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Abstract

Adaptation to stimulus duration causes a repulsive aftereffect on the perceived
duration of subsequent stimuli. Most studies investigating duration adaptation have
found that the effect is confined to the adapted modaiity, highlighting unimodal
components of duration processing. Here, we use adaptation to test whether motor
and auditory duration processing rely on partially shared neural mechanisms by
looking for a transfer of the duration aftereffect between these modalities. We asked
participants to estimate the perceived duration of auditory stimuli following auditory
or motor adaptation. While we replicated the unimodal effects of auditory adaptation,
we report that motor adaptation did not produce the typical repulsive aftereffect. We
interpret this result as evidence that duration processing by the motor and auditory

systems is based on independent mechanisms.
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1 Introduction

We have a great ability to perceive the temporal duration of stimuli of different
modalities, and similarly, to control the duration of our motor actions, such as a key
press [1-5]. However, it is not clear to what extent the neural processing of temporal
duration relies on independent modality-specific clocks whose perturbation would

not affect time perception in other modalities.

Previous studies have shown that duration perception can be affected by sensory
adaptation. For example, adaptation to high temporal frequency (20-Hz drifting
gratings or flickering Gaussian blobs) causes a spatially iocalized compression of
the perceived duration of visual stimuli, even when aftereffects on perceived
frequency or speed have been annulled [6-8]. The same adaptation protocol also
reduces apparent spatial and termporal numerosity [9], suggesting that temporal
frequency adaptation does not act directly on the representation of duration, but
rather modulates the rietric used by the visual system to represent space, time, and

numerosity [10].

Specifically for duration modulation, adaptation to repeated stimuli of constant
duration induces repulsive aftereffects consistent with the existence of duration-
tuned channels in vision and audition [11]. While most studies using this technique
have emphasized the role of unimodal duration channels in both modalities [11-17],
a recent study investigated the cross-modal transfer of the duration aftereffect from
vision to audition, and observed a partial transfer when auditory and visual stimuli

are equated for perceived duration before adaptation [18]. Interestingly, also within



the visual modality, shared mechanisms of duration adaptation across spatial
locations in external coordinates can be revealed only when the stimuli have been
equated for saliency [8]. Thus, duration adaptation has proven to be a sensitive
technique to establish both independence and commonality of timing mechanisms

across the senses.

Adaptation has also been applied to investigate temporal interactions between
action and perception. The most studied is the perceived temporal separation
between one’s own actions and their sensory consequences, which, after
adaptation, can undergo a recalibration following exposuie io an artificially increased
delay of the sensory feedback. This, in turn, preduces an aftereffect which can go
as far as inverting the perceived temporal order of an action and its consequence

[19-23].

The effects of motor adaptation on the perception of stimulus duration have been
little explored. This contrasts with evidence linking time perception to brain areas
dedicated to motor control, namely the cerebellum, basal ganglia, premotor cortex,
and supplementary motor area (SMA) [24-33]. Interestingly, the involvement of the
motor system has also been demonstrated in tasks requiring the processing of
auditory durations in the absence of motor timing [28,29,34,35]. The supplementary
motor area, a region associated with cognitive aspects of motor control such as
voluntary initiation/inhibition of an action, task switching, and learning action
seqguences [36], is the brain area that is most consistently activated by time-related

tasks, across modalities and temporal scales[26,27,37]. A BOLD topographical



organization of duration selectivity (i.e., chronotopic maps) has been observed in the
SMA during visual duration discrimination [38], and functional connectivity measured
during the same task has indicated this area as the final stage of duration processing

[39].

Despite this imaging evidence of the involvement of the motor system in duration
perception, only one recent study has shown that adaptation to hand-tapping
movements in mid-air can effectively bias perception of visual duration [9]. However,
no studies have investigated the effects of motor duration adaptation (producing

constant but not rhythmic durations) on the perceived duration of sensory stimuli.

In the present study, we induce adaptation through repeated motor production of
a fixed duration and measure its aftereifect on auditory perception in a duration
estimation task. Motor durations were produced through key presses that stimulated
both tactile and proprioceptive systems. Given the impossibility of disentangling the
individual contribuiions of these modalities, we refer to our procedure as “motor

adaptation”.

We found that auditory adaptation affected auditory duration perception in
agreement with previous findings [11], while motor adaptation did not produce any
aftereffect. These results suggest that auditory and motor durations are processed

by independent mechanisms.



2 Methods
2.1 Ethical approval and recruitment of participants

The study was approved by the Medical Sciences Interdivisional Research Ethics
Committee of the University of Oxford and complied with the Declaration of Helsinki.
Sixteen volunteers (aged 18-40, mean age = 28.1 + 7.3, 8 males) took part in this
study. They gave written informed consent and were reimbursed at a rate of £15 per
hour for participation, plus a bonus of up to £10 based on their performance. We
conducted a power analysis based on the cross-modal (visual to auditory) aftereffect
reported in Chen & He (2025) [18]: our sample size would aiiow us to detect an effect

of similar size with 95% power.

