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Our ability to predict temporal events (TP) is dynamically modulated by contextual factors (i.e., 
different predictive contexts) and closely intertwined with emotional states, shaping our adaptive 
responses within the environment. While studies have extensively probed how emotions distort time 
perception, their impact on predictive ability remains unexplored. Here, we investigated emotions’ 
impact on temporal prediction. Participants (N = 23) completed a standard implicit TP task and its 
emotional version (TP-E), using positive (i.e., joy), negative (i.e., fear), and neutral faces as visual 
stimuli. Reaction times (RTs) to the target were recorded in two predictive contexts: rhythmic (i.e., 
interstimulus intervals (ISIs) were constant, 900 ms) and single-interval condition (i.e., target’s timing 
estimation was based on the prior exposure of the train of stimuli) and random (no-time context). 
We found a specific decrease in RTs, in the single-interval context, when fearful stimuli were used, 
compared to neutral stimuli. This suggests that negative emotion influences temporal prediction, 
aligning with emotional adjustments in processing threatening situations, including modulation of 
physiological arousal, cognitive appraisal, and time estimation. Indeed, such modulation of RTs, 
specifically in the single-interval condition, may be attributed to improved memory and attention, 
essential cognitive abilities for single-based predictions, enhanced by the exposure to fearful stimuli.
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The inner sense of time in humans is a highly flexible system that allows adaptive responses to the environment. 
Our perception of elapsed time is not always the same, bottom-up (e.g., physiological arousal) and top-down 
(e.g., attention or cognitive evaluation of stimuli) mechanisms distort its representation (see1). This dynamic 
modulation of temporal perception makes this ability crucial for social interaction2. A strand of studies using 
various standardized emotional stimuli (e.g., facial expression, scenic picture, sound, and video) has indicated a 
substantial alteration in the perception of elapsed time induced by emotions3–6. The emotion-induced distortions 
have been studied using different temporal paradigms such as time estimation, time reproduction, and duration 
discrimination7, leaving the role of emotion in temporal prediction unexplored.

Humans use temporal information to shape behaviour extracting the temporal regularities of an event to 
predict its future timing properties8. This ability is dynamically modulated by contextual features (i.e., different 
predictive contexts): rhythmic (e.g., speech or music) or memory-based (e.g., the interval between a green and 
red traffic signal)9. Studies using functional magnetic resonance imaging (fMRI)10,11 and non-invasive brain 
stimulation techniques12–14 have elucidated that a large network dealing with temporal prediction includes 
action- and attention-related cortical areas and subcortical structures, such as basal ganglia and cerebellum. 
Going deeper into the role of subcortical structures in temporal prediction, a recent work has revealed a double 
dissociation in neural processes underpinning this ability in a context-dependent manner; basal ganglia has been 
involved in the formation of temporal predictions in a rhythmic context and cerebellum in building temporal 
prediction based on single-interval association9,14. Specifically, the cerebellum has been observed to be crucial 
during the building of prediction for longer stimuli (e.g., 900 or 1000 ms of interstimulus intervals (ISIs)) in a 
single-interval context, integrating the representation of time interval stored in memory with the elapsed time14.
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In keeping with this contextual dichotomy in the temporal function, it could be assumed that basal ganglia 
and cerebellum could participate differently in the modulation of relevant temporal patterns during an emotional 
event. Indeed, both basal ganglia and cerebellum have been proven to be involved in all components of human 
emotions, making temporal prediction potentially largely susceptible to emotional-related information15. The 
basal ganglia have been described to have a role in synchronising cortical and subcortical structures processing 
relevant information to automate response selection15. Basal ganglia’s role in extracting recurrent emotional 
sequences could be relevant in rhythmic temporal prediction to automate the motor response during temporal 
processing. The cerebellum, instead, would more likely modulate emotional processing by encoding subtle 
differences in irregular temporal patterns embedded in context. Hence, its ability to create internal temporally 
structure events would allow an effective processing of salient parameters for proper emotional processing15. 
It could be assumed that the cerebellum could fine-tune the emotional and temporal salience to optimize the 
selection of motor response. Such integration could be pivotal in a memory-based context such as the single 
interval adopted here.

From these observations, theoretically, emotions may influence temporal prediction ability, potentially 
observable in both rhythmic and memory-based predictive contexts. However, there exist other differences 
in the neural processes underlying temporal prediction in rhythmic or memory-based contexts, which may 
influence the effects of emotion over temporal prediction ability. Whereas rhythmic contexts minimize memory 
demands because temporal information is embedded in the sensory stream, timing isolated intervals depends 
on a memory representation of the target interval. This is supported by the finding that isolated interval, but not 
rhythmic temporal prediction is hampered by a concurrent working memory load16,17.

