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As the cerebellum is involved in vestibular and time-keeping processes, we asked if the latter are related. We conducted three experiments to investigate the effects of vestibular stimulation on temporal processing of supra-second durations. In Experiment 1, subjects had to perform temporal productions of 10- and 15-s intervals either standing on both feet or while being engaged in the difficult balancing task of standing on one foot with their eyes closed (or open for control purposes). In Experiment 2, participants were required to produce intervals of 5, 10, 15, and 20 s while standing on both feet with their eyes open or closed, which constituted an easier balancing task. In Experiment 3, we removed the active balancing; temporal productions of the same four durations had to be performed with the eyes open or closed during the passive vestibular stimulation induced by the oscillatory movements of a swing. Participants produced longer intervals when their eyes were closed, but active balancing was not the culprit. On the contrary, temporal over-production was particularly pronounced during the passive vestibular stimulation brought about by the swing movements. Taken together, the experiments demonstrate that the contraction of the subjective time during balancing tasks with closed eyes is most likely of vestibular origin.
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INTRODUCTION

Time perception is one of the integral components of human consciousness and experience. Being able to time events, judge their durations, and establish their temporal order is of central importance to adaptive behavior, outcome judgment, and effective decision-making. However, the subjective duration of an event, in addition to its actual physical duration, can be affected by a variety of external factors, such as emotional content of the stimulus (Grommet et al., 2011), intensity of the sensory signal (Wearden et al., 2007), and attentional allocation (Brown, 1997). The present study focuses on the role of vestibular stimulation in time perception, which has thus far received little attention.

A successful model in the field of time perception, at least during prospective timing, where subjects are informed in advance that the duration of the stimulus or the event should be judged, is the Scalar Expectancy Theory (SET). According to this model, there is a hypothetical internal clock consisting of a pacemaker, an accumulator, and a switch (Treisman, 1963; Gibbon et al., 1984). The pacemaker emits pulses at a certain rate, the accumulator encodes the emitted pulses, and the switch connects the pacemaker and the accumulator. When a duration is to be produced or estimated, the switch closes, which allows the pulses from the pacemaker to be collected by the accumulator. When a to-be-timed interval is over, the switch opens, thus cutting the connection between the pacemaker and the accumulator. The number of pulses collected by the accumulator serves as an estimate of how much time has elapsed during the interval. Finally, the collected pulses representing subjective time are compared against duration representations stored in the long-term memory, and the duration judgment is made (Matthews and Meck, 2016). The more pulses collected by the accumulator during a given actual time period, the longer the subjective duration of the to-be-timed interval is perceived to be (Wearden, 2005). Even though the neurobiological basis for such an internal clock has remained elusive, SET continues to be an effective theoretical model for the explanation of various phenomena of subjective temporal experience (Buhusi and Meck, 2005).

Physiologically and/or emotionally arousing events have been demonstrated to reliably accelerate the rate at which the pacemaker emits pulses, thus leading to the lengthening of subjective time. Stimuli containing more intense perceptual stimulation are judged to be longer in duration. For instance, filled auditory intervals are perceived to last longer than empty intervals (Thomas and Brown, 1974; Wearden et al., 2007). Likewise, auditory and visual stimuli preceded by trains of clicks (Penton-Voak et al., 1996) and flickering visual stimuli (Kanai et al., 2006) were overestimated in duration compared to their counterparts with less sensory intensity. Regarding emotional content, it has been shown that people overestimated the durations of faces depicting intense emotional expressions such as anger or happiness (Droit-Volet et al., 2004) and pictures evoking fear (Grommet et al., 2011). A similar effect was found with emotional auditory stimuli; people overestimated the duration of negative sounds compared to positive ones (Noulhiane et al., 2007). Additionally, more direct manipulations of physiological arousals, such as the administration of dopaminergic agents (Lake and Meck, 2013) or increasing the body temperature (Wearden and Penton-Voak, 1995), have led to the elongation of subjective time. Within the SET framework, the standard explanation of these effects is that the state of higher arousal increases the number of pulses generated by the pacemaker during a given physical unit of time, causing subjective temporal dilation.

The allocation of attentional resources between a timing task and a non-temporal secondary task also influences perceived subjective duration, which has been demonstrated in a number of experiments, where subjects had to perform a timing task and a concurrent non-timing secondary task. The more cognitively demanding and resource-intensive the task to be performed simultaneously with the temporal task, the more variable and shorter time estimations were (Thomas and Weaver, 1975; Zakay and Block, 1996). For example, with increasing levels of workload and complexity, produced time intervals became shorter and less accurate when subjects had to reproduce the duration of a text passage to which they were listening (Brown and Boltz, 2002). Likewise, being engaged in cognitive and motor tasks with increasing levels of difficulty leads to shorter estimates of perceived time in prospective paradigms (Brown, 1985, 1997; Zakay, 1998). The reasoning behind these findings is that as less attention is dedicated to the timing task, fewer pulses are encoded by the accumulator, which in turn results in shorter perceived durations. Note that also task-irrelevant information in the timing task itself can reduce accumulator performance (Thönes et al., 2018). Conversely, as more resources are allocated to temporal processing, the more pulses reach the accumulator, thus leading to temporal expansion.

What has come to play a prominent role in time perception research are theories of embodied cognition (Wittmann, 2014). Embodied cognition assumes that mental representations are situated in or referenced with respect to the body of the perceiver, and thus bodily changes of the latter should affect these representations (Leitan and Chaffey, 2014). For instance, still photographs depicting people, animals, and abstract images that are suggestive of dynamic motion were judged to be longer in duration compared to images with a standing posture, suggestive of a stationary body (Yamamoto and Miura, 2012). Similar effects of temporal overestimation were found with moving geometric forms, compared to stationary forms (Brown, 1995), with images of dancing sculptures featuring different intensities of implied dynamic motion (Nather and Bueno, 2011), and with animated drawings of a human walking at different speeds (Karşılar et al., 2018). This implies that the manipulation of visible body postures accelerates the rate of the pacemaker, which in turn produces more frequent pulses, thus dilating temporal experience.

In contrast to these examples of implied body motion, the investigation of the equivalent direct effects of actual bodily experience of the observer has received only limited attention in the time perception literature. A notable exception is a study where subjects had to wear a weighted backpack while performing a timing task of a visual stimulus. Perceived time was lengthened compared to the no-backpack condition, but note that this effect was observed when the to-be-timed stimulus was that of a backpack (Jia et al., 2015). The effect of the self-referential bodily experience on time perception was also demonstrated when subjects experienced an extended bodily discomfort induced by the submersion of the hand into cold water (Rey et al., 2017). Directing attention to oneself and/or the unpleasant bodily experience lengthened subjective time.

