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Time is as pervasive as it is elusive to study, and how the brain keeps track of millisecond time is still unclear.
Here we addressed the mechanisms underlying duration perception by looking for a neural signature of subjective
time distortion induced by motion adaptation. We recorded electroencephalographic signals in human partici-
pants while they were asked to discriminate the duration of visual stimuli after different types of translational
motion adaptation. Our results show that perceived duration can be predicted by the amplitude of the N200

event-related potential evoked by the adapted stimulus. Moreover, we show that the distortion of subjective time
can be predicted by the activity in the Beta band frequency spectrum, at the offset of the adaptor and during
the presentation of the subsequent adapted stimulus. Both effects were observed from posterior electrodes con-
tralateral to the adapted stimulus. Overall, our findings suggest that local and low-level perceptual processes are
involved in generating a subjective sense of time.

1. Introduction

Time is pervasive in all human activities, and our sense of time is
foundational to our very existence. For instance, knowing the precise
time at which to reach out and grasp a prey or to cross a busy street
requires an accurate estimate of the passage of time. Despite such foun-
dational importance, and the growing number of studies on this topic,
how the brain processes and represents time is still unclear. Several
accounts of time perception have been proposed in the past decades,
involving brain mechanisms like a centralized pacemaker-accumulator
(Treisman et al., 1990), detectors of oscillatory activity in the striatum
(Meck and Benson, 2002), or the intrinsic dynamic of sensory neurons
(Buonomano and Maass, 2009). Although the pacemaker-accumulator
remains the most popular model - as it can account for many prop-
erties of time perception — none of these frameworks has yet reached
general consensus. Conversely, evidence showing different properties
of time perception at different time scales suggests the existence of mul-
tiple time-keeping mechanisms (Fornaciai et al., 2018; Karmarkar and
Buonomano, 2007; Spencer et al., 2009; Wiener et al., 2011; see also
Merchant and de Lafuente 2014).

Crucial to understand the mechanisms of time perception is to as-
sess how physical temporal information is translated into a subjec-
tive sense of time. Indeed, perceived time often deviates from phys-
ical time, showing that temporal processing is malleable and prone
to distortions. For instance, the perceived duration of a stimulus is
strongly modulated by its physical properties, like motion (Brown, 1995;
Kanai et al., 2006), size (Xuan et al., 2007), numerosity (Javadi and
Aichelburg, 2012; Togoli et al., 2021, 2022), the context in which the
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stimulus is presented (Fornaciai et al., 2018; Karmarkar and Buono-
mano, 2007; Kristjansson et al., 2007; Spencer et al., 2009), and also
by motor actions (e.g., Merchant and Yarrow, 2016). Understanding the
neural pathway leading to a subjective sense of time and the mecha-
nisms responsible for temporal distortions is thus essential to reach a
deeper understanding of time perception.

Here, we leverage the temporal distortions induced by motion adap-
tation to assess the brain processes linked to the perception of time.
Indeed, it has been shown that adaptation to fast motion strongly re-
duces the apparent duration of a subsequent stimulus (Ayhan et al.,
2009; Bruno et al., 2010; Burr et al., 2007; Fornaciai et al., 2016;
Johnston et al., 2006a; Latimer et al., 2014) — an effect named “duration
compression.” While the properties of this adaptation effect are debated
— especially concerning whether it occurs in a retinotopic (Bruno et al.,
2010; Latimer et al., 2014) or spatiotopic (Burr et al., 2007; Burr et al.,
2011) reference frame - it nevertheless offers a powerful tool to un-
derstand the brain mechanisms underlying our subjective sense of time.
Indeed, motion adaptation represents the ideal technique in this con-
text, for three main reasons. First, it typically yields strong distortions
in perceived duration, with a compression of up to 20-30% in previous
studies (e.g., Fornaciai et al., 2016), which is a necessary condition to be
able to achieve robust and systematic behavioural effects and to relate
them to changes measured at the neural level. Second, motion adapta-
tion can be delivered in different forms, which are more or less effec-
tive depending for instance on the speed of the motion adaptor (e.g.,
Johston et al., 2006) and the relative direction of adaptor and adapted
stimuli (Bruno et al., 2013). All these features thus give us the oppor-
tunity to potentially measure a parametric modulation of perceived du-
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ration and its neural signature according to the effectiveness of adap-
tation. Third, the effect has been shown to be spatially localised to the
position of the adaptor stimulus, which, in this context, is essential to
have proper control conditions for potential spurious effects on brain
activity. Namely, the spatial selectivity of the effect allows us to make
sure that what we are measuring is a specific effect of adaptation on
the processing of the adapted stimulus, and not, for instance, a general
lingering trace of the adaptor stimulus processing or even a mnemonic
representation of the adaptor stimulus itself.

To assess the neural signature of subjective time, we asked partic-
ipants to perform a duration discrimination task (i.e., comparing the
duration of a constant reference stimulus and a variable test duration)
during electroencephalographic (EEG) recording. Crucially, in different
conditions, participants were adapted to a fast (20 deg/s) or a slow (5
deg/s) moving stimulus, delivered to the same retinotopic or spatiotopic
(i.e., screen) coordinates of the reference stimulus, or in a neutral loca-
tion.

Our central goal is to assess how these different adaptation condi-
tions affect the perceived duration of a physically identical stimulus (i.e.,
the reference stimulus), and to identify a neural signature of these per-
ceptual distortions. Concerning the neural signature of subjective time,
we had two main hypotheses. First, as we employed motion adapta-
tion to bias perceived duration, we posited that the neural responses
to motion adaptation might also be involved in duration distortion.
In terms of event-related potentials (ERPs), previous studies show that
the N200 component recorded at posterior EEG channels reflects mo-
tion processing and the effect of motion adaptation (Hoffmann et al.,
1999; Hoffmann et al., 2001). The N200 thus represents our main
target ERP component. Second, in line with previous results showing
the involvement of the Beta frequency band in time perception (e.g.,
Kononowicz and Van Rijn, 2015; Kulashekhar et al., 2016), we posited
that adaptation might distort perceived duration by modulating brain
activity in the Beta band. To address this hypothesis, we thus assessed
the power of Beta band activity during the adapted stimulus (i.e., the
fixed duration reference stimulus) to see if and how Beta band activ-
ity was affected by adaptation and whether it could predict changes in
perceived duration. Moreover, to explore potential links between Beta
band frequency changes occurring during the reference stimulus and
well before its presentation, during the adaptation phase itself, we also
checked for changes in spectral power during the presentation of the
adaptor stimulus (from its onset to offset).

To preview, the ERP analysis first shows that the amplitude of the
N200 component recorded from posterior electrodes during the adapted
stimulus is affected by motion adaptation, and can predict the perceived
time distortion induced by adaptation. On the other hand, another com-
ponent potentially associated with time perception, the contingent neg-
ative variation (CNV), does not show such a relationship. Moreover, our
results show that motion adaptation affects the power of brain activity
in the Beta band recorded at posterior electrodes, and that such changes
in power at the adaptation offset and early during the reference stimulus
presentation (adapted stimulus) successfully predict perceptual distor-
tions. Importantly, these effects are localised to EEG channels contralat-
eral to the stimuli. These results suggest that the emergence of subjec-
tive time is linked to processes starting locally and relatively early in
the visual processing stream.

