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Gazing into spatiotemporal 
‘known unknowns’: the influence 
of uncertainty on pupil size 
and saccadic eye movements
Aïcha Boutachkourt 1,2, Dominika Drążyk 1 & Marcus Missal 1*

Expectation of a future stimulus increases the preparedness to act once it actually appears and results 
in reduced latency of the appropriate motor response. Real world events are uncertain both spatially 
and/or temporally but this uncertainty could itself be expected. In the presence of both expected 
spatial and temporal uncertainty, which one should be prioritized by the motor system could depend 
on the context. Therefore, we investigated the relative weight of expected spatial and temporal 
uncertainty during the preparation of a saccadic eye movement. A reaction time task was used with 
a variable foreperiod between a warning and an imperative visual stimuli. Expected temporal and/or 
spatial uncertainty associated with the stimulus was cued. We found that before imperative stimulus 
onset, pupil dilation increased with expected temporal uncertainty but was unaltered by spatial 
uncertainty. After imperative stimulus onset, both types of expected uncertainty affected saccade 
latency. Maximum eye velocity was modulated by expected spatial uncertainty only. In conclusion, 
expected temporal and spatial uncertainty do not have the same impact on preparation and execution 
of a motor response. There could be a prioritization of the relevant information as a function of the 
evolving expected uncertainty context during the task.
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From the simplest to the most complex activities, the brain constantly forms expectations about future events. 
‘Expectation’ is generally defined as the preparation of sensorimotor and cognitive systems for the future occur-
rence of a particular stimulus. This preparation is based on prior information about regularities present in a given 
context1,2 and could be conceptualized as a narrowing down of the spatiotemporal probability space of the future 
stimulus3. However, future events are uncertain and always accompanied by some degree of expected spatial 
and/or temporal ‘uncertainty’. These two forms of uncertainty could also be referred to as ‘known unknowns’. In 
order to produce an optimal behavioral response, expected uncertainty should be estimated and could impact 
movement preparation and execution4,5.

The influence of temporal uncertainty on movement preparation can be estimated using the simple variable 
foreperiod paradigm (‘vFP’6,7; for a modern synthesis see8). The vFP paradigm consists of the appearance of 
only two stimuli: a warning stimulus (further abbreviated as ‘WS’; e.g. a sound or a visual flash) and an impera-
tive stimulus (‘IS’; e.g. a target on a computer display), separated by a delay called the foreperiod (‘FP’). The WS 
allows the subject to prepare for an upcoming IS that requires a quick motor response. Changing the probability 
distribution of FP duration affects temporal expectation of the IS9,10 and therefore modulates motor responses. 
Motor responses (most often a button press) have a shorter latency when the probability of IS occurrence is 
higher7,10–14. This effect has also been observed in the oculomotor domain in primates15,16 and humans17–22. 
Given that the influence of elapsed time on motor preparation during the FP occurs without participants being 
informed about the temporal aspect of the task, it could be qualified as being implicit in most foreperiod effect 
studies17. However, explicit visual cues could also be used to provide prior information about the duration of 
the FP and to allow for optimal allocation of attentional resources to the timing of the future stimulus21,23–26. 
Expectation is often estimated by measuring reaction times, but pupil dilation could also be used as a proxy 
measure of temporal preparation27.
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Pupil size could reflect changes in both temporal and spatial expectations28,29. The influence of expected 
spatial uncertainty on movement preparation and execution can be tested by providing experimental subjects 
with a probabilistic cue. For instance, a cue could inform subjects that the IS could occur at only one position 
(no uncertainty) or at one of several likely positions. Using this approach, Drążyk and Missal22 found that the 
latency of visually-guided saccades increased with increasing expected spatial uncertainty. Furthermore, maxi-
mal pupil dilation and maximum saccadic velocity (further abbreviated ‘Vmax’) were observed when there was 
no spatial uncertainty22.

To our knowledge, most previous studies of expected uncertainty have focused either on temporal or spatial 
uncertainty, separately. However, perceptual events in everyday life are associated with expected spatial and 
temporal uncertainty—together. Expected uncertainty about future events in a more realistic context must incor-
porate these two sources of uncertainty4. Indeed, humans perceive sensory events globally with various features 
bound together (as suggested by ‘Gestalt laws of perceptual organization’; see30). Perhaps various sources of uncer-
tainties could also be bound together (expected ‘combined’ uncertainty). In agreement with this hypothesis, an 
improved behavioral performance due to temporal expectation in a visual discrimination task was observed only 
in conditions where the future location of the target was known and therefore totally predictable31. In contrast, 
a more recent study showed no behavioral effects related to the combination of spatial attention and contextual 
temporal expectation in a reaction time task32.