Considering the influence of physiological, attentional, and proprioceptive factors on subjective time, it is likely that the vestibular system likewise affects the pacemaker or the accumulator. In fact, the cerebellum, the subcortical brain structure, which is primarily responsible for motor coordination and vestibular control of balance, has been implicated in timing functions. Patients with damage to the cerebellum were more variable and less accurate in the production of rhythmic finger tapping and had poorer performance in duration discrimination tasks (Ivry and Keele, 1989). Similarly, Nichelli et al. (1996) reported impaired temporal discrimination for both sub-second and supra-second durations in patients who suffered from cerebellar degeneration. Consistent with these findings, repetitive trans-cranial stimulation over the left lateral cerebellum resulted in the overproduction of intervals in the sub-second range (Koch et al., 2007). When it comes to longer time intervals, however, the picture is less clear. Koch et al. (2007) failed to find similar effects for intervals in the supra-second range, whereas another study on patients with cerebellar lesions revealed that damage in the middle and superior cerebellum can lead to overproduction and underestimation of temporal intervals in this range, suggesting that impaired cerebellar activity slows down the pacemaker (Gooch et al., 2010). However, cerebellar involvement in the processing of supra-second durations awaits replication. Additionally, brain imaging studies suggested cerebellar activation during temporal processing tasks. Left lateral cerebellar activation was found to be prominent in fMRI studies, when participants were engaged in the temporal discrimination tasks of sub-second durations (Schubotz et al., 2000; Lewis and Miall, 2003).

Since the cerebellum is involved in the processing of vestibular and proprioceptive afferences (Rochefort et al., 2013), it seems plausible that vestibular activation or load would affect the mechanisms of time-keeping. Indeed, vestibular stimulation has been shown to affect temporal performance in a number of studies. One of the earlier studies on this topic exposed subjects to gravitational stress. They were seated in a cabin at the end of a centrifuge arm, pivoting in such a way that the force along the body’s gz-axis could be increased to 3 g. They had to reproduce temporal intervals of auditory tones of durations between 1 and 20 s by pressing and releasing a button. The reproduced intervals fell short of the stimulus durations in the 1 g control condition, and even more so under the gravitational stress induced by centrifugation (Frankenhaeuser, 1960). The author attributes the effect to reduced memory retention during centrifugation. Note that SET cannot easily explain this result. Changes in the pacemaker or accumulator should cancel out in reproduction tasks since perception and production should be equally affected. It appears that g-loading made subjects more impatient, if not forgetful, across the board.

A less complicated effect was found during otolith unloading, as tested in microgravity on three astronauts during a spaceflight mission. They first had to tap in synchrony with a metronome at inter-tap-intervals between 350 and 530 ms, which they successfully did. Then the metronome was turned off while they continued to tap. In microgravity the taps were faster than on the ground as if the pacemaker had sped up; additionally, it also led to increased variability of the inter-tap intervals (Semjen et al., 1998). More recently, the effect of vestibular stimulation on time perception was addressed by Capellia and colleagues (Capelli and Israël, 2007; Capelli et al., 2007). In one of their experiments, subjects were instructed to produce 1-s intervals by tapping a button before, during, and directly after being rotated by a mobile robot. The rotation could be at a constant angular velocity, at accelerating, or at decelerating rotation rates, and rotation would stop altogether between rotation phases. Inter-press intervals were not affected by the rotation per se or by the different velocity profiles; however, the intervals produced were more variable in all rotation conditions. The same observation was reported in another experiment using the same task of pushing a button each second, during the linear movement. Despite the clear effect of the vestibular stimulation on the accuracy of timed motor production, no systematic bias of pacemaker or accumulator was found in these studies. Furthermore, the increase in variability can not only be attributed to vestibular otolith stimulation but also to stress or changes in memory or motor response execution induced by the rotation, which occurred at maximally 60°/s.

Experiments where vestibular stimulation was induced by asking subjects to assume different bodily postures brought contradictory results as well. In a recent study conducted by Lo et al. (2021), subjects were instructed to produce durations with button presses of 3, 5, and 7 s while adopting body postures that signaled different levels of action (e.g., standing still, running). The temporal productions were shorter when assuming postures that signal action, which suggests that the dynamic posture has sped up the pulse rate of the pacemaker. In a study conducted by Schreuder et al. (2014), subjects had to produce considerably longer temporal intervals of 1.33, 1.58, and 2.17 min while assuming an upright or a supine posture and while at the same time being exposed to different odors: rosemary, peppermint, and no odor. Subjects exposed to rosemary odor under produced durations compared to peppermint and no odor condition. However, no effect of body posture was found, although it effectively had induced arousal measured by skin conductance response and heart rate. Thus, the potentially arousing effects of rosemary cannot account for its ability to speed up the clock.

As research on the influence of vestibular stimulation on time perception in supra-second durations is limited and has not always found a clear effect, other than increasing variability with vestibular excitation, we sought to take a closer look at supra-second time estimates in the face of vestibular engagement. Rather than stressing the vestibular system, we decided to add common balancing tasks to a temporal production task. Additionally, to minimize memory effects, we asked our subjects to produce a time interval of a given length rather than reproducing a previously perceived interval. The vestibular engagement was brought about by a difficult active balancing task (Experiment 1), an easier balancing task (Experiment 2), and a passive oscillatory movement induced by a swing (Experiment 3), which provided continuous vestibular acceleration stimulation without active balance control. In Experiment 1, subjects had to perform temporal production tasks of either 10 or 15 s while balancing on one foot with eyes closed or open. One-foot balancing is a challenging task. It requires the integration of information from vestibular and somatosensory sources to identify the position of the body in the environment prior to the execution of appropriate motor responses (Cherng et al., 2001). The absence of the visual information ordinarily used for fine-tuning makes this task rather challenging. Thus, the vestibular and proprioceptive cues necessary for balancing were either supplemented with visual information or not. In Experiment 2, temporal productions of 5, 10, 15, and 20 s were performed with eyes open or closed while standing on both feet. This is a much easier balancing task, which nevertheless introduces postural sway requiring an active balance maintenance (Era et al., 2006). It should significantly reduce the vestibular load and thus allow for an assessment of this information when comparing the results to those of Experiment 1. Finally, in Experiment 3, in contrast to the experiments above, the vestibular stimulation was induced passively. Subjects performed temporal productions of the same durations as in Experiment 2 while comfortably lying on a nest swing (see Figure 1) either when it was brought into an oscillatory motion or when it was at rest. Thus, it removed active postural control altogether. Within the SET framework, if the rate of the pacemaker is excited by the vestibular stimulation alone, we expect relative underproductions of temporal intervals during the balancing task. We also expect relative underproductions when subjects are in swinging motion compared to the stationary control. These effects should be more pronounced in the absence of visual information across all three experiments.
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FIGURE 1. Nest swing used in Experiment 3.





