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Moderate physical activity can influence cognitive functions and visual cortical 

activity. However, little is known about the effects of exercise on fundamental 

perceptual domains, such as spatial and temporal representation. Here 

we tackled this issue by testing the impact of physical activity on a temporal 

estimation task in a group of adult volunteers in three different conditions: (1) 

in a resting condition (baseline), (2) during moderate physical activity (cycling 

in place – PA), and (3) approximately 15 to 20 min following the physical 

activity phase, in which participants were seated and returned to a regular 

heart rate (POST). We  show that physical activity specifically impacts time 

perception, inducing a consistent overestimation for durations in the range 

of milliseconds. Notably, the effect persisted in the POST session, ruling out 

the main contribution of either heart rate or cycling rhythmicity. In a control 

experiment, we  found that spatial perception (distance estimation) was 

unaffected by physical activity, ruling out a major contribution of arousal and 

fatigue to the observed temporal distortion. We speculate that physical exercise 

might alter temporal estimation either by up-regulating the dopaminergic 

system or modulating GABAergic inhibition.
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Introduction

Chronic physical exercise has a beneficial impact on high-level brain functions, 
improving cognitive processes, memory, and neural plasticity (Collignon et al., 2011; Voss 
et al., 2013; Baek, 2016). Moreover, its benefits extend to the sensory cortex: moderate 
physical exercise boosts visual cortical activity and plasticity in both humans (Lunghi and 
Sale, 2015; Bullock et al., 2017; Cao and Händel, 2019; Lunghi et al., 2019) and animals 
(Niell and Stryker, 2010; Ayaz et al., 2013; Kaneko and Stryker, 2014; Sansevero et al., 2020). 
If chronic exercise can lead to long-term benefits, benefits of acute activity have also been 
shown, especially for acute exercise moderate and limited in time (Brisswalter et al., 2002), 
while vigorous bouts of exercise can have detrimental effects on cognitive functions.

Related to acute exercise, little is known about the effects of exercise on fundamental 
aspects of visual perception, such as spatial and temporal representation, which are critical 
to creating a veridical representation of the external environment.
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Temporal estimation is highly context-dependent and can 
be  modulated by several factors, from the physical 
characteristics of the stimuli (van Wassenhove et al., 2011) to 
emotional valence (Droit-Volet and Gil, 2009). At the neural 
level, time perception is related to the dopaminergic and the 
GABAergic systems and the activity of the supplementary 
motor area (SMA; Mauk and Buonomano, 2004; Coull et al., 
2011). Dopamine release from midbrain centers (substantia 
nigra pars compacta and ventral tegmental area) modulates 
the rate of the internal clock (Matell and Meck, 2004; Meck, 
2005), while the SMA seems to act as the internal temporal 
accumulator (Casini and Vidal, 2011), with particular 
relevance for the pre-action time (Macar et al., 1999; Iwasaki 
et  al., 2019). In humans, the inter-individual variability in 
temporal estimation correlates with GABA concentration 
(Terhune et  al., 2014) in the primary visual cortex. 
Interestingly, physical activity increases dopamine release in 
several brain areas (Dishman, 1997; Waters et al., 2005; Ma, 
2008) and affects visual cortical activity and plasticity by 
modulating intra-cortical GABAergic inhibition (Sansevero 
et al., 2020). Moreover, the SMA is implicated in preparing 
sequential movements (Ohbayashi, 2021) and in gait control 
(Shibasaki et  al., 2004). These common neural substrates 
suggest that physical exercise might affect time perception. A 
few studies reported that physical exercise could affect 
temporal judgments, inducing an overestimation of time 
intervals (Lambourne, 2012; Duncan et al., 2016; Behm and 
Carter, 2020; Petrizzo et al., 2022). For example, Petrizzo et al. 
(2022) performed a temporal and a numerosity discrimination 
task in which participants, while running, had to estimate 
whether the presented stimulus was the same or different from 
a memorized reference (600 ms interval or 24 dots). They 
found that distortion due to physical activity was specific to 
time but not numerosity and did not persist after the end of 
exercise. Differently, Lambourne (2012) compared the 
performance of healthy college students in a temporal 
generalization task and an episodic temporal generalization 
task before and during moderate physical exercise. Again, the 
author found a distortion of temporal perception, but no 
significant differences were detected on the episodic 
timing task.

