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Distinct brain dynamics

and networks for processing
short and long auditory time
intervals

Nicola Thibault?*, Philippe Albouy%3* & Simon Grondin®%*

Psychophysical studies suggest that time intervals above and below 1.2 s are processed differently

in the human brain. However, the neural underpinnings of this dissociation remain unclear. Here, we
investigate whether distinct or common brain networks and dynamics support the passive perception
of short (below 1.2 s) and long (above 1.2 s) empty time intervals. Twenty participants underwent an
EEG recording during an auditory oddball paradigm with .8- and 1.6-s standard time intervals and
deviant intervals either shorter (early) or longer (delayed) than the standard interval. We computed
the auditory ERPs for each condition at the sensor and source levels. We then performed whole brain
cluster-based permutation statistics for the CNV, N1 and P2, components, testing deviants against
standards. A CNV was found only for above 1.2 s intervals (delayed deviants), with generators in
temporo-parietal, SMA, and motor regions. Deviance detection of above 1.2 s intervals occurred
during the N1 period over fronto-central sensors for delayed deviants only, with generators in
parietal and motor regions. Deviance detection of below 1.2 s intervals occurred during the P2 period
over fronto-central sensors for delayed deviants only, with generators in primary auditory cortex,
SMA, IFG, cingulate and parietal cortex. We then identified deviance related changes in directed
connectivity using bivariate Granger causality to highlight the networks dynamics associated with
interval processing above and below 1.2. These results suggest that distinct brain dynamics and
networks support the perception of time intervals above and below 1.2 s.

Humans can make relatively precise and accurate judgments about the length of brief time intervals and produce
speech and music with efficient timing'. Several theories and models have been developed to explain humans’
ability to perceive and produce time intervals*’. Some theories propose that the regularity of external stimuli
enables the temporal prediction of the occurrence of forthcoming events?. Others postulate that it is the fading
of the trace of events in memory which suggests that a sense of time has elapsed®. Another model proposes the
existence of an internal clock that keeps track of time information®.

In the past decades, a version of the ‘internal clock’ model, the Scalar Expectancy Theory (SET), has received
growing interest in the timing and time perception literature’. The SET assumes that a central, unique, clock acts
as a pacemaker-counter device. In theory, the pacemaker emits pulses that are accumulated in a counter, and
this accumulation tracks temporal information (i.e., more accumulated pulses indicate longer perceived inter-
vals). Moreover, the SET acknowledges that errors in time judgments do not rely solely on the properties of the
pacemaker-counter device, but also on memory and decision-making processes involved in interval timing tasks®.

One critical feature of SET is its scalar property: the variability in a series of time judgments should increase
proportionally with the magnitude of time intervals under investigation. In other words, the variability-to-time
ratio should remain constant, which is not the case with time perception®'’. Interestingly, this ratio begins to
increase when intervals are higher than 1.2 s!%13, For this reason, researchers distinguish the processing of
sub- and supra-second intervals'*'®>. While the mechanisms for perceiving sub-second temporal intervals are
thought to be associated with automatic/sensory processing'*'é, the perception of supra-second intervals has
been hypothesized to rely on executive functioning!”!® and attention!>?°.
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These hypotheses are primarily based on functional magnetic resonance imaging (fMRI) results. However,
a persistent issue in these previous fMRI studies is the nature of the timing tasks selected for the investigations.
To our knowledge, all timing fMRI studies used task-based paradigms that rely on cognitive processes such
as memory?!, decision-making?»** and/or required motor responses such as button presses®*. Consequently,
these studies report inconsistent brain networks associated with sub- and supra-second processes, and, most
importantly, it is not possible to determine if the differences observed depend on the temporal or the cognitive
components of the tasks. Another limitation of fMRI is its limited temporal resolution compared to other imag-
ing techniques such as EEG, and this limitation is particularly important for the study of time perception at the
sub- and supra-second time scales®.