2.2 Stimuli and task
The task was programmed in MATLAB 2022 (The MathWorks Inc. (2022).
MATLAB Version: 9.12.0.2039608 (R2022a) Update 5, Natick, Massachusetts: The

MathWorks Inc. htips://www.mathworks.com), using Psychtoolbox [40-42] to

generate all stimuli. Visual stimuli were displayed on a DELL E2417H monitor (60
Hz, 1920x1080 pixels, 23.8 inches) at a distance of about 70 cm. Auditory stimuli

were presented through a pair of SONY MDR-ZX110 headphones.

The main task of duration estimation consisted of a single salient test tone, grossly
above threshold, followed by a response reporting its duration. We used 1000-Hz
tones with durations pseudo-randomly chosen between 200 ms and 2 s, in 41

logarithmic steps of 0.025 l.u., with each duration being tested 6 times in each


https://www.mathworks.com/

condition. To avoid clicking noise artifacts, we added a 10-ms fade-in and fade-out,
shaped as half of a Hanning window. The stimuli were superimposed on a
continuously presented pink noise, whose intensity was set by the experimenter to
effectively mask external noises in the room (including the participant’s key presses);
the intensity of the tones was set to be ten times higher than that of the noise
(equivalent to doubled perceived loudness), so their onset and offset would be
clearly perceived. Participants estimated the tone duration by moving the mouse to
adjust the length of a blue bar displayed vertically in the centre of the screen inside
a black contour to represent a ‘meter’. After the tone offset, participants had 3 s to
set its length as accurately as possible and confirm their response by pressing the
left mouse button. The meter size was about 20° x 1°. Its full length corresponded to
a duration of 2.2 s (allowing for a small margin in excess of the longest stimuli used).
To establish the individual correspondence between temporal duration and visual
length, participants practiced the task with feedback before the main sessions: as
soon as the subject confirmed their response, the bar inside the meter switched from
blue to red and showed the correct length, allowing them to calibrate the internal

scale. The feedback lasted for 500 ms in each trial.

This task was performed in three conditions: baseline, auditory adaptation, and

motor adaptation (Figure 1).



2.2.1 Baseline condition

In the baseline condition, each trial started with the display of a black fixation cross
(size: 1°) in the centre of the screen. After 3.2 s, the cross turned blue as a warning
signal for the imminent test tone, whose onset was 250-1000 ms (randomly) after
this transition. The response meter (blue bar in Figure 1b) replaced the cross on the
screen as soon as the tone was over, and it was displayed until the participant’s
response or the 3-s timeout (after which, the message “Too slow... Press any key to
continue” would be displayed).

Adaptation phase Test phase

Auditory =) (D) ) (D)

633 ms E
i (D) @I @
R A R R AR

aim for 633 ms

Figure 1: Trial structure for the adaptation conditions

(a) Auditory adaptation in the top-up phase of each trial with four adaptor tones. Black
segments on the time axis represent the stimuli’s duration (constant at 633 ms). (b) Auditory

duration estimation task. Participants hear a test tone and report its duration by adjusting



the corresponding length (blue bar) on the meter. (c) Motor adaptation, similar to auditory
adaptation, but each tone is replaced by a key press. The meter shows the target duration
(black mark) and provides feedback (red bar) on the produced duration after the key is
released. Dotted lines in(b) and (c) highlight simultaneity between the offset of

auditory/motor events and the onset of visual events.

2.2.2 Auditory adaptation condition

In the auditory adaptation condition (Figure 1a), participants performed the
estimation task again after adapting to an auditory duration of 633 ms, which
corresponds to the geometric mean of all durations used in the test phase. The
adaptation block started with a long series of 633-ms tones (100 for the first block,
50 for subsequent blocks). Then, 500 ms after the last tone’s offset, the message
“Starting trials...” was displayed for 1 s. To maintain the adapting effect throughout
the block, a 4-tone top-up was inserted before every trial. The inter-stimulus interval
(ISI) for the adaptation tones, including the pause before the first, was randomized
in the range 250-1000 ms. The fixation cross turned blue 200 ms after the fourth

tone, followed by the test tone as in the baseline condition.

2.2.3 Motor adaptation condition

In the motor adaptation condition, the 633-ms tones used for auditory adaptation
were replaced by key presses by the participant (Figure 1c). The visual meter was
used again to provide feedback, to help participants learn and keep a consistent
pressing duration. The adaptation sequence began with the display of an empty

meter, with a mark corresponding to the duration of 633 ms. Participants were



required to press the ‘up’ arrow key for the equivalent duration. Only when they
released the key, the produced duration was shown in red, so they could calibrate it
with the mark and correct their error with the next key press. To replicate the random
ISI of the auditory sequence, the feedback stayed on screen for a random amount
of time (250-1000 ms, which also served to minimize any potential adapting effect of
the visual stimuli), forcing participants to pause. Once the feedback disappeared and
the meter was empty again, participants had only 1 s to start the next key press (or
the message “Too slow... Press any key to continue” would be displayed, for a
minimum of 500 ms). This ensured they maintained a pace roughly comparable to
that of the auditory adaptation, while preventing them irom engaging in rhythmic
tapping. The only exception was the feedback to the fourth top-up key press in each
trial, which had a fixed duration of 200 ms, right before the presentation of the fixation
cross announcing the test. Participants used one hand to perform key presses for
the motor adaptation, and the other hand to use the mouse to report auditory test

durations.

