor

task could be challenging enough to necessitate reward-based
cost-benefit assessments and corresponding adjustment of
effort. Here, we devised such a high-demand task, which
required the rapid planning of a sequence of saccadic eye
movements back and forth between a fixation point and
several peripheral targets. The level of the reward at stake was
briefly shown at the outset of each trial and varied in its visi-
bility depending on its duration relative to twomask images.

We hypothesized that higher reward incentives enhance
participants’ oculomotor effort irrespective of whether they
are consciously perceived or not. Importantly, we tested this
hypothesis while stringently controlling for the level of con-
scious awareness of the reward cues. The level of oculomotor
effort was measured as the number of targets landed by the
eyes (i.e., hit rates) as well as the frequency and peak velocity
of all saccades. We found that the reward-induced enhance-
ment of oculomotor effort was strongest when reward cues
were fully visible but also occurred under conditions when
the rewardmagnitudewas perceived subliminally, especially
in case of the saccade frequency.

MATERIALS AND METHODS
In this study, we report the results of a main and a control

experiment. The control experiment was conducted to test
the reproducibility and robustness of our findings in themain
experiment. We will explain the general methods used for the
main experiment and point out the differences of the control
experiment when they apply (see also the Supplemental
Material; all Supplemental Material as well as the source data
and analysis scripts are available at https://doi.org/10.17605/
OSF.IO/BFSZW).

Participants

Forty subjects (20 males and 20 females, age 19–45 yr;
means ± SD age, 25.65±5.04 yr) participated in the main
experiment for financial compensation. All but six were right
handed, had normal or corrected-to-normal vision, and were
naïve to the hypothesis of the project. Two participants were
excluded from the final analysis: for one participant part of
the data were lost due to technical problems during the experi-
ment and for the other participant more than 25% of all trials
in the eye movement task had to be removed (see also under
Data Analysis). Thus, the final sample comprised 38 subjects.

The sample size of the control experiment was based on the
results of the main experiment in a group of participants who
had reached subliminal perception at the shortest display du-
ration [Cohen’s d (dz) = 0.65 for the effect of reward on sac-
cades’ frequency, required number of participants, i.e., n for a
power of 1–b = 0.8 in a one-tailed paired t test is n = 17] and
was calculated in G�Power (32). A total of 17 participants were
tested (8 males and 9 females, age 21–39 yr; means ± SD age,
25.59±4.80 yr, all right handed and corrected-to-normal
vision). The data of one participant were removed from fur-
ther analysis, as calibration of the eye position was poor in
some of the experimental blocks.

Before the experiment started and after all procedures
were explained, participants gave their oral and written con-
sent. The study was approved by the local ethics committee
of the “Universit€atsmedizin G€ottingen” (UMG), under the
proposal number 15/7/15.
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Stimulus Presentation and Eye Tracking Apparatus

Throughout the experiment, visual stimuli were displayed
on a calibrated ASUS monitor subtending 1,280 � 800 pixels,
and a refresh rate of 120Hz placed at a distance of 60 cm to the
participants. For tracking the eye position an EyeLink 1000
Plus system with a desktop mount was used (SR Research).
The monocular eye position data (right eye) was acquired at a
rate of 1,000 Hz for all but three participants. Due to a techni-
cal error, the data from these participants (n = 3) was recorded
at a rate of 250 Hz and was interpolated to a sampling rate of
1,000 Hz during the offline analysis. All experiments were
scripted in MATLAB, using Psychophysics toolbox (33). The
EyeLink camera was controlled by the corresponding EyeLink
toolbox in MATLAB (34). Before each block, the eye tracking
system was calibrated to provide precise measurements using
a 13-point standard EyeLink calibration procedure.

Eye Movement Task

We employed a speeded eye movement task with a 2
(reward: 50 cents versus 1 cent) by 3 (display duration: 17,
Dindiv = an individual display duration, 100 ms) within-sub-
jects factorial design. In this task, participants were exposed

to the picture of a coin with either 50 cents (high reward) or 1
cent (low reward) value at the beginning of each trial (Fig.
1A). Participants could earn a fraction of the shown reward
(Fig. 1B) by making a sequence of eye movements from the
fixation point toward 18 peripheral target circles. In some tri-
als, the coin image was displayed for 100 ms, allowing sub-
jects to clearly discriminate the coin value, whereas in other
trials, shorter durations of either 17 ms or an individual dis-
play duration (Dindiv) were employed. The longest and short-
est presentation durations (100 ms and 17 ms) were adapted
from a previous study that used a similar masking procedure
(7). The individual duration (Dindiv, where 17 ms < Dindiv <
100 ms) was determined through a staircase procedure for
each participant. The staircase converged on the shortest
display duration at which participants reported seeing the
coin images (see the Supplemental Material). The reward dis-
play was superimposed in time by forward and backward
pattern masks (Fig. 1C, see the Supplemental Material for
details of the masking procedure). The eye movement task
started with a practice block of 12 trials followed by five
blocks of 42 trials each. This comprised 35 trials for each con-
dition, counterbalanced for two values of the coin image (1
and 50 cents) presented at three display durations.

Figure 1. Experimental design. A: eye movement task. After an initial fixation period (500 ms), a sequence consisting of mask-reward-mask images was
shown. The reward display was the image of either a 1 cent or a 50 cents coin, shown at one of three display durations: T = 17, Dindiv, or 100 ms. Dindiv