2. Materials and methods
2.1. Subjects

The experiment was conducted on 32 healthy subjects (18 females;
mean age (+ SD) = 25 = 0.37; 30 out 32 right-handed participants),
naive to the purpose of the experiment, none of them reporting any
neurological disease. Participants gave their written informed consent
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before taking part in the study, and were compensated for their partici-
pation with 12 Euro/hour. The study was carried out in accordance with
the Declaration of Helsinki, and was approved by the local ethics com-
mittee of the Scuola Internazionale Superiore di Studi Avanzati (SISSA).
Note that the sample size of the present study was chosen to be equal
to the sample included in a previous study by Kononowicz and Van
Rijn (2015), which shares a similar goal with the present study: ad-
dressing the involvement of Beta-band activity in time perception. Con-
cerning the behavioural effect of adaptation, previous psychophysical
studies typically tested relatively small samples of subjects (i.e., 11 in
Burr et al., 2007, and 6 in Ayhan et al., 2009, for example). We thus
opted for a sample size that was appropriate for an EEG experiment
and was also large enough to reliably assess the behavioural effect of
adaptation.

2.2. Apparatus and stimuli

The participants performed the experiment sitting in front of an LCD
monitor (60 x 34 cm; 100 Hz refresh rate, resolution = 1920 x 1080 pix-
els; distance from the screen = 80 cm) where the stimuli were displayed.
The stimuli used (i.e., adaptor, reference, and test) were arrays of black
and white moving dots (number of dots = 50; 50%,/50% of black and
white dots; 100% contrast; dot radius = 5 pixels) presented in a circu-
lar area with a radius of 3.25 deg, with their initial position determined
randomly. Each dot had a limited lifetime, and was replaced by another,
randomly positioned dot after moving for 5 frames (50 ms). The speed of
the adaptor stimuli was based on previous studies (e.g., Fornaciai et al.,
2016) and was 20 deg/s in all except one condition, where speed was
5 deg/s. The reference and test stimuli had a speed of 10 deg/s (again
in line with previous studies; e.g., Fornaciai et al., 2016). The temporal
frequency of all the presented stimuli was broadband around 20 Hz or
5 Hz for the adaptor, and around 10 Hz for the reference and test stim-
uli, due to the broadband spectrum of spatial frequencies included in
dot arrays. Motion coherence was 100% with leftward direction, except
the condition where the adaptor direction was rightward. The stimuli
were designed using the Psychophysics toolbox (Version 3; Kleiner et al.,
2007) in Matlab (version r2015b; The Mathworks, Inc.).

2.3. Experimental design

The experiment included 6 blocks of 70 trials, all performed within a
single experimental session. In each block, participants performed a du-
ration discrimination task. With the exception of the baseline condition
block, in all the rest of the blocks the duration discrimination was pre-
ceded by a perceptual adaptation phase (see below for more details).
In the duration discrimination task, participants observed a reference
and a test stimulus (always in this order), and had to report which one
of the two lasted longer in time. The reference stimulus was always
presented in the upper half of the screen centred on the vertical mid-
line, with a vertical eccentricity of 5 deg from the centre of the screen,
and its duration was always 500 ms. The test stimulus was always pre-
sented in the lower half of the screen with the same vertical eccentricity
of the reference, and its duration was pseudo-randomly determined in
each trial (300, 400, 500, 600 or 700 ms). To induce motion adapta-
tion, an adaptor stimulus was presented before the reference stimulus
according to different adaptation conditions based on the adaptor po-
sition, speed, and motion direction. In most of the conditions, motion
adaptation was delivered in spatiotopic coordinates (i.e., adaptor and
adapted stimulus matching in spatial, world-based coordinates), as this
type of adaptation does not introduce spurious biases due to the distor-
tion of perceived speed (e.g., Kanai et al., 2006; Fornaciai et al., 2016).
Moreover, the properties of the different adaptor stimuli were chosen to
result in effects of different strength, to have a parametric modulation of
the adaptation-induced duration distortion. For instance, while adapt-
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ing at high speed (20 deg/s) results in a strong effect, slower motion
(5 deg/s) is expected to induce a weaker effect (e.g., Johnston et al.,
2006). Similarly, while adaptation is most effective when adapted and
adaptor stimuli move in the same direction, having the stimuli mov-
ing in opposite directions is expected to reduce the effect (Bruno et al.,
2013). We thus chose the conditions we expected to result in graded
effects: 20 deg/s motion adaptation with the adaptor in the same spa-
tiotopic coordinates as the reference (20 deg/s spatiotopic adaptation;
20S), 20 deg/s spatiotopic adaptation with the adaptor moving in the
opposite direction compared to the reference (20 deg/s inverse motion
adaptation; 20I), and 5 deg/s spatiotopic adaptation (05S). In addition,
as it has been widely used in previous studies yielding robust effects,
we also tested 20 deg/s adaptation in retinotopic coordinates, i.e., with
the reference matching the retinal position of the adaptor stimulus af-
ter an eye movement (20 deg/s retinotopic adaptation; 20R). Finally,
we also included a condition in which the stimulus was presented in a
neutral location not corresponding to either spatiotopic or retinotopic
coordinates of the reference (20 deg/s notopic adaptation; 20N). This
last condition is not expected to lead to duration distortions, and it was
included to control for potential spurious effects of adaptation at the
neural level. In addition to the adaptation conditions, we tested a base-
line condition in which no adaptor was presented. To dissociate the dif-
ferent reference frames of adaptation, we asked participants to make a
saccade during the interval between adaptor and reference, so that the
subsequent reference position could correspond to the adaptor in terms
of spatiotopic coordinates (fixed on the screen), in terms of retinal co-
ordinates shifted by the eye movement, or none of the two (i.e., in the
notopic condition). The stimulation sequence in each trial was there-
fore as follows: the trial started with the participant fixating on the first
fixation point, located in the left half of the screen on the horizontal
midline (horizontal eccentricity from the centre of the screen = 5 deg).
The adaptor was presented in one of three different positions for 15 s
in the first trial of the block, and then for 5 s in the rest of the trials
(i.e., top-up adaptation). After 300-450 ms from the adaptation offset,
the first fixation point disappeared and a second one appeared on the
right side of the screen (horizontal eccentricity from the centre of the
screen = 5 deg), cueing the participant to make a rightward saccade
to the new fixation point (saccade amplitude = 10 deg). The reference
stimulus was presented after 1 s from the onset of the second fixation
point, to allow enough time to perform the saccade (i.e., the average
saccade latency in untrained participants is expected to be, on average,
around 200-250 ms; Fornaciai and Binda, 2015). Finally, the test stimu-
lus was presented after 300-450 ms from the reference offset. At the end
of the trial, the fixation point turned red, cueing the participant to pro-
vide a judgment, reporting which stimulus between the reference and
the test lasted longer. Responses were provided by pressing the appro-
priate key (corresponding to “reference longer” or “test longer”) on a
standard keyboard. After providing a response, the next trial started au-
tomatically after 1.3-1.45 s. The baseline condition involved a similar
stimulus sequence, with the exception that no adaptor was presented
before the reference. Each condition (i.e., different adaptation condi-
tions and baseline) was performed separately in different blocks. The
different blocks were separated by a break of at least 2 min to allow
adaptation to decay. A block of trials took about 15 min, and the entire
experimental session took about 90 min. See Fig. 1A for a depiction of
the experimental procedure.