2.2.4 Sessions

Participants completed 246 trials for each condition, in 6 blocks of 41 trials (with
1-minute breaks). The study took place on two separate days (with 1 to 3 days in
between). On each day, either the auditory or the motor adaptation condition was
used (in counterbalanced order), while the baseline condition was split between both
days. On each day, participants started by practicing the baseline task with feedback

to learn the scale of the response meter (4 blocks of 41 trials), followed by 3 blocks



of the baseline condition (without feedback). They then practiced the adaptation task
(2 blocks of 21 and 20 trials), limiting the adaptation sequence to 10 and 5 events
(instead of 100 and 50), to become familiar with the new task structure, without
receiving any response feedback. After a 10-min break, added to allow any adapting
effects to wear off, they re-practiced the baseline task with feedback (2 blocks of 41
trials), to consolidate their learning of the response scale, before concluding with the

adaptation condition (6 blocks).

2.3 Analysis
For each adaptation condition, the aftereffect was guaitiiied as the difference in
estimated durations with respect to the baseline. Statistical significance was

established using a combination of noniinear and linear models.

2.3.1 Nonlinear mixed-effects modelling

We used a nonlinear model to identify the dependence of auditory duration
adaptation on the test duration. Applying a similar method as in Heron et al. (2012)
[11], we used the first derivative of a Gaussian to capture the repulsive nature of the

aftereffect:

=A-x- _xz/zwz 1
y x-e 1)

where W is the bandwidth (i.e., the standard deviation) and A is the amplitude. This

function was adapted to the logarithmic scale of test durations (D) and centred on

the adapted duration (Dadapt) by substituting X:log<D D

adapt

). Additionally, we



multiplied this formula by a scaling function for reducing the effect amplitude at
shorter durations and amplifying it at longer durations, an effect evident also in Heron
et al., (2012) [11]. This is a feature we expected based on the well-known scalar
properties of time perception [24,43], and apparent in our data. We found that a

D

square-root function of the test duration relative to the adapted duration (
adapt

resulted in a good fit of the data. Thus, the function that describes the changes of

perceived duration after adaptation is:

2
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adapt
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Because this scaling function is not commonly used in modelling the adaptation

effect, we also conducted the analysis excluding this term from the model: while the
goodness of fit was reduced, the results confirmed our main findings (see

supplementary material).

Lastly, we added a constant term (C) as both a fixed and a random effect,
modelling a variable baseline offset across participants. This would reflect possible
variation in response criterion between the baseline and the adaptation conditions,
which were run in separate sessions (and days). We decided to include this term by
comparing the fitting performance of the zero-constant model with that of the
random-constant model; at the same time, we evaluated the inclusion of random

effects for the parameters A and W. The best performing model, based on the lowest



Bayesian Information Criterion, included random effects for the constant and for the

amplitude, but fixed effect for the bandwidth:

2

- log( b )
Dadapt
e aw? +C

Dif ference in estimated duration = A f 2 -log(

Dadapt Dadapt)

3)

2.3.2 Linear modelling

To test the statistical significance of the adaptation effects, we restricted the
analysis to the interval between the maximum and the minimum adaptation effect,
where the data are well approximated by a linear functiori. We derived this interval
from the non-linear model described above, and we applied a linear mixed-effects
model to the difference in duration estimation between the adaptation condition and
the baseline, with duration as the only fixed effect. In this analysis, the adaptation
effect would manifest as a positive slope. We used the maximal model including
random intercepts and random slopes for each individual participant's data, after
establishing that any reduced model resulted in a significantly lower fitting

performance (according to a likelihood ratio test):

Dif ference in estimated duration = 1 4+ Duration + ( 1 + Duration | Subject)
(4)
To assess the variability across subjects, we also estimated the adaptation effect

by applying a simple linear model to the data of individual participants (within the

same range as above) in the baseline and adaptation conditions independently. We



tested the presence of the adaptation effect (i.e., steeper slope) by applying a paired-
sample t-test to the estimated slopes between each adaptation condition and the
baseline. This test was complemented by the calculation of the Bayes Factor (for the
alternative hypothesis that the adapted slope differs from the baseline slope), using
the Bayes Factor package in R (R Core Team (2024). R: A Language and
Environment for Statistical Computing_. R Foundation for Statistical Computing,

Vienna, Austria. https://www.R-project.org/; Morey R, Rouder J (2024).

_BayesFactor: Computation of Bayes Factors for Common Designs_. R package

version 0.9.12-4.7, https://CRAN.R-project.org/package=EayesFactor).