The goal of the present study was to determine how expected spatial and temporal uncertainty could interact 
and how this could affect pupil size as well as the preparation and execution of saccadic eye movements.

Methods
Subjects and ethics
This study was conducted at the Université catholique de Louvain, Belgium. Participants were volunteers 
(18–65 years old) with normal or corrected to normal vision and did not suffer from any known neurological or 
psychiatric diseases. Subjects declared not to take psychoactive substances at least a day before the experiment. 
Thirty subjects (average ± sd, age 24.57 ± 8.14 years, 16 women) provided their informed written consent and 
took part in this study. All procedures were conducted in accordance with the Declaration of Helsinki guidelines 
and approved by the Ethics Committee of the Université catholique de Louvain under number B403201733677. 
Data is available to participants upon written request.

Experimental design
The present study is based on an oculomotor variant of the classic variable foreperiod paradigm7. Each trial 
started with the appearance of a fixation dot at the bottom of the screen for 500 ms (‘fixation period’, see Fig. 1A). 
Next, two types of cues appeared on the screen (‘cue period’). The spatial cue consisted of three circular empty 
disks (referred to as ‘placers’) regularly spaced from the left to the right side of the screen. Each placer circum-
ference could appear either as red or white. If one placer was red, the future position of the IS was certain and 
therefore there was no spatial uncertainty (condition ‘SU1’, see Fig. 1A). If two placers were red, the future IS 
could appear at one of these two positions with the same probability (increased expected spatial uncertainty, 
‘SU2’). Finally, when all three placers were red, expected spatial uncertainty was maximal (‘SU3’). The temporal cue 
consisted in a star-like shape, located at the bottom of the screen at the place of the fixation dot. The star shape 
could have one of three different numbers of branches. A star with 3 branches indicated that the IS could appear 
after 1525 ms (23.33% of trials marked by this star), 1600 ms (53.33% of trials) or 1675 ms (23.33% of trials, see 
Fig. 1B). This distribution assumed the FPs to last on average 1600 ± 75 ms (mean ± sd) and set up a context of 
minimal temporal uncertainty (condition ‘TU1’; kurtosis = 2.14; referred to as ‘leptokurtic’). The five-arm star 
cued a wider FP distribution: the IS could appear after 1250 ms (25.55% of trials marked by this star), 1600 ms 
(48.88% of trials) or after 1950 ms (25.55% of trials; 1600 ± 350 ms; condition ‘TU2’; kurtosis = 1.96; ‘mesokurtic’). 
Finally, the nine-arm star shape indicated a flatter distribution: IS could occur after 975 ms (32.22% of trials 
marked by this star), 1600 ms (35.55% of trials) or after 2225 ms (32.22% of trials, 1600 ± 625 ms; condition ‘TU3’; 
kurtosis = 1.55; ‘platykurtic’). Expected temporal uncertainty increased as: TU1 → TU2 → TU3. In summary, the 
increasing kurtosis of the distribution was cued to subjects with an increasing number of branches of the star 
shape. Increasing the kurtosis of the IS distribution increased expected temporal uncertainty.

During each trial, subjects were asked to maintain gaze on the star shape while memorizing the position of 
the red placers in the periphery. After 2000 ms, all placers turned white and the temporal cue was replaced with 
a fixation dot for 500 ms. Next, a warning stimulus (‘WS’, a smiling face) appeared on top of the fixation dot for 
50 ms. The disappearance of the WS marked the beginning of the ‘foreperiod’ (‘FP’). At the end of the FP the 
imperative stimulus (‘IS’, same face) appeared in one of the previously red labeled placers. The task of the subject 
was to make a saccadic eye movement towards the IS as quickly as possible. If saccadic latency was less than 
400 ms, subjects received a positive feedback (a score point, indicated by the ‘ + 1’ text on the screen, see Fig. 1A).