EXPERIMENT 1


Methods


Subjects

Forty-four subjects (27 female and 17 male) aged from 19 to 61 years (M = 28.68, SD = 9.88) voluntarily participated in the experiment. The subjects, mostly students, were recruited by approaching them as they walked across the campus of the University of Mainz. All of them followed instructions of the experiment and were included in the data analysis. Informed consent was obtained beforehand verbally from all subjects, and they were debriefed after the experiment.



Design

The study was a field experiment with a multifactorial within-subjects-design to investigate the influence of a difficult balancing task on time perception. The subjects had to perform a temporal production task for intervals of either 10 or 15 s (time interval), with their eyes either open or closed (visual condition), and while standing either on one foot or on both feet (balance condition). These three factors were fully crossed. The visual condition was blocked, that is either all trials with open eyes or all trials with closed eyes were performed first. Within each visual condition, subjects first completed the two trials of the one balance condition, then those of the other. Per subject, the order of the balance conditions was held constant in both visual conditions. Likewise, the order of the two- time intervals was set constant for a given subject and counterbalanced among subjects, such that one-half of the subjects started each combination of visual condition and balance condition with the 10-s interval, and the other half with the 15-s interval. Each subject completed eight trials, one for each combination of visual condition, balance condition, and time interval.



Procedure

The data collection took place during 3 days in the period starting from September 14 to 20, 2021. All subjects were approached individually on campus. After being instructed that they would perform a time estimation task eight times while having their eyes open or closed, and while standing on one foot or on both feet, they gave their verbal consent. For the one-foot stand, they were instructed to lift the leg of their choice so that the foot was clearly off the ground. The length of the time interval to be produced was communicated verbally. Once this was done, after a few seconds, the experimenter gave the start signal, the German equivalent of “Ready-steady-go!” (“Auf die Plätze, fertig, los!”), at which time the stopwatch was started on a smartphone (iPhone). Subjects were asked to say “stop” out loud when they thought the predefined time interval had elapsed. For each trial, the experimenter recorded the duration of the produced time interval as indicated by the stopwatch. After completion of the last trial, demographic information and ratings concerning task difficulty experienced when balancing on one foot were obtained. Finally, the subjects were debriefed about the nature and the purpose of the experiment.




Results and Discussion

We analyzed the produced time intervals in terms of the relative estimation error, which is given by
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where intervalproduced is the duration of the produced time interval, and intervalto-be-produced is the actual duration of the to-be-produced time interval in units of seconds, respectively. The resulting unit is %.

We calculated a time interval × visual condition × balance condition repeated-measures ANOVA on the relative estimation error using a univariate approach. Figure 2 shows the mean relative estimation error as a function of the to-be-judged time interval, visual condition, and balance condition. The effects of visual condition and balance condition were clearly not significant, F(1,43) = 0.396, p = 0.533, η2p = 0.009 and F(1,43) = 0.139, p = 0.711, η2p = 0.003. The visual condition × balance condition interaction was not significant, F(1,43) = 3.044, p = 0.088, η2p = 0.066. However, an interesting trend can be observed in the data. As can be seen in Figure 2; there is a trend for the visual condition to have an effect during the two-feet stand but not the one-foot stand. When standing on both feet, subjects produced longer durations with their eyes closed compared to open, Δmean = 2.82%, SEΔ = 1.75%, Cohen’s (1988) dz = 0.242. When standing on one foot, the effect of the visual condition was considerably attenuated and opposite, Δmean = −1.00%, SEΔ = 1.87%, dz = −0.081. The effect of the time interval was significant, F(1,43) = 5.182, p = 0.028, η2p = 0.108. On average, the relative estimation error was larger for the 10 s interval than for the 15 s interval. Descriptively, the effect of the time interval was more pronounced when standing on one foot. However, in the rmANOVA the time interval × balance condition interaction was not significant, F(1,43) = 2.897, p = 0.096, η2p = 0.063. Neither were the remaining effects, F ≤ 0.431, p ≥ 0.515. Across all conditions, subjects slightly overproduced the given time intervals (M = 5.12%, SMM = 3.86%).
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FIGURE 2. Mean relative estimation error of to-be-produced intervals by visual condition for each balance condition of Experiment 1. (A) One-foot stand condition, (B) two-feet stand condition. Error bars represent ±1 standard error of the mean (SEM). Values above 0 indicate relative overproduction of the interval.



Our results show a trend towards longer interval productions with eyes closed compared to open when subjects were standing on both feet. In the one-foot condition, the visual condition had virtually no effect. We assume the following aspects to be responsible for this inconclusive pattern of results. First, the high strain in the one-foot condition may have made the estimates in both conditions less precise. This is more of a challenge than one may think. Many of our subjects had great difficulty balancing on one foot for the required durations, in particular with their eyes closed. Most subjects had to use their second foot briefly in between to keep their balance. Note that based on the trial sequences used in Experiment 1, we cannot perform an analysis devoid of a potential carry-over effect of the one-foot stand on the two-feet condition. Additionally, a physically demanding task such as this might have increased the level of the physiological arousal that is known to affect time perception (Droit-Volet et al., 2004; Grommet et al., 2011; Kroger-Costa et al., 2013; Rey et al., 2017). Second, our subjects performed only two trials per combination of visual condition and balance condition. Thus, also for the two-feet stand, for which we found a quite promising trend, we could only measure the effect of the visual condition rather coarsely. For these reasons, we conducted a second experiment in which we focused on the two-feet stand and collected twice the number of interval productions per visual condition.




EXPERIMENT 2


Methods


Subjects

Forty-eight subjects (22 female, 26 male) aged from 17 to 63 years (M = 26.13, SD = 8.99) participated in the experiment. The recruitment procedure was the same as in Experiment 1. None of the subjects had participated in Experiment 1 and none had to be excluded from the data analysis. The experimenter obtained verbal informed consent beforehand and debriefed the subjects after the experiment.



Design and Procedure

The data collection took place during 3 days in the period from October 1 to October 7, 2021. The design of the experiment was similar to Experiment 1 and investigated the influence of balancing on time perception using an easier balancing task. Subjects were instructed to perform temporal productions of intervals of either 5, 10, 15, and 20 s (time interval) with their eyes open and closed (visual condition) while standing on both feet. The visual condition was blocked. One half of the subjects first completed all trials with their eyes open and then the other half with their eyes closed. The order of the four intervals to be judged was the same for the two blocks for a given subject but was counterbalanced between subjects, so that two subjects were assigned to each of the 24 possible orders. In total, each subject completed eight trials. In all other respects, the procedure was identical to that of Experiment 1.