However, these studies cannot disentangle the effect of 
exercise from other concurrent factors, such as heart rate 
modulation (Hawkes et al., 1962; Jamin et al., 2004; Schwarz et al., 
2013), arousal (Dormal et al., 2018), and movement rhythmicity, 
which can influence the internal clock rate.

Here we  investigate the impact of moderate physical 
exercise on a temporal estimation task in a group of adult 
participants by asking them to do the task before, during and 
after physical activity, Figure 1. Moreover, participants also 
performed a distance estimation task following the same 
experimental paradigm to control for possible perceptual 
distortions due to arousal and fatigue. Spatial representation 

can be modulated by arousal (Witt and Proffitt, 2005; Witt 
et al., 2008; Shiban et al., 2016), emotions (Stefanucci and 
Storbeck, 2009; Storbeck and Stefanucci, 2014; Cañal-Bruland 
et al., 2015), or action intentionality (Cutting and Vishton, 
1995; Bhalla and Proffitt, 1999) but seems to be unaffected by 
GABAergic and dopaminergic modulation (Leonte et  al., 
2018). Therefore, we  hypothesize that a genuine effect of 
physical exercise would be  specific to time and not space 
perception, while arousal would have a generic impact on 
both perceptual domains.

Materials and methods

Participants

We recruited 16 participants (seven males, with an average age 
of 27.62, SD = 2.55). All participants had normal or corrected to 
normal vision and gave written informed consent before starting 
the experiment. The study was approved by the local health service 
ethics committee (Comitato Etico, ASL 3, Genova) and followed 
the tenets of the Declaration of Helsinki.

All participants, except one who lived a sedentary life, said 
they engaged in recreational physical activity (such as 
volleyball, football, or cross-fit). In the 6 months before the 
study, participants reported performing at least 2–3 h of sports 
per week. To estimate the sample size, we took as reference the 
results obtained by Dormal et al. (2018) in the ANOVA ran in 
the interaction between factors duration and block (η2 = 0.491). 
Using software G*power (Faul et al., 2007), we calculated the 
sample size we  would need to use a two-way ANOVA, 
considering a significance level of α = 0.05 and power of 
(1−β) = 0.95. We found that a sample size of 8 participants 
would be needed.

Stimuli

Visual stimuli consisted of a pair of gray rectangles with the 
longest side upright (dimension: ~3° × ~1.5°). Each rectangle was 
generated in MATLAB, using psychophysics toolbox extensions. 
Stimuli were displayed on ASUS VG248QE Monitor (24-inch) 
with a resolution of 1920 × 1080 and a refresh rate of 100 Hz. For 
the distance estimation, the stimuli always last 500 ms, while the 
distance between the rectangles could have been ~7°, ~14°, ~22°, 
and ~30°. For the temporal estimation, the distance between the 
rectangles was ~22°, while the presentation duration could vary 
between 200, 400, 800, 1,600, and 3,200 ms. See  Figure 1 for a 
diagram of the experimental protocol.

The H7 heart rate sensor by Polar was used to record the 
heart rate. The sensor was applied at the diaphragm level using 
the appropriate band and connected via Bluetooth to the app 
Polar Beat, through which the experimenter could monitor the 
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heart rate. Physical activity was performed stationary cycling, 
using a rehabilitation pedalboard (model Welly M, EVERFIT).

Procedure

The experiment consisted of two sessions: one performed in 
the morning and one in the afternoon of the same day. Each 
participant performed the temporal estimation task in one session 
and the distance estimation task in the other. The session order 
was randomized among participants. Before each session, 
participants wore the heartbeat sensor, sat in front of the monitor, 
and with the experimenter’s help, positioned the pedalboard at the 
proper distance to the pedal. Afterward, the experimenter adjusted 
the monitor’s position at ~70 cm from the participant’s head.

Distance estimation task

Two rectangles were presented at one of the four possible 
distances for 500 ms. Once the rectangles disappeared, a new 

rectangle appeared randomly on the left or right of the screen. The 
participant was asked to reproduce the distance that separated the 
previous rectangles by moving the one on the screen using the left 
and right arrows on the keyboard, Figure 1B. Once positioned in 
the rectangle, the participant pressed the enter button to confirm 
the response and start the subsequent trial.