The experiment consisted of 9 unique pairings of spatial and temporal uncertainty (3 TU levels × 3 SU levels). 
Each pairing was repeated 30 times in randomized order. Therefore, the testing phase of the experiment con-
sisted of a total of 270 trials distributed into 9 blocks of equal length. After each block, a short rest period was 
interleaved and eye-tracker calibration was performed.

Trials were also grouped a posteriori into four categories referred to as ‘combined uncertainty’ (CombU): 
‘min.U’ included all trials with minimal spatial (SU1) and temporal (TU1) expected uncertainty; ‘max.SU’ repre-
sented all trials with maximal spatial (SU3) but minimal temporal (TU1) uncertainty; ‘max.TU’ included all trials 
with maximal temporal (TU3) but minimal spatial (SU1) uncertainty; ‘max.U’ incorporated all trials with maximal 
spatial (SU3) and temporal (TU3) expected uncertainty. Given the a posteriori nature of this grouping, it will be 
used only as an hypothesis and a suggestion for further studies.
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Figure 1.   Schematic representation of the experimental design. (A) Each trial started with a ‘fixation period’ during which the gaze 
had to be oriented on a dot at the bottom of the screen. Next, during the ‘cue period’, spatial (‘placers’) and temporal cues (‘star’) 
were presented. Subjects were asked to maintain gaze on the star shape while memorizing the position of the red placers. Red placers 
indicated the possible location of the future IS. Next, a warning stimulus (‘WS’, smiley face) was briefly presented on the screen for 
50 ms. Its disappearance indicated the beginning of the ‘foreperiod’ or FP. At the end of the FP, the imperative stimulus (‘IS’, second 
smiley) appeared at one of the cued positions for 50 ms. Subjects were asked to make a saccade towards the second smiley as quickly 
as possible. If saccadic latency was < 400 ms, subjects received positive feedback (‘ + 1’). The star shape cue indicated the level of 
expected temporal uncertainty. Besides testing for the interaction between the SU and TU variables, a posteriori grouping of trials into 
four different categories referred to as ‘combined uncertainty’ (CombU) was implemented. CombU corresponds to extreme cases in 
the experimental matrix. (B) Foreperiod distributions with different kurtosis used to create three levels of temporal uncertainty. The 
three-arm star (TU1, leptokurtic) indicated that the IS may occur with low temporal uncertainty. The five-arm star (TU2, mesokurtic) 
indicated a higher level of expected temporal uncertainty whereas the nine-arm star (TU3, platykurtic) indicated maximal expected 
temporal uncertainty.
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In order to maintain the motivation of subjects during the experiment, a score point was granted for each 
saccade directed towards the smiley and executed quickly enough. Furthermore, in 25% of trials (randomly), the 
IS did not appear at the end of the FP (referred to as ‘catch trials’). Catch trails were used to keep the attentional 
level of subjects high. Subjects could still obtain a score point in catch trials by making a saccade towards any 
placer with a latency < 400 ms. Separate statistical analysis was also conducted on the latency and Vmax of sac-
cades executed during catch trials.

Training session
The experimental session started with a set of training blocks. The first stage consisted of 6 trials that familiar-
ized subjects with the three spatial uncertainty conditions (SU1, SU2 and SU3). During this stage of training, FP 
duration was kept constant (1600 ms). The second stage consisted of 150 trials divided into three blocks, each 
block with one temporal cue. Only one red placer was presented (SU1 condition) and subjects focused on form-
ing a mapping between the star shape and the kurtosis of the FP distribution. Finally, the last stage consisted of 
9 trials with all cue pairings presented together in different trials randomly.

Each step of the training procedure was preceded by a verbal explanation of the meaning of each cue. Subjects 
were informed that the red placers provided information about the future location of the IS and that the star 
shapes carried information about the expected timing of the IS. No explanation was provided concerning the 
exact shape of the distributions and subjects were not informed about the presence of catch trials.

Data collection and preprocessing
Procedures for displaying stimuli and recording eye movements were created with Experimental Builder (SR 
Research, Mississauga, Ontario). Binocular eye movements were digitized at 500 Hz with an EyeLink1000 (SR 
Research, Mississauga, Ontario). The eye tracker was calibrated at the beginning of each data collection session 
and re-calibrated every 30 trials (before each new block). Subjects were sitting at a distance of 80 cm from the high 
resolution screen (size: 54 × 30 cm, 1920 × 1080 pixels, VPixx Technologies, Canada) displaying stimuli at 60 Hz.