An even more critical problem of the current literature is the definition of the sub- vs. supra-second timing
ranges. Many studies simply use the popular terminology “sub- and supra-second” to define the length of their
intervals (e.g. Lewis and Miall'® with 0.6 s intervals for sub-second and 3 s for supra-second). Such studies could
have simplified and narrowed the difference between interval length by considering robust psychophysical find-
ings showing that any transition between “sub-” and “supra-” second timing is not exactly at 1 §-!51326,

Notably, it has been reported that the so-called Weber fraction is not constant for time perception®*7-%,
Indeed, the variability-to-time ratio begins to increase when intervals are slightly longer than circa 1.2 s'!, or
around 1.5 s®. This critical point was identified mainly on the basis of the non-constancy of the Weber fraction,
i.e., a violation of the scalar property for time. Indeed, several studies identify a violation of this scalar property
in interval timing occurring around 1.2-1.5 s (see the composite figure in Gibbon et al.'®). In one of their studies,
Grondin et al.” employed a discrimination task with five distinct interval lengths (0.7, 1, 1.3, 1.6, and 1.9 s) to
investigate when explicit counting becomes a viable strategy. They found that explicit counting becomes useful
when intervals are longer than 1.18 s, which likely indicates a temporal limitation of the timing process used
with brief intervals. Along the same line, Grondin et al.*® observed clear benefits of explicit counting in the 1.6 s
condition but not in the 0.8 s condition. Grondin et al.'? have also identified that counting numbers with an 0.8 s
pace (1 count every 0.8 s) lead to much less variability than counting with a 1.6 s pace. Other authors have also
identified that at certain points between 1 and 2 s, Weber’s fraction is not constant as it got higher with longer
intervals*”?%. Furthermore, recent studies have also converged towards this clarification of timing for sub- and
supra-second timing®"*2,

The present study aims to determine the brain networks and dynamics associated with above and below 1.2 s
interval perception. To this end, we used a passive oddball paradigm instead of an explicit timing task. In both
conditions, deviant intervals could be either shorter (early) or longer (delayed) than the standard interval. The
main advantage of this passive oddball paradigm is that it does not require explicit judgments about time, judg-
ments that would involve a contribution of memory, motor, or decision-making processes.

We expected to identify distinct deviance detection-related Event related Potentials (ERPs) for empty time
intervals above and below 1.2 s. We first make the hypothesis that a Contingent Negative Variation (CNV) with
generators in the Supplementary Motor Area (SMA) and a cognitive network will be observed for the above 1.2-s
condition but not in the below 1.2-s condition before the onset of the deviant stimuli. This hypothesis is based
on Macar et al.**** who reported that the CNV is associated with decision making®, temporal expectation®,
and motor preparation processes”’, thus relying on a more cognitive network, similar to supra-second interval
processes'. Second, based on the fMRI studies reported above, we hypothesize that i) deviance detection for
intervals above 1.2 s will be observed in central executive brain regions, and that ii) deviance detection for inter-
vals below 1.2 s will be observed in sensory networks. Finally, according to the SET, we also expect to observe
higher ERPs amplitude associated with deviance detection for delayed deviants (i.e., more pulses accumulated)
than for early deviants, which are intervals shorter than the standards.

Results

Whole-brain analyses (sensor and source levels of Deviants vs. Standard contrasts) of EEG activity were per-
formed using permutation testing and cluster randomization statistics in time and space domains (see “Meth-
ods” Section, 1000 permutations, sensors alpha=0.05, CNV sources cluster alpha=0.01, N1 sources cluster
alpha=0.005, P2 sources cluster alpha=0.001, k=30 vertices for sources) as implemented in Fieldtrip (www.
fieldtriptoolbox.org/). These analyses were done on the ERPs data for periods including the peaks of the N1, P2,
and the CNV ERPs components (see “Methods” Section).

ERPs of all standards averaged across participants showed classic frontocentral negativity for the N1 compo-
nent and a frontocentral positive peak for the P2. Both N1 and P2 components were typically centered around
the FCz electrode (Fig. 1A). The FCz electrode was selected for illustration. Also, as stated by Macar and Vidal®®
most of the timing and time perception-related ERPs are generated in frontocentral areas (CNV, P300, Mismatch
Negativity (MMN), and N1-P2). However, it is important to note that all analyses reported below were conducted
at the whole-brain level with corrections for multiple comparisons in time (samples) and space (electrodes/
vertices) domains and were thus not performed solely on electrodes of interest. Source reconstructions for
the averaged time windows centered on the peak of each component (standard intervals, N1, 135-145 ms; P2,
200-210 ms) were computed (z-scored with baseline activity) to reveal expected distributed networks including
auditory, inferior frontal and parietal regions for the N1 component and a parieto-frontal network for the P2
component (Fig. 1C).