was an individual display duration (17 ms < Dindiv < 100 ms), set to the visibility threshold of each subject through a staircase procedure. After an addi-
tional fixation period (500 ms), 18 peripheral targets appeared on the screen at locations randomly chosen on each trial (eccentricity 11.5�). Participants
had to look at as many circles as possible in a fixed time (8 s) and obtained a reward based on their performance at the end of the trial. B: the reward
function. The gained reward was a fraction of the reward magnitude displayed at the outset of the trial (i.e. either 1 cent or 50 cents), scaled with the pro-
portion of targets visited by the eyes using an exponential function (see Eq. 1 in the main text). C: high and low reward cues and mask images. From left
to right: the 50 cents coin image (high reward cue), the 1 cent coin image (low reward cue), and the complementary checkerboard images that were
used as forward and backward masks (see also the Supplemental Material).
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The sequence of events in a trial was as follows (Fig. 1A): a
trial began with a fixation period (500 ms, fixation area 1�).
Thereafter, a forward mask (100 ms) followed by the picture
of a coin [either a 1 cent or a 50 cents Euro coin, displayed at
3 different durations (T): 17 ms, Dindiv or 100 ms] and a back-
ward mask (100 ms minus coin display duration) were dis-
played while the participant was required to maintain
fixation on the central-fixation cross overlaid on the picture
of the masks and the coin. Subsequently, a second fixation
period (500 ms) was followed by the main eye movement
task. During the eye movement task, 18 circular targets (ra-
dius 0.75�, eccentricity 11.5�) surrounded a fixation cross at
the center of the screen. In each trial, the position of the tar-
gets was selected by randomly drawing 18 samples out of 42
possible locations. This was done to discourage participants
from planning their sequence of eye movements before the
presentation of the targets, as target locations in each trial
were unpredictable. Participants started the task by looking
at the fixation cross and subsequently made an eye move-
ment toward a target at any location. A target was considered
to be “marked” (the term used for subjects; i.e., a hit) as soon
as the eye position fell within a circular area with a radius of
1.2� from the center of the target. In our offline analysis, we
counted a target-directed eye movement as a hit, if the eye
position fell within an area twice as large as the threshold
used online (radius = 2.4�, as for the data shown in Fig. 3B).
Once a target was landed, it got filled with black color, thus
indicating to the participant that they had successfully hit
the target. A landed target remained black for the rest of the
trial. To land on the next target, the participant had to first
focus back on the fixation cross. The color of the fixation cross
turned from black to red whenever the subject refocussed the
fixation cross (within an area of 2.5� from the center of the fixa-
tion cross). This way, the participant received immediate feed-
back and was informed that they could continue to look at the
next circle. As the participant moved their eyes away from
the fixation cross, it turned black again. The total duration of
the eyemovement task was fixed to 8 s on each trial.

Participants’ goal in this task was to land on as many tar-
gets as possible in a fixed time interval (8 s). Depending on
how many targets a subject could hit on each trial, they
received a certain fraction of the coin’s value displayed at
the outset, calculated as:

Gained Reward ¼ Coin Value � 10 LT
NT � 1� LT

NT

� �
10

; ð1Þ

where LT is the number of landed targets,NT corresponds to
the total number of targets, and Coin Value is either 1 cent or
50 cents (Fig. 1B). The exponential function was used to
potentiate the effect of incentives, as participants could
readily see that their number of hits had a strong influence
on the gained rewards. The gained reward was visually dis-
played on the monitor at the last phase of each trial and
stayed in view for 2,900 ms. Here, participants could see
how much money they gained during the last trial and also
the amount they had earned so far in the current block of the
experiment (each block consisted of 42 trials). In addition, a
reward bar was shown to illustrate the progress of the reward
earning during a block of the experiment. This bar was
scaled to the total maximum amount that a participant could
earn during a block of the experiment.

In the control experiment, coin images were presented at
either a long (100 ms) or a short (Dindiv ms) display duration.
Dindiv was determined through a staircase procedure similar
to the main experiment (see the Supplemental Material).
Importantly, in addition to using an adaptive method to
determine the Dindiv, we further adjusted the luminance con-
trast of the coin images to ensure that all participants perceive
the coin images at a truly subliminal level. The luminance
contrast of coin images at 100ms was set to 100%.

Assessing Participants’ Level of Conscious Awareness
of Reward Cues

We used an independent “4-alternative forced choice”
(4AFC) task adapted from a previous study (7) to assess the
subjective visibility of the reward cues. The 4AFC task was
structured in the same way as the eye movement task with
the exception that after the second fixation period, a ques-
tion with four alternative answers was displayed on the
screen. Participants had to indicate which coin they saw or
guessed to have seen by pressing one of the four designated
keyboard keys (either the “A” or “S” key indicating “seen 50
cents” or “seen 1 cent”, or the “D” or “F” key indicating
“guess 50 cents” or “guess 1 cent”, respectively). All condi-
tions of this task were counterbalanced with 20 repetitions
per incentive value and reward timing. The 4AFC task was
repeated two times, once before and once after the eye
movement task, and participants’ responses were pooled
across the two repetitions.

Data Analysis

Participants’ subjective reports in the 4AFC task were ana-
lyzed following the method used by Pessiglione et al. (7)
according to which subliminal perception needs to meet two
criteria. First, correct answers (either “seen” or “guess”)
should not differ from chance level. Second, the probability
of the “seen” responses should not be different from 0. To
test for these criteria, one-tailed one-sample t tests were
used to test whether “correct” or “seen” answers at a group
level were different from chance (50%) or 0, respectively. In
addition, we also tested our effects with a more stringent cri-
terion at the individual level, where the probability of correct
answers in each participant was tested against chance level
using a one-sided binomial test (implemented in MATLAB,
chance level = 0.5, cut-off P for significance a = 0.05, Fig. 2B).