Artefact rejection was conducted with DataViewer (SR Research, Ontario, Canada) to exclude oculomotor 
recordings of poor quality. Trials with frequent blinking, discontinuous recording or drift of calibration were 
excluded from further analysis. Rejection amounted to 9.54% of all trials only. Saccades were detected using an 
amplitude (> 1°), velocity (> 22°/s) and acceleration (> 3800°/s2) criteria. Only visually-guided saccades initiated 
between 100 and 400 ms after IS onset and landing within the IS placer were further analyzed (53.57% of all 
trials). If an early saccade was detected during the foreperiod (13.49% of all trials), or the trial was a ‘catch’, data 
was not included in the final analysis. After outlier rejection there were on average 140 ± 36 latency and 137 ± 37 
Vmax data points per subject included in the final analysis.

Saccades can be a source of the pupillometry artifacts33. Therefore, two preprocessing steps were applied to 
the pupil size data set. Firstly, pupil analysis during the FP was conducted only for the longest possible interval 
that did not include IS onset (‘IS-free interval’). This interval was equal to the shortest possible FP of 975 ms 
(see Fig. 1). Secondly, trials including any early saccade executed during the FP were excluded from the pupil 
data analysis. Pupil diameter recorded during this IS-free interval was then downsampled to 100 Hz and further 
processed in R using the PupilPre library34. Pupillary responses from the left and the right eye were averaged on 
the trial-by-trial basis to improve the stability of the signal. Periods of lost data caused by a blink were replaced 
with a linear interpolation based on pupil size before and after the event. Next, pupil size during the baseline 
period (starting 200 ms before and ending at the onset of the FP) was subtracted from the data. Finally pupil 
traces were normalized using z-score35. After preprocessing there were on average 143 ± 39 pupil responses per 
subject included in the final analysis.

Statistical analysis
To minimize the multiple comparison problem related to the continuous character of the signal, the pupillary 
response was first analyzed using a cluster‐based permutation test (‘CBPT’,36). In CBPT, a chosen test statistic 
is first computed and thresholded on the original time series. Afterwards, time series were shuffled and the test 
was repeated n times (‘permutation’) to simulate the null distribution of the test statistic. Finally, the test statistic 
of the original time series was compared to the distribution of permuted test statistics. P-values calculated from 
this comparison were then thresholded using the significance level assumed in this study (0.01). The raw pupil 
signal was subjected to CBPT analysis in R using the ‘permutes’ package37. A Linear Mixed Model version of 
the permutation test was used, with the subject’s identifiers as random intercept. To assess the main effect of the 
model, the permutation type ‘anova’ was chosen and 1000 permutations were performed. The CBPT approach 
was used in order to find a time cluster of potential difference in pupillary response for different experimental 
conditions. Once the analysis established a final cluster of significance (expressed as a millisecond time range), 
data from that cluster was averaged on the trial-by-trial basis38 and tested with type II ANOVA (‘car’ package 
version 3.1-239).

Latency and Vmax were fitted using a Linear Mixed Model (LMM, ‘lme4’ package version 1.1-3040). As the 
LMM models used Gaussian distribution and the data spread for no-catch trials was right-skewed, saccadic 
latencies were log-transformed. Due to the normal distribution of data values in catch trials, their analysis was 
conducted without logarithmic transformation of the saccadic latency. The quality of models was examined 
using QQplots and residuals (package ‘performance’41). Models used the following predictors: ‘TU’—level of 
expected temporal uncertainty cued in the given trial; ‘SU’—level of expected spatial uncertainty The following 
labeling of models was used: the ‘full’ prefix indicated the model with maximal fixed effect structure. Models 
including only one predictor were labeled using the name of the used predictor (e.g. ‘SU’). Further, the random 
structure of models was denoted using the ‘rs’ suffix and the consecutive number. For example: ‘SU.rs1’ denotes 
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a model with SU as predictor and a random intercept structure; ‘SU.rs2’ denotes a model with SU as predictor and 
random slope structure.