Results and Discussion

We ran a time interval × visual condition rmANOVA using a univariate approach with Huynh and Feldt (1976) correction for the degrees of freedom (correction factor ε). Figure 3 shows the mean relative estimation errors (calculated as in Experiment 1) as a function of the duration of the to-be-produced time interval and the visual condition. The effect of the visual condition was significant, F(1,47) = 5.719, p = 0.021, η2p = 0.108. Subjects produced longer time intervals with their eyes closed compared to open eyes, Δmean = 2.88%, SEΔ = 1.21%, dz = 0.345. The effect of the time interval was not significant, F(3,141) = 2.503, p = 0.089, η2p = 0.051, ε = 0.642, accompanied by a significant visual condition × time interval interaction, F(3,141) = 2.717, p = 0.047, η2p = 0.055, ε = 1.00. As illustrated in Figure 3; the mean relative estimation error slightly decreased with increasing interval duration, especially in the interval productions with closed eyes. As in Experiment 1, averaged across all conditions, subjects slightly overproduced the given time intervals (M = 6.52%, SMM = 2.81%).
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FIGURE 3. Mean relative estimation error of to-be-produced intervals by visual condition of Experiment 2. Error bars represent ±1 standard error of the mean (SEM). Values above 0 indicate relative overproduction of the interval.



Taken together, the results of Experiments 1 and 2 show that in an easy active balancing task, i.e., standing still on both feet, subjects with their eyes closed produced longer intervals compared to the eyes open condition. How can this effect be explained? The active balancing task, which we perform casually and without notice in everyday life, becomes somewhat of a challenge when we close our eyes. The increased effort that is involved in the motor control, as well as the increased postural sway that goes along with balancing in the dark (Era et al., 2006; Hansson et al., 2010), and the involvement of the vestibular afferent information could be responsible. Note, however, that the overproduction is opposite to the above-mentioned finding that time productions in microgravity are underproduced (Semjen et al., 1998). To remove the potential effects of physical effort and attention to the motor control task from the equation, we decided to forego active balancing in a third experiment. We placed subjects on a swing to isolate the potential effect of passive vestibular stimulation on time perception.




EXPERIMENT 3


Methods


Subjects

Forty-eight subjects (30 female, 18 male) aged from 18 to 58 years (M = 28.73, SD = 9.85) participated in the experiment. They were recruited by approaching them at a public playground, near a student accommodation, or as they were walking by. None of the subjects had to be excluded from the data analysis. As before, informed consent was obtained verbally, and they were debriefed after the experiment.



Design

In Experiment 3, we investigated the influence of the passive vestibular stimulation on the interval production task used in Experiments 1 and 2. The design was identical to that of Experiment 2, with the exception that instead of the active balancing task, vestibular stimulation was induced purely passively. Subjects were instructed to relax comfortably into a large swing, which was brought into motion by the experimenter (Figure 1). The swing chosen for the experiment was a playground nest swing that could comfortably accommodate an adult person. The subject assumed a lying posture, such that the main body axis was aligned with the swing plane. The distance of the nest from the ground was 41 cm, and it was suspended at a radial distance of 178.5 cm from the fulcrum on a supporting beam. For the vestibular stimulation, upon embarkation of the subject, the experimenter moved the swing to a starting position of 18° from the resting position, such that a full oscillation cycle spanned an amplitude of 36° and took 2.48 s to complete. The pushes were always given from behind (i.e., outside the subject’s field of view) in the direction of oscillation. Subjects performed the same temporal production task of intervals of either 5, 10, 15, or 20 s (time interval) with their eyes either open or closed (visual condition), as in Experiment 2. They were instructed to relax and lie still in the nest of the swing. The experimenter could either hold the swing still or swing it (vestibular stimulation). These three factors were fully crossed. The swing motion was blocked, that is either all trials lying still in the nest or all trials with the movement were performed first. Within each of these blocks, one half of the subjects first completed all trials with their eyes open and the other half with their eyes closed. For the combinations of vestibular stimulation and visual condition, the order of the four intervals to be judged was set constant within a given subject and counterbalanced among subjects. Apart from that, the procedure was identical to that of Experiment 2. In total, Experiment 3 consisted of 16 trials.



Procedure

The data collection took place for 5 days between October 25 and November 6, 2021. As before, the length of the time interval to be produced was communicated verbally, as were the experimenter’s start and the subject’s stop signals. Regardless of the swing motion condition, subjects had to maintain the same relaxed position for the entire experiment, which lasted approximately 10 min. During the movement of the swing, subjects were only given slight booster pushes between the single trials to maintain the 36°- amplitude. Thus, the pushing did not interfere with the time estimation. For each trial, a second experimenter recorded the produced time as stopped with the stopwatch.




Results and Discussion

We computed a time interval × visual condition × vestibular stimulation rmANOVA using the same specifications as in Experiment 2.The effect of vestibular stimulation was significant, F(1,47) = 7.818, p = 0.007, η2p = 0.143. Figure 4 shows the mean relative estimation error for the produced time intervals (calculated as before) as a function of the time interval, visual condition, and vestibular stimulation. Averaged across all combinations of visual conditions and time intervals, subjects produced longer intervals when the swing was in motion (see Figure 4), Δmean = 9.86%, SEΔ = 3.53%, dz = 0.404. The effect of the visual condition was not significant, F(1,47) = 2.605, p = 0.113, η2p = 0.053. However, there was a significant visual condition × vestibular stimulation interaction, F(1,47) = 4.809, p = 0.033, η2p = 0.093. To investigate this interaction in more detail, we compared the mean estimation error for eyes closed vs. eyes open separately for each of the two levels of vestibular stimulation by means of a paired-samples t-test (two-tailed). When the swing was at rest, the effect of visual condition was significant, t(47) = 2.365, p = 0.022. In contrast, when the swing was in motion, the effect of visual condition was clearly not significant, t(47) = −0.262, p = 0.795. As illustrated in Figure 4; when the swing was at rest, subjects produced longer time intervals with their eyes closed compared to open, Δmean = 6.69%, SEΔ = 2.83%, dz = 0.341. In contrast, when the swing was in motion, the interval productions were largely unaffected by the visual condition, Δmean = −0.57%, SEΔ = 2.16%, dz = −0.038. In the rmANOVA, all remaining effects were not significant, F ≤ 1.562, p ≥ 0.213. Across all conditions, subjects overproduced the given time intervals more clearly than in Experiments 1 and 2 (M = 13.76%, SEM = 5.56%).
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FIGURE 4. Mean relative estimation error of to-be-produced intervals by visual condition for each vestibular stimulation condition of Experiment 3. (A) Swing in motion, (B) Swing at rest. Error bars represent ±1 standard error of the mean (SEM). Values above 0 indicate relative overproduction of the interval.



In sum, the results of Experiment 3 show that passive vestibular stimulation equally leads to longer interval productions. In addition, as in Experiment 1 (although not significantly there), we found that otherwise vestibular stimulation modulated the effect of the visual condition. When the nest swing was at rest, subjects produced longer time intervals when their eyes were closed compared to open. When, however, the swing was in motion, the effect of the visual condition was eliminated completely.