2.4. EEG recording and analysis

During each condition, EEG was recorded continuously using 32 ac-
tive electrodes, evenly distributed over the entire scalp (with position-
ing and naming conventions following a subset of the extended 10-20
system) using a BioSemi ActiveTwo system (BioSemi, Amsterdam, The
Netherlands) as well as an electro-oculogram (EOG) using the set-up
described by Croft et al., 2005. The sampling rate was 2048 Hz.
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The data preprocessing was performed using the functions of the
EEGLAB toolbox for Matlab. First, the EEG signal was re-referenced of-
fline from the original common mode sense reference (Van Rijn et al.,
1991; CMS, positioned next to electrode Cz) to the average of two ad-
ditional electrodes that were placed on the subject’s mastoids. Then,
the continuous EEG signal was filtered using a 4th-order Butterworth
band pass filter with range 0.5-45 Hz. To remove artifacts introduced
by blinks and eye movements, EOG signals were recorded before the
start of the session using four electrodes positioned around the right eye
(Croft et al., 2005). Then, the EOG activity was used during the data
preprocessing to remove eye artefacts following the Revised Artifact-
Aligned Averaging (RAAA) procedure. The EEG data corresponding to
the reference stimulus was epoched from -200 to 700 ms around its on-
set. The reference epochs were baseline-corrected using the 200-ms pre-
stimulus interval and were examined to remove any remaining artefact.
Baseline correction was applied to reduce the potential spurious effect
of a lingering trace of the adaptor stimulus not related to the adapta-
tion state itself. We also extracted the EEG signal corresponding to the
top-up adaptor stimulus presentation i.e., 5 s of stimulus presentation
and an additional 1-s interval after its offset. In the case of the top-up
adaptor epochs, no baseline correction was applied to avoid a potential
loss of information. To further remove artifacts, we also applied a rejec-
tion procedure based on an amplitude threshold, removing all trials in
which the EEG amplitude exceeded + 50 xV. Overall, 15% of the trials
were excluded with this procedure.

The epoched EEG signal was analysed both in the time and the
frequency domain. In the time domain, we focused on EEG activity
time-locked to the reference stimulus, and computed ERPs by averag-
ing all the reference epochs corresponding to each individual baseline
and adaptation condition. In terms of ERPs, our primary target was the
N200 component recorded at posterior EEG channels, which has been
shown in previous studies to reflect motion processing and the effect
of motion adaptation (Hoffmann et al., 1999; Hoffmann et al., 2001).
In order to capture visual evoked responses to the reference and the
N200 component, we thus selected a set of posterior occipito-parietal
channels (01, 02, PO4, PO3), and a main time window of interest con-
sistent with the N200 (140-240 ms). Additionally, due to its potential
involvement with time processing, we also assessed the CNV (contin-
gent negative variation) component, using a time window from 250 to
500 ms, and selecting a set of fronto-central electrodes (FC1, FC2, Fz,
Cz) that are typically associated with this component (Kononowicz and
Penney, 2016; Li et al., 2017; Peters et al., 1977; Van Rijn et al., 2011).

In order to assess the effect of adaptation on EEG activity in the fre-
quency domain and its relation to the distortion of perceived duration,
we computed the difference in spectral power in the Beta frequency band
during and after adaptation, compared to the unadapted condition (i.e.,
change in spectral power compared to the unadapted state). In this case,
the preprocessing involved an additional band-pass filter with a range
of 10-45 Hz. In this context, according to our initial hypotheses, we
predicted that activity in the Beta band might be involved in mediat-
ing the distortion of perceived duration induced by motion adaptation.
To address this hypothesis, we performed a series of spectro-temporal
FFT analyses (100 ms sliding windows with 50 ms overlap) at differ-
ent latency windows corresponding to the presentation of the adaptor
and the reference stimulus. First, we focused on the top-up adaptation
period performed in each trial (except the first) of each condition, and
assessed the changes in power in the Beta (15-30 Hz) frequency band,
compared to the unadapted condition. To do so we considered epochs
time-locked to the onset of the 5-seconds period of adaptation (0-6 s, in-
cluding 1 s after the adaptor offset). Moreover, Beta band power changes
were assessed during the reference stimulus presentation. To further dis-
entangle whether changes in Beta power occur during an early or late
phase of the reference processing, or throughout its presentation, we
assessed the Beta power separately in the first half (0-250 ms) and sec-
ond half (250-500 ms) of the reference presentation. In both the case
of the top-up and the reference epochs, the time-frequency analysis was
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Fig. 1. Experimental procedure and behavioural results. (A) Schematic representation of the experimental paradigm, showing the three different positions of the
adaptor according to the reference frame of the adaptation effect. The experimental procedure involved first an adaptation phase (15 s in the first trial, 5 s top-up in
the following trials) in which a motion adaptor stimulus was presented on the screen. After the adaptation or top-up phase, the first fixation point (on the left part
of the screen) was replaced by a second fixation point on the opposite side (right), 10 degrees away from the first one, cueing the participant to make a saccade on
the new fixation. The reference stimulus was presented 1 s after the second fixation onset, and was followed by the presentation of the test stimulus. After the test,
the fixation point turned red, and participants were instructed to indicate whether the reference or the test stimulus lasted longer. After providing a response, the
next trial started automatically after 1.3-1.45 s. Note that the different adaptation conditions were tested in separate blocks of trials. (B) Individual (empty circles)
and average (large filled circles) measures of PSE across the different conditions. (C) Behavioural effect of adaptation in terms of average adaptation effect index,
across the different adaptation conditions. Effects are reported in terms of normalized difference of each condition against the unadapted condition, and represent
the difference in the reference perceived duration caused by the different types of motion adaptation. Error bars are SEM. The codes on the x-axis correspond to the
different adaptation conditions, i.e., 20R = 20 deg/s retinotopic adaptation, 20S = 20 deg/s spatiotopic adaptation, 05S = 5 deg/s spatiotopic adaptation, 20I = 20
deg/s inverse motion spatiotopic adaptation, and 20N = 20 deg/s notopic adaptation. Stars refer to the significance of paired t-tests. * p < 0.05, ** p < 0.01, ***

p < 0.001.

performed on each trial separately, and power across the different fre-
quency bands was computed as the average of all individual trials. The
change in power was then computed as the difference in power in each
adaptation condition compared to the power computed in the unadapted
condition across a similar time window.

All the preprocessing, analytical procedures, and statistical tests
were carried out in Matlab (The Mathworks, Inc.; version r2015b).

2.5. Behavioural data analysis

To assess the behavioural performance of each participant in the du-
ration discrimination task, we fitted a logistic sigmoid function to the
proportion of “test stimulus longer” responses as a function of the dif-
ferent test durations across all the trials of each condition. The fitting
procedure was performed by means of the psignifit toolbox in Matlab,
using the default fitting parameters. We then computed the point of sub-
jective equality (PSE) as a measure of the perceived duration of the ref-
erence stimulus. This corresponds to the median of the sigmoid function
and to the chance-level responses (i.e., 50% probability of responding

that the test stimulus was longer). In order to estimate the change in
perceived duration induced by adaptation, we computed an adaptation
effect index as the difference in PSE between each adaptation condition
and the baseline unadapted condition, normalized for the baseline and
turned into percentage, according to the following formula:
|
Adaptation effect = —
p ~ ;
Where N is the number of subjects. A negative adaptation effect
means that the perceived duration of the reference stimulus (i.e., PSE)
is shorter after adaptation compared to the baseline, thus indexing an
underestimation, or “compression,” effect. Conversely, a positive adap-
tation effect means that perceived duration increases after adaptation,
compared to the baseline (i.e., overestimation). The significance of the
adaptation effect in different conditions was tested with a one-sample
t-test against a null hypothesis of zero effect. To assess whether there
was a significant difference in the effect across different conditions we
performed a one-way repeated measures ANOVA with factor “adapta-
tion condition.” Furthermore, a series of pairwise comparisons was per-

PSE, (adaptation) — PSE;(baseline)
PSE; (baseline)

X 100
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formed, comparing each condition against each other. In all cases, the
a value of the tests was corrected for multiple comparisons.