Full LMM models were first fitted using the restricted maximum likelihood method (REML42,43) and their 
Bayes Information Criterion was estimated (BIC44). The BIC of different models were compared to choose an 
optimal random term structure. For all full models, a random intercept structure performed better than the 
random slope (see Supplementary Table S1). Therefore, models with a random intercept structure and different 
predictors were re-fitted using a maximum likelihood method (ML). The BIC of each model was then recalcu-
lated and compared once more to find the best set of data predictors. Statistics of the best fitted model were then 
calculated (REML method) and presented in the “Results” section. Diagnostics of each of the presented models 
were evaluated to assure the quality of convergence and accordance with assumptions.

Results
The aim of the present study was to test whether expected temporal and spatial uncertainties interact and could 
have the same impact during movement preparation and execution.

Pupil size during the foreperiod
The influence of temporal and spatial expected uncertainty during the foreperiod (‘FP’) between the warning 
(‘WS’) and imperative stimuli (‘IS’) were estimated using pupil size as a behavioral indicator (see Fig. 2A for the 
impact of spatial uncertainty or ‘SU’ and Fig. 2C for the impact of temporal uncertainty or ‘TU’ in saccade-free 
intervals; longer traces of the pupillary response are presented in Fig. S1 of Supplementary Material). The time 
course of pupil size during the FP suggests that pupil dynamics during the first 500 ms was probably related to 
changes in luminance caused by the offset of the WS33. This interval from 0 to 500 ms was therefore excluded from 
the cluster‐based permutation test (CBPT) analysis. A modulation of pupil size by expected spatial uncertainty 
(‘SU’) was detected in the 500–930 ms range (CBPT method, pmass = 9.9 × 10–4). This period will be referred to as 
the ‘FPcluster’. This FPcluster was selected for further analysis using ANOVA and averaged on a trial-by-trial basis. 
However, the LMM analysis suggests that the difference of pupil size for different SU levels during the FPcluster was 
too small to reach statistical significance (p = 0.058, see Fig. 2B; sample sizes: 45 ± 13 pupil responses per subject 
in SU1, 50 ± 14 in SU2 and 48 ± 14 in SU3 condition).

A significant modulation of pupil size by temporal uncertainty (‘TU’) was found during a period from 500 
to 970 ms after WS offset (CBPT; pmass = 9.9 × 10–4, see Table 1). The LMM analysis included 48 ± 13 of pupil 
responses per subject in TU1, 48 ± 14 in TU2 and 47 ± 13 in TU3 condition. A significant main effect of TU was 
found (ANOVA, F2 = 11.747, p = 8.17 × 10–6). Within the FPcluster, pupil size was larger in the TU3 compared to 
the TU2 (p = 0.003) and TU1 conditions (p = 6.77 × 10–6, Tukey post-hoc analysis, see Fig. 2D and Supplementary 
Table S2 online). This indicated that the pupillary response encoded only TU about the future IS during the FP.

The LMM analysis included 15 ± 5 pupil responses per subject in min.U, 17 ± 5 in max.SU, 15 ± 5 in max.TU 
and 16 ± 5 in max.U condition.

The possibility of interaction between temporal and spatial uncertainty on pupil size was also explored. 
A significant cluster of difference for the interaction (SU × TU) was detected in the 500–970 ms range (CBPT 
method, pmass = 9.9 × 10–4, see Table 1). However, a further LMM analysis suggests that the interaction effect in 
the specified cluster was too small to reach statistical significance (p = 0.282, see Table 1).

The temporal uncertainty FPcluster window was also used to average the pupillary traces for different levels of 
combined uncertainty (CombU, see Fig. 2E). Visual inspection of averaged responses suggest a general trend of 
increasing pupil dilation with CombU (see Fig. 2F). However, this observation should be confirmed by further 
studies, given the a posteriori creation of the CombU variable.

Latency of saccades
After the appearance of the IS, subjects were required to make a saccadic eye movement towards its spatial posi-
tion as quickly as possible. To test the influence of different levels of spatial and temporal expected uncertainty 
on saccadic latency, a LMM was applied. Of all tested models, the ‘full.rs1’ model that incorporated the effect 
of spatial and temporal uncertainty as well as their interaction was best fitting the data (see Supplementary 
Table S1 online). However, despite the presence of a main effect, no interaction between spatial and temporal 
uncertainty was found (p = 0.864, see full.rs1 model in Table 2). This indicates that each type of uncertainty had 
its own independent effect on the measured outcome.