Relative to emotionally induced responses, negative stimuli, such as fear, when compared to neutral or 
positive ones, have been shown to enhance episodic memory for temporal information and to elicit a greater 
engagement of attentional resources18. Consequently, negative stimuli hold a privileged position in memory, 
leading to a richer encoding and more effective recall18,19. Theoretically, the influence of emotions over memory 
and attention could make temporal prediction in a memory-based context more susceptible to changes in 
performance in emotional (particularly negative) situations.

Here, we investigated the effect of emotional stimuli on temporal prediction. Twenty-three subjects were 
exposed to two versions of an implicit temporal prediction task: the standard temporal prediction task (TP) 
(adapted by9) and the emotional version of the TP task (TP-E). In TP-E task we tested whether the exposure 
to fear, joy, and neutral faces (Facial Action Coding System, FACS) influenced temporal prediction. In both 
tasks, reaction times (RTs) to the target were recorded in three predictive contexts: rhythmic (i.e., interstimulus 
intervals (ISIs) were constant, 900 ms) and single-interval condition (i.e., the estimation of the timing of the 
target was based on the prior exposure of the train of stimuli) and random (no-time context).

According to the evolutionary significance of emotionally induced responses, which heighten sensory, motor, 
and cognitive responses20, we hypothesize that emotional stimuli processing may improve the formation of 
temporal prediction, in predictive temporal contexts, likely fastening RTs, compared to neutral ones. However, 
we expect that fear-inducing stimuli would exert a greater impact on the formation of temporal predictions, 
compared to joy stimuli. Notably, negative emotions (such as fear and/or anger), increase the output from an 
amygdala-centered “pre-attentive threat evaluation mechanisms” and skew attention toward threat-related 
stimuli21.

Finally, it can be reasonably argued that random (in which no prediction is required) and rhythmic contexts 
would not be affected by such improvement in temporal prediction ability. Specifically, fear-induced responses, 
are also marked by increased engagement of attentional resources and improved episodic memory for temporal 
information. Indeed, in the rhythmic context, the influence of the emotional content of the stimuli may be less 
relevant, considering that this context is less dependent on attention and memory, as it comprises an automatic 
processing of temporal information that may remain unaffected by emotional processing.

Materials and methods
Participants
Twenty-three subjects took part in the study (Female: 13; mean age ± SD: 23.1 ± 2.2 years). Participants were 
right-handed according to the standard handedness inventory22, had normal or corrected-to-normal vision, 
intact colour vision. Subjects with professional musical training or engagement in amateur-level musical 
activities (within the 3 years preceding the experiment)9 were not included in the study.

All participants were naïve to the purposes of the experiment and, prior to participation, provided written 
informed consent. The experimental protocol received approval from the ethics committee at the University of 
Genoa and was conducted in accordance with legal requirements and international standards outlined in the 
updated Declaration of Helsinki (2001)23. The sample size for our within-subjects experiment was determined 
a-priori considering the mean sample size of previous studies reported in a recent meta-analysis on the effect of 
emotion on time perception7.

Procedure
The experiment took place in a quiet room, participants sat comfortably at 60  cm from the screen. Stimuli 
presentation and response acquisition were controlled using E-Prime software (E-Prime 3.0, ​h​t​t​p​:​/​/​w​w​w​.​p​s​t​n​e​t​.​
c​o​m​/​e​p​r​i​m​e​​​​​)​. They were required to complete two computerized tasks related to temporal prediction: a standard 
temporal prediction (TP) task and an emotional temporal prediction (TP-E) task, in two separate sessions (one 
week apart (7 ± 2 days)).
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Temporal prediction (TP) task
The temporal prediction task used in this study was adapted from that proposed by Breska and Ivry (2018). 
Each trial started with two or three red squares, followed by a fixation cross (served as a Warning Signal (WS)), 
and then a green square (served as a target). The red squares, the WS and the target were displayed on a 17-inch 
computer screen, for 100 ms (∼3.5° visual angle per side). Participants were asked to press with the right hand 
the spacebar on the keyboard as quickly as possible once the target appeared. The trials were divided into blocks 
that differed in their temporal structure: random, rhythmic, and single-interval. The interstimulus intervals 
(ISIs) between the stimuli changed according to the temporal features of the block, but the ISI between the WS 
and the target was fixed, across all blocks, at 900 ms. In the rhythmic block, each trial was composed of three 
red squares, followed by the WS and the target, and ISIs between all stimuli were always the same (i.e., 900 ms); 
in this condition, all stimuli appeared rhythmically, thus, the target timing was fully predictable. In the single-
interval block, each trial consisted of only two red squares, instead of three, followed by the fixation cross and the 
target. The ISIs between the first two red squares and the WS, as well as the one between the WS and the target, 
were fixed at 900 ms. However, the ISI between the last red square and the WS was varied randomly, with a mean 
duration of 2.5 times the WS-target interval (900 ms), resulting in an average of 2.250 ms (jittered variations: 
−13.3%, − 6.6%, 0%, + 6.6%, + 13.3% of 2.250 ms). In each trial, due to this jittered window, the rhythmicity of 
the stimuli train was interrupted, and the timing prediction of the target was influenced by the ‘beat’ established 
by the repetition of the fixed interval between the two red squares24.