We first investigated whether a CNV was elicited before deviance detection. CNV for time estimation has
been associated with temporal accumulation and preparation processes®. Along these lines, we performed the
CNV analysis for delayed deviants only, using cluster corrected (in time and space) non-parametric permutation
tests with 1000 permutations and a cluster alpha of 0.05. This analysis showed a Contingent Negative Variation
between — 500 and 0 ms before the onset of the delayed > 1.2-s deviant onset (p =0.006, see Fig. 2B) but not for
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A. Event-Related Potentials (Standards) B. ERPs Montage for Each Electrode
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Figure 1. ERPs and sources for standards intervals. (A) Event-related potentials for standard intervals. The
grand average of the signals (all electrodes) for a trial time window (- 100 to 500 ms) for the standard intervals
collapsed across participants and conditions (below and above 1.2 s). Topographies represent N1 and P2
components (grey shading). (B) ERPs montage displaying the position of all electrodes (— 100 to 500 ms). (C)
Cortical surface renditions show bilateral generators (z-score relative to baseline — 100 to 0 ms) for the N1 and
P2 periods (grey shading in panel A).
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Figure 2. ERPs and sources for deviants and standards for the CNV. ERPs of Standards (in black) and deviants
for below 1.2-s (A deviants are in red) and above 1.2-s (deviants are blue) conditions on the FCz electrode
averaged across trials and participants. Deviants and standards are baseline corrected with a period between
-100 and 0 ms relative to the onset of the previous standard sound. Shadowed lines illustrate the standard error
of the mean. Raw data have been band-passed filtered between 1 and16 Hz to better isolate the CNV. Blue
vertical shadowing illustrates significant period (B.) results at the source level (cortical meshes) are illustrated
for the Deviants vs. standard contrast for the peak of CNV timing in the above 1.2-s condition (p <.05 cluster-
corrected, alpha=.01, k>30).

the delayed < 1.2-s deviant onset. We then performed the same contrasts at the source level (average of source
activity in time for the significant time window reported in Fig. 2B) with an alpha of 0.01 (k> 30). The generators
of the CNV were the left SMA, left secondary AC, left inferior temporal cortex, right AC, and bilateral parietal
cortices (Fig. 2B).

We then investigated the brain responses associated with deviance detection for above and below 1.2-s time
intervals after the onset of the deviant sound. Non-parametric permutation tests with cluster-based correction
in time and space were performed for below and above 1.2-s deviant ERPs against their respective standard ERPs
separately for a time window of — 100 to 500 ms post-stimulus onset (see Fig. 3). Significant differences between
deviants and standards were observed for the <1.2-s delayed condition during the P2 time window (p=0.048,
for 164 to 254 ms, Fig. 3B) and during the N1 period, suggesting a difference in the N1 for the>1.2-s delayed
condition (p=0.004, for 106-168 ms, Fig. 3D). This difference was observed few milliseconds before the N1
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Figure 3. Deviants versus Standards at the sensor level: ERPs of Standards (in black) and deviants for below
1.2 s (A. early, B. delayed, deviants are in red) and above 1.2 s (C. early, D. delayed, deviants are in blue)
conditions on the FCz electrode averaged across trials and participants. Shadowed lines illustrate the standard
error of the mean. Cluster-corrected topographies of significant differences are displayed for the significant
effects (< 1.2-s delayed and > 1.2-s delayed conditions). Blue and red vertical shadowing illustrate significant
periods.

peak, thus corresponding to the N1 time-window®. Finally, note that no increased negativity was observed after
the N1 peak when contrasting deviants to standards for all conditions, suggesting that no MMN was elicited
by the deviance in the present study*°.The P2 component observed for the > 1.2-s delayed condition was not
significant (p =0.089). Cluster-corrected topographies were calculated for the above and below 1.2-s delayed
deviants against their respective standards. When considering only early deviants, ERPs amplitudes were not
significantly different from the standards (Fig. 3A,C).

Additionally, the same analyses were conducted at the source level with cluster-based non-parametric permu-
tation tests with an alpha of 0.005 (for>1.2 s condition) and alpha of 0.001 (for the < 1.2-s condition) and 1000
permutations with k> 30 (N1 for > 1.2 s: average in time between 135 and 145 ms; P2 for <1.2 s: average in time
between 200-210 ms). When deviance occurred in the > 1.2-s condition, deviance detection-related activity was
observed for the left superior parietal lobule, left inferior postcentral gyrus, left parsopercularis (posterior inferior
frontal gyrus: IFG), bilateral parsorbitalis (anterior IFG), left auditory cortex, left inferior temporal gyrus (ITG),
left cingulate cortex (CC), left SMA, right middle temporal gyrus (MTG), and right auditory cortex (p <0.05).
When deviance occurred in the < 1.2-s range, deviance detection-related activity arose in the right precentral
gyrus, left postcentral gyrus, left ITG, left parahippocampal gyrus, right inferior parietal lobule (IPL), right MTG,
right supramarginal gyrus (SMG), and right temporal pole (TP) (p <0.05, see Fig. 4A).