2.6. EEG data analysis: modelling the relationship between temporal
distortions and EEG signatures

The main goal of the present study was to address the relationship be-
tween the temporal distortions caused by adaptation, and the brain ac-
tivity evoked by the adapted stimulus - in terms of both ERPs and spec-
tral power — to understand the neural representation of perceived time.
To address this relation, we used a series of linear mixed-effect (LME)
models assessing whether either the modulation of ERPs or spectral
power in the Beta frequency band predicts duration distortions. First,
regarding the ERP analysis, we assessed the relation between the per-
ceived duration of the reference stimulus (i.e., PSE), and the responses
evoked by the adapted stimulus (i.e., the reference), according to the
following model:

PSE ~ Condition + ERP * ROI + (1 |subjects);

Where “PSE” represents the perceived duration of the adapted (refer-
ence) stimulus, “Condition” represents the adaptation condition, “ERP”
represents the average amplitude of evoked responses within either the
140-240 ms latency window, corresponding to the N200 component, or
the 250-500 ms window, corresponding to the expected CNV latency
window (see EEG recording and analysis), and “ROI” represents the set
of electrodes ipsilateral and contralateral to the stimulus position (only
for the N200 analysis; see below). Indeed, our primary hypothesis when
it comes to the relation between ERPs and the duration distortion con-
cerned the motion-sensitive N200 component. In addition to that, how-
ever, we also assessed this relationship considering the CNV component,
due to its potential, although debated, relationship with time percep-
tion (Kononowicz and Penney, 2016; Li et al., 2017; Peters et al., 1977;
Van Rijn et al., 2011). Subjects were added to this model as the random
effect. In the case of the analysis at the CNV latency window, however,
we used an identical model with the exception of the ROI factor, since
we used a single set of fronto-central electrodes (FC1, FC2, Fz, Cz).

Moreover, according to our second main hypothesis concerning the
potential role of activity in the Beta frequency band, we assessed the
relation between the magnitude of the adaptation effect, and the change
in spectral power in the Beta frequency band, according to the following
model:

Adaptation effect ~ Condition + Beta change * ROI + (1|subjects);

Where the “adaptation effect” is the normalised difference in PSE of
each adaptation condition compared to the unadapted condition (see
Behavioural data analysis), the “Beta change” factor represents the dif-
ference in spectral power in the Beta band, in each adaptation condi-
tion compared to the unadapted condition, and “ROI” represents the set
of electrodes ipsilateral and contralateral to the stimulus position. This
model was applied considering the change in spectral power computed
at the offset of the top-up phase (considering a 1 s window after the
offset). Finally, considering the change in Beta power during the pre-
sentation of the reference, we used the following model:

Adaptation effect ~ Condition + Beta change * ROI * Win-
dow + (1|subjects);

In this case, the fixed effect of time window ("Window”) was added
to assess the difference across the first (0-250 ms) and the second (250-
500 ms) half of the reference stimulus presentation. In doing so, we
aimed to assess the impact of adaptation on the processing of the ref-
erence stimulus at an early stage after its onset, and/or at a later stage
towards its offset.

Note that in all cases the contralateral and ipsilateral electrodes rep-
resented by the ROI factor were selected based on the position of the
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stimulus relative to the fixation point, which, in the case of the adap-
tor stimulus, varied according to the reference frame of the adaptation
condition (see Fig. 1A). For example, the channels PO3 and O1 were
considered contralateral to the spatiotopic adaptor stimulus (which was
presented on the right of the first fixation point), while the channels
PO4 and O2 were selected as the contralateral channels to the retino-
topic adaptor (presented on the left of the first fixation point).

The goodness of fit of the models used in the regression analysis was
controlled by performing an ANOVA with type-III sums of squares (Sat-
terthwaite’s method) considering iteratively different models, including
the full model and a series of nested models in which one of the factors
is removed. In doing so, we thus assessed which version of the model
minimises the residual sums of squares.

2.7. Data and experimental code availability

All the data generated in the experiment described in this manuscript
and the experimental code are available on Open Science Framework at
this link: https://osf.io/7kqvh/.

3. Results

The effect of motion adaptation on perceived time was tested with
a behavioural paradigm in which we asked healthy human participants
(N = 32) to discriminate the duration of pairs of visual stimuli after un-
dergoing motion adaptation. The stimuli used in the duration discrimi-
nation task were arrays of moving dots, moving coherently from left to
right at a speed of 10 deg/sec (for more details see Materials and Meth-
ods). The reference stimulus of fixed duration (500 ms) was presented
in the upper visual quadrant, while the variable test duration (ranging
from 300 to 700 ms) in the lower quadrant; both stimuli were centred
on the vertical midline with a vertical (centre-to-centre) eccentricity of
5 degrees of visual angle from the middle of the screen. In the adap-
tation phase, prior to duration discrimination, participants were pre-
sented with a similar visual stimulus, from now on called the “adaptor,”
whose spatial position, speed, and motion direction relative to the refer-
ence stimulus was manipulated. Based on previous studies (Bruno et al.,
2013; Burr et al., 2007; Fornaciai et al., 2016; Johnston et al., 2006)
showing changes in perceived duration induced by motion adaptation
depending on speed, motion direction and spatial position of the adap-
tor stimulus with respect to the reference, we decided to test the effect
of motion adaptation in five different conditions. These conditions were:
(1) 20 deg/s adaptation in which the adaptor and reference were in the
same retinotopic coordinates (i.e., corresponding to the projected retinal
position of the adaptor after an eye movement of 10 deg away from the
first fixation point; 20R); (2) 20 deg/s adaptation in spatiotopic coordi-
nates, in which adaptor and reference were in the same spatiotopic po-
sition (i.e., same position in screen coordinates; 20S); (3) 5 deg/s adap-
tation in spatiotopic coordinates (05S); (4) 20 deg/s spatiotopic adapta-
tion, but with adaptor and reference moving in opposite directions (i.e.,
inverse motion condition; 20I); (5) 20 deg/s adaptation in a neutral loca-
tion, that was neither the retinotopic nor the spatiotopic position of the
reference stimulus (i.e., notopic; 20N). In most of the conditions, motion
adaptation was delivered in spatiotopic coordinates (i.e., adaptor and
adapted stimulus matching in spatial, world-based coordinates), as this
type of adaptation does not introduce spurious biases due to the distor-
tion of perceived speed (e.g., Kanai et al., 2006; Fornaciai et al., 2016).
Moreover, the properties of the different adaptor stimuli were chosen to
result in effects of different strength, to have a parametric modulation of
the adaptation-induced duration distortion. Adaptation to a fast-moving
stimulus presented in spatiotopic coordinates should lead to stronger
adaptation effects compared to a stimulus moving at a lower speed (5
deg/s) or moving in an opposite direction compared to the adapted stim-
ulus (Johnston et al., 2006; Bruno et al., 2013). Fast retinotopic adap-
tation was added to this set of conditions as it has proven to be very
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effective in distorting perceived duration, although it is more prone to
spurious effects related to perceived speed (Fornaciai et al., 2016). Fi-
nally, the notopic adaptation was used to further control for possible
spurious effects at the neural level, as it is not expected to bias duration
perception (i.e., due to the spatial selectivity of the effect). Note that not
all the possible pairwise combinations of speed, reference frame, and
motion direction were tested, but only the most important ones to get a
sufficiently wide spectrum of effects. Besides the adaptation condition,
duration discrimination performance was also measured in a baseline
condition without adaptation (unadapted condition). A depiction of the
experimental procedure is shown in Fig. 1A.