The LMM analysis included 45 ± 12 saccadic latencies per subject in SU1, 48 ± 13 in SU2 and 46 ± 12 in SU3 
condition. Spatial uncertainty strongly influenced saccadic latency (p < 2.22 × 10–16, see full.rs1 model in Table 2). 
Post-hoc Tukey comparisons showed that latency significantly increased between SU1 and SU2 (p = 3.30 × 10–14), 
SU1 and SU3 (p < 2.22 × 10–16) and SU2 and SU3 levels (p = 1.71 × 10–6, see Supplementary Table S3 online). Increas-
ing spatial uncertainty influenced movement preparation and the latency of saccadic responses (see Fig. 3A).

The LMM analysis included 48 ± 12 saccadic latencies per subject in TU1, 47 ± 14 in TU2 and 45 ± 12 in TU3 
condition. The analysis showed a main effect of temporal uncertainty on saccadic latency (p < 2.22 × 10–16, see 
Table 2). Post-hoc Tukey comparisons indicated that the latency of saccades significantly increased between TU1 
and TU3 (p < 2.22 × 10–16) and TU2 and TU3 levels (p = 3.62 × 10–14, see Supplementary Table S3 online). Increasing 
temporal uncertainty generally increased the latency of responses but the effect was not detected between the 
TU1 and TU2 levels (see Fig. 3B). Figure 3C suggests that increasing combined uncertainty strongly increased the 
latency of responses. Temporal and spatial uncertainty had a comparable and perhaps additive impact on the 
saccadic latencies (see Fig. 3C).
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Figure 2.   Pupillary responses during the foreperiod for different levels of expected uncertainty. (A) Time course 
of pupil size during the FP. Time ‘zero’ on the X-axis indicates the extinction of the warning stimulus. Colored lines 
indicate baseline corrected and z-scored mean pupil size in the different SU conditions. The horizontal gray line 
indicates the cluster of significance detected using CBPT. (B) Pupil size averaged within the FPcluster (dot) for different 
levels of temporal uncertainty. Whiskers represent standard error (95% SE) and confidence intervals (95% CI). (C) 
Time course of pupil size during the FP. Colored lines indicate baseline corrected and z-scored mean pupil size in the 
different TU conditions. (D) Pupil size averaged within the FPcluster (dot) for different levels of temporal uncertainty. 
Horizontal black lines indicate post-hoc significance between factor levels. Abbreviations: n.s. not significant, * p < 0.01, 
** p < 0.001, *** p < 0.0001. (E) Time course of pupil size during the FP. Colored lines show the baseline corrected and 
z-scored mean pupil size in the different CombU conditions. (F) Pupil size averaged within the TU FPcluster (dot) for 
different levels of combined uncertainty. For combined uncertainty, only the general trend will be presented given that 
this variable was created retrospectively and that no planned comparisons could therefore be performed.
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The experimental paradigm also included catch trials that were used to keep subjects motivated and atten-
tive. The analysis of saccadic latency in catch trials can be found in the Supplementary Material section (see 
Supplementary Table S4 as well as Supplementary Fig. S2 online).

Maximum eye velocity during movement execution
A similar LMM pipeline was applied to the Vmax of the eye during the saccade towards the IS. Of all tested models, 
the ‘SU.rs1’ model including only the effect of spatial uncertainty was best fitting the data (see Supplementary 
Table S1 online). The LMM analysis included 44 ± 13 saccadic Vmax recordings per subject in SU1, 47 ± 13 in SU2 
and 46 ± 13 in SU3 condition. Saccadic Vmax decreased together with increasing spatial uncertainty (p = 1.91 × 10–7, 
see model SU.rs1 in Table 2). Post-hoc Tukey comparisons showed that Vmax significantly decreased between SU1 
and SU3 (p = 7.90 × 10–8) and SU2 and SU3 levels (p = 0.006, see Supplementary Table S5 online). The LMM analysis 

Table 1.   Statistical analysis of the influence of spatial and temporal uncertainties and their interaction 
on pupil size. Mass statistics were calculated by CBPT to establish a cluster of significant differences in 
milliseconds. Pupil size was averaged in that cluster and was further analyzed with a Type II ANOVA. CBPT 
cluster based permutation test, tmass summed t statistics, pmass p value for a cluster, df degrees of freedom.