Temporal estimation task

The two rectangles always appeared on the screen at the same 
distance (~22°) but for a randomized duration. Once the 
rectangles disappeared, the participant had to press the space bar 
on the keyboard, reproducing the previous presentation duration 
of the rectangles, Figure 1A. Visual feedback was provided by a 
rectangle presented in the center of the screen while participants 
pressed the space bar key.

Both tasks were repeated three times (sessions). In the first 
session (baseline), participants performed the task while sitting 
comfortably on the chair. In the second session (physical activity, 
PA), participants performed the task while cycling in the second 

A B

C

FIGURE 1

Representation of the estimation tasks. (A) Description of the time estimation task in which the first screen shows two small gray rectangles 
equidistant from the center of the screen. The presentation duration of stimuli can be 200, 400, 800, 1,600, and 3,200 ms, while the distance 
between rectangles is fixed. Once the stimuli have disappeared, the words “press the button” appear, only at which point the participant must 
press the space bar to reproduce the duration of the stimuli, making a small rectangle appear as visual feedback. (B) Description of the distance 
estimation task in which the first screen shows two small gray rectangles appearing at different distances (~7°, ~14°, ~22°, and ~30°), while the 
temporal presentation was fixed at 500 ms. Then only one of the two rectangles appears on the screen, and the participant’s task is to move the 
rectangle, using the arrows on the keyboard, to retrace the distance that separated the two rectangles. (C) The procedure used during the testing. 
The first session is the baseline used to evaluate estimation performance. Following is the physical activity (PA) session that started after the 
increase in heart rate. After ~15/20 min at the end of the PA session, the task was executed a third time for the POST session.
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session. The experimenter monitored the heart rate to 
be maintained at around 40 beats per minute (bpm) above the 
basal rate (measured for each participant at rest) to ensure that the 
level of exercise was kept within a light to moderate level (Strath 
et al., 2013), and that the cycling effort was adequate and constant 
during the test. Because of our participants’ age and baseline heart 
rate, +40 bpm allowed all participants to achieve a light to 
moderate level of physical exercise (bpm range during physical 
activity: 40–60% of the maximum heart rate (Tanaka et al., 2001)). 
Finally, the third session (POST) was performed at rest (i.e., no 
cycling) around 15 min after the end of the PA session, when the 
heart rate had returned to the basal rate.

Each duration/distance was repeated 18 times for 90 trials for 
the temporal estimation and 72 trials for the distance estimation 
for each session. All experiments lasted around 1 h and a half.

Throughout the experiment, the average heart rate for each 
session was recorded. Moreover, at the end of the experiment, 
each participant was asked about the frequency of physical 
exercise per week for the last 3 months.

Data analysis

For each task and session, we calculated the average bias in 
estimating the duration/distance of the visual stimuli by 
subtracting the perceived duration/distance from the physical 
duration/distance. We ran a Lilliefors (Kolmogorov–Smirnov—
using rStudio Packages “normtest”) test to check the normality of 
the sample for each condition in each task. All tests respect the 
assumption of normality.

Moreover, we defined the Weber Fraction (WF) as perceptual 
precision, calculated as the ratio of the standard deviation to the 
perceived duration/distance.

Using the bias and successively the WF as a dependent 
variable, we  run two separate two-way repeated measure 
ANOVAs, for each variable, for the distance and temporal 
estimation. For the distance estimation, we had as between factors 
Session (baseline, PA and POST) and distance (7°, 14°, 22°, and 
30°), while for the temporal estimation, we used as between factor 
Session (baseline, PA and POST) and Duration (200 ms, 400 ms, 
800 ms, 1,600 ms, and 3,200 ms).

In a second step, to investigate the effects of physical activity 
in more detail, we  computed the under- or overestimation as 
proportional shifts, defined as the difference between the 
perceived duration (or Distance) and the real physical value, 
normalized by the real value.

 
Bias
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real value
% =

-æ
è
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ø
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Using this value as a dependent variable, we run two separate 
two-way repeated measure ANOVAs for the distance and 
temporal estimation. For the distance estimation, we  had as 

between factors Session (baseline, PA and POST) and Distance 
(7°, 14°, 22°, and 30°), while for the temporal estimation, we used 
as between factor Session (baseline, PA and POST) and Duration 
(200, 400, 800, 1,600, and 3,200 ms).