In the random block, each trial was composed of three red squares, followed by the WS and the target. The 
ISIs between all stimuli, except for the WS-target interval, were randomly jittered around 900 ms (− 33.3%, 
− 16.6%, 0%, + 16.6%, + 33.3%, uniform distribution). In this block, the timing of the target was unpredictable 
due to the variability of the intervals.

Before the experimental session, participants performed a practice session of the TP task. The practice session 
encompassed three blocks (random, rhythmic, and single-interval blocks, 8 trials). After the practice session, 
the experimental session started including the three blocks (random, rhythmic, and single-interval). Each block 
consisted of 16 trials (i.e., 16 for random, 16 for rhythmic, 16 for single interval conditions). The order of the 
block was randomized across participants. Four trials (25%) were catch trials to minimize the anticipatory 
responses. Each time participants responded too late (3 s from target onset), too early (before the onset of the 
target) or they responded on a catch trial, a feedback message was sent to the screen.

Emotional temporal prediction (TP-E) task
In the TP-E task, we replaced the visual stimuli used in the TP task with fearful, joyful, and neutral facial stimuli 
from the Facial Action Coding System database25. The stimuli have been displayed on a 17-inches computer 
screen (4.0° [width] × 6.13° [height]) for 100 ms. The stimuli selected from the FACS database were ovalized to 
exclude any bias in emotional recognition due to facial external features (e.g., hairstyle, ears)26.

Additionally, to control for potential confounding factors related to the low-level visual features of the stimuli, 
first we ensured consistent visual presentation by controlling the refresh rate of the screen via a photosensor and 
matching it for all the images (data processed via E-Prime 3.0). Furthermore, we kept constant the size of the 
images (4.0° [width] × 6.13° [height]) for all conditions27 and for the FACS stimuli, they were presented in 8-bit 
grayscale, removing potential confounds due to the color tone.

To further rule out bias due to other visual features, we calculated contrast and luminance for each FACS 
image using MATLAB. To quantify luminance, we calculated the mean pixel intensity for each image, while the 
contrast was calculated as the standard deviation of the pixel intensities; a higher contrast value indicates an 
image with more variation. Test-t between the two emotions (fear vs. joy), revealed no significant difference in 
the luminance (197.3 ± 8.6, 202.2 ± 4.06 p = 0.19) and contrast values (68.7 ± 8.8, 63.9 ± 10.11 p = 0.24).

Noteworthy, twenty-eight participants (mean age ± SD: 24.0 ± 3.2 years), not included in the main study, 
evaluated these stimuli, completing a questionnaire for all the images used in the TP-E task, for ensuring that 
that stimuli were accurately judged in terms of arousal and valence. Ratings for valence and arousal were assigned 
on a Likert scale ranging from 1 to 9. A score of 1 signified ‘completely unpleasant,’ progressing to 9 indicating 
‘utterly pleasant’ for valence. Likewise, a rating of 1 represented ‘lack of arousal,’ while a score of 9 reflected ‘high 
levels of arousal’ on the arousal assessment scale.

During the TP-E task, two or three faces appeared on the computer screen followed by a scramble (served 
as a Warning Signal (WS)) and a face with glasses (served as a Target) (Ref28). The target pictures were made by 
modifying FACS stimuli chosen as visual stimuli in the experiment. The WS images were created by the same 
FACS stimuli, pixelated, and scrambled with GIMP software (GIMP 2.10; http://www.gimp.org).

The instructions given to the participant, the temporal structure of the blocks (i.e., random, rhythmic and 
single-interval), the ISIs chosen for each trial, and the structure of the trials were identical to those for the TP 
(for the details see the task description in the “Temporal prediction (TP) task” paragraph). As in TP, participants 
were instructed to press the spacebar as soon as they saw the target (i.e., face with glasses). Differently, trials were 
also organized into blocks that varied in their emotional content (e.g., random fear, random joy, and random 
neutral). Within each block (e.g., random fear), all stimuli shared the same emotional expression, including 
the target (e.g., fear). The practice session consisted of three blocks (random, rhythmic, and single-interval). In 
each block (e.g., random), there were 4 trials per emotional category (i.e., fear, joy and neutral, 1 catch trials for 
emotion, 25%), for a total of 12 trials for emotion (e.g., random fear, rhythmic fear, single-interval fear). After the 
practice session, the experimental session started. It included the three blocks (random, rhythmic, and single-
interval) divided for the emotional stimuli used in the trials; Each block consisted of 24 trials, divided into 8 
trials per emotion (including 2 catch trials per emotion, 25%). The total number of trials were 72 (24 random, 24 
rhythmic, 24 single-interval) (Fig. 1). The order of the block was randomized across participants.
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Data analysis
We collected the reaction time (RTs) in response to the target. RTs shorter than 100 ms or longer than 3000 
ms were discarded (2% of the trials no significant difference between conditions) (see24). The RTs from the 
remaining trials were log-transformed to reduce the skewness inherent in RT distribution9. Trials were then 
discarded if the transformed RT was more than three SDs above or below the mean transformed RT, separately 
for each condition and target interval (0.5% of trials no significant difference between conditions).