GENERAL DISCUSSION

We have conducted three experiments to investigate the effect of vestibular stimulation on temporal productions of supra-second time intervals. It is exceedingly difficult, if not impossible, to isolate vestibular influence, and the time range of the stimuli is often critical. Often, the vestibular stimulation is potentially confounded by other factors such as tactile and postural stimulation, physical and/or physiological stress, memory effects, or the choice of the motor actions that are used to signal a temporal judgment. Previous research on this topic has remained inconclusive, and the number of studies that have used supra-second intervals is rather limited. In order to examine the influence of the vestibular system on time perception in the supra-second range, we started with a most demanding active balancing task in Experiment 1 and then made the task easier in Experiment 2, and finally provided mere passive vestibular stimulation in Experiment 3. We have covered the range from balancing on one foot with eyes closed to being gently rocked back and forth by the oscillatory movement of a swing. To minimize the potential effects of memory and motor response as far as possible, we employed a task in which subjects verbally produced predetermined supra-second time intervals in the range of 5–20 s duration. By and large, vestibular stimulation caused an overproduction of the time intervals.

Let us now take a closer look at the SET model outlined in the introduction. An over-production can be attributed to a slowing of the pacemaker or to the accumulator missing some of the pulses produced by an unchanged pacemaker. In Experiment 1, participants had to perform the temporal productions while engaged in an active balancing task requiring tactile and vestibular motor control, with their eyes closed or open. This task was exceedingly difficult for most of our subjects when their eyes were closed. Thus, it seems safe to assume that the strain of the balancing task should have stimulated the pacemaker and thus increased the rate at which it generated pulses. Accordingly, one would have expected shorter temporal productions in the one-foot condition compared to two-feet condition as well as with eyes closed compared to open. However, this was not the case. Note that the expected shorter interval productions and the associated accelerated passage of subjective time presuppose an unchanged accumulator. More pulses are emitted (and properly accumulated) per physical unit of time, which should lead to an overestimation of time passed and, thus, to shorter productions. Yet again, we found no such effect of the balancing task. Nor did the availability of visual input matter, maybe with the exception of a tendency for an interaction between balance and visual condition. When standing on both feet, participants tended to overproduce temporal intervals with eyes closed compared to eyes open. This runs opposite to the expected increase in pacemaker arousal. Thus, if one were to interpret this trend, one would have to attribute it to attention on the part of the accumulator. However, if balancing strain would have caused the accumulator to miss pulses, there should have been an effect of vision in particular in the one-foot condition. This was not the case.

Considering that the one-foot balancing task in Experiment 1 was overly difficult and because of its difficulty surely has introduced a lot of postural sway (Era et al., 2006; Hansson et al., 2010), we sought to reduce variability in Experiment 2. Subjects stood on both legs while making temporal productions over a wider range of time intervals with eyes closed or open. Here, once again, subjects overproduced the instructed durations, but they did more strongly so when their eyes were closed, as compared to open. In other words, the everyday task of seemingly trivial active balancing, which is involved in standing upright with eyes closed, led to a contraction of subjective time. How can this finding be explained? Within the framework of the SET model, our results would be compatible with both a reduced pacemaker rate and a reduced recording of pulses by the accumulator. In the following, we will elaborate on why we consider a reduced recording by the accumulator to be the most likely explanation. To start on the side of the pacemaker, higher physiological arousal due to the more demanding balancing task in the condition with eyes closed may have influenced the rate of the pacemaker. However, based on the results of Experiment 1, we deem the level of physiological arousal unlikely to account for the pattern of results. Moreover, when considering upright posture maintenance with eyes closed as a more arousal-inducing physical activity than standing upright with eyes open, one would expect an acceleration in the pulse rate of the pacemaker when the eyes are closed, which in turn should lead to shorter rather than longer interval productions. In line with this conclusion, physical stress, such as through induced muscle tension (Warm et al., 1967), pedaling on a cycle ergometer (Vercruyssen et al., 1989), or running on a treadmill (Kroger-Costa et al., 2013), all are associated with dilation of subjective time, that is an overestimation of temporal durations. If physical stress or arousal of this kind were at the heart of our balancing tasks, we should have found underproduction rather than overproduction of the instructed intervals. Thus, our results cannot be explained by pacemaker arousal.

In contrast, on the side of the accumulator, our results could be attributed to the diversion of attentional resources (Brown, 1997) or a comparable inefficiency in the way the pacemaker pulses are counted. When performing the timing task while balancing, attentional resources might be allocated between the timing and secondary non-timing tasks. As more resources are dedicated to the secondary task, fewer resources are available for timing, which leads the accumulator to miss pulses emitted by the pacemaker (Zakay and Block, 1996). Is this a likely explanation? At first sight, this does seem so. For instance, it has been reported that subjects overestimated durations following interoceptive mindfulness meditation (Kramer et al., 2013), which focuses attention. In the same vein, interoceptive awareness and attention to one’s own heartbeat were associated with longer produced time intervals in the range of 8–20 s (Meissner and Wittmann, 2011). As already mentioned in the introduction, participants tended to underestimate the durations of events when engaged in secondary tasks requiring a greater amount of attentional and cognitive resources (Thomas and Weaver, 1975; Zakay and Block, 1996; Brown and Boltz, 2002). Balancing with eyes closed can be regarded as a secondary task that diverted attention away from the accumulator, which could then have caused temporal overproduction. In other words, the criterion of the instructed duration was reached later as the accumulation of the arriving pulses built up more slowly because some pulses were missed by the accumulator. Thus, reduced attention caused by the balancing task is compatible with the findings of Experiment 2. Note, however, that in Experiment 1, the exceedingly difficult one-foot balancing task should have demanded the most attentional resources but did not produce longer time estimates than the much easier two-feet balancing task.

Could the effects be attributed to the engagement of the motor system with or without negligible vestibular contribution? In a recent study, Castellotti et al. (2022) found that a secondary cognitive task led to an underestimation of a given time interval between 15 and 120 s. This could be an attention effect. Walking on a treadmill, as opposed to sitting while solving arithmetic tasks, led to even more pronounced underestimation. When assuming that no further attention was needed to walk on the treadmill, this could be a mere motor effect. This is consistent with our results, but note that together with the results of our third experiment, it is unlikely that the mere motor exertion is responsible here. Lying in the swing required neither attention nor motor exertion. Thus, vestibular stimulation appears to have been critical in Castellotti et al.’s walking condition.

Could mere vestibular stimulation have slowed the pacemaker or distracted the accumulator? To further investigate the role of vestibular load in timing, Experiment 3 examined the effects of vestibular stimulation through passive oscillatory movements induced by a swing. Here, participants produced longer intervals during pronounced passive vestibular stimulation compared to when the swing was at rest. Interestingly, eye closure had no effect when the swing was in motion. In contrast, when the swing was at rest, participants produced longer temporal intervals with their eyes closed compared to open, which replicates the findings of Experiment 2. Also, the effect of the vestibular stimulation was larger than that of eye closure at rest. Taken together, this does indeed suggest a direct vestibular effect on the timing network. Within the SET framework, and given that active balancing with eyes closed is strenuous and should—if anything—speed up the pacemaker, the vestibular effect suggests that the accumulator has missed pulses rather than the pacemaker having produced fewer pulses. Accumulator misses are the most likely explanation for the overproduction of temporal intervals under the conditions of vestibular stimulation.