3 Results

3.1 Effect of auditory adaptatior:

Participants estimated a range of auditory durations, with or without prior auditory
adaptation to 633 ims. Figure la and ¢ show the estimated durations in both
conditions for an example participant (a) and for the average of all participants (c).
In the baseline condition, the duration estimates are not veridical, following instead
a well-known compressive function resulting from central tendency bias [44-48]. In
the adaptation condition, the duration estimates increased for stimuli longer than the
adapted duration (633 ms), and decreased for stimuli shorter than the adapter. This
produced functions of different slopes that crossed around the adapted duration. The
differences in duration estimation between the adaptation condition and the

baseline, calculated in equally spaced logarithmic bins of 0.125 l.u., produced a non-


https://www.r-project.org/
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monotonic function (Figure 2b and d). We estimated the difference data using the
nonlinear mixed-effects model corresponding to the repulsive aftereffect expected
from previous studies (Heron et al., 2012) [11] (equation 3). The result (blue curve
in Figure 1b and d) evaluated the position of the minimum and maximum at 362 ms
(with an error evaluated by propagation of about 3%) and 1371 ms (with an error of
about 6%) respectively, while modelling the data with a conditional R? of .48 (see

statistics in Table 1, see also supplementary Table S1).

Fixed effects
Estimate Std. Error
A 0.13 0.04
w 0.66 0.05
C 0.00 0.02
Random effects
TA 0.03
Tc 001 |
oA 0.00 |
N Subject 16 _ .
= 501 Table 1: Results of nonlinear mixed-effects model
_ analysis of auditory adaptation data. A amplitude, W
Marginal R? 0.078
Conditional R? 0479 width, C constant, 7 variance of random effects, p
N observations 656 covariance of random effects, o2 error variance.

A linear mixed-effects model applied to the same data in the range between the
minimum and the maximum of the function in Figure 2d estimated a significantly
positive slope (Error! Reference source not found., Figure 1d, see also Table S2,

Figure Sla), indicating that the adaptation was effective in producing a repulsive



bias in perceived duration. This conclusion was also supported by the individual-

level linear modelling of estimated durations. The two slope distributions from the

baseline vs adaptation conditions are shown in Figure 1e and f (see also Figure S1b

and c): the data from both conditions were approximately normally distributed

(Shapiro-Wilk test, p = .30, and p = .83 respectively), with on average higher slopes

in the adaptation condition (M = 1.00, SD = 0.21) vs baseline (M = 0.84, SD = 0.09).

This result was statistically confirmed by a paired-sample t-test (t(15) = 3.10, p =

.007, d = 0.78), and the associated Bayes Factor of 7.10.

Fixed effects

Estimate Std. Error t-statistic p-value

(Intercept) 0.05 0.03 1.61 0.108
Duration | 0.12 0.04 3.22  0.001
Random effects \\
Tint | 0.01
Tour "\ 0.02
Pint-bur \ >~ 0.01
N Subject 16
o7 0.01
Ordinary R2 0.556
Adjusted R2 0.555
Conditional R2 0.744
N observations 384

Table 2: Results of linear
mixed-effects model analysis
of auditory adaptation data. T
variance of random effects, p
covariance of random effects,
02 error variance. Significant

effects are in bold.
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Figure 1: Effect of auditory adaptation.

(a) Estimated durations in the baseline (green symbols) and auditory adaptation (blue
symbols) conditions from one exemplar participant. Each light colour dot shows a single trial,
dark colour dots and lines plot the average for each test duration. (b) Difference in estimated
durations between conditions (adaptation - baseline), from the data in (a), averaged within
equally spaced log interval bins. Bars are s.e.m. The curve is the result of the nonlinear
model applied to this participant (see equation 3 in the Methods). (c) Average estimated
durations of each participant (thin lines) and their average for each condition, colour code
as in (a). Error bars are s.e.m across subjects. (d) Average difference in duration estimation
between adaptation and baseline conditions (data are binned as in b). Error bars are s.e.m
across subjects. The curve is the result of the nonlinear mixed-effects model. The dashed
line is the prediction of the linear mixed-effects model, with the associated standard error.
(e) Histogram of the slopes obtained from the linear fit of each participant’s estimated
durations (c) within the test duration range highlighted in (d). Dark blue shows the overlap
between baseline (green) and adaptation (light blue) conditions. (f) Scatter plot of the same
data as in (e), showing individual participants (cpen circles) and their average with standard
errors (cross). A paired-sample t-test reveaied that the slopes differ significantly between
the two conditions (t(15) = 3.10, p = .007, d = 0.78, Bayes Factor = 7.10).

3.2 Effect of motor adaptation
3.2.1 Motor production

We induced motor duration adaptation by having participants press a key
repeatedly for 633 ms, with jittered intervals in between, to obtain a sequence whose

timing would be as similar as possible to that of the auditory adapting stimuli.

Figure 3a shows the distribution of produced durations aggregated across

subjects. The average duration was 640 ms, with an inter-quartile range of 73 ms.