Then we  calculated the percentage of change of the bias 
relative to the baseline by subtracting the percentage of bias 
observed in the PA and POST sessions from that observed in the 
baseline session for each participant. A delta equal to zero 
indicates no effect from physical activity, so each delta was 
compared with zero, using a one-sample t-test against zero.

Using the bias percentage, we  directly compared the 
performance of distance and temporal estimation tasks in a 
third analysis. We  averaged the percentage across all the 
durations/distances to do so. We used this value as a dependent 
variable in a two-way repeated measure ANOVA with between 
factors Session (baseline, PA and POST) and Task (spatial 
and temporal).

As a final analysis, we correlated the average heart rate of each 
participant with the average bias obtained in the time estimation 
task for each of the three sessions using a Person 
correlation analysis.

Analysis of the HR in each condition is reported in the 
Supplementary materials.

All p-values for the t-test analysis were corrected for multiple 
comparisons (Holms), and Cohen’s d gives the effect size. All 
ANOVAs and t-tests were done using JASP software (Love 
et al., 2019).

Results

We found that physical activity clearly affected the temporal 
estimation task (Figure 2A), an effect that persisted even in the 
POST session. For all durations, physical activity induced an 
overestimation of the real duration. A repeated measures ANOVA 
revealed a significant main effect for Duration (F4,60 = 38.85, 
p < 0.001, η2 = 0.72) and Session (F2,30 = 6.32, p < 0.01, η2 = 0.3), but 
not a significant interaction between the two (F8,120 = 1.2, p = 0.31, 
η2 = 0.07), because the effect of physical activity was constant for 
all durations tested. Post hoc tests pooling all pedestal durations 
showed a significant difference between baseline and PA (t = 2.54, 
p < 0.05, d = 0.64), and baseline and PO (t = 3.72, p < 0.01, d = 0.93), 
but not between PA and PO (t = 0.66, p = 0.52, d = 0.16), confirming 
that there is an effect of physical activity and that this effect 
persists afterward. The persistence of the effect in the POST 
session rules out a possible impact of the rhythmicity of the 
cycling movement on the temporal distortion observed during 
physical exercise. Instead, for the distance estimation task, on 
average, participants were extremely accurate across all sessions 
(Figure  2B). The physical activity produced a slight, 
non-significant, bias leading to an overestimation of distance in 
almost all conditions, yet this effect was not maintained in the 
POST session. Consistently, the rm-ANOVA on the distance 
estimation was not significant for either of the main factors 
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(Session: F2,30 = 1.023, p = 0.37, η2 = 0.012; Distance: F3,45 = 1.13, 
p = 0.35, η2 = 0.03) or the interaction (F6,90 = 0.52, p = 0.79, 
η2 = 0.013).

Regarding the percentage of Bias in the temporal task, similar 
to the previous analysis we find both the main effects significant 
(Duration: F4, 60 = 49.02, p < 0.001, η2 = 0.77; Session: F2, 30 = 8.79, 
p < 0.001, η2 = 0.37), as well as the interaction between Session and 
Duration (F8, 120 = 3.59, p < 0.001, η2 = 0.19). While for the spatial 
task the results appear to be  unchanged, as none of the main 
effects (Distance: F3, 45 = 0.22, p = 0.88, η2 = 0.014; Session: 
F2, 30 = 1.04, p = 0.37, η2 = 0.06) or interaction (F8, 120 = 0.43, p = 0.86, 
η2 = 0.03) are significant.

We further characterize the effect of physical activity on 
temporal estimation by analyzing the % Deltas from the baseline 
for PA and POST sessions across pedestal durations 
(Figures  3A,B). The physical activity effect was significantly 
different from zero in the PA and POST sessions for the durations 
below the second but not for durations above the second 
(Figure 3A). Table 1 summarizes all the statistical results for the 
delta. For the three pedestal intervals tested in the sub-second 
range (200, 400, and 800 ms, Figure 3B), physical exercise induced 

a substantial overestimation of time (200 ms pedestal 
delta = 31.36.7 ± 47.04%, 400 ms pedestal delta = 33.35 ± 41.99%, 
800 ms pedestal delta = 19.39 ± 31.89%), which was maintained in 
the POST session (after exercise) once the heart rate returned to 
baseline levels. No significant difference was found for the spatial 
estimation task (Figures 3C,D). A summary of the results is in 
Table 1.