Given the existing research on the vestibular system and the cerebellum, we could make tentative claims regarding the brain regions involved in the temporal processing of supra-second intervals. When considering the crucial role of the cerebellum in the functions of vestibular control and proprioception, the results of Experiments 2 and 3 are in line with the findings of Gooch et al. (2010), who found that cerebellar damage led to the contraction of subjective time for supra-second intervals. However, cerebellar involvement in this range needs to be replicated, which so far has only been established for sub-second intervals (Schubotz et al., 2000; Koch et al., 2007). That said, it could be argued that the tasks used in our experiments do not only affect cerebellar activation but also other brain regions further downstream, such as the basal ganglia. The basal ganglia have also been implicated in vestibular and motor control functions (Stiles and Smith, 2015). An fMRI study reported the activation of the basal ganglia in duration discrimination tasks (Rao et al., 2001). Pathology of these brain regions in patients with Parkinson’s disease has likewise been linked to overestimation and underproduction of supra-second time intervals (Pastor et al., 1992). However, other brain regions are involved as well, for instance, dorsolateral pre-frontal cortex (Lewis and Miall, 2003) to which the basal ganglia have extended connections (Alexander et al., 1986). Further brain imaging and stimulation studies are needed before we can pin down the brain regions associated with vestibular timing tasks.

In sum, the results of Experiments 1–3 demonstrate the influence of vestibular stimulation on temporal processing. Note that the degree of over-production, up to 25% for the 5-s interval, was larger for the vestibular stimulation used in Experiment 3, as compared to the more or less strenuous balancing tasks used in Experiments 1 and 2. We can be reasonably certain, that memory encoding differences can be ruled out as explanations of our results. Time intervals that were encoded at rest and reproduced during the stress of running on a treadmill were under-produced, as is compatible with an accelerated pacemaker during exercise (Sayalı et al., 2018). By using pre-defined interval lengths and by the absence of balancing effects, memory encoding cannot explain our results. Neither can arousal on the side of the pacemaker. Mere stimulation of the vestibular system, accompanied by those tactile and proprioceptive cues that are necessarily confounded with it, distorted time perception in the direction of subjective temporal contraction. Vestibular stimulation prompted our subjects to produce lengthened time intervals, which can be interpreted as an impact on the accumulator that lets it miss pulses. Thus, vestibular activation can be said to perceptually shorten a given time interval.

It is important to note, however, that the methods employed in the current experiments were rather crude. We used a stopwatch in a field setting, which forced us to focus on long time intervals of up to 20 s and may have introduced a degree of inaccuracy, especially for the shortest intervals. Despite this limitation, the effects on temporal performance that we did find in the field, provide strong support for the involvement of the vestibular system in timing functions. Future studies in a controlled laboratory setting should extend this finding to shorter intervals and control for arousal to further specify the involvement of the vestibular system in temporal processing. Furthermore, taking into account the inconsistent findings of the previous studies regarding the role of the vestibular system and the cerebellum, in particular, brain imaging and stimulation studies are crucial for further research on their involvement in time perception. For instance, the application of peripheral electrical stimulation could be thought of as distracting noise in the system. Thus, we might predict that with galvanic stimulation, the effect of vestibular stimulation found here will disappear as the noise leads to a down-weighting of the vestibular signal. An opposite effect might arise from cerebellar stimulation. Additionally, by applying systematic classical galvanic stimulation to the mastoid regions (see e.g., Day, 1999), one could stimulate vestibular afferents to generate percepts that are similar to those generated by the movement of the swing in our third experiment. If we find comparable effects of time contraction with such galvanic stimulation in the stationary observer, that is in the absence of the dynamically changing proprioceptive information or changes in the positions of the body present during the oscillatory motions of the swing, the role of the vestibular system in time production could be isolated and pinpointed further. This line of research is worth future investigation since it has important implications for tasks and activities that require spatial navigation and orientation, where accurate temporal estimation is essential, such as during the operation of a vehicle or an aircraft.

On a final note, if the effect of time contraction is not a maladaptive side-effect but rather has adaptive functionality, what could it be? During rapid body accelerations, the body is typically at higher risk to bump into things and in more immediate need to initiate swift action or corrective posture changes. The subjective time contraction could bear witness of a sharpened perceptual state which is induced by the vestibular stimulation. Be this as it may, the interaction between the vestibular system and time perception opens up a few interesting questions for future research.



DATA AVAILABILITY STATEMENT

The raw data of Experiments 1–3 can be retrieved from: https://osf.io/z7fg2/?view_only=1b665a41ca8144268e1b48ed0832eeca.



ETHICS STATEMENT

Ethical review and approval was not required for the study on human participants in accordance with the local legislation and institutional requirements. Written informed consent for participation was not required for this study in accordance with the national legislation and the institutional requirements.



AUTHOR CONTRIBUTIONS

All authors were involved in designing the experiments. CC processed the data and performed the analysis. All authors interpreted the data and discussed the results. NU and CC wrote the first draft of the manuscript. All authors contributed to the article and approved the submitted version.



FUNDING

HH was supported by the Wissenschaftskolleg zu Berlin. CC and NU were funded by the Deutsche Forschungsgemeinschaft (DFG, German Research Foundation; 449448882).



ACKNOWLEDGMENTS

We thank Teresa Eggert, Henrik Eichhorn, Laurin Helmbold, Larissa Klumm, and Lea Thomas for their help with data collection. We are also thankful to Thirsa Huisman for her help in the revision process of the manuscript.



REFERENCES

Alexander, G. E., DeLong, M. R., and Strick, P. L. (1986). Parallel organization of functionally segregated circuits linking basal ganglia and cortex. Annu. Rev. Neurosci. 9, 357–381. doi: 10.1146/annurev.ne.09.030186.002041

Brown, S. W. (1985). Time perception and attention: the effects of prospective versus retrospective paradigms and task demands on perceived duration. Percept. Psychophys. 38, 115–124. doi: 10.3758/bf03198848

Brown, S. W. (1995). Time, change and motion: the effects of stimulus movement on temporal perception. Percept. Psychophys. 57, 105–116. doi: 10.3758/bf03211853

Brown, S. W. (1997). Attentional resources in timing: interference effects in concurrent temporal and nontemporal working memory tasks. Percept. Psychophys. 59, 1118–1140. doi: 10.3758/bf03205526

Brown, S. W., and Boltz, M. G. (2002). Attentional processes in time perception: effects of mental workload and event structure. J. Exp. Psychol. Hum. Percept. Perform. 28, 600–615. doi: 10.1037/0096-1523.28.3.600