Method CBPT ANOVA

Fixed terms tmass value pmass value cluster F value df p value

SU 620.957 9.9 × 10–4 500–930 ms 2.852 2 0.058

TU 2243.267 9.9 × 10–4 500–970 ms 11.747 2 8.17 × 10–6

SU × TU 917.648 9.9 × 10–4 500–970 ms 1.263 4 0.282

Table 2.   Statistical analysis of the influence of spatial and temporal uncertainties and their interaction on 
saccadic latency and Vmax. A LMM model was fitted using the restricted maximum likelihood method and 
statistics were calculated using Type III ANOVA with Satterthwaite’s method. df degrees of freedom, σ SD of 
the random terms (subject and residual).

Model Outcome Fixed terms df F value p value Random terms σ

full.rs1 latency

SU 2 76.143  < 2.22 × 10–16 subject 0.093

TU 2 88.157  < 2.22 × 10–16 residual 0.222

SU * TU 4 0.320 0.864

full.rs1 Vmax

SU 2 15.450 2.07 × 10–7 subject 55.166

TU 2 0.749 0.473 residual 66.572

SU * TU 4 0.955 0.431

SU.rs1 Vmax SU 2 15.532 1.91 × 10–7
subject 55.139

residual 66.567

Figure 3.   Latency of visually-guided saccades for different levels of temporal and spatial uncertainty. Average 
saccade latency (dot) for different levels of spatial (A), temporal (B) and combined uncertainty (C). For 
combined uncertainty, only the general trend will be presented given that this variable was created a posteriori 
and that no planned comparisons could therefore be performed. Whiskers represent standard error (95% SE) 
and confidence intervals (95% CI). Horizontal black lines indicate post-hoc significance between factor levels. 
n.s. not significant, *p < 0.01, **p < 0.001, ***p < 0.0001.
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included 41 ± 13 saccadic Vmax recordings per subject in TU1, 46 ± 14 in TU2 and 44 ± 12 in TU3 condition. There 
was however no effect of temporal uncertainty (model ‘TU.rs1’, p = 0.469). Here also, no interaction between spa-
tial and temporal uncertainty was found (model ‘full.rs1’, p = 0.431, see Table 2). The Vmax of visually-guided sac-
cades was the largest when in the condition without experimental spatial uncertainty (see Fig. 4A) but remained 
independent from temporal uncertainty levels (see Fig. 4B).

The analysis of Vmax during catch trials can be found in the Supplementary Material (see Supplementary 
Table S6 as well as Supplementary Fig. S3 online).

Discussion
In the present study, the influences of expected spatial and temporal uncertainty on movement preparation and 
execution were estimated. We tested the hypothesis that the two types of uncertainty could interact (or not) and 
have a different impact during these two periods. Eye movements were used as operant responses, given their 
known sensitivity to spatiotemporal variables and higher order cognitive factors.

We found that during the FP, pupil dilation was significantly modulated by expected temporal uncertainty 
only and maximal for the higher level of TU. This observation suggests that subjects retrieved from memory the 
association between the star-like cue and the probability distribution of the IS45. Previous studies in decision-
making indicated that increased pupil dilation could correspond to higher cued uncertainty (46–48 but see49) 
and higher expected task difficulty50. In the current study, a higher difficulty to predict the onset of the IS could 
be associated with the TU3 condition, therefore causing a larger pupil dilation. However, a more parsimonious 
interpretation would be to suggest that subjects prepared to the earliest possible appearance of the IS. Given that 
pupil dilation controls the amount of light that enters the eye and therefore the sensitivity of the visual system 
to detect stimuli33, a stronger pupil dilation could be achieved in expectation of a stimulus that could appear 
earlier. Indeed, the temporal cue did not provide information about exact FP length but only informed about its 
kurtosis. Given that the TU3 cue indicated that the IS could appear as early as 975 ms after WS offset (see Fig. 1), 
an early increase in pupil size could occur. This is also in agreement with Akdoğan et al.27 who showed that the 
pupil could dilate earlier when the attended target could be expected sooner. An increase of pupil size in antici-
pation of a stimulus with lower temporal certainty was also observed by Shalev and Nobre51. It was interpreted 
as an adaptation of the level of arousal of experimental subjects to the experimental context where the ISI was 
either fixed, or variable.