Statistical analysis
Firstly, we used the Shapiro–Wilk test to evaluate if all variables were normally distributed and the Mauchly’s test 
to verify if the sphericity was respected.

Valence and arousal
The mean valence and arousal ratings of the emotional stimuli, obtained from a preliminary experiment 
(conducted with twenty-eight participants, not included in the main study) were analyzed using nonparametric 
Friedman ANOVAs, with Emotion (3 levels: Fear, Neutral, and Joy) as a within-subject factor. Post-hoc 
comparisons were conducted using the Wilcoxon signed-rank test, and effect sizes were estimated using the 
Kendall’s W coefficient for the ANOVA and the r coefficient for the post-hoc tests.

Reaction times
For RT, mean log RTs data of the TP-E task were analyzed via 3 × 3 × 2 RM ANOVA with Emotion (3 levels: Fear, 
Joy, and Neutral), and Predictive context (3 levels: Random, Rhythmic, and Single-Interval) as within factors.

Fig. 1.  Overview of the experimental procedure and task design. Participants completed a practice block 
followed by an experimental block, including the two tasks (i.e., Temporal Prediction (TP) (left panel) task 
and Emotional Temporal Prediction (TP-E) task (right panel)) in two separate sessions (7 ± 2 days). Both 
tasks include three temporal conditions: (i) “random”, the stream was aperiodic, and no prediction on target 
appearance can be done; (ii) “rhythmic”, the stream was periodic, and the appearance of the target was fully 
predictable and (iii) “single-interval”, the target appearance was predictable based on aperiodic repeated 
presentation of pairs of stimuli that defined the target interval. In each condition, participants were instructed 
to press the spacebar when the target appeared (a green square for the TP task, and a face with glasses for the 
TP-E task). The interval shown in the figure indicates the intervals between successive stimuli within each 
condition. These intervals are variable according to the temporal feature of the block (i.e., random, rhythmic, 
and single-interval). In all conditions, however, the interval between the warning signal (WS) and the target 
was fixed at 900 ms, and the duration of each stimulus was 100 ms. WS, warning signal; ISI, interstimulus 
interval. Faces depicted in the right panel (TP-E task) were taken from the Facial Action Coding System 
(FACS) database25, copyright information available in25.
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Then, to exclude baseline differences due to the complexity of biological stimuli (i.e., faces) compared to 
simple geometric shapes (i.e., squares), we compared the mean log RTs data of the TP task with the neutral 
condition of the TP-E task. Hence, we conducted a 2 × 3 × 2 RM ANOVA with Task (2 levels: TP, TP-E Neutral) 
and Predictive context (3 levels: Random, Rhythmic, and Single-Interval) as within factors.

Statistical analyses were performed using Jamovi [The jamovi project (2021). jamovi (Version 1.6) [Computer 
Software. Retrieved from https://www.jamovi.org]. The significance level was set at p < 0.05 and significant 
interactions were analysed using post-hoc comparisons with Bonferroni correction for multiple comparison.

Results
Ratings of valence and arousal are reported in Table 1. Friedman ANOVAs conducted on mean ratings of arousal 
and valence were found to be statistically significant (arousal: χ2 = 40.0, W = 0.49, valence: χ2 = 45.50, W = 0.56 
all p < 0.001). Post-hoc analysis revealed that valence scores for fear were significantly lower compared to those 
for joy and neutral stimuli, while joy scores were significantly higher compared to neutral and fear stimuli (all 
p < 0.001, all r > 0.55). Additionally, for arousal, neutral images (all p < 0.009) exhibited significantly lower arousal 
scores compared to joy and fear stimuli and arousal scores for joy were significantly higher than those for fear 
and neutral (all p < 0.001, all r > 0.73).

The effect of emotions on temporal prediction ability
The RM ANOVA on mean log RTs obtained from the TP-E task revealed a significant effect of Predictive context 
[F (2,44) = 16.30; p = 0.00, ηp2 = 0.42]. Post hoc analysis of the main effect revealed shorter RTs in the rhythmic 
condition (2.40 ± 0.01) compared to single-interval (2.42 ± 0.02, p = 0.03) and random ones (2.46 ± 0.01, p = 0.00). 
Furthermore, we found a significant Emotion × Predictive context interaction [F (4,88) = 3.95; p = 0.005, 
ηp2 = 0.15]. Post hoc analysis of the Emotion × Predictive context interaction showed that in the single-interval 
predictive context, RTs were shorter in the fear situation (2.41 ± 0.02) compared to neutral ones (2.44 ± 0.01, 
p = 0.01).