As a behavioural measure of the effect of motion adaptation on per-
ceived duration, we focused on changes in the point of subjective equal-
ity (PSE; i.e., the duration of the test stimulus that is judged 50% of
the times longer than the reference) across the different conditions. The
average psychometric curves corresponding to the different conditions
are shown in Fig. S1 (see the Supplementary Materials). To achieve a
measure of the net effect of adaptation on duration estimates, we com-
puted an adaptation effect index as the normalized difference in PSE be-
tween each adaptation condition and the unadapted baseline condition
(see Materials and Methods). Fig. 1B shows the individual and average
PSEs across the different conditions, while Fig. 1C shows the average
adaptation effects. To assess the effect of adaptation on the reference
perception we ran a one-way repeated measures ANOVA on the adapta-
tion index. The analysis showed a significant effect of adaptation condi-
tion on participants’ perception (F(4,31) = 6.21, p < 0.001, 2= 0.443).
To further explore this effect, we performed a series of one-sample t-
tests against the null hypothesis of zero adaptation effect (Bonferroni-
corrected « value equal to 0.01). The results showed a significant effect
in the case of fast spatiotopic adaptation (20S; t(31) = 3.64, p < 0.001,
Cohen’s d = 0.91, average adaptation effect = 7.56%), retinotopic adap-
tation (20R; t(31) = 5.7, p < 0.001, d = 1.43, average effect = 12.86%),
and in the slower spatiotopic adaptation (05S; t(31) = 4.07, p < 0.001,
d = 1.02, average effect = 6.37%) condition. No significant effect was
observed instead when adaptor and reference stimuli moved in oppo-
site directions (201 condition; t(31) = 2.35, p = 0.02, d = 0.58, aver-
age effect = 5.02%), and when they occupied different spatial/retinal
positions (20N condition; t(31) = 0.5, p = 0.58, d = 0.14, average ef-
fect = 1.42%). Moreover, we performed a series of paired t-tests com-
paring all the individual conditions against each other. In these tests,
we considered a Bonferroni-corrected a equal to 0.0125 (i.e., consider-
ing the 4 tests needed to compare a given condition to all the others).
The results (Fig. 1C) showed that the most robust duration compres-
sion effects were induced by fast (20 deg/s) adaptation in retinotopic
and spatiotopic coordinates (20R and 20S condition). Namely, the ef-
fect in the 20R condition resulted to be significantly different from the
058, 201, and 20N condition (p = 0.007, 0.0012, and < 0.001, respec-
tively), while the effect in the 20S condition was significantly different
compared to the 20N (p = 0.01) condition. On the other hand, no other
condition yielded effects significantly different from the control notopic
(20N) condition (all p > 0.0125). No significant difference was observed
between the 20S and 20R condition (p = 0.02). Overall, although these
tests show that only the 20R and 20S adaptation conditions yielded ef-
fects significantly stronger than the 20N condition (which can be con-
sidered a control condition since no effect is expected), the effect sizes
of the slow (5 deg/s; 05S condition) and inverse motion (20I condition)
adaptation observed when running one-sample tests (d = 1.02 and 0.58,
respectively) suggests that some genuine adaptation effect occurred also
in those conditions. Individual measures of the adaptation effect across
the group are shown in Fig. S2. The precision in the task (Weber frac-
tion) across the different adaptation conditions is shown in Fig. S3 (see
the Supplementary Materials).

At the neural level, our main goal was to assess the neural responses
during the presentation of the reference stimulus — a physically identi-
cal stimulus that according to the preceding adaptation condition was
perceived differently.
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To assess the effect of adaptation at the neural level we looked at
event-related potentials (ERP), and at changes in power in the Beta fre-
quency band (15-30 Hz). Our main analyses primarily focused on the
reference stimulus presentation. When assessing the effect in the fre-
quency domain, we however deemed important to check for possible
effects during adaptation and in the transition from adaptation to refer-
ence stimulus presentation.

First, according to our hypotheses, the adaptation-induced distortion
of perceived duration might be associated to changes in brain activity
related to motion processing. For instance, previous studies showed that
the N200 component recorded at posterior EEG channels reflects motion
processing, and it is sensitive to the effect of adaptation (Hoffmann et al.,
1999; Hoffmann et al., 2001).

We thus started by analysing the event-related potentials (ERP) time-
locked to the onset of the adapted reference stimulus, in a set of posterior
occipito-parietal channels of interest (02 and PO4 in the right hemi-
sphere, O1 and PO3 in the left hemisphere). The average ERPs across
channels contralateral to the reference stimulus (02 and PO4), corre-
sponding to the different adaptation conditions, are shown in Fig. 2A.
As a first target latency window, we chose a window consistent with
the timing of the N200 component (140-240 ms). Although the differ-
ence across different adaptation conditions is relatively small, the brain-
waves plotted in Fig. 2A appear to be sorted according to the strength
of the observed behavioural effects, and especially at around 200 ms af-
ter stimulus onset. Namely, the larger the duration underestimation, the
smaller the deflection of the N200. The average ERP amplitude within
the N200 latency window (140-240 ms) is shown in Fig. 2B. A one-way
repeated measures ANOVA showed a main effect of adaptation condi-
tion on the N200 amplitude, suggesting that brain activity at the level
of this component is modulated by the different adaptation conditions
(F(4,31) = 4.14, p = 0.001, 2= 0.73). We followed up the ANOVA with
a series of paired t-tests comparing the N200 amplitude in each con-
dition against each other (Bonferroni-corrected a value equal to 0.01).
The results showed that the N200 amplitude in the baseline unadapted
condition is significantly different (i.e., more negative) compared to all
the other conditions (t(31) = 4.09-5.44, all p < 0.001) except the no-
topic condition (t(31) = -2.72, p = 0.011). Both the retinotopic and
spatiotopic conditions showed a significant difference compared to the
notopic condition (t(31) = 4.45, p < 0.001 and t(31) = 3.12, p = 0.003,
respectively). No other comparison reached significance (max t = 1.60,
min p = 0.018). The scalp topography of N200 displayed in Fig. 2C fur-
ther shows that after all the adaptation conditions the response evoked
by the reference tends to peak at electrodes contralateral to its posi-
tion on the screen. The only exception to this pattern is the no-topic
and the unadapted conditions, showing much less marked lateralization
compared to the other conditions. This can be explained by the lack of
duration compression in these adaptation conditions, suggesting again
a relationship between the behavioural effect of adaptation and the ac-
tivity in the N200 latency window. To better assess the relation between
the N200 component and the behavioural effect of adaptation, we per-
formed a linear mixed effect (LME) model analysis, using “Condition”
(i.e., the different conditions performed by participants), the average
N200 amplitude ("N200”), and “ROI” (i.e., channels contralateral vs. ip-
silateral to the reference stimulus position; O2 and PO4, or O1 and PO3,
respectively) as fixed effects, and participants as random effect (PSE ~
Condition + N200 * ROI +(1|subject)). The results from this regression
model (R?= 0.47, marginal R> = 0.24) showed a significant effect of
N200 (p = 3.81, t = 2.34, p = 0.032), a significant effect of condition
(B =473, t = 2.96, p = 0.001), and, importantly, a significant inter-
action between the N200 amplitude and the ROI (§ = 0.98, t = 1.28,
p = 0.042). The model used in the regression test was also compared to
reduced (nested) models using an ANOVA, in which each of the factor is
removed in an iterative fashion. We then assessed the residual sums of
squares to evaluate which model explains more variance. The full model
showed the lowest residual sums of squares compared to the reduced
models, suggesting that the full model used in the actual analysis best fits
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Fig. 2. ERPs at posterior channels and amplitude of the N200 component. (A) Event-related potentials (ERPs) recorded during the reference stimulus presentation,
for each condition. The brainwaves shown here are computed as the average across all the target channels (02, PO4, O1, PO3). The shaded area indicates the N200
time window (140-240 ms) used to compute the average amplitude. (B) Average ERP amplitude across the N200 time window, again considering the average of
all the target electrodes (02, PO4, O1, PO3). (C) Scalp distribution of activity averaged across the N200 time window (140-240 ms). Bold markers show the target
channels considered in the analysis. Error bars are SEM. Stars refer to the significance of paired t-tests. ** p < 0.01, *** p < 0.001.