At the end of the variable foreperiod, the imperative stimulus evoked a saccadic eye movement to the ‘placer’ 
where the target appeared. We found that the latency of these visually-guided saccades was lengthened with both 
increasing spatial and temporal uncertainty. No statistical interaction between factors (SU and TU) was detected 
but exploratory analyses using CombU suggest an additive effect of both types of uncertainty. Furthermore, spatial 
uncertainty (but not temporal uncertainty) affected Vmax (see Fig. 4B). Vmax was previously reported to change 
based on mental fatigue52, arousal53,54, reward55,56, intrinsic value57 and economic utility58. Here, we show that it 
could covary with expected spatial but not temporal uncertainty. It could be suggested that during movement 
execution, temporal information was no longer relevant. Indeed, temporal information could be crucial when 
the timing of the movement has to be prepared and manifests itself on movement latency. However, there was no 
constraint to precisely time the saccade to the position where the target was briefly presented. Therefore, temporal 
information was not relevant to gaze at the final position of the IS. The position of the IS could be represented 
in the premotor map present in the deeper layers of the superior colliculus (SC). It has been shown that spatial 
uncertainty could alter the representation of the saccade goal on this collicular map61 and that saccadic Vmax 
could be modulated by variation of neural activity in the SC59,60. Therefore, we suggest that spatial uncertainty 
could alter Vmax by modulating neural activity at the locus of SC activation.

Figure 5 shows a schematic representation of statistical effects on behavioral responses during the different 
steps of the task in the present study. During target expectation, only temporal uncertainty modulated pupil 

Figure 4.   Average Vmax of visually-guided saccades for different levels of spatial (A) temporal (B) and combined 
uncertainty (C). Whiskers represent standard error (95% SE) and confidence intervals (95% CI) of the mean. 
Horizontal black lines indicate post-hoc significance between factor levels. n.s. not significant, *p < 0.01, 
**p < 0.001, ***p < 0.0001. For combined uncertainty, only the general trend is presented.
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size. After IS appearance, saccadic latency increased with both uncertainties. However, movement execution was 
affected only by spatial uncertainty.

We suggest that there could be a prioritization of the most relevant information at different steps during the 
task. Indeed, during the FP temporal preparation was more relevant and spatial uncertainty had no significant 
effect. This could explain the discrepancy with previous results where an influence of expected spatial uncertainty 
on pupil dilation was observed in a context without temporal uncertainty22.

During the FP, spatial uncertainty was downplayed but the cue could have been stored in working memory. 
This independence of temporal and spatial expectations are in contrast to what was suggested based on results 
obtained in a visual orientation discrimination task by Rohenkohl et al.31. However, this could be related to the 
use of a simple reaction time task in the present study32. Indeed, the potential spatiotemporal interaction could 
depend on the task at hand and not occur in simple RT tasks62,63. After the appearance of the IS but before saccade 
onset, a lingering temporal expectation and a (now) relevant spatial uncertainty probably added their effects. 
Indeed, the content of spatial working memory (expected spatial uncertainty) was retrieved and altered saccadic 
latency. Finally, the modulation of Vmax exclusively by spatial uncertainty shows that temporal information was 
not relevant during movement execution. Indeed, the target had been briefly displayed previously and estimating 
its timing based on prior information was therefore not necessary any more.

It could be suggested that the memorization and use of the temporal uncertainty cue during the FP was 
associated with a greater mental effort than for the spatial cue. Therefore, pupil dilation was larger in the TU 
conditions. It has been shown previously that human subjects can learn different types of probability distribu-
tions if they are associated with an explicit cue64. However, it cannot be ruled out that this is more demanding 
than in the spatial domain. Concerning the influence of the CombU variable, it should be stressed that it provides 
some interesting insights for future experiments. However, this variable was created a posteriori, and it was not 
designed as an independent factor beforehand (see65). Therefore, the interpretation of the impact of CombU is 
limited but suggests that in extreme cases, there could be an interaction between factors. Nevertheless, we cannot 
statistically support this statement.

In conclusion, results of the present study illustrate how the brain could flexibly use spatiotemporal ‘known 
unknowns’ as a function of task context.

Data availability
The datasets generated during and/or analyzed during the current study are available from the corresponding 
author on reasonable request.
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