To assess different saccade parameters, eye position data
of each trial from the beginning to the end of the eye move-
ment task was analyzed (total duration 8,000 ms). Trials
with >25% missing data in this period were discarded from
the analysis. To detect saccades, eye position samples in a
trial were smoothed using a Savitzky–Golay low-pass filter
with an order of 2 and length of 20 ms (35). Saccade onsets
were defined as the moment when a sample exceeded a two-
dimensional velocity threshold of 35�/s. Saccade offsets were
calculated as the first sample where the eye position velocity
and acceleration dropped below 35�/s. In addition, saccades
with an intersaccadic interval shorter than 40ms and a dura-
tion shorter than 10 ms were discarded from the analysis to
avoid contamination of the saccades by the eye-tracker
noise. We also tested whether we obtain similar results when
saccades were detected based on an adaptive algorithm as
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introduced by Nystr€om and Holmqvist (35). This algorithm
can be applied to the data of individual trials where the
threshold to detect saccades is set based on the noise-level of
each trial in an adaptive manner, hence accounting for vari-
ability of noise level across trials, task conditions, and sub-
jects. Furthermore, as the local noise level of samples is
taken into account when the start and end of the saccade are
estimated, the adaptive method is especially suitable for sit-
uations when participants scan the visual scene by making
multiple eye movements, as is the case in the paradigm we
employed here. We used the adaptive algorithm while set-
ting the peak threshold equal to the mean plus 4 standard
deviation of the trial velocity, saccade onset threshold equal
to the mean plus 2.5 standard deviation of the trial’s velocity,
and the minimum saccade duration at 10 ms. Saccades with
preceding fixation durations shorter than 40 ms were dis-
carded from the analysis (35). For both methods of saccade
detection, the reported values of peak velocity and vigor
were measured based on the maximum two-dimensional ve-
locity of the samples between the onset and the offset of the
saccade (i.e., the absolute maximum of the 2-D velocity sam-
ples—calculated from the Savitzky–Golay low-pass filtered
data—between the onset and offset of the saccade). Saccade
amplitude was calculated as the Euclidian distance between
the eye position samples at the onset and offset of the saccade.

We computed a within-subject measure of saccade vigor,
as shown in Fig. 4C using a method employed in a previous
study (21). To this end, we measured the amplitude (repre-
sented by x) and the peak velocity (represented by v) of all
saccades across all trials of each participant. Subsequently a
hyperbolic function in the following form was fit to the sac-
cade amplitude data:

Vn ¼ an 1� 1
1 þ bnx

� �
; ð2Þ

where a^n and b^n characterize the hyperbolic relationship
between the peak velocity and amplitude of the saccades.
Based on these parameters, for each participant an
expected saccade velocity given each saccade amplitude
was calculated v^n(x). Note that the fit parameters are com-
puted from all saccades of a particular individual and
hence the expected velocity solely reflects the stereotypi-
cal biomechanical relationship between saccades’ velocity

and amplitude captured by the main sequence (19). Finally,
the ratio between the measured and the expected average
peak velocities was calculated for each condition (i.e., reward
level and display duration). This ratio represents a within-
subject measure of saccade vigor above and beyond the influ-
ence of saccade amplitude, with ratios >1 reflecting a greater
than average vigor in a certain condition in an individual.

To quantify the saccade landing error, we first determined
whether a saccade was directed toward the peripheral targets
or the fixation point. Subsequently, we measured the 2-D
Euclidian distance of the end point of the saccade from its
respective destination as the saccadic landing error. Target-
directed saccades were defined as saccades that the distance
of their end point from any of the peripheral targets was
smaller than their distance from the fixation point. The
remaining saccades were categorized as fixation-directed.

All statistical analyses were done using the MATLAB
Statistics Toolbox. For statistical inferences, we analyzed dif-
ferent indicators of the exerted effort (i.e., number of hits
and frequency, peak velocity, and vigor of all saccades irre-
spective of their landing position) by carrying out a series of
repeated measures ANOVAs (functions: fitrm, ranova in
MATLAB). The ANOVAs included two within-subjects fac-
tors: reward (2 levels: 1 or 50 cent) and display duration (3
levels: T = 17 ms, Dindiv, and 100 ms in the main experiment;
or T = Dindiv and 100 ms in the control experiment) and one
between-subject covariate (i.e., the mean-centered visibility
scores at 17ms as depicted in Fig. 2B) as independent factors.
To test saccadic parameters with the same statistical model,
raw values of saccadic frequency and peak velocity were z-
scored across all trial of each individual and type of saccadic
parameter was added as a within-subjects factor to the
ANOVAs. In addition, we also tested our effects when partici-
pants were explicitly divided into two groups based on
whether they could identify rewards significantly above the
chance level or not and included participant group as a
between-subject factor in our analyses. In all cases, a
Greenhouse–Geisser correction was applied to the degrees of
freedoms and P values of ANOVAs to account for violations
of the sphericity assumption. Significant effects from the
omnibus ANOVAs were further investigated by performing
post hoc paired comparisons (using the function multcom-
pare in MATLAB, with Bonferroni correction). Effect sizes in

Figure 2. Results of the 4AFC visibility test. A: the subjective
visibility of coin images at each display duration was
assessed by measuring their percentage of correct discrimi-
nation in an independent 4AFC task. Correct answers were
significantly above chance level at the two longer display
durations but not at 17 ms, albeit in the latter case a trend
was found (P = 0.07). B: the distribution of correct answers
at 17 ms across participants. To control for the difference in
the subjective visibility of coins across participants, the
mean-centered probability of correct answers at 17 ms was
included as a covariate in our analyses. In addition, we also
tested the probability of correct answers against chance
level in each participant using a binomial test and re-exam-
ined our effects while including participant group (marked in
black or white) as a factor.
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ANOVAs are reported as partial eta-squared (g2
p) and in pair-

wise comparisons as Cohen’s d (i.e., dz: 36) throughout.

RESULTS

Results of the 4-AFC Visibility Test in the Main
Experiment

To determine whether participants perceived the reward
incentives above or below the threshold for subliminal per-
ception, we first analyzed the data of the 4-AFC visibility test
(Fig. 2, see MATERIALS AND METHODS). This analysis showed
that at the two longer display durations correct responses
were significantly higher than the chance level (for T = 100
ms: means ± SD = 99.5±0.92%, t37= 52.12, P< 10�10, dz = 8.34;
for T = Dindiv: means ± SD = 84.6± 13.8%, t37= 1.47, P = 0.017,
dz = 0.4, one-tailed one-sample t test for a difference from
chance level = 50%). At the shortest display duration (T = 17
ms) correct responses were not significantly different from
chance, albeit a trend was found (mean = 61±7%, t37= 1.47,
P = 0.075, dz = 0.24). Analysis of the “seen” responses showed
that they were not significantly different from 0 at 17 ms
(means ± SD = 10± 13%, P = 0.219), but they significantly dif-
fered from 0 at the other two display durations (T = Dindiv:
means ± SD = 44± 12% and T = 100 ms: 98±01.9%, both Ps <
10�3). These results indicate that the reward incentives were
perceived consciously at 100 ms, as intended. However, the
individual display duration set at a level where participants
subjectively reported not seeing the coins (i.e., Dindiv) proved
to be above the level of conscious awareness when tested by
a 4AFC task. At the shortest display duration (17 ms),