No significant differences between the emotional situations were found in the rhythmic context (p > 0.05). In 
the random context, log mean RTs were increased in the joy situation compared to the neutral one (2.47 ± 0.01, 
2.44 ± 0.01, p = 0.00). No significant differences were found between joy and fear situations (p > 0.05) (Fig. 2).

Furthermore, the post hoc analysis of the Emotion × Predictive context interaction showed also that log 
mean RTs for joy and fear in rhythmic (2.40 ± 0.021, 2.40 ± 0.019). and single-interval (2.42 ± 0.020, 2.41 ± 0.02) 
contexts were similarly reduced with respect RTs for joy and fear in the random context (2.47 ± 0.15, 2.46 ± 0.018).

Fig. 2.  Mean log reaction times (RTs) data. Results of the significant interaction Condition × Predictive 
context, RTs were shorter in the neutral condition compared to the joy in the random context. For the single-
interval context, RTs were shorter in the fear condition compared to the neutral one. Error bars represent SEM. 
**p ≤ 0.01, ***p ≤ 0.001. The values plotted are the minimum and the maximum (whiskers), the median, the 
25th percentile and the 75th percentile   (hinges).

 

Fear Joy Neutral P-value

Valence 3.41 ± 1.13 7.29 ± 1.21 4.12 ± 1.23 < 0.001

Arousal 4.60 ± 2.01 6.51 ± 1.56 2.92 ± 1.51 < 0.001

Table 1.  Mean ratings (mean ± SD) of valence and arousal for the three emotions (fear, joy, and neutral).
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No other main effects or Interactions were significant In the ANOVA (all p > 0.05).

The effect of biological stimuli (FACS) vs. non biological stimuli on temporal prediction ability
Mean log RTs obtained from TP task were compared to that obtained from TP-E with the neutral situation. 
The RM ANOVA on mean log RTs revealed a significant effect of Task [F (1,22) = 8.11; p = 0.00; ηp2 = 0.26]. Post 
hoc analysis of the main effect disclosed that RTs during the TP were decreased compared to the TP-E neutral 
(2.39 ± 0.01, 2.42 ± 0.01, p < 0.001) (Fig. 3).

Furthermore, the analysis showed again, as in the TP-E task, a significant effect of Predictive context [F 
(2,44) = 21.43; p = 0.00; ηp2 = 0.49]. Post hoc analysis revealed that log RTs were shorter in the rhythmic context 
(2.38 ± 0.012) compared to the random (2.43 ± 0.014, p = 0.00) and the single-interval one (2.42 ±, p = 0.00) 
(Fig.  4). No interaction Predictive context × Task was significant in the ANOVA (p > 0.05). These findings 
suggest that in general, a simple shape target fastens RTs, but this doesn’t influence temporal prediction per se.

Discussion
In this study, we investigated whether emotional stimuli, specifically fear and joy, influence temporal prediction. 
We utilized an emotional version of a temporal prediction (TP) task, as previously described by Breska and 
Ivry (2018). Our objective was to determine if the presentation of facial stimuli depicting positive and negative 
emotions (joy and fear)25 modulates temporal prediction compared to neutral facial stimuli. We hypothesized 
that emotional stimuli would impact motor responses in a time-dependent manner.

The main finding of our study is the one related to the influence of emotional stimuli on temporal prediction 
ability. Accordingly, to our a priori hypothesis, our results show a specific decrease of RTs, in the single-interval 
task, when fearful stimuli were used, with respect to neutral stimuli. Differently, from our a priori hypothesis we 
also found a specific increase in RTs for joy stimuli in the random context (i.e., no-time condition) compared to 
neutral stimuli.

It’s important to note that the emotional valence of the stimuli used in the TP-E task was validated 
independently. Specifically, twenty-eight participants not included in the main study, evaluated the valence and 
arousal of the stimuli used. For valence, fear FACS were judged significantly unpleasant compared to neutral 
and joy ones. Furthermore, joy FACS displayed significantly higher valence ratings compared to fear and neutral 
stimuli.