Because adaptation would ideally require constant durations, we analysed the data
both including all trials, and after excluding outliers: a trial was excluded if any of the
four durations produced during the adaptation top-up was more than 3 median
absolute deviation from the median of the aggregate distribution. This criterion
resulted in boundaries of 474 and 802 ms, equivalent to a production error of about
25% of the 633 ms target duration. On average, 18.3 = 22.4 trials (over 246) were
excluded per participant, corresponding to ~7% of total trials. Here we report the
results obtained after this selection; the analysis on the full dataset produced nearly

identical outcomes.

Figure 3b shows the distribution of intervals between successive key presses
aggregated across subjects, and the ISI during the auditory adaptation sequences.
The mean motor interval averaged 1008 ms, longer than the mean auditory ISl of
626 ms, as expected from the task design. The motor inter-press variability was
slightly lower, with a standard deviation of 189 ms vs 216 ms for auditory adaptation.

We comment on these differences in the discussion.



1.8 1 181 .
16 1 16 .
14| 1

—
:b .
T

____________‘
1

-
N
T
-
N
T

o o
£ (o2}
T T
o-.-omoﬂ0<-— e e+
) I I
[ o
B »
T T

o
[
o

o
@
T

Produced duration [s]
o
o

Interval between adaptors [s]
F-----1

Motor Auditory

Figure 3: Motor production of adapting durations

(a) Violin plots showing the aggregate distribution of produced durations, aiming to produce
the 663 ms duration (black line). The red line represents the interquartile range. Black dots
are outliers (corresponding trials were excluded from analysis). (b) Box plots of intervals

between produced durations and 1Sl in the auditory adaptation condition.



3.2.2 Lack of adaptation

Figure 2a and c show the estimated durations in the motor adaptation and
baseline conditions for an example participant (a) and for the average across all
participants (c). Here, the baseline and the adaptation curves overlap, suggesting
that motor adaptation does not affect auditory duration perception. The binned
difference curves (Figure 4b and d, see also Figure S1d) are practically constant
over the range of tested durations. We assessed the adaptation effect using the
same linear model analysis as for the auditory condition, and applying it to the same
range of test durations (356 to 1337 ms). Panel D also shows the result of the linear
mixed model, showing no trend in the difference-to-baseline data (statistics are

reported in Table 3, see also Table S3).

The individual-level linear modelling of estimated durations leads to an equivalent
outcome. The distribution of slopes from the motor adaptation condition was
approximately norma! (Shapiro-Wilk test, p = .33), and very similar to that from the
baseline condition (M =0.84, SD =0.13 vs M = 0.84, SD = 0.09 for the baseline, see
Figure 2e and f, see also Figure Sle and f). Expectedly, the paired-sample t-test
also failed to detect a difference (t(15) = -0.13, p = .90, d = -0.03), while the Bayes
Factor was estimated to be 0.26, equivalent to a factor of 3.86 in favour of the

absence of an effect of motor adaptation.

Finally, we correlated the random slopes obtained from the linear mixed model with

the variance of each participant’s motor production during adaptation, to assess



whether the participants’ precision in producing the adaptor duration could at least
partially explain the absence of the duration aftereffect. The variance of motor
production varied by approximately a factor of 2 across participants (from 37 to 70
ms), but it did not explain variability in the adaptation effect (R? = .01; p = .65, Figure
5). The associated Bayes Factor of 0.56 also supports a lack of correlation, indicating
that the null result from the main analysis was not substantially determined by the

participants’ ability (or lack thereof) to produce constant durations.

Fixed effects ]
Estimate Std. Error t-statistic p-vaiue |
(Intercept) -0.01 0.03 -0.47 0.637
Duration | -0.01 0.03 -0.15  0.846
Random effects
Tint "\ 0.01
Tow 0.01
Pint-Dur 0.01
N Subiect 16
o2 0.01
Ordinary R2 0.360
Adjusted R2 0.359
Conditional R2 0.610
N observations 384

Table 3: Statistical results of linear mixed-effects modelling of motor adaptation data.

T variance of random effects, p covariance of random effects, o2 error variance.
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Figure 2: Effect of motor adaptation.

(a) Estimated durations in the baseline (green symbols) and motor adaptation (red symbols)
conditions from one exemplar participant. Each light colour dot shows a single trial, dark
colour dots and lines plot the average for each test duration. (b) Difference in estimated
durations between conditions (adaptation - baseline), from the data in (a), averaged within
equally spaced log interval bins. Bars are s.e.m. (c) Average estimated durations of each
participant (thin lines) and their average for each condition, colour code as in (a). Error bars
are s.e.m across subjects. (d) Average difference in duration estimation between adaptation
and baseline conditions (data are binned as in b). Error bars are s.e.m across subjects. The
dashed line is the prediction of the linear mixed-effects model, with the associated standard
error. (e) Histogram of the slopes obtained from linear fitting of each participant’s estimated
durations within the range highlighted by the linear model in (d). Dark red shows the overlap
between baseline (green) and adaptation (light red) conditions. (f) Scatter plot of the same
data as in (e), showing individual participants and their average with standard errors. No

significant difference was found between conditions (Bayes Factor = 0.26).
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4 Discussion

The present study is the first to explore the effects of adaptation to motor duration
on the perception of auditory duration, despite the strong evidence discussed in the
introduction of the involvement of the motor system in time duration processing. We
used a duration estimation task and observed an aftereffect only following auditory

adaptation.