subliminal perception was achieved according to one of the
criteria (i.e., the “seen” responses) whereas the analysis of
the correct responses showed a trend suggesting that for
some participants this display duration has been longer than
the threshold for subliminal perception (Fig. 2B). Therefore,
to control for the differences in the level of conscious aware-
ness of reward incentives across participants, each individu-
al’s visibility score, i.e., the mean-centered proportion of
correct responses at the shortest display duration, was
included as a between-subjects covariate in all our subse-
quent analyses. In addition, we also tested the robustness of
our effects by carrying out a second analysis where a more
stringent criterion was used at the individual level to test
whether the probability of correct responses in each partici-
pant was significantly higher than the chance level using a
binomial test (Fig. 2B). Using this criterion, at 17 ms 15 partic-
ipants had chance-level performance whereas 23 partici-
pants could identify coin images significantly above chance
level (total sample size n = 38).

Consciously Perceived Reward Incentives Increase the
Number of Hits in a Goal-Directed Oculomotor Task

To confirm that our eye movement task created a
demanding situation where the exerted effort is adjusted
based on the expected rewards, we first examined partici-
pants’ number of hits at the longest display duration where
rewards were consciously perceived (100 ms). Figure 3A
illustrates the eye position traces of two example subjects.
For each subject, the data of two trials, one with a low and
the other with a high reward cue (images of 1 cent and 50

Figure 3. Performance in the eye movement task. A: eye position traces of example trials. Top: the data of one example participant in a trial with low
(left, copper traces) and a trial with high (right, gold traces) reward is shown. The numbers inside each circular target indicate the order with which the
participant looked at that location and the eye movement was counted as a hit. Bottom: same as the top panel for another example participant who had
overall higher number of hits. The target filled with brighter gray color on the left side (low reward condition) was not detected as a hit online but was
counted as a hit when a more liberal threshold was used offline. To account for such cases, we based all our analyses on the offline threshold (i.e. count-
ing saccades landed < 2.4� from the target as a hit). B: hit rates. The total number of hits across all participants and all display durations for low (copper
color) and high (gold color) reward values of the coins. Colored dots depict the data of individual participants. � P< 0.05.
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cents coins, respectively) are shown. It can be readily seen
that when the amount of expected reward was high, partici-
pants made more eye movements and hit more targets com-
pared with when the reward at stake was low. The reward
effect was observed both for participants who had overall
lower number of hits (Fig. 3A, top), as well as those with
higher hit rates (Fig. 3A, bottom, hit rates refer to saccadic
eyemovements that landed<2.4� from the center of a target,
see also the MATERIALS AND METHODS). To test the reward
effect across participants and different display durations, a
repeated-measures ANOVA was performed with reward (2
levels: high or low) and display duration (3 levels: 17, Dindiv,
and 100 ms) as the within-subjects factors and visibility
scores at the shortest display duration (derived from the
4AFC task) as a between-subjects covariate (see also Table 1).
This analysis revealed a main effect of reward as the number
of hits was significantly higher for trials with high (50 cents)
compared with low (1 cent) incentives [means ± SD =
12.23 ± 1.56 and 11.98± 1.61 for high compared with low
reward incentives, respectively, F(1,36) = 10.98, P = 0.002,
g2
p= 0.23]. We also found a significant interaction effect

between reward and display duration [F(1,36) = 4.15, P =
0.036, g2

p= 0.10]. Other main and interaction effects did not
reach statistical significance (all P values >0.1). Post hoc
pairwise comparisons showed a significant effect of reward
at the two longer display durations [for T = Dindiv: P = 0.019
and Cohen’s d (dz) = 0.39; for T = 100 ms: P = 0.010 and dz =
0.44) but the effect at 17 ms did not reach significance (P =
0.103, dz = 0.26). These results indicate that participants
amped up their effort and hit more targets when reward
incentives were consciously perceived, whereas at the short-
est display duration where the incentives were near sublimi-
nal threshold the effect was smaller and did not reach
statistical significance.

Incentive-Driven Modulation of Saccadic Frequency and
Peak Velocity

Hit rates in our task determined participants’ obtained
reward and hence were the most direct measure of the effort

expended in prospect of reward. However, hit rates pertain
only to a subset of the saccades that landed adjacent to a tar-
get and disregard saccades that aimed to reach a target but
failed to do so. To obtain a more sensitive estimation of the
total amount of spent effort, we next inspected all saccadic
eye movements made during a trial irrespective of their
landing position. For these eye movements, we assessed the
frequency (i.e., the total number of saccades made within
the 8 s timeout duration of each trial) as well as the peak ve-
locity/vigor of the saccades that are the major determinants
of spent effort in our speeded eye movement task (Fig. 4 and
Table 1). Increasing the frequency of saccades comprising ei-
ther large saccades between the fixation point and the tar-
gets or smaller corrective saccades that bring the target or
the fixation point to the center of the gaze, ensures that par-
ticipants could hit more targets during a trial when higher
rewards are at stake. Similarly, reward-based adjustment of
saccades’ peak velocity, through increasing the velocity
when expected reward is high and decreasing the velocity
when rewards are low, ensures that the cost of making a fast
saccade is optimally tuned to the expected reward. In order
to test both saccadic parameters with the same statistical
model, we z-transformed the raw values of each parameter
across all trials of an individual (for an overview of raw value
see Table 1).