the data (see the Supplementary Table 1 for the full results). Moreover,
we followed up this interaction by employing two simpler regression
models (PSE ~ Condition + N200 + (1 |subject)) within each ROI, which
showed a significant effect of N200 at contralateral (f = 4.14, t = 1.57,
p =0.01) but not ipsilateral electrodes (f = 0.15, t = 0.21, p = 0.83). This
supports the existence of a relationship between the N200 amplitude
and the magnitude of adaptation-induced duration distortions, which is
localised to the hemisphere contralateral to the stimulus.

Additionally, we also assessed another target latency window po-
tentially associated with duration perception (Fig. 3). Namely, we as-
sessed whether and to what extent behavioural performance could be
predicted by activity in a later time window (250-500 ms after stimulus
onset; Fig. 3A), corresponding to the expected latency of the contin-
gent negative variation (CNV) component, usually observed at centro-
frontal electrodes (FC1, FC2, Fz, Cz). Although debated, the CNV has
been sometimes associated with temporal processing in previous stud-
ies (Kononowicz and Penney, 2016; Li et al., 2017; Peters et al., 1977;
Van Rijn et al., 2011; Elbert et al., 1991; Pfeuty et al., 2003), and thus
it may be involved also in this context. The analysis however showed
no significant difference in CNV amplitude (Fig. 3) across the adapta-
tion conditions (one-way repeated measures ANOVA: F (4,31) = 1.09,
p =0.36), and no predictive power of CNV amplitude on the behavioural
performance (LME regression, R* = 0.3, average § = 2.36, p = 0.48).
Fig. 3B shows the topographic distribution of average activity within
the CNV window.

In addition to assessing the effect of adaptation in the time domain,
we also tackled the signature of subjective time distortions from a dif-
ferent, complementary perspective. Namely, we further assessed the im-
pact of adaptation in the frequency domain. In line with previous stud-

ies, our main hypothesis concerned the involvement of activity in the
Beta frequency band in time perception. In this context we thus posited
that the distortion of perceived time induced by adaptation might be
related to changes in Beta frequency activity. Although our hypothe-
sis mainly concerned the effect of adaptation on the reference stimulus
and related changes in the Beta-band spectrum, we decided to look for
possible changes in the frequency domain also during the top-up adap-
tor presentation. This decision was motivated by the possibility that the
changes in brain activity leading to duration distortions may happen
well before the onset of the reference stimulus, during the presentation
of the adaptor stimulus itself.

First, we looked at the adaptation effect on the power of Beta-band
activity in the 5 s top-up phase (the 5 s adaptation in each trial) and
one second after its offset (Fig. 4A). Namely, we computed the power at
frequencies around the Beta band (15-30 Hz) in a trial-by-trial fashion,
and we computed a measure of change in power as the difference in
the average power across trials compared to the unadapted condition.
As shown in Fig. 4, we indeed observed a robust increase in power at
frequencies corresponding to the Beta frequency band, throughout the
top-up phase epoch. To assess this effect and its relation to the effect of
adaptation measured behaviourally, we considered the average power
in a latency window of 1 second after the offset of the top-up adaptor
stimulus. First, a one-way repeated measures ANOVA showed a signif-
icant difference in the average change in Beta power (considering the
15-30 Hz range) after the offset of the top-up adaptor (F(4,31) = 5.53,
p < 0.001, 42 = 0.89). We then performed an LME analysis considering
the change in Beta power in such a 1-s time window after the offset of
the top-up. The results of this regression model (R> = 0.41, marginal
R2 = 0.23) showed a significant effect of Beta change (f =-1.48, t = -
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Fig. 3. CNV component. (A) Event-related potentials time-locked to the reference stimulus onset, corresponding to the different adaptation conditions, averaged
across a set of fronto-central channels where the contingent negative variation (CNV) component is expected to peak (FC1, FC2, Fz, Cz). The shaded area indicates
the time window of the CNV component used in our analysis (250-500 ms). (B) Scalp distribution of activity averaged across a time window corresponding to the
typical timing of the CNV component. Bold markers show the target channels considered in the analysis.

2.06, p = 0.031), a significant effect of condition (f = 4.96, t = 3.88,
p = 0.001), and a significant interaction between Beta change and ROI
(B =1.76, t = 2.05, p = 0.031). Also in this case, the goodness of fit of
the model was assessed by comparing the residual sums of squares of the
full model versus a series of reduced models in which one of the factors
is removed iteratively. Again, the full model showed the lowest residuals
sums of squares, suggesting that it fits the data better than the reduced
models (see Supplementary Table 2 for the full results). To follow up the
interaction observed in the regression results, we used again two simpler
LME models within each ROL In line with the previous analysis, the re-
sults showed a significant relation between the adaptation effect and the
change in Beta power at contralateral (§ = -6.96, t = -3.35, p = 0.001)
but not ipsilateral (f = 0.35, t = 1.02, p = 0.31) electrodes.
Importantly, we also assessed whether the adaptation effect on spec-
tral power was sustained during the subsequent presentation of the ref-
erence stimulus. Indeed, a genuine adaptation effect linked to the distor-
tion in perceived duration observed behaviourally is expected to persist
during the processing of the adapted stimulus (i.e., the reference). Again,
we performed the time-frequency analysis in a trial-by-trial fashion, and
then averaged the results before computing the change in power com-
pared to the unadapted condition. As shown in Fig. 5A, the time course
of spectral power changes around the presentation of the reference stim-
ulus revealed a consistent increase in this frequency band. To further
check whether the increase in Beta power changed over time and was