The fact that auditory duration perception was not affected by motor adaptation
suggests that duration processing is independent between the auditory and the
motor modalities. This may seem to contrast with the ubiguitous involvement of the
motor system in timing tasks. Imaging studies have poiinted to the basal ganglia and
SMA as the core network for temporal processing [29-31,33,37,41,56—65]. Coull et
al. (2008) [49], in particular, used high-temporal resolution fMRI to measure brain
activity at different stages during a visual duration discrimination task, finding that
the SMA is the only arca activated by both the reference and comparison stimuli
(consistent with a timing function), whereas the putamen is mostly activated by the
first stimulus, suggesting a role in the storage of temporal information rather than
timing per se. Moreover, BOLD responses in the SMA are organized chronotopically
[38], and their amplitude correlates with subjective duration [50], strongly indicating

a functional specialization for temporal processing.

Motor signals also modulate the perception of sensory time. A well-known
phenomenon in which motor signals influence visual duration is chronostasis, the

expansion of time following a voluntary action (saccades, hand movements, or vocal



utterances) [51]. Duration expansion has also been observed during the preparation
of hand movements [52]. Similarly, the perception of empty intervals can be
compressed or expanded by the execution of eye or hand movements [53-55] . The
timing of the consequence of one’s action [56] or the timing of go-cues for an action
[57] is attracted toward the time of action execution, demonstrating similar time

distortions in the sensory and motor systems.

The absence of a transfer of motor duration adaptation to sensory duration
channels may not be in contrast with the above evidence. Firstly, no evidence is
available on how all those effects change after adaptation of the motor duration
mechanism, and secondly, different clocks may coerate simultaneously in the motor
system. In our task, subjects were allocating attention to start and stop the key press
at the appropriate time, and this presumably required a precise programming of the
movement. It is plausible that the clock associated with the intention-to-move signals
is more strongly affected by our motor adaptation. However, whatever might be the
origin of the motor clock that adapts in our experiment, we should stress that motor
timing must have different properties from sensory timing mechanisms. Motor
processes monitor temporal duration predictively or while the action is elapsing, most
likely by means of some kind of accumulator which computes the appropriate time
to trigger an action (such as the release of the key press in our task) in advance. On
the contrary, the perception of duration of sensory input may rely on mechanisms
that compute the duration of a stimulus only after it has elapsed. It is possible that

the duration we store in short-term memory right after stimulus offset derives from



timing mechanisms that function postdictively and hence cannot be modulated by

the predictive motor clock.

Postdiction is the phenomenon by which our perception of a stimulus also
depends on sensory information available only after it has elapsed [58-61]. This
process has been shown to play a role in several illusions [62] and to act even cross-
modally [63], suggesting that it is a general principle of the way the brain interprets
the external world: by collecting information over a temporal window that includes
the immediate future of a stimulus, and processing it through operations similar to
temporal smoothing [64], the brain would achieve a more reiiable (although delayed)
perception. Notably, postdiction is believed to play & role in determining how sensory
stimuli are consciously perceived, but not in the way the same stimuli may
unconsciously affect motor contrc!, since allowing such a processing delay would
impair our ability to quickly react to external events [58,59]. This distinction between
real-time sensory processing for action and postdictive sensory processing for
perception may explain the lack of motor adaptation on sensory duration
mechanisms demonstrated here. According to this interpretation, the commonly
observed activation of motor-related brain structures during perceptual timing tasks
would reflect shared mechanisms (between action and perception) for online
temporal processing, while the repulsive duration aftereffect would reflect adaptation

of a postdictive timing system exclusive to sensory processing.

While the focus of the present study was the motor modality, we should consider

that each key press of the motor adaptation sequence also provided a tactile



stimulus, therefore our results also show that auditory duration perception was not
biased by tactile duration adaptation. This question has been previously explored by
Li et al. (2019) [65], who also found no evidence for a cross-modal aftereffect
between touch and audition (reciprocally). However, they used adaptors of the same
physical duration in the two modalities, instead of matching them in perceived
duration, which has recently been shown to be crucial for this type of experiment
[18]. The design we used, instead, would allow us to detect a cross-modal aftereffect
regardless of cross-modal differences in perceived duration by testing a wide range
of durations around the adaptor: in this way, differences in subjective duration
between the adapted and test modalities would manifest in Figure 4b as a horizontal
shift of the repulsive modulation while its profile would remain unaltered. Contrary to

this scenario, our data clearly show the absence of any adaptation effect.

The lack of interaction between touch and audition may seem at odds with the
disruptive effect of TMSE on tactile duration perception when applied to the auditory
cortex [66]. One possible explanation may be related to TMS signals spreading from
the application site to connected brain areas [67—69], so the apparent cross-modal
effect may reflect a limited specificity of this technique. Another possibility is that
auditory and tactile duration mechanisms are partially shared, but adaptation does
not occur for tactile stimuli that are produced by intentional actions. Tactile
adaptation has been shown to be completely reset after a voluntary action [70],
showing that there is a strong cross-link between tactile duration adaptation and

intention-to-move signals. This interpretation corroborates the idea that the



adaptation in our experiment involves mainly the intention-to-move signals, as

discussed above.