We found that higher reward incentives increased the fre-
quency of saccades across all display durations (means ±
SD = 31.84±3.27 and 31.21± 3.37 for high and low rewards,
respectively, see Table 1). Similarly, across all display dura-
tions saccades had higher peak velocity when reward incen-
tives were higher (means ± SD = 389.53 ±51.96�/s) compared
with when incentives were lower (means ± SD = 383.04±
54.17�/s). To test the reward effects on saccades’ frequency
and peak velocity, we subjected bothmeasures to an ANOVA
(Fig. 4). The dependent factor of the ANOVA was the z-
scored frequency and velocity of the saccades and the inde-
pendent factors comprised three within-subjects factors
(reward, display duration, and the type of the parameter: fre-
quency vs. velocity) and one between-subjects covariate; i.e.,

Table 1. Overview of all performance measures analyzed in this study for the main and the control experiment

Main Experiment

Reward and Duration 50 Cents, 17 ms 50 Cents, Dindiv ms 50 Cents, 100 ms 1 Cent, 17 ms 1 Cent, dindiv ms 1 Cent, 100 ms

Number of hits 12.19 ± 1.56 12.20 ± 1.60 12.31 ± 1.57 12.11 ± 1.59 12.02 ± 1.52 11.81 ± 1.88
Saccade frequency 31.71 ± 3.28 31.88 ± 3.28 31.95 ±3.31 31.44 ± 3.14 31.47 ± 3.32 30.73 ± 4.03
Peak velocity, �/s 387.54 ± 53.38 389.44 ± 54.79 391.62 ±54.77 385.47 ± 53.59 383.89 ± 51.21 379.77 ± 52.37
Vigor 0.940 ±0.03 0.944 ±0.03 0.951 ±0.03 0.937 ±0.03 0.934 ±0.02 0.926 ±0.03
Amplitude, � 9.65 ±0.74 9.65 ±0.76 9.63 ±0.74 9.60 ±0.73 9.59 ±0.69 9.55 ±0.73
End point error, � 1.23 ± 0.28 1.23 ±0.28 1.25 ±0.28 1.22 ±0.27 1.23 ±0.28 1.22 ±0.27

Control Experiment

Reward and Duration 50 Cents, Dindiv ms 50 Cents, 100 ms 1 Cent, dindiv ms 1 Cent, 100 ms

Number of hits 11.76 ± 1.70 11.76 ± 1.63 11.59 ± 1.52 11.56 ± 1.63
Saccade frequency 30.52 ± 3.29 30.39 ± 3.37 30.21 ± 3.17 30.19 ± 3.25
Peak velocity, �/s 364.43 ± 65.75 366.99 ± 66.08 363.27 ± 66.03 361.58 ± 65.33
Vigor 0.876 ±0.04 0.878 ±0.04 0.873 ±0.04 0.870 ±0.04
Amplitude, � 9.42 ±0.67 9.52 ±0.61 9.42 ±0.61 9.40 ±0.63
End point error, � 1.25 ±0.21 1.26 ±0.21 1.26 ±0.21 1.25 ±0.23

The number of hits and frequency, peak velocity, vigor, amplitude, and end point error of all saccades are shown for high (50 cents)
and low (1 cent) reward incentives, displayed at different durations. Note that subminimal perception of rewards was observed for the
display duration T = 17 ms in the main experiment and at T = Dindiv in the control experiment. Reported values are means ± SD. The
number of participants was n = 38 in the main experiment and n = 16 in the control experiment.
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the visibility scores at 17 ms. This analysis revealed a signifi-
cant main effect of reward [F(1,36) = 26.13, P < 10�4, g2

p=
0.42] and a reward � display duration interaction [F(2,72) =
10.60, P < 10�3, g2

p= 0.23]. Post hoc pairwise comparisons
revealed a significant effect of reward on the frequency (for
T = 17 ms: P = 0.013 and dz = 0.43; for T = Dindiv: P = 0.005
and dz = 0.50 and for T = 100 ms: P < 10�3 and dz = 0.66) as
well as the peak velocity of saccades (for T = 17 ms: P = 0.014
and dz = 0.40; for T = Dindiv: P = 0.001 and dz = 0.63; for T =
100 ms: P < 10�3 and dz =0.69) at all display durations.
Therefore, the effect of reward incentives on saccadic param-
eters was stronger at the longer display durations but it also
reached significance at 17 ms when the perception of reward
magnitude was near the subliminal threshold. Importantly,
the three-way interaction between reward � display dura-
tion � saccadic parameter did not reach significance
[F(2,72) < 0.5, P > 0.1, g2

p= 0.01], thus ruling out a dissocia-
tion between the reward-driven modulation of saccade fre-
quency and peak velocity. Other main and interaction
effects were nonsignificant (all P values >0.1). These results
are in line with previous reports showing that reward incen-
tives can boost the oculomotor effort even when they are
perceived subliminally (7).

Saccadic peak velocity increases in a stereotyped manner
when saccade amplitude increases, a relationship known as
the main sequence (19). We therefore performed a follow-up
analysis where we tried to remove the effect of saccade am-
plitude from peak velocities by calculating a within-subject
estimate of saccade vigor (21). Analysis of saccadic vigor (z-
scored) revealed a main effect of reward [F(1,36) = 29.72, P <
10�5, g2

p= 0.45] and an interaction between reward and visi-
bility level [F(2,72) = 16.98, P <10�4, g2

p= 0.32]. Other main
and interaction effects did not reach statistical significance
(all P values >0.1). Follow-up, post hoc tests at each visibility
level showed a significant effect of reward at the two lon-
ger display durations and a trend at 17 ms (for T = 17 ms:
P = 0.059 and dz = 0.32; for Dindiv: P < 10�3 and dz =0.64;
for T = 100 ms: P < 10�5 and dz = 0.87). Thus, the analysis
of the saccadic vigor showed overall the same results as
those observed for the peak velocity, with the exception

that at 17 ms only a trend for a significant effect of reward
was found.