Fig. 3.  Mean log Reaction Times (RTs) data. Results of the main effect of Task, RTs were shorter in the TP task 
compared to the TP-E neutral one. Error bars represent SEM. ***p ≤ 0.001. The values plotted are the minimum 
and the maximum (whiskers), the median, the 25th percentile, and the 75th percentile  (hinges).
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The effect of emotion on temporal prediction ability
Predictive contexts: single-interval and rhythmic
Our finding concerning the motor response facilitation for fear stimuli, compared to neutral and joy, in the 
single interval context aligns with previous research suggesting that decreased RTs may reflect enhanced motor 
system readiness in the context of the processing of negative emotion29. As an example, we recently investigated 
the capacity to process emotional body postures in a three-choice categorization task29. Our findings showed 
significantly decreased RTs for pictures depicting fearful (i.e., negative) body postures when compared with 
happy (i.e., positive) or neutral postures. Furthermore, RTs to negative body postures were not significantly 
different from RT to negative scenes taken from the International Affective Picture System (IAPS), suggesting a 
general augmented processing speed and resource allocation for fearful stimuli belonging to different categories.

Negative emotional stimuli have been demonstrated to modify early components of event-related potentials 
already after 100 ms of stimulus initiation, indicating a quick allocation of attentional resources30,31. The 
“negativity bias” for negative emotional stimuli has been reported for brain regions involved in emotion 
processing (e.g., the amygdala, the orbitofrontal cortex, or the insula) but also for motor areas involved in motor 
representation and planning (e.g., premotor cortex, supplementary motor area, and parietal cortex), and the 
primary motor cortex32,33. Early activation of sensorimotor regions is assumed to be the neurophysiological 
correlate of the rapid motor response observed in response to negative emotional stimuli29,33. Notably, enhanced 
readiness of the motor system is supposed to represent just one of the corollaries of emotional adjustments in 
the processing of threatening situations, including physiological arousal and cognitive appraisal34,35. Moreover, 
the modulation of temporal perception is one of these emotional adjustments attributed to readiness for 
threatening situations in emotional contexts (for a review see4). Specifically, studies, using aversive or negative 
emotional stimuli (faces with an emotional expression of fear or anger), have pointed out that the exposure to 
these stimuli induces an overestimation of elapsed time in time judgment tasks5,36. This behavioral response has 
been explained considering the internal-clock model of interval timing37–39. This model claims the existence of 
different stages underlying the perception and the estimation of time, positing the existence of an internal “clock” 
in the brain, regulating the sense of time. Time representation originates in a pacemaker-accumulator system; 
the pacemaker emits pulses at a constant rate that are counted in the accumulator. The greater the number of 
accumulated pulses is, the longer the duration is judged to be4. In addition, the content of the accumulator is 
retained in working memory and compared with stored duration in long-term memory to build time judgment 
(memory and decisional stages)4,37,39,40. In the context of the relation between time and emotion, the idea is that 

Fig. 4.  Mean log Reaction Times (RTs) data. Results of the main effect of Predictive context, RTs were 
shorter in the rhythmic condition compared to the random and the single-interval one. Error bars represent 
SEM. ***p ≤ 0.001. The values plotted are the minimum and the maximum (whiskers), the median, the 25th 
percentile, and the 75th percentile (hinges).
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the internal clock speeds up in emotional contexts representing threatening situations, thus causing more pulses 
to accumulate for the same physical unit of time4. When the clock runs faster and more pulses are accumulated, 
the duration is judged longer.

Here, even if we did not explicitly assess time judgment using ad hoc protocol, such as temporal discrimination 
task, the facilitation of RTs for fear in the single-interval context could be explained in the framework of the 
internal clock model. We can infer, from our result, that RT decrease in temporal prediction, in fear situations, 
could be linked to increased readiness that indeed occurs in threatening situations. Moreover, we can also 
hypothesize that modulation of temporal perception, in terms of an overestimation of elapsed time, may have 
facilitated a decrease of RT in a temporal prediction task. This latter hypothesis should be properly addressed 
in a study combining time judgment and temporal prediction. In favour of our hypothesis, the overestimation 
effect of anger and fear on the perception of time was supposed to result from an automatic process linked to 
dopamine activity which allows humans to anticipate an event by preparing them to act quickly4. The more 
rapidly time passes, the sooner humans are ready to act. This speculation is largely consistent with our findings 
of reduced RTs in temporal prediction when the fear stimuli were used.

It is noteworthy to underlie that RTs decrease with fear stimuli was observed only when temporal prediction 
was based on an interval representation (i.e., single-interval context) and not when the prediction was derived 
from a rhythmic stream. Hence, in rhythmic context, there was no significant difference between emotional (fear 
and joy) and non-emotional (neutral) stimuli, suggesting that when temporal regularity is strongly established 
the predictability of the task itself overrides any modulation by emotional valence or arousal. Indeed, this is the 
only temporal context where RTs for neutral stimuli were comparable to those for emotional stimuli.