Moreover, we directly compared the percentage of Bias 
between the temporal and the spatial task. Both main effects 
were significant (Task: F1, 15 = 29.81, p < 0.001, η2 = 0.66; 
Session: F2, 30 = 9.28, p < 0.001, η2 = 0.38), and the interaction 
between Session and Task (F2, 30 = 8.19, p < 0.01, η2 = 0.35). Post 
hoc analysis revealed no significant difference between the two 
tasks in the PRE sessions (t = 1.25, p = 1, CI [−18.16 7.77]), 
meaning that at the beginning of the experiment the 
percentage of Bias was comparable. Nevertheless, we found a 
significant difference between the tasks in the PA session 
(t = 5.41, p < 0.001, CI [−35.34–9.41]), and in the POST session 
(t = 5.36, p < 0.001, CI [−35.13–9.2]). In the temporal task, the 
percentage of Bias in the PRE session was significantly 
different from the percentage in the PA (t = 5.18, p < 0.001, CI 
[−28.28–7.29]) and POST session (t = 5.04, p < 0.001, CI 
[−27.81–6.82]), while no difference was found in the spatial 
task neither between the PRE and PA sessions (t = 0.18, p = 1, 
CI [−11.09 9.89]) nor between PRE and POST (t = 0.1, p = 1, 
CI [−10.83 10.15]).

To evaluate perceptual precision during the different 
conditions, we run ANOVAs using the Weber Fraction (WF) 
as the dependent variable in both tasks (spatial and temporal). 
For the temporal estimation task (Figure 4A), we  found a 
significant main effect of Session (F2, 30 = 4.89, p < 0.05, 
η2 = 0.25) and Duration (F4, 60 = 12.56, p < 0.01, η2 = 0.46), but 
only a trend for the interaction between the factors (F8, 

120 = 1.96, p = 0.06, η2 = 0.12). Post hoc analysis on the main 
factors revealed that there is a significant difference between 
the PRE and PA condition (t = 3.13, p < 0.05, d = 0.78), but no 
difference between PRE and POST (t = 1.6, p = 0.24, d = 0.4), 
nor between POST and PA (t = 1.52, p = 0.24, d = 0.38), while 
the durations in the sub-second range were significantly 
different between the one over the second, but not different 
between each other (see Table 2 for a summary of results).

For the spatial estimation task (Figure 4B), the only significant 
factor was Distance (F3, 45 = 28.43, p < 0.001, η2 = 0.65), and not for 
Session (F2, 305 = 1.44, p = 0.25, η2 = 0.088) nor the interaction (F6, 

90 = 1.84, p = 0.1, η2 = 0.11).
Finally, to further check for a possible contribution of the 

increase in heart rate induced by physical exercise to the observed 
effect, we correlated the heart rate in the baseline condition with 
the average bias of the time estimation task in each experimental 
session (Figure  5). We  found no correlation between baseline 
heart rate and temporal estimation bias in either condition 
(baseline: R = −0.097, p = 0.721, CI 95% [−0.565 0.419]; PA: 
R = −0.24, p = 0.36, CI 95% [−0.66 0.285]; POST: R = −0.041, 
p = 0.88, CI 95% [−0.526 0.46]), indicating that the temporal 

A

B

FIGURE 2

Estimation bias. Average bias in temporal (A) and spatial 
(B) estimation measured before (BASE, gray bars), during (PA, red 
bars), and after (POST, blue bars) physical activity. In both panels, 
values above the dotted line (0) indicate an overestimation of 
time (A) or distance (B), while values below zero indicate 
underestimation. Error bars represent 1 ± SEM.
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distortion observed during and after physical activity was not due 
to the heart rate acceleration induced by exercise.

Discussion

We investigated the influence of physical activity on time 
perception by having participants perform temporal estimation 
tasks before, during, and after moderate physical exercise. 
We showed that moderate physical activity substantially affected 
temporal estimation, inducing a robust overestimation of 
durations under 1 s. Notably, the effect persisted even after the end 
of physical activity when heart rate returned to baseline levels. 
There was no correlation between baseline heart rate and temporal 
bias, indicating that the effect of physical exercise was not due to 
the change in heart rate. The persistence of the effect after the end 

of motor activity also rules out the possibility that the rhythmicity 
of pedaling and its variation in speed during physical activity 
might influence temporal estimation (Gupta et  al., 2020). 
Moreover, since Weber Fractions measured in the POST condition 
were indistinguishable from those obtained in the baseline 
condition, the persistence of the effect after the end of exercise also 
rules out the possibility that the temporal distortion induced by 
exercise might be related to lower precision in the estimation task 
during physical activity. Finally, the perceptual distortion induced 
by exercise was specific to temporal estimation; as in the control 
experiment, distance estimation was unaffected by physical  
activity.