Performance in the eye movement task depends on both
speed (i.e., the frequency of all saccades and the velocity of
each saccade) and accuracy of saccades in landing on the tar-
get. We next examined whether the saccadic error, i.e., 2-D
Euclidian distance of the saccades’ end points from the tar-
gets, was changed with reward incentives at different visibil-
ity levels. An ANOVA with reward and display duration as
within-subjects factors and visibility scores as between-sub-
jects covariate did not reveal any significant main or interac-
tion effect (all P values >0.05). Therefore, our results cannot
be explained by a reduction of saccades’ accuracy.

To account for the fact that our sample of participants
comprised individuals with different degrees of conscious
awareness of incentives at the shortest display duration, we
have thus far included participants’ visibility scores as a
between-subjects covariate in all our analyses. We next
tested whether the effect of subliminal incentives at the
shortest display duration (17 ms) can also be observed in a
group of participants where every subject had reached sub-
liminal perception of reward magnitude at 17 ms. For this
purpose, participants were divided into two groups based on
whether the binomial probability of correct identification of
coin value in the 4AFC task in each individual was signifi-
cantly higher than the chance level or not (Fig. 2B, see
MATERIALS AND METHODS). In a group of participants where ev-
ery individual had perceived rewards at chance level, the
saccadic frequency was significantly enhanced by higher
rewards (P = 0.03, dz = 0.60) but there was almost no effect
on the peak velocity (P = 0.69, dz = �0.10). In participants
who perceived rewards above the chance level however,
there was a significant effect of reward on saccades’ peak ve-
locity (P = 0.001, dz = 0.82) but the effect on saccadic fre-
quency was smaller and did not reach significance (P = 0.12,
dz = 0.34). Despite differences between groups, an ANOVA
on saccadic parameters (z-scored frequency and peak veloc-
ity of saccades at 17 ms, while including participant group as
a between-subjects factor) only revealed a significant main
effect of reward [F(1,36) = 16.48, P < 10�3, g2

p= 0.31], but the

Figure 4. Influence of reward incentives on saccadic parameters. A: the effect of low (1 cent, copper color) and high (50 cents, gold color) reward incen-
tives on the saccade frequency (i.e. the total number of saccades made in a trial irrespective of their landing position). B: same as A for the saccade
peak velocity C: same as A for the saccade vigor. Colored dots depict the data of individual participants. �P< 0.05.
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interaction of group with other factors did not reach signifi-
cance [2-way reward � group interaction: F(1,36) = 3.07, P =
0.09, g2

p= 0.08, and 3-way reward� group� saccade parame-
ter interaction: F(1,36) = 3.04, P = 0.073, g2

p= 0.08].
Taken together, we found a robust enhancement of the

saccade frequency and velocity/vigor in prospect of higher
rewards. These reward-driven modulations were strongest at
the longer display durations, but also reached significance at
T = 17 ms when perception was near-threshold. No statisti-
cally significant difference was found between the effect of
reward on the frequency versus the peak velocity of sac-
cades. In a group of participants where each individual had
perceived rewards at chance level, only the frequency but
not the peak velocity of saccades was enhanced by rewards.
The latter observation hinted toward the possibility that
truly subliminal rewards solely enhance the saccade fre-
quency whereas the saccade peak velocity is only enhanced
at higher levels of visibility. To test this possibility, we per-
formed a second control experiment.

Control Experiment: Reproducibility of Results in an
Independent Sample of Participants with a Strict
Control of Subliminal Perception of Reward Incentives

In the control experiment, a long (T = 100 ms) and a short
display duration (T = Dindiv) were tested (Fig. 5A). By adjust-
ing the luminance contrast of the coin images in addition to
their display duration, we ensured that at Dindiv all partici-
pants reached a subliminal level of perception (see also
MATERIALS AND METHODS and Supplemental Materials). In
fact, the analysis of the 4AFC visibility test confirmed that
both criteria of subliminal perception were met at Dindiv, as
the correct responses were at chance level (means ± SD =
52.34±5.28%, P = 0.34, one-tailed, one-sample t test) and the
probability of seen responses was not significantly different
from zero (means ± SD = 1.48±2.82%, P = 0.31, one-tailed,
one-sample t test). Binomial tests on the data of individual
subjects, confirmed that all participants had reached a sub-
liminal level of perception at Dindiv (binomial test P > 0.05).

At 100 ms, correct responses were significantly higher than
the chance level (means ± SD = 99.21± 1.5%, P < 10�14, one-
tailed, one-sample t test for a difference from chance level,
i.e., 50%) suggesting that participants perceived the reward
incentives consciously.

As the main aim of the control experiment was to test the
possibility of a dissociation between motivational effects of
subliminal rewards on saccades’ frequency and velocity, we
focused on these saccadic parameters (Fig. 5). To this end,
the z-scored frequency or velocity of the saccades were sub-
jected to a repeated-measures ANOVA (with 3 within-sub-
jects factors: reward, display duration, and the saccade
parameter: frequency vs. velocity). This analysis revealed a
significant main effect of reward [F(1,15) = 5.78, P = 0.03, g2

p=
0.28] and a trend for a three-way reward � display duration �
saccade parameter interaction [F(1,15) = 3.37, P = 0.086, g2

p=
0.18]. Post hoc pairwise comparisons showed that the effect of
reward on saccades’ frequency was only significant at Dindiv

where perception was subliminal (for T = Dindiv: P = 0.039 and
dz = 0.57; for T = 100 ms: P = 0.567 and dz = 0.15). Analysis of
the saccadic peak velocity revealed an opposite pattern, as the
effect of reward was only significant at 100 ms and not at
Dindiv (for T = Dindiv: P = 0.401 and dz = 0.22; for T = 100 ms:
P = 0.024; and dz = 0.63). Other main and interaction effects
did not reach significance [F(1,15)<0.1, P> 0.1].

Therefore, in the control experiment the effect of sublimi-
nal rewards on saccade frequency but not peak velocity was
replicated. The three-way reward � display duration � sac-
cade parameter interaction however, did not reach statistical
significance suggesting that whereas the saccade frequency
may be amore sensitive indicator of subliminal motivational
effects, there is no functional dissociation between the
effects of reward on the modulation of saccadic frequency
and peak velocity.