One possible explanation could be related to the fact that single-interval-based predictions are strongly 
dependent on cognitive abilities, such as attention and memory41. Negative emotions have been demonstrated 
to influence to the greatest extent cognitive functions such as memory or attention with negative context 
benefitting from prioritized processes in memory, compared to neutral ones, richly encoded, and recollected42,43. 
Furthermore, studies, exploring the influence of emotion on memory for temporal information, have underlined 
that negative stimuli also enhance a greater episodic encoding and recall for the temporal information of those 
stimuli, compared to positive and neutral ones18,19. When confronted with angry or fearful faces, the acceleration 
in clock speed described above in temporal estimation is accompanied by increased attention to the duration 
dimension of those stimuli associated with the fear-provoking event (for a review see4). It could be inferred that 
our result about the improvement in predictive ability (i.e., decrease in RT) for fear in the single-interval context, 
compared to neutral and joy, could also reflect enhanced attention to the duration dimension of the stimuli and 
an improvement in mnemonic encoding and recall for temporal information for negative stimuli. It is important 
to emphasize that there was no statistically significant difference between joy and fear in the single-interval 
context, which aligns with previous studies suggesting that both positively and negatively valenced arousing 
stimuli typically lead to transient overestimations of temporal durations7. Notably, the magnitude of this effect 
is generally larger for negative stimuli44 .In this case (e.g., memory-based context), our finding supports the idea 
that fear holds a privileged position, compared to joy, in memory and attention, potentially enhancing temporal 
prediction abilities in this context.

The second possible explanation could rely on the different cortical-subcortical networks implicated in 
temporal prediction in the two different contexts (interval-based vs. rhythmic)9. A pivotal role of the cerebellum 
in interval-based predictions has also been shown by Breska and Ivry (2018)9 and supported by other works in 
patients with cerebellar degeneration45,46 and in healthy subjects using neuromodulation14. In the last years, the 
hypothesis of cerebellar involvement in emotional processes has been reinforced47. Using emotional pictures, 
researchers have demonstrated cerebellar activations following the presentation of aversive pictures48, with 
temporal hierarchical processing of arousal and valence. Specifically, in the cerebellum, arousal was firstly 
processed (occurring in both vermal (VI and VIIIa) and hemispheric (left Crus II) lobules) followed by valence 
and its interaction with arousal (occurring in left V and VI lobules and Crus I)49. Arousal, specifically, has been 
identified as the component underlying the increased readiness response to threatening situations, as reported 
in response to expressions or body postures expressing fear or anger. Thus, we can assume that a preferred fast 
activation of the cerebellum in orchestrating the response to emotional stimuli may have facilitated temporal 
prediction in single-based predictions, that is when the cerebellum is preferentially engaged. It is worth noting 
that these two explanations are not mutually exclusive, and both hypotheses may theoretically explain the 
selective decrease in RT in temporal prediction based on an interval representation (single interval) when fearful 
faces were utilized.

No-predictive context: random
An equally important result to consider is the specific increase in RTs observed for joy stimuli in the random 
context (i.e., no-time condition), compared to neutral.

Excluding the temporal properties of the context, since in the random context there was no temporal 
information to be implicitly acquired, a possible explanation could be related to the influence of emotional 
arousal on reaction times. Here, the preliminary evaluation of the stimuli used in the study showed that joy 
FACS were rated as significantly more arousing than both neutral and fear FACS. The relationship between 
arousal and motor performance has been described as a curvilinear relationship50,51. This model50 described 
that motor or cognitive performance improves with physiological or perceived arousal, reaching the optimal 
performance at an intermediate level of arousal. When arousal levels become excessively high, performance 
tends to decline. Likewise, we observed that RTs were significantly faster for neutral stimuli perceived with low 
to intermediate arousal levels compared to joy and fear. Noteworthy, in this study, we performed a subjective 
self-rating evaluation and to strengthen our hypothesis related to arousal influence on motor responses in no 
predictive context, it would be interesting, in future studies, to record physiological responses related to arousal 

Scientific Reports |         (2025) 15:9884 8| https://doi.org/10.1038/s41598-025-87887-8

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


(e.g., skin conductance) since the subjective evaluation of arousal and his psychophysiological measure may be 
dissociated52.

Thus, in a random (non-predictive context), the absence of temporal structure appears to favour emotional 
neutrality, providing an advantage in terms of faster reaction times compared to positive emotional states. This 
might be because positive emotions, like joy, induce high-arousal processing of stimuli, increasing cognitive 
load. Conversely, in predictive contexts, arousal-driven mechanisms do not impair motor performance; on the 
contrary, emotions enhance temporal prediction. Indeed, RTs for joy and fear in predictive contexts (rhythmic 
and single-interval) were similarly reduced with respect to RTs for joy and fear in the non-predictive context. This 
suggests that emotions could support predictive anticipation of the temporal features of the stimuli, enhancing 
the ability to predict future events and to respond more efficiently to anticipated stimuli overshadowing the 
effect of arousal highlighted only in no predictive contexts. In the rhythmic context, where the predictive 
advantage is maximized due to the regular structure, all emotional stimuli are equally effective. Conversely, in 
single-interval contexts, where attentional and mnemonic demands are higher, the benefit is particularly evident 
for fear, which benefits from its strong role in mnemonic encoding within memory-based contexts, further 
amplifying its predictive utility.