The temporal distortion induced by physical activity is in line 
with previous reports (Lambourne, 2012; Schwarz et al., 2013; 
Dormal et al., 2018; Behm and Carter, 2020; Petrizzo et al., 2022). 
However, in the study by Dormal et  al. (2018), the authors 

A B

C D

FIGURE 3

Effect of physical activity on temporal and spatial estimation. (A) Average delta values for the temporal task were obtained by subtracting the bias 
observed in the baseline session before physical activity from the experimental sessions measured during (PA – red bars) and after (POST –red) 
physical activity. The delta was calculated for each duration of the time estimation task. Error bars represent SEM. (B) Scatter plot of the delta 
values obtained for each participant during physical activity (delta PA) vs. after physical activity (delta POST) for all interval pedestals tested. 
(C) Average delta values for the spatial task were obtained by subtracting the bias observed in the baseline session before physical activity from the 
experimental sessions measured during (PA – red bars) and after (POST –red) physical activity. The delta was calculated for each duration of the 
time estimation task. Error bars represent SEM. (D) Scatter plot of the delta values obtained for each participant during physical activity (delta PA) 
vs. after physical activity (delta POST) for all distances tested. *p < 0.05, **p < =0.01 (FDR correction for multiple comparisons applied to the 
p-values).
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conclude that the temporal distortion is not strictly related to 
physical activity per se but linked to other uncontrolled attentional 
or mnestic factors. This result is confirmed by other studies 
showing how perception (Mather et al., 2016), and even temporal 
perception (Gable et al., 2016), can be altered by the participant’s 
emotional state. Nevertheless, we believe that our results provide 

evidence of a genuine effect of physical activity while performing 
the task, which cannot be  attributed to arousal, fatigue, or 
emotional state as these factors would also affect spatial estimation 
(Stefanucci and Storbeck, 2009; Geuss et al., 2010; Storbeck and 
Stefanucci, 2014; Cañal-Bruland et al., 2015; Shiban et al., 2016).

In their experiment, Petrizzo et al. (2022) found a consistent 
(about 20%) overestimation of time (600 ms interval), but not 
numerosity, during aerobic physical activity (running on a 
treadmill). The bias induced by exercise disappeared soon after the 
end of physical activity, when heart rate had not yet returned to 
baseline levels, ruling out a significant contribution of heart rate 
and arousal increase to the observed effect. From this result, the 
authors conclude that temporal distortion is induced by physical 
activity, particularly by the rhythmic movement during running 
(Petrizzo et al., 2022). Our study extends Petrizzo et al. (2022) 
results, investigating the effect of physical activity on time 
estimation over a wide range of time intervals. Moreover, unlike 
this previous report, we  found that the temporal distortion 
persisted for at least 15–20 min after the end of physical activity 
when heart rate had returned to baseline levels. This result differs 
from Petrizzo et  al. (2022) and indicates that movement 
rhythmicity is not the sole contributor to the observed effect. 

TABLE 1 Summary of t-tests against zero of % Deltas for both the 
temporal and spatial estimation task.

Condition Value 
ms/° (SD)

t df p Cohen’s d

Delta PA 200 ms 63 (94) 2.53 15 0.036 0.67

Delta PA 400 ms 133 (168) 2.83 15 0.02 0.79

Delta PA 800 ms 155 (255) 2.25 15 0.046 0.61

Delta PA 1600 ms 51 (185) 1.03 15 0.31 0.28

Delta PA 3200 ms 51 (285) 0.79 15 0.48 0.18

Delta POST 

200 ms

57 (80) 2.55 15 0.03 0.72

Delta POST 

400 ms

104 (94) 4.11 15 0.01 1.1

Delta POST 

800 ms

176 (220) 3.83 15 0.02 0.8

Delta POST 

1600 ms

83 (174) 1.87 15 0.1 0.47

Delta POST 

3200 ms

149 (348) 1.83 15 0.13 0.43

Delta PA 7° 0.098 (0.28) 1.37 15 0.76 0.34

Delta PA 14° −0.006 

(0.63)

0.04 15 0.97 0.01

Delta PA 22° 0.2 (0.49) 1.66 15 0.76 0.41

Delta PA 30° 0.05 (0.32) 0.65 15 0.92 0.16

Delta POST 7° 0.047 (0.34) 0.55 15 0.92 0.14

Delta POST 14° 0.012 (0.39) 0.12 15 0.97 0.03

Delta POST 22° 0.16 (0.59) 1.09 15 0.77 0.27

Delta POST 30° −0.03 (0.29) 0.41 15 0.92 0.1

All p values are corrected for multiple comparisons (FDR).