4.1 Motor duration vs tapping adaptation

Contrary to our results, Anobile et al. (2020) [9] found a cross-modal motor
adaptation effect on subjective duration, showing that adaptation to hand-tapping
movements in mid-air alters the perceived visual duration of drifting gratings. They
asked participants to tap at a rate of about once per second vs “as fast as possible”
and then assessed their perception of a 600-ms target duration, demonstrating that
slow tapping caused duration expansion while fast tapping caused duration
compression. Similar to the adaptation to temporal frequency-modulated stimuli (see
Introduction), tapping adaptation simultaneously biases the perception of spatial and
temporal numerosity [9,71] of visual stimuli, with effects that are localized around the
tapping hand. Time mechanisms are modulated by the amount of information flow.
In Anobile et al. (2020), as well as in Johnston et al. (2006) and Burr et al. (2007),
the adapter is a continuous flow of events that can in principle modulate the clocks,
as it is well known that a high-rate flow of information induces time expansion [72].
The interaction between the rate of the movement and the rate of the visual drift of
target stimuli may explain their results: the neuronal combination of the two
information rates may be generating the duration after-effect. This explanation would
be consistent with the simultaneous effect they found on numerosity and duration

[9,10].



The experiment of Anobile et al. (2020) does not address the existence or
selectivity of the visual duration channels, which constitutes a major goal of the
present study. Rather than hand tapping, we adapted the motor execution of a
precisely timed duration of 633 ms. The two types of motor adaptation might not
engage the same timing mechanisms: the degree of intentional control these actions
require is clearly different. In our task, participants needed to attend to each key
press as an independent event, whereas repeated tapping may be implemented

through more automatic mechanisms relying on the processing of rhythmic patterns.

4.2 Limitations given by the motor adaptation design

An obvious concern raised by our resuiis I whether the motor adaptation
procedure we used is suitable for adapting duration processing in the dedicated
clock in a measurable way. Motor adaptation relies on the participant’s ability to
produce movements according to the study’s requirements, unlike sensory
adaptation, which depends on stimuli precisely controlled by the experimenter. This
introduces differences between the sensory and the motor conditions that go beyond

the simple change in modality.

Duration adaptation would require, ideally, the repetition of a fixed duration, but
the inevitable variability in motor duration production around the target duration might
cause the adapting effect to spread over a larger range of duration channels,
compared to what is achievable with sensory stimulation. If this spread caused a

substantial weakening of the aftereffect, we would observe a correlation between the



precision of motor production and the strength of the effect, contrary to what we
found. Therefore, the larger variability in the motor (vs auditory) adaptation is unlikely
to explain the lack of an aftereffect. On the other hand, the inter-press interval was
intended to be randomized to avoid introducing rhythmic patterns in the adapting
sequence, as these might engage different timing mechanisms from those
processing single durations [25,73-75]. To this goal, since most participants have a
spontaneous tendency to press the response key rhythmically, the timing of their
motor production was dictated by a cue (the feedback’s offset), which successfully
made the adapting sequence non-rhythmic, with a similar variability to that of the
auditory ISI (Figure 3b). Although the participants’ reaction times made the average
inter-press interval longer than the average ISI, we deem this difference negligible,
given previous studies suggesting that the length of the ISI does not substantially

interfere with duration adaptation [11,12].

Another difference between the auditory and the motor adaptation procedures lies
in the visual presentation of the production feedback. While it is evident from the
results that the duration of visual stimuli is not affecting auditory estimation
performance, a potential concern might arise in relation to visual size adaptation [76].
The length shown on the meter after each production was approximately constant
(as constant as the produced durations), and its repeated presentation might have
caused a distortion of perceived length that would bias the estimation responses in
such a way as to compensate for the perceptual bias induced by motor adaptation.

In this regard, it should be noted that, when reporting each estimate, the length of



the response bar was adjusted by participants inside the meter's empty contour,
which constituted a reference. This would have prevented an influence of visual size
adaptation, as this phenomenon would not alter the participants’ perception of the

proportion between the length of the bar and that of the meter.

Another possible concern raised by the presentation of the feedback bar after
each key press is the possibility that participants learned a motor-sensory
association between their actions and the visual length representing the adapted
duration. Learned associations can affect behavioural responses in some tasks [77].
This effect, however, only occurs if those responses irivolve sensory or motor
features (such as the motor effector and spatial location involved) that overlap
substantially with those of the learned event [77]. We took particular care to mitigate
this overlap. First, participants used the keyboard and the mouse with different hands
(and obviously, the physical lacation of each device was also different). Second, the
action was a temporally controlled key press on a keyboard vs a spatially controlled
mouse movement and click. Third, the bar was shown after each adaptation key
press, whereas task responses were given while adjusting the bar length in real time.
Given these differences in the actions being performed during adaptation and task-
response phases, an interference of action—effect bindings during the adaptation

phase on the task response is very unlikely.