Buhusi, C. V., and Meck, W. H. (2005). What makes us tick? Functional and neural mechanisms of interval timing. Nat. Rev. Neurosci. 6, 755–765. doi: 10.1038/nrn1764

Capelli, A., and Israël, I. (2007). One second interval production task during post-rotatory sensation. J. Vestib. Res. 17, 239–249. doi: 10.3233/VES-2007-175-605

Capelli, A., Deborne, R., and Israël, I. (2007). Temporal intervals production during passive self-motion in darkness. Curr. Psychol. Lett. Behav. Brain Cogn. 2. doi: 10.4000/cpl.2672

Castellotti, S., D’Agostino, O., Biondi, A., Pignatiello, L., and Del Viva, M. M. (2022). Influence of motor and cognitive tasks on time estimation. Brain Sci. 12:404. doi: 10.3390/brainsci12030404


Cohen, J. (1988). Statistical power analysis for the behavioral sciences, 2nd Edn. Hillsdale, NJ: Erlbaum.


Cherng, R. J., Chen, J. J., and Su, F. C. (2001). Vestibular system in performance of standing balance of children and young adults under altered sensory conditions. Percept. Mot. Skills 92, 1167–1179. doi: 10.2466/pms.2001.92.3c.1167

Day, B. L. (1999). Galvanic vestibular stimulation: new uses for an old tool. J. Physiol. 517:631. doi: 10.1111/j.1469-7793.1999.0631s.x

Droit-Volet, S., Brunot, S., and Niedenthal, P. (2004). Perception of the duration of emotional events. Cogn. Emot. 18, 849–858. doi: 10.1080/02699930341000194

Era, P., Sainio, P., Koskinen, S., Haavisto, P., Vaara, M., and Aromaa, A. (2006). Postural balance in a random sample of 7,979 subjects aged 30 years and over. Gerontology 52, 204–213. doi: 10.1159/000093652

Frankenhaeuser, M. (1960). Subjective time as affected by gravitational stress. Scand. J. Psychol. 1, 1–6. doi: 10.1111/J.1467-9450.1960.TB01274.X

Gibbon, J., Church, R. M., and Meck, W. H. (1984). Scalar timing in memory. Ann. N. Y. Acad. Sci. 423, 52–77. doi: 10.1111/j.1749-6632.1984.tb23417.x

Gooch, C. M., Wiener, M., Wencil, E. B., and Coslett, H. B. (2010). Interval timing disruptions in subjects with cerebellar lesions. Neuropsychologia 48, 1022–1031. doi: 10.1016/j.neuropsychologia.2009.11.028

Grommet, E. K., Droit-Volet, S., Gil, S., Hemmes, N. S., Baker, A. H., and Brown, B. L. (2011). Time estimation of fear cues in human observers. Behav. Processes 86, 88–93. doi: 10.1016/j.beproc.2010.10.003

Hansson, E. E., Beckman, A., and Håkansson, A. (2010). Effect of vision, proprioception and the position of the vestibular organ on postural sway. Acta Oto-Laryngol. 130, 1358–1363. doi: 10.3109/00016489.2010.498024

Huynh, H., and Feldt, L. S. (1976). Estimation of the box correction for degrees of freedom from sample data in randomized block and split-plot designs. J. Educ. Stat. 1, 69–82. doi: 10.2307/1164736

Ivry, R. B., and Keele, S. W. (1989). Timing functions of the cerebellum. J. Cogn. Neurosci. 1, 136–152. doi: 10.1162/jocn.1989.1.2.136

Jia, L., Shi, Z., and Feng, W. (2015). Wearing weighted backpack dilates subjective visual duration: the role of functional linkage between weight experience and visual timing. Front. Psychol. 6:1373. doi: 10.3389/fpsyg.2015.01373

Kanai, R., Paffen, C. L. E., Hogendoorn, H., and Verstraten, F. A. J. (2006). Time dilation in dynamic visual display. J. Vis. 6, 1421–1430. doi: 10.1167/6.12.8

Karşılar, H., Kısa, Y. D., and Balcı, F. (2018). Dilation and constriction of subjective time based on observed walking speed. Front. Psychol. 9:2565. doi: 10.3389/fpsyg.2018.02565

Koch, G., Oliveri, M., Torriero, S., Salerno, S., Gerfo, E. L., and Caltagirone, C. (2007). Repetitive TMS of cerebellum interferes with millisecond time processing. Exp. Brain Res. 179, 291–299. doi: 10.1007/s00221-006-0791-1

Kramer, R. S. S., Weger, U. W., and Sharma, D. (2013). The effect of mindfulness meditation on time perception. Conscious. Cogn. 22, 846–852. doi: 10.1016/j.concog.2013.05.008

Kroger-Costa, A., Machado, A., and Santos, J. A. (2013). Effects of motion on time perception. Behav. Processes 95, 50–59. doi: 10.1016/j.beproc.2013.02.002

Lake, J. I., and Meck, W. H. (2013). Differential effects of amphetamine and haloperidol on temporal reproduction: dopaminergic regulation of attention and clock speed. Neuropsychologia 51, 284–292. doi: 10.1016/j.neuropsychologia.2012.09.014

Leitan, N. D., and Chaffey, L. (2014). Embodied cognition and its applications: a brief review. Sensoria A J. Mind Brain Culture 10, 3–10. doi: 10.7790/sa.v10i1.384

Lewis, P. A., and Miall, R. C. (2003). Brain activation patterns during measurement of sub- and supra-second intervals. Neuropsychologia 41, 1583–1592. doi: 10.1016/s0028-3932(03)00118-0

Lo, L. Y., Tam, H. M., and Li, W. O. (2021). Running fast and standing slow: a study on the effect of gesture posing on time perception. Timing Time Percept. 10, 40–55. doi: 10.1163/22134468-bja10037

Matthews, W. J., and Meck, W. H. (2016). Temporal cognition: connecting subjective time to perception, attention and memory. Psychol. Bull. 142, 865–907. doi: 10.1037/bul0000045

Meissner, K., and Wittmann, M. (2011). Body signals, cardiac awareness and the perception of time. Biol. Psychol. 86, 289–297. doi: 10.1016/j.biopsycho.2011.01.001

Nather, F. C., and Bueno, J. L. O. (2011). Static images with different induced intensities of human body movements affect subjective time. Percept. Mot. Skills 113, 157–170. doi: 10.2466/24.25.27.PMS.113.4.157-170

Nichelli, P., Alway, D., and Grafman, J. (1996). Perceptual timing in cerebellar degeneration. Neuropsychologia 34, 863–871. doi: 10.1016/0028-3932(96)00001-2

Noulhiane, M., Mella, N., Samson, S., Ragot, R., and Pouthas, V. (2007). How emotional auditory stimuli modulate time perception. Emotion 7, 697–704. doi: 10.1037/1528-3542.7.4.697