TABLE 2 Summary of t-tests for the WFs in the temporal estimation 
task.

Condition t p Cohen’s d

200 ms vs. 400 ms 0.11 1 0.03

200 ms vs. 800 ms 0.58 1 0.14

200 ms vs. 1,600 ms 3.72 <0.01 0.93

200 ms vs. 3,200 ms 5.54 <0.001 1.39

400 ms vs. 800 ms 0.47 1 0.12

400 ms vs. 1,600 ms 3.61 <0.02 0.9

400 ms vs. 3,200 ms 5.44 <0.001 1.36

800 ms vs. 1,600 ms 3.14 <0.05 0.79

800 ms vs. 3,200 ms 4.96 <0.001 1.24

1,600 ms vs. 3,200 ms 1.82 0.39 0.45

All p values are corrected for multiple comparisons.

A

B

FIGURE 4

Weber Fraction on temporal and spatial estimation. (A) Bar plots 
represent the average Weber fraction for each session and 
duration tested in the temporal estimation task. Error bars 
represent SEM. (B) Bar plots represent the average Weber fraction 
for each session and distance tested in the spatial estimation task. 
Error bars represent SEM.
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There are two major differences between our study and Petrizzo 
et al.’s: the type of physical exercise (cycling vs. running) and the 
level of exercise (moderate vs. vigorous). In our paradigm, 
physical activity (and, therefore, movement) was confined to the 
lower limbs, and the head position was stable during the 
estimation task, as participants were sitting on a chair while 
pedaling. In contrast, running on a treadmill involves movement 
of the whole body, as well as rhythmic head movements, which 
call for automatic rhythmic eye movements to guarantee visual 
stability and might contribute to perceptual distortions. Moreover, 
in our study, physical exercise was moderate (about 50% of the 
maximum heart rate), while in Petrizzo et al. (2022), physical 
exercise was vigorous (80% of the maximum heart rate). Moderate 
and vigorous levels of physical exercise have different effects on 
perception and cognitive functions (Cantelon and Giles, 2021). 
For example, while moderate physical exercise improves response 
times for executive functions tasks, vigorous exercise impairs 
accuracy in the same tasks (Cantelon and Giles, 2021). Similarly, 
Marchant et al. (2020) reported that moderate, but not vigorous 
physical exercise improved short-term memory recall without 
increasing false recall. This evidence indicates different effects of 
exercise intensity on cognitive functions, with more consistent 
beneficial effects being observed for moderate levels of exercise 
(Cantelon and Giles, 2021). These two differences between our 
two paradigms might explain the different results obtained after 
the end of physical activity.

Another major point of our results is that while temporal 
overestimation was found for all durations tested, the effect was 
significant only for durations below one second. Mauk and 
Buonomano (2004) hypothesized the existence of four different 
temporal scales devoted to the processing of temporal information: 
microseconds (Covey and Casseday, 1999), milliseconds 
(Buonomano and Buonomano and Karmarkar, 2002), seconds 
(Gibbon, 1977), and circadian rhythms. Millisecond processing 
would be fundamental for speech processing, motion detection, 
and motor coordination. Instead, processing in the seconds’ range 
refers to the conscious perception of time. Since movement 
involves prolonged physical change over time, motor control and 

timing are related closely in the order of milliseconds. This link 
could be the basis of our finding: physical activity only affects the 
millisecond range. Continuous motor activation during cycling, 
and thus muscle exertion, could increase internal noise causing an 
overestimation for shorter temporal durations, but leave the 
temporal estimate at the conscious level almost intact. This 
hypothesis might be  supported by the fact that, across all 
conditions, we observed higher Weber Fractions (and therefore 
lower precision) for durations in the millisecond range. However, 
the lack of correlation that we found between Weber fractions and 
the percentage of bias in temporal estimates across all pedestal 
durations in the POST condition (Supplementary Figure  3) 
indicates that perceptual precision and the temporal distortion 
induced by physical exercise are not related.