more or less pronounced at early versus late latencies, we averaged the
Beta power over two distinct time windows, one spanning from 0 to
250 ms (i.e., first half of the reference stimulus duration) and the other
one from 250 to 500 ms after reference onset (i.e., second half of the
reference stimulus duration). The rationale for assessing the effect on
Beta power separately in the first and second half of the reference pre-
sentation was to further assess whether adaptation affects an early or a
later phase of the reference stimulus processing, or both. As shown in
Fig. 5B, we observed systematic changes in Beta power during the first
half of the reference stimulus presentation, and these effects appeared
to be greatest in the adaptation conditions leading to the strongest be-
havioural effects (i.e., 20 deg/s spatiotopic and retinopic condition, 20S
and 20R). A one-way repeated measure ANOVA indeed showed a sig-
nificant main effect of adaptation condition on changes in Beta power
(F(4,31) = 4.3, p = 0.0236, 2 = 0.57). A series of one-sample t-tests
(Bonferroni-corrected a = 0.01) further showed that the effect was sig-
nificantly greater than zero in the 20S (t(31) = 3.2, p = 0.0038) and
20R adaptation conditions (t(31) = 2.76, p = 0.0076), while no signif-
icant effect was observed in the 20I, 20N, and 05S adaptation condi-
tions (t(31) = 1.89, p = 0.013, t(31) = 1.67, p = 0.02 and t(31) = 1.71,
p =0.015 respectively). No significant difference was observed between
the 20S and 20R condition (paired t-test, t(31) = 0.285, p = 0.67). In
the second half of the reference presentation (250-500 ms), instead, no
main effect of adaptation condition was observed (one-way repeated
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in a trial-by-trial fashion and then averaged, so that each plot shows the change in average power compared to the average of the unadapted condition. 0 marks the
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measure ANOVA, F (4,31) = 0.41, p = 0.84), and changes in Beta power
were not significantly greater than zero in none of the adaptation con-
ditions (one-sample t-tests, all p > 0.05).

We then assessed whether the perceptual effects induced by adapta-
tion could be predicted by changes in Beta-band power during the first
(0 to 250 ms after reference onset) and second (250 to 500 ms) half
of the reference stimulus presentation. We performed a linear mixed
effect regression analysis by fitting the following model: Adaptation ef-
fect ~ Condition + Beta change * ROI * Window + (1|subjects). The
results (R? = 0.47, marginal R?> = 0.28) showed a significant effect of
Beta change (f = -27.66, t = -2.03, p = 0.033), a significant effect of

condition (f = -6.62, t = -5.99, p < 0.001), and, more importantly, a
significant three-way interaction between Beta change, ROI, and win-
dow (f = -23.41, t = -3.96, p = 0.023). Comparing the model used in
the regression analysis with reduced models as in the previous cases,
showed again that the lowest residual sums of squares is obtained with
the full model. This suggests that the full model best fits the data, com-
pared to the reduced models (see Supplementary Table 3). In this case,
we followed up the interaction by using simpler LME models within
each ROI and time window separately. In the first time window, we
found again a significant relation between Beta change and adaptation
at contralateral (f = -57.89, t = -3.38, p < 0.001) but not ipsilateral
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significance level of one-sample t-tests against zero, ** p < 0.01.

electrodes (f = 1.04, t = 0.71, p = 0.48). In the second time window, we
did not find any significant relation, neither at contralateral electrodes
(p = 1.53, t = 0.66, p = 0.51), nor at ipsilateral electrodes (f = -1.2,
t =-0.99, p = 0.32). Similarly to the top-up adaptor offset, the change
in Beta power measured during the first half of the reference presenta-
tion significantly predicted the perceptual bias measured behaviourally,
with this effect emerging only from activity measured at contralateral
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channels. Conversely, no significant relation between adaptation effects
and changes in Beta power was observed during the second half of the
reference presentation, neither at contralateral nor at ipsilateral chan-
nels.

Finally, Fig. 6 shows the topographic distribution of Beta power
changes at the time of top-up adaptation phase (Fig. 6A), and during
the reference stimulus presentation (Fig. 6B). Looking at the scalp dis-
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Fig. 6. Topographic plots of Beta power changes across the scalp. (A) Scalp distribution of Beta power changes during the top-up adaptation phase . (B) Scalp
distribution of Beta power changes during the first half of the reference stimulus presentation.

tribution of Beta power increase during the presentation of the adap-
tor stimulus, there is a clear peak at occipito-parietal scalp locations
contralateral to the stimulus position (i.e., left hemisphere for the spa-
tiotopic and notopic condition, 208, 05S, 201, and 20N, right hemisphere
for the retinotopic, 20R, condition). This suggests that the Beta power
increase occurred in visual areas processing the adaptor stimulus. Inter-
estingly though, the Beta power increase at the time of the reference
presentation is instead evident, in most of the conditions (i.e., all except
the 20R condition), in the opposite hemisphere compared to the effect
during adaptation, at scalp locations contralateral to the reference stim-
ulus position (see Fig. 6B). This last result suggests that the carry-over
effect of adaptation is remapped to different neural populations after
the gaze shift from the adaptor to the reference stimulus presentation.

4. Discussion

In this study, we investigated the neural correlates of perceptual
time distortions induced by motion adaptation. Our results show that
fast motion adaptation causes robust distortions in the perceived dura-
tion of the adapted reference stimulus, and these distortions are cou-
pled with changes in brain activity measured with EEG. Specifically, we
observed that modulations of the N200 component evoked by the ref-
erence stimulus and recorded in occipital electrodes contralateral to it,
reflect the perceived duration of the adapted (reference) stimulus mea-
sured behaviourally. Moreover, we also observed robust and selective
increases in Beta power during the adaptation (top-up) phase and dur-
ing the first half of the reference stimulus presentation, which, crucially,
could predict the perceptual duration compression effect. Overall, our
results suggest that duration distortions induced by motion adaptation
are associated with changes in brain activity that are (1) local, occurring
in topographically-organized cortices processing the stimulus, and (2)
early, as suggested by the N200 component and the Beta power modula-
tion observed during the first half of the reference stimulus presentation.

Regarding the behavioural effect of adaptation, our results are con-
sistent with earlier studies showing that fast motion adaptation causes a
robust compression of the perceived duration of a subsequent stimulus
(Ayhan et al., 2009; Bruno et al., 2010; Burr et al., 2007; Fornaciai et al.,
2016; Johnston et al., 2006). Interestingly, we observed an effect in
both retinotopic and spatiotopic coordinates. Although earlier studies
observed effects in either one or the other of these reference frames
(e.g., Burr et al., 2007; Johnston et al., 2006), effects emerging in both
of them have been also reported (Fornaciai et al., 2016), suggesting that
adaptation can occur at different levels of the processing hierarchy in-
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volving different reference frames. Moreover, besides the effect of 20
deg/s adaptation in retinotopic and spatiotopic coordinates, we also ob-
served effects in the case of 5 deg/s and inverse motion adaptation, at
least to some extent. However, the aim of the present study was not to
understand which type of adaptation leads to duration distortion, but
rather to modulate duration perception in a variety of conditions to as-
sess the neural signature of such distortion.