Finally, we ruled out that our results are due to differences
in the noise level of eye position data across different indi-
viduals and experimental conditions. To this end, we
inspected our results when saccades were detected based on

Figure 5. Influence of reward incentives on saccadic parameters in the control experiment. A. the subjective visibility of coin images at each display du-
ration. B: the effect of low (1 cent, copper color) and high (50 cents, gold color) reward incentives on the saccade frequency. C: same as B for the sacca-
dic peak velocity. Colored dots depict the data of individual participants. �P< 0.05.
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an adaptive algorithm introduced by Nystr€om and Holmqvist
(35). This method can be applied to the data of individual tri-
als of each subject, therefore adjusting for different levels of
noise across participants and conditions. Using this analysis,
we found similar results to the ones reported thus far in both
experiments (for details see the Supplemental Materials) dem-
onstrating that our findings are independent of the method
used to detect the saccades.

DISCUSSION
Previous studies have shown that reward incentives

enhance the exerted effort in prospect of a higher reward,
even when presented subliminally (6, 7, 37). The aim of the
current study was to test whether these effects also extend to
eye movements. In our first experiment, we observed an
enhancement of all measures of oculomotor effort; including
the number of hits, frequency and peak velocity of all sac-
cades; when higher reward was at stake and reward cues
were shown long enough to be consciously perceived. The
reward-driven enhancement of oculomotor effort also
occurred at the shortest display duration when reward cues
were perceived subliminally. However, when a more strin-
gent criterion at the individual level was used to determine
the subliminal perception, only the frequency but not the
peak velocity of saccades was found to be significantly
modulated by rewards. This pattern was also replicated in a
second control experiment where the stimulus presentation
was strictly controlled to yield subliminal perception in ev-
ery individual. Although at the subliminal threshold a larger
effect size was found for the reward-driven modulation of
the saccade frequency compared to the peak velocity, this
difference did not reach statistical significance when both
parameters were tested in the same statistical model. These
results therefore demonstrate a robust effect of reward
incentives on multiple aspects of goal-directed eye move-
ments that can also extend to situations when rewards are
perceived subliminally. Moreover, our results indicate that
the frequency of saccades may be the most sensitive mea-
sure of subliminal incentivization of eyemovements.

The results obtained with the consciously perceived
reward cues are in line with previous studies showing amod-
ulatory effect of supraliminal reward incentives on saccade
metrics (17, 20, 23, 38). This finding further indicates that
humans can voluntarily adjust their oculomotor perform-
ance, through changing the frequency and velocity of their
eye movements, depending on the magnitude of expected
rewards. As such, these results confirm previous findings
that saccade metrics could be, at least to some extent, volun-
tarily controlled (20, 24). Importantly, the invigorating effect
of rewards also occurred when the stereotypical relationship
between the saccade amplitude and velocity was factored
out, as shown by the within-subjects measure of saccade
vigor. We note, however, that the energizing effect of
rewards on the saccademetrics could also be driven by invol-
untary mechanisms, as rewards have been shown to exert
automatic/reflexive modulation of saccades (39). The con-
joint involvement of voluntary and involuntary mechanisms
is supported by theoretical frameworks suggesting two dis-
tinct influences of reward motivation on behavior (2, 40).
According to these, goal-directed effects determine the

current goal of behavior and affect behavior in an “outcome-
specific” manner. In contrast, “energizing” effects of reward
are more general and determine the vigor of all actions in an
“outcome-unspecific: and involuntary manner (2, 40). As
such the motivational effects of reward in the current study
may be a combination of both voluntary and involuntary
mechanisms.

Whereas consciously perceived reward cues enhanced all
measures of oculomotor effort, at a subliminal threshold the
effect sizes were smaller, and for some measures of perform-
ance, such as the hit rates and saccadic vigor, did not reach
statistical significance. Moreover, in participants who had
reached a subliminal level of perception at the shortest dis-
play duration, only the frequency but not the peak velocity of
saccades was significantly modulated by rewards. However,
in both experiments reported here, we found only a trend for
a significant dissociation between the reward-driven modula-
tion of the saccade frequency and peak velocity when both
measures were assessed in the same statistical models.
Therefore, our results overall demonstrate that the effortful
planning and execution of rapid eye movements can be
incentivized by subliminal rewards, although with different
strengths across different metrics of the saccades. Although
we did not perform neurophysiological measurements in this
study, our findings can be understood and expanded in light
of previous studies. These studies have demonstrated that the
burst activity of neurons in Superior Colliculus (SC) underlies
saccade initiation (41, 42) and SC neurons are also involved in
the adjustment of saccades’ peak velocity (43–45). Collicular
neurons receive inputs from a large number of cortical and
subcortical structures involved in the processing of reward in-
formation (for reviews see Refs 15 and 46). One possibility is
that subliminal rewards can elicit a sufficient activation of the
subcortical structures involved in the reward-driven modula-
tion of SC neurons, thereby enhancing the overall excitability
of the saccade generating neurons and hence the frequency of
the saccades. An additional mechanism however may be
needed to control the saccade peak velocity once eye move-
ments toward a target are initiated, so that the maximum ve-
locity is adjusted both based on the spatial position of the
saccade target and the level of incentives. This latter mecha-
nism may need a finer, moment-to-moment adjustment of
saccade parameters and perhaps a larger involvement of the
supervisory cortical network involved in the goal-directed
planning of eye movements that is achieved at a higher level
of conscious awareness. Such a mechanism can explain the
larger effect sizes found for the effect of subliminal rewards
on the saccade frequency compared to the peak velocity/
vigor, which is in line with previous studies showing differen-
ces between the motivational enhancement of saccadic
speed versus vigor (47, 48), but also entails that at a certain
level of conscious awareness of reward incentives both sac-
cadic parameters may be simultaneously influenced. The
behavioral paradigm devised here can be employed in
future neurophysiological and neuroimaging studies to
unravel the balance between subcortical and cortical
mechanisms involved in the subliminal motivational mod-
ulation of eye movements.