According to the classical models of temporal perception 
(Treisman, 1963; Gibbon, 1977; Zakay and Block, 1996), 
another possibility is that physical activity could directly 
influence an internal pacemaker by increasing the rate of 
accumulated pulses and leading to an overestimation of 
temporal intervals. However, we  did not find a correlation 
between temporal bias and heart rate, which can be considered 
a potential physiological correlate of the pacemaker (Duncan 
et al., 2016; van der Ham et al., 2019; Behm and Carter, 2020). 
Moreover, it is essential to highlight that a change in the 
internal pacemaker would have an augmentative property, i.e., 
time distortion would increase with the stimulus duration 
(Zakay and Block, 1997; Gil and Droit-Volet, 2012). That 
physical activity induces a temporal distortion only for 
durations below one-second further points to a genuine effect 
of physical exercise on temporal estimation and no 
interference between the heart rate and the internal clock.

What alternative theory could be if the classical models 
cannot fully explain the observed effect? The striatal beat-
frequency model (SBF) proposes that temporal perception lies 
in the timing of various complex behaviors and provides a 
network of neural regions involved in it (Merchant et  al., 
2013). This model proposes that the clock speed is modulated 
by activity levels of dopamine-glutamate in the substantia 

FIGURE 5

Correlation between the average HR in the baseline condition and the average temporal bias for each experimental session.
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nigra compacta and ventral-tegmental area-cortical pathways 
(Matell and Meck, 2004; Meck, 2005). In this theory, time 
distortion is ascribed to context-dependent activation 
dynamics that interfere with neural network activity. This 
might explain our results on temporal distortion during the 
physical activity session (PA) and the persistence of the effect 
during the POST session. There is extensive literature on the 
relationship between physical activity and the dopaminergic 
system (Foley and Fleshner, 2008; Knab and Lightfoot, 2010). 
Physical exercise increases the amount of dopamine released 
and metabolized in some brain areas (Dishman, 1997; Waters 
et al., 2005; Ma, 2008), underlying the improvement observed, 
for example, in neuronal plasticity (Foley and Fleshner, 2008) 
and cognitive function (Singh-Manoux et al., 2005; Voss et al., 
2011). Therefore, a possible explanation of the temporal bias 
during our experiment is that the cycling induced an increase 
in dopamine production that interferes with the network of 
brain areas proposed by the SBF model, causing a speed-up of 
the internal clock leading to the temporal bias. Another point 
in favor of this idea is the persistence of the effect in the POST 
session, i.e., the dopamine release produced by physical 
activity persists despite the newfound homeostasis of the body 
system by continuing to alter the internal clock.

Finally, another neural mechanism possibly involved in the 
reported effect could be a modulation of GABAergic inhibition. 
Evidence from animal models shows that physical exercise increases 
visual cortical activity (Niell and Stryker, 2010) and enhances visual 
plasticity (Kaneko and Stryker, 2014) by reducing intra-cortical 
GABA concentration (Baroncelli et al., 2012; Sansevero et al., 2020) 
through a specific dis-inhibitory circuit in the primary visual cortex 
(Stryker, 2014; Fu et al., 2015). Interestingly, the concentration of 
GABA in the primary visual cortex of adult humans correlates with 
the perceived duration of time intervals in the sub-second range 
(Terhune et al., 2014) - the underestimation of temporal intervals is 
associated with higher GABA concentrations, and the 
administration of synthetic GABA alters temporal visual attention 
while not affecting spatial–visual attention (Leonte et al., 2018). 
Therefore, our finding that physical activity induces an 
overestimation of time intervals shorter than one second while not 
affecting distance estimation is consistent with reducing intra-
cortical GABAergic inhibition induced by physical exercise.

Conclusion

In the present study, we have shown (1) that the influence of 
physical activity is specific to the temporal domain, causing a 
general overestimation of the tested durations, and the heart rate 
does not correlate with it. (2) The effect on the temporal task can 
be  related to the increased production of the dopaminergic 
system, which causes an increase in the speed of the internal clock 
or reduces intra-cortical GABAergic inhibition. (3) Physical 
activity influenced only temporal perception in milliseconds 
probability because of motor control.
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