Regarding the EEG results, we first show that the amplitude of the
N200 ERP component is systematically modulated by adaptation at pos-
terior scalp locations contralateral to the reference stimulus location
(channel O2 and PO4). Importantly, such modulation predicts the dis-
tortion in perceived duration observed at the behavioural level. This
finding suggests that the neural signature of adaptation is local, and
likely occurs in topographically-organized visual areas. Interestingly,
the N200 component has been previously linked to motion processing
and adaptation (Hoffmann et al., 1999; Hoffmann et al., 2001), and it
has been shown to arise from the motion area V5/MT (Probst et al.,
1993). The modulation of the N200 component thus supports the idea
of a crucial contribution to the adaptation effect of area V5/MT. On the
other hand, no significant modulation has been observed at later laten-
cies corresponding to the CNV component. Although sometimes asso-
ciated with time perception (Macar and Vidal, 2009), the involvement
of this component with the timing of external events is debated (e.g.,
Van Rijn et al., 2011). Our results may support the idea that the CNV is
not a proper signature of interval timing or subjective duration. How-
ever, it is worth emphasizing here that our goal was to find differences
linked to motion adaptation in ERP components time-locked to a stim-
ulus of fixed duration (i.e., the 500-ms reference). For this reason, we
cannot exclude the possibility that the lack of a clear CNV component
is due to the fact that a constant stimulus may not be able to evoke a
clear, measurable CNV.

Besides the ERP analysis, we also assessed the adaptation effect on
spectral power in the Beta frequency band, compared to the non-adapted
state. The results of this analysis show that the power of Beta activity
gets substantially enhanced compared to the baseline unadapted con-
dition, both after the offset of the top-up adaptation phase and dur-
ing the first half of the reference presentation. Importantly, we show
that such increase in Beta power predicts the magnitude of the be-
havioural adaptation effect on perceived duration, potentially in line
with the idea of Beta-band activity playing a role in time perception
(e.g., Kononowicz and Van Rijn, 2015; Kulashekhar et al., 2016).

What are the neural mechanisms underlying such increase in
Beta power? The predictive power of brain activity in the Beta fre-
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quency band in relation to perceptual distortions suggests an impor-
tant role of Beta activity in temporal processing. Previous studies
have indeed highlighted a role of the Beta band in temporal encod-
ing (Kononowicz and Van Rijn, 2015; Kulashekhar et al., 2016). For
instance, (Kononowicz and van Rijn, 2015) showed that Beta power can
predict the duration produced by participants in a duration reproduction
task. This was interpreted as reflecting motor inhibition processes mod-
ulating the reproduced duration. Our results further show that changes
in Beta activity can be induced by visual adaptation, and these changes
can predict the perceived duration of a visual stimulus in the absence of
an explicit mapping of duration to a motor action. This supports the idea
of an involvement of Beta activity in temporal processing independently
from motor-related activity (see also (Kulashekhar et al., 2016), and fur-
ther suggests a role of Beta activity in the representation of subjective
time. Differently from Kulashekhar et al. (2016), where Beta changes
were greater in fronto-central electrodes, the effect here emerged at oc-
cipital sites contralateral to the stimuli (i.e., either O1 and PO3 or 02
and PO4, depending on the position of the stimulus), again suggesting a
close link between local changes in brain activity and duration percep-
tion.

Central to our findings is indeed that such modulation of Beta ac-
tivity occurs in a local fashion. Interestingly, while the increase in Beta
power occurs at channels contralateral to the adaptor, this effect shifts to
the opposite hemisphere after a saccade. Indeed, at the time of the refer-
ence presentation, the peak increase in Beta power is evident at channels
contralateral to the reference itself. Such a shift suggests that this effect
is not a completely passive phenomenon — which should be strictly lim-
ited to the adapted neuronal population — but possibly involves an active
process of remapping across different neuronal populations. This remap-
ping may be linked for instance to the spatial coding of the adaptation
effect, that may be spatiotopic rather than retinal (e.g., Cicchini et al.,
2013). However, an exception to this pattern is the retinotopic condi-
tion, where we would have expected a shift in the opposite direction
(i.e., from the right to the left hemisphere) to maintain the effect in a
spatiotopic reference frame. The effect seems thus to occur in a local
fashion, but without a stable coding in either retinotopic or spatiotopic
coordinates — thus possibly reflecting a high-level process mediated by
feedback signals from downstream areas, for instance.

Could these findings be trivially explained by differences in general
visual processing instead of reflecting a distortion in subjective time?
First, the fact that the reference stimulus was identical across all tri-
als and conditions ensures that differences in brain activity could not
be related to differences in the physical properties of the stimulus, but
only to its perceived properties. However, motion adaptation may not
uniquely affect perceived duration, but also other perceptual properties
of the stimulus. For instance, perceived speed can be distorted by adap-
tation (e.g., Burr et al., 2007). However, adaptation effects concerning
perceived speed or other low-level stimulus properties are expected to
occur in a retinotopic reference frame only (Fornaciai et al., 2016). Since
in most of our conditions adaptation was delivered in spatiotopic coor-
dinates, it is thus less likely the EEG effects could be accounted for by
other perceptual distortions.

It is important to note that while our data highlight a role of local
and low-level visual processing in temporal distortions, it does not mean
that the same pattern of effects would generalise to different contexts.
The involvement of motion-sensitive ERPs, for instance, is likely related
to the use of motion stimuli. In line with the idea of a widespread na-
ture of neural timing mechanisms (Buonomano and Maass, 2009), we
predict that using different stimuli would result in a different pattern of
effects, involving local and low-level brain circuits specific to the task
and the sensory modality of the stimuli at hand. An interesting question
in this context is whether such early computations could in fact repre-
sent the stage at which our subjective sense of time actually emerges.
Due to the complexity of perceived time and the many factors involved
(e.g., as for instance the role of multisensory information; Heron et al.,
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2013), we believe that early perceptual processing is unlikely to be suffi-
cient to fully explain time perception. However, a possibility is that this
early stage might represent the starting point of a processing hierarchy
culminating in our subjective perception of time.

Finally, although the adaptation paradigm employed here represents
a powerful tool to induce a distortion in subjective duration and ad-
dress its neural signature, it presents some limitations that should be
acknowledged. One limitation concerns the eye movements performed
after the adaptation phase, which were needed to test the spatial speci-
ficity of adaptation effects. These movements might have introduced a
potential confounding factor due to the interaction between the motion
profile of the adaptor (i.e., speed, direction, position) and the saccades
themselves, since motion adaptation can affect the pattern of eye move-
ments (Zimmermann et al., 2012). This, in turn, could have differently
influenced the EEG responses in a condition-specific fashion. However,
since eye artifacts have been removed during the EEG pre-processing
and since the effect of motion adaptation should not depend on the spe-
cific properties of the saccades, we believe that this confounding factor
could not fully explain the results obtained. Second, while our inter-
pretation concerns the signature of subjective time, our paradigm did
not allow to measure trial-by-trial perceived duration, but only an esti-
mate based on the overall performance in each condition. A possibility is
thus that our paradigm could capture aspects of time perception more
related to decision than perceptual processing per se. Even if this re-
mains a possibility, the spatial localisation of the adaptation effect (in
electrodes contralateral to the reference stimulus) and its neural sig-
nature (for example the relatively early ERP activity related to motion
processing) seem to support the idea that our results more likely reflect
a change in perceptual processing rather than in decision-making.

To conclude, our results suggest that local and relatively low-level
perceptual computations are involved in determining our subjective
sense of time, supporting the contribution of early visual areas to the
representation of perceived duration. Furthermore, we demonstrate the
important role of Beta activity in predicting distortions of perceived
time. Overall, these results thus support the idea that time perception is
deeply rooted into the sensory/perceptual processing stream, and that
Beta activity might reflect the routing of temporal information and the
representation of subjective time.
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