Future research is also needed to elucidate whether the
pattern of results we obtained is a general characteristic of
motivational effects on eye movements or rather depend on

SUBLIMINAL INCENTIVIZATION OF SACCADES

J Neurophysiol � doi:10.1152/jn.00414.2021 � www.jn.org 2023
Downloaded from journals.physiology.org/journal/jn at Univ of Southampton (152.078.000.024) on September 4, 2023.

http://www.jn.org


the specific features of the task we employed. Since incentive-
dependent adjustment of exerted effort critically depends on
task difficulty (28–30), and execution of eyemovements is not
as demanding as the tasks previously used to investigate the
subliminal reward effects (7, 10, 12, 13), we employed a novel
paradigm that was specifically designed to be maximally tax-
ing for the eye movements. One aspect of the task we used is
particularly important in this respect: participants needed to
plan a sequence of eye movements back and forth between a
fixation point and several peripheral targets. In a previous
study, it was shown that when humans are required to exe-
cute saccades to a large number of target locations, saccade
preparation for all target locations is carried out in parallel
(49). It is possible that at a subliminal threshold the way a
sequence of saccades is planned is different from how sac-
cades are planned at higher visibility levels. In fact, the strat-
egy used for planning saccades to a sequence of targets may
discourage careful planning of individual eye movements in
favor of increasing the frequency compared with boosting the
velocity and/or accuracy of the saccades, as has been shown
previously (50). This can account for a larger effect of sublimi-
nal rewards on the saccade frequency compared to peak ve-
locity at the subliminal threshold. In addition, participants
received immediate feedback after a saccade had landed its
intended destination, i.e., either the fixation point or one of
the peripheral targets. These features indicate that in addition
to adjusting the velocity/vigor of the saccades, participants
needed to exert some degree of cognitive effort to keep track
of the sequence of the eyemovements and the feedback infor-
mation. Since we did not test a condition in which successful
realization of the task only required motoric but not cognitive
effort, we cannot isolate the individual contribution of these
factors to our effects.

Although previous studies have investigated how different
levels of conscious awareness of saccade goals affect the eye
movements, our study is the first to investigate the subcon-
scious incentivization of saccade metrics. In one previous
study (51), it was shown that participants’ saccadic perform-
ance was completely unrelated to their awareness of the sac-
cade goal. A more recent study showed that participants
have a gaze bias toward a stimulus that they are completely
unaware of its position and identity (52). Finally, in a free
viewing task, it was shown that visual cues presented below
the awareness threshold could influence the direction and
latency of the saccades (53). Based on these findings, it has
been suggested that saccadic selection is primarily driven by
subconscious processes. This idea is further supported by a
more general theoretical framework proposing a dissociation
between action and perception (54), accounting for cases
where participants can be unaware of the perceptual features
of a saccade target, but could nevertheless execute flawless
actions toward them. Our results are in general agreement
with these previous findings, as we provide evidence for the
modulation of eye movements by subliminal factors. In
addition, by examining the influence of subliminal rewards
on multiple metrics of saccadic eye movements, our study
inspires a closer examination of the oculomotor planning to
reveal similarities and differences in how different aspects of
oculomotor responses are influenced by subliminal factors.

Although a wealth of previous research has demonstrated
that goal-directed behavior could be controlled by subcon-

scious processes, a great deal of controversy surrounds the
reported effects (for a review see Ref. 55). One important con-
cern regarding subliminal effects is the uncertainty regarding
whether participants had truly reached a subconscious thresh-
old (56). Typically, researchers try to overcome this difficulty
by showing that subliminal cues are not perceived above
chance at a group level. However, this method does not con-
sider the cases when a group consists of a mix between indi-
viduals who had reached the subliminal threshold and those
who had not, as was also the case in our main experiment. To
overcome this problem, we applied two strategies. First, to
account for the different levels of conscious awareness of
reward at the shortest display duration across participants, we
analyzed our data while including each individual’s visibility
score as a covariate. Although this method adjusts our esti-
mated effect sizes for the degree to which participants were
able to discriminate the reward magnitude, it does not ensure
that our effects are not primarily driven by participants who
perceived reward cues supraliminally. To account for this,
we used a strict measure for subliminal perception at the
individual level to decide whether each participant had
reached subliminal perception or not in the main experi-
ment, and subsequently adjusted our stimuli to ensure sub-
liminal perception of reward in all individuals participating
in the control experiment. Using these measures, we were
able to detect the saccadic parameters (i.e., the saccade fre-
quency) that exhibit a robust effect of reward incentives
when the variability of subjective experience of rewards
across participants was controlled. We further note that the
perception of reward may fluctuate within the same indi-
vidual and task condition so that in some trials reward cues
are perceived consciously and, in some other trials, subcon-
sciously. To detect such cases, one could measure the level
of conscious awareness on a trial-by-trial basis, rather than
ascribing all trials of a certain condition to a fixed sub- or
supraliminal category. We decided against inquiring partic-
ipants about their subjective experience on a trial-by-trial
basis to avoid a potential perceptual or postperceptual bias
introduced by the overt reports on participants’ perform-
ance in the eye movement task and used instead an inde-
pendent task to determine the visibility of reward cues at
each duration. A possibility to consider for future studies
would be to use no-report paradigms (57) to assess the con-
scious awareness of reward cues, thus minimizing biases
induced by overt reports while allowing a trial-by-trial
assessment of the level of conscious awareness.

Taken together, our results suggest that multiple aspects
of reward-driven oculomotor planning could be modulated
by subconscious processes. Our study underscores the im-
portance of understanding oculomotor planning as a means
to gain insight into underlying mechanisms of cognition.
Saccades play a pivotal role in acquiring sensory information
across space and are closely linked to attentional selection.
Previous studies have shown that saccade metrics could be
used to probe different aspects of decision making in both
perceptual (58) as well as value-based decision making (22).
Our study furthers these previous findings and additionally
shows that saccades provide detailed and precise informa-
tion regarding how one of the most complex aspects of
human cognition, namely that of conscious awareness, is
orchestrated.
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