The effect of biological stimuli on temporal prediction ability
To address differences in temporal prediction due to the complexity of biological stimuli (i.e., faces), we compared 
RT obtained in the classic TP task employing simple geometric shapes (i.e., squares), with RT obtained in our 
modified TP emotional task, only with neutral faces.

We found that in the classic TP task RTs were significantly reduced compared to the TP-E task. Such 
enhancement in RT could be explained by the perceptual complexity of FACS stimuli used in TP-E compared 
to the colored squares used in the TP task. Previous studies on perception have underlined the hierarchical 
structure of the visual system. Specifically, lower levels of visual processing are specialized in detecting simple 
features, while higher visual areas are engaged in processing complex stimuli53. The involvement of later stages 
of visual processing in the processing of complex stimuli, compared to simple ones, has a distinct impact on 
behavioral performance54. This idea has been explained by the “stimulus-complexity effect”55 on reaction times, 
whereby reaction times increase as the complexity of the stimulus increases.

Additionally, a further distinction could be attributed to the difference in the targets used in TP and TP-E 
tasks. In the TP task the target was a green square compared to a stream of red squares; in this scenario, changing 
the color could make it easier to distinguish the target from the other stimuli, and fasten motor readiness and 
response. In the TP-E the targets used were the same stimuli with the addition of a detail, the glasses. This could 
make it harder to identify the target, by elaborating on subtle characteristics of the target.

It can be assumed that the perceptual complexity of the stimuli and the targets used can have a significant 
impact on RT due to its influence on the demand for cognitive resources and the perceptual system’s ability to 
process complex features of the face.

This result seems to be at odds with a strand of literature showing that faces yield privileged processing 
in cortical and subcortical neural structures compared to other types of visual stimuli (for a review see56). 
Specifically, electroencephalographic studies have pointed out that faces with an emotional expression elicited 
an earlier neural response in a pre-attentional and automatic manner57,58. In visual processing, studies have 
underlined that emotion enhances perceptual processing per se59,60. Neurophysiological evidence reported that 
emotional stimuli induced an early freezing-like response in the motor system and later motor facilitation29,61,62.

However, it is noteworthy to underline that in the above-mentioned studies, FACS were compared to not 
embodied stimuli, as in our study. Moreover, at difference with our study, these stimuli were characterized by 
similar perceptual complexity (FACS vs. emotional scenes taken from IAPS). Here we used stimuli with simple 
shape (i.e., square), very easy to be process.

Limitation of the study
In this paragraph, we will discuss some limitations of the present study. First, we focused our experiment on 
two types of emotional FACS (i.e., joy and fear). It would be of interest in future studies to expand this research 
to other emotional states as anger or shame, or to another set of stimuli, embodied (bodily expression) or not 
embodied (emotional scenes, IAPS), and to systematically address valence and arousal effect on temporal 
prediction. Indeed, when the effect of emotion on time judgment was evaluated, it has been emphasized the 
importance of investigating in detail the dimensions of emotion, both arousal and valence, because the effects of 
emotion might change in a systematic fashion with dimension changes.

Second, we speculate that the cerebellum may be involved in mediating the decrease of RTs in interval-based 
predictions, when faces expressing fear were used as stimuli, given the quick involvement of the cerebellum 
in emotional processing, already at the arousal level and the specific role of the cerebellum in interval-based 
predictions. However, at this point, this remains a pure speculation, and to address the neuroanatomical network 
involved in temporal prediction in an emotional context is a topic to be addressed in future studies.

Third, to study temporal prediction in different temporal (single-based and rhythmic) and emotional (fear, 
happiness, etc.) contexts in patients with basal ganglia or cerebellar disorders would elucidate the role of these 
subcortical structures in modulating temporal prediction ability, also in relation to emotional stimuli.

Conclusions
In this study we demonstrated, for the first time, that negative emotion influences temporal prediction, with RTs 
decrease in the fear situation when temporal prediction was based on an interval representation (single-interval) 
and not when the prediction was derived from a rhythmic stream.
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Increased motor readiness, represented by a decrease of RTs, aligns with emotional adjustments in processing 
threatening situations, including modulation of physiological arousal, cognitive appraisal, and time estimation. 
Indeed, such modulation of RTs, specifically in the single-interval condition, may be attributed to improved 
memory and attention, essential cognitive abilities for single-based predictions, enhanced by exposure to fearful 
stimuli.

Data availability
The datasets used and analysed during the current study available from the corresponding author on reasonable 
request.
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