Pastor, M. A., Artieda, J., Jahanshahi, M., and Obeso, J. A. (1992). Time estimation and reproduction is abnormal in Parkinson’s disease. Brain 115, 211–225. doi: 10.1093/brain/115.1.211

Penton-Voak, I. S., Edwards, H., Percival, A., and Wearden, J. H. (1996). Speeding up an internal clock in humans? Effects of click trains on subjective duration. J. Exp. Psychol. Anim. Behav. Processes 22, 307–320. doi: 10.1037//0097-7403.22.3.307

Rao, S. M., Mayer, A. R., and Harrington, D. L. (2001). The evolution of brain activation during temporal processing. Nat. Neurosci. 4, 317–323. doi: 10.1038/85191

Rey, A. E., Michael, G. A., Dondas, C., Thar, M., Garcia-Larrea, L., and Mazza, S. (2017). Pain dilates time perception. Sci. Rep. 7:15682. doi: 10.1038/s41598-017-15982-6

Rochefort, C., Lefort, J., and Rondi-Reig, L. (2013). The cerebellum: a new key structure in the navigation system. Front. Neural Circuits 7:35. doi: 10.3389/fncir.2013.00035

Sayalı, C., Uslu, E., Menceloğlu, M., Canbeyli, R., and Balcı, F. (2018). Effect of acute physical activity on interval timing. Timing Time Percept. 6, 14–31. doi: 10.1163/22134468-00002098

Schreuder, E., Hoeksma, M., Smeets, M., and Semin, G. (2014). The effects of odor and body posture on perceived duration. Front. Neurorobot. 8:6. doi: 10.3389/fnbot.2014.00006

Schubotz, R. I., Friederici, A. D., and Yves von Cramon, D. (2000). Time perception and motor timing: a common cortical and subcortical basis revealed by fMRI. Neuroimage 11, 1–12. doi: 10.1006/nimg.1999.0514

Semjen, A., Leone, G., and Lipshits, M. (1998). Motor timing under microgravity. Acta Astronaut. 42, 303–321. doi: 10.1016/s0094-5765(98)00127-1

Stiles, L., and Smith, P. F. (2015). The vestibular-basal ganglia connection: balancing motor control. Brain Res. 1597, 180–188. doi: 10.1016/j.brainres.2014.11.063

Thomas, E. A. C., and Brown, I. (1974). Time perception and the filled-duration illusion. Percept. Psychophys. 16, 449–458. doi: 10.3758/BF03198571

Thomas, E. A. C., and Weaver, W. B. (1975). Cognitive processing and time perception. Percept. Psychophys. 17, 363–367. doi: 10.3758/BF03199347

Thönes, S., von Castell, C., Iflinger, J., and Oberfeld, D. (2018). Color and time perception: evidence for temporal overestimation of blue stimuli. Sci. Rep. 8:1688. doi: 10.1038/s41598-018-19892-z

Treisman, M. (1963). Temporal discrimination and the indifference interval: implications for a model of the “internal clock”. Psychol. Monogr. 77, 1–31. doi: 10.1037/h0093864

Vercruyssen, M., Hancock, P. A., and Mihaly, T. (1989). Time estimation performance before, during and following physical activity. J. Hum. Ergol. (Tokyo) 18, 169–179. doi: 10.1518/107118188786761811

Warm, J. S., Smith, R. P., and Caldwell, L. S. (1967). Effects of induced muscle tension on judgment of time. Percept. Mot. Skills 25, 153–160. doi: 10.2466/pms.1967.25.1.153

Wearden, J. H. (2005). “The wrong tree: time perception and time experience in the elderly,” in Measuring the Mind: Speed, Control and Age, eds J. Duncan, L. Phillips, and P. McLeod (Oxford: Oxford University Press), 134–156. doi: 10.1093/acprof:oso/9780198566427.003.0006

Wearden, J. H., Norton, R., Martin, S., and Montford-Bebb, O. (2007). Internal clock processes and the filled-duration illusion. J. Exp. Psychol. Hum. Percept. Perform. 33, 716–729. doi: 10.1037/0096-1523.33.3.716

Wearden, J. H., and Penton-Voak, I. S. (1995). Feeling the heat: body temperature and the rate of subjective time, revisited. Q. J. Exp. Psychol. B 48, 129–141. doi: 10.1080/14640749508401443


Wittmann, M. (2014). “Embodied time: the experience of time, the body and the self,” in Subjective Time: The Philosophy, Psychology and Neuroscience of Temporality, eds V. Arstila, D. Lloyd (Cambridge, MA: Boston Review), 507–523.


Yamamoto, K., and Miura, K. (2012). Time dilation caused by static images with implied motion. Exp. Brain Res. 223, 311–319. doi: 10.1007/s00221-012-3259-5

Zakay, D. (1998). Attention allocation policy influences prospective timing. Psychon. Bull. Rev. 5, 114–118. doi: 10.3758/BF03209465

Zakay, D., and Block, R. A. (1996). “The role of attention in time estimation processes,” in Time, Internal Clocks and Movement, Advances in Psychology, (Vol. 115), eds M. A. Pastor, and J. Artieda (Amsterdam: North-Holland), 143–164. doi: 10.1016/S0166-4115(96)80057-4

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Utegaliyev, von Castell and Hecht. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fnint-16-831059-g004.gif
>

In motion At rest

Mean relative estimation error (%)

{ : 20 5 10 15 20
To-be-produced interval (s)

]
53
%3

Visual condition

@ Eyes closed
‘@ Eyes open





OPS/images/crossmark.jpg





OPS/images/fnint-16-831059-g002.gif
>

One-foot stand B

Two-feet stand

Mean relative estimation error (%)
(=)}
f

'
S}
h

'
IS
1

15 10
To-be-produced interval (s)

Visual condition

@ Eyes closed
‘@ Eyes open





OPS/images/fnint-16-831059-g003.gif
Mean relative estimation error (%)

o

10 15
To-be-produced interval (s)

20

Visual condition

@ Eyes closed
@ Eyes open





OPS/xhtml/Nav.xhtml


Contents





		Cover



		Vestibular Stimulation Causes Contraction of Subjective Time



		Introduction



		Experiment 1



		Methods



		Results And Discussion











		Experiment 2



		Methods



		Results And Discussion











		Experiment 3



		Methods



		Results And Discussion











		General Discussion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Acknowledgments



		References

















OPS/images/fnint-16-831059-g001.gif
2.48s

T

u

WG"BLT






OPS/images/umath_1.gif
intervalyroduced — intervalio-pe-produced
intervalo-be-produced

- 100 [%]





OPS/images/cover.jpg
, frontiers |
In Integrative Neuroscience

Vestibular Stimulation Causes
Contraction of Subjective Time









OPS/images/logo.jpg
,frontiers . )
in Integrative Neuroscience