Finally, participants might have timed their key presses based on the duration of
the tactile feedback, while ignoring the duration of their motor command, thus

minimizing motor adaptation. We find such a strategy very unlikely, since it would



imply dismissing a useful source of temporal information, contrary to the goal of
optimizing timing performance. Instead, we believe that tactile duration would be
integrated with motor duration, in which case the latter would still play a major role
in the timing process, as intended by the task design. Similar considerations apply
to proprioceptive feedback: considering that motor and proprioceptive functions are
systematically associated, we might expect duration processing in the respective
modalities to be tightly coupled. It is known that the duration of movements can be
integrated with the duration of sensory stimuli, and their Bayesian combination leads

to an improvement in duration perception [78-80].

4.3 Conclusions

We have replicated the effect of duration adaptation within the auditory modality
as found by previous studies [11], using an estimation task that allows us to isolate
the aftereffect in the test modality from any concurrent effects in other modalities.
Using the same estimation method, we did not observe any effect of motor
adaptation on auditory duration perception. This finding suggests that motor duration
processing, probably of predictive nature, is an independent mechanism from the

one that determines our perception of auditory duration.
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11 Figure legends
Figure 1: Trial structure for the adaptation conditions

(a) Auditory adaptation in the top-up phase of each trial with four adaptor tones. Black
segments on the time axis represent the stimuli’s duration (constant at 633 ms). (b) Auditory
duration estimation task. Participants hear a test tone and report its duration by adjusting
the corresponding length (blue bar) on the meter. (c) Motor adaptation, similar to auditory
adaptation, but each tone is replaced by a key press. The meter shows the target duration
(black mark) and provides feedback (red bar) on the produced duration after the key is
released. Dotted lines in(b) and (c) highlight simultaneity between the offset of

auditory/motor events and the onset of visual events.

Figure 3: Effect of auditory adaptation.

(a) Estimated durations in the baseline (green symbols) and auditory adaptation (blue
symbols) conditions from one exemplar participant. Each light colour dot shows a single trial,
dark colour dots and lines plot the average for each test duration. (b) Difference in estimated
durations between conditions (adaptation - baseline), from the data in (a), averaged within

equally spaced log interval bins. Bars are s.e.m. The curve is the result of the nonlinear



model applied to this participant (see equation 3 in the Methods). (c) Average estimated
durations of each participant (thin lines) and their average for each condition, colour code
asin (a). Error bars are s.e.m. across subjects. (d) Average difference in duration estimation
between adaptation and baseline conditions (data are binned as in b). Error bars are s.e.m.
across subjects. The curve is the result of the nonlinear mixed-effects model. The dashed
line is the prediction of the linear mixed-effects model, with the associated standard error.
(e) Histogram of the slopes obtained from the linear fit of each participant’s estimated
durations (c) within the test duration range highlighted in d. Dark blue shows the overlap
between baseline (green) and adaptation (light blue) conditions. (f) Scatter plot of the same
data as in E, showing individual participants (open circles) and their average with standard
errors (cross). A paired-sample t-test revealed that the slopes differ significantly between
the two conditions (t(15) = 3.10, p =.007, d = 0.78, Bayes Factor = 7.10).

Figure 3: Motor production of adapting durations

(a) Violin plots showing the aggregate distribution of produced durations, aiming to produce
the 663 ms duration (black line). The red line represents the interquartile range. Black dots
are outliers (corresponding trials were excluded from analysis). (b) Box plots of intervals

between produced durations and 1Sl in the auditory adaptation condition.

Figure 4: Effect of motor adaptation.

(a) Estimated durations in the baseline (green symbols) and motor adaptation (red symbols)
conditions from one exemplar participant. Each light colour dot shows a single trial, dark
colour dots and lines plot the average for each test duration. (b) Difference in estimated
durations between conditions (adaptation - baseline), from the data in (a), averaged within
equally spaced log interval bins. Bars are s.e.m. (c) Average estimated durations of each
participant (thin lines) and their average for each condition, colour code as in (a). Error bars
are s.e.m. across subjects. (d) Average difference in duration estimation between adaptation
and baseline conditions (data are binned as in b). Error bars are s.e.m. across subjects. The
dashed line is the prediction of the linear mixed-effects model, with the associated standard
error. (e) Histogram of the slopes obtained from linear fitting of each participant’s estimated
durations within the range highlighted by the linear model in (d). Dark red shows the overlap

between baseline (green) and adaptation (light red) conditions. (f) Scatter plot of the same



data as in (e), showing individual participants and their average with standard errors. No
significant difference was found between conditions (Bayes Factor = 0.26).

Figure 5: Absence of correlation between the precision of motor adaptation
(inversely quantified as the variance of produced durations, x-axis) and the
strength of the duration aftereffect (quantified as the random slope of the duration

effect from the nonlinear model, y-axis) across subjects.