Finally, we investigated the changes in directed connectivity between the regions that participated in deviance
detection in each condition. Granger causality NxN analysis (Fig. 4B,C) was conducted using the algorithms
(see “Methods” Section) implemented in Brainstorm*!. Using the regions that were significant in Fig. 4A, paired
Wilcoxon tests were performed to contrast the Granger causality connectivity matrices of deviants and standards
for each condition (Fig. 4B). Results show that for the below 1.2-s condition, deviance detection is associated
with increasing communication from the left auditory cortex and left cingulate cortex to the left inferior temporal
gyrus (see Fig. 4C). For the above 1.2-s condition, deviance detection is associated with increasing communica-
tion from the left postcentral gyrus and the right SMG to the right postcentral gyrus. The right precentral gyrus
then connects to the right temporal pole which sends and receives information from the right IPL. Finally, the
right IPL sends and receives information from the right MTG (see Fig. 4C).

Discussion

Identification of auditory event-related potentials (aERP)

Standard ERPs were thoroughly identified to ensure good data quality (Fig. 1). We observed classic fronto-central
N1 and P2 components in response to the sounds, with activity centered around Fz, Cz, and FCz electrodes*>-%.
Source reconstruction of the N1 component revealed generators in the right auditory cortex, and the right
postcentral and precentral gyri/IFG. These generators of the N1 component are in line with previous studies
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A. Below and Above 1.2s: Delayed Deviants vs. Standards B. Granger Causality Matrices C. Connectivity of Short and Long Network

200-210 ms : Below 1.2s (short) /t,.

Below 1.2s (short)
Deviants

7 8

Standards

90-300 ms : Below 1.2s (short)

\ /

Wilcoxon Paired Test

Above 1.2s (long) 90-300 ms : Above 1.2s (long)

Deviants Standards

Wilcoxon Paired Test

Figure 4. Results at the source level for Below and Above 1.2-s Deviants vs. Standards ERPs and Granger
causality results. (A) Deviants (delayed) vs. standard contrast at the source level (p <.05 cluster-corrected, alpha
(>1.25)=0.005, alpha (< 1.2 s)=0.001 k> 30) for the below 1.2-s (short) condition (P2 time window, top panel)
and above 1.2-s (long) condition (N1 time window, lower panel). (B) N x N Granger causality connectivity
matrices for each subject (Maximum GC, model order=2, 90-300 ms, 11 x 11 for<1.2 sand 7x 7 for>1.2 s) for
deviants and standards. Wilcoxon Paired Test was performed between connectivity matrices of deviants and
standards for each condition. (C) Arrows indicate significant differences between deviants and standards for the
below 1.2-s condition (delayed, upper panel) and the above 1.2-s condition (delayed, lower panel). AC: Auditory
Cortex; CC: Cingulate Cortex; ITG: Inferior Temporal Gyrus; PreCG: Precentral gyrus; PostCG: Postcentral
Gyrus; TPole: Temporal Pole; IPL: Inferior Parietal Lobule; MTG: Middle Temporal Gyrus.

and are typical of the aERP*~*. The P2 component is generally more distributed than the N1 component with
generators in the bilateral frontal lobes, the bilateral parietal lobes, and the bilateral auditory cortices, which is
also in accordance with the literature®.

CNV as a marker of temporal expectancy for>1.2-s delayed intervals

We first identified a CNV only in > 1.2-s conditions (delayed, see Fig. 2) with generators in SMA and parietal
regions. Macar et al.** have also identified a CNV in above 1.2 s time intervals (1.8-3.2 s). They suggested that the
SMA may act as the temporal accumulator, essentially operating as working memory for temporal information.
This would be in line with the idea that cognitive mechanisms are involved in the processing of long temporal
intervals'®. Interestingly, the CNV was not observed for the < 1.2 s condition (Fig. 2A). This is in line with many
studies such as the one of Liu et al.*® supporting the idea of the CNV being elicited solely for long intervals.
This is because the CN'V’s amplitude typically increases as a function of the attention paid to the task. Cognitive
functions, such as attention, have been thoroughly associated with supra-second timing. In brief, our results are
consistent with the ideas of Liu et al.*® and Lewis and Miall'* regarding the role of cognitive mechanisms when
processing long (say, supra-second) intervals.

Activity in the auditory regions has also been previously linked to the CNV related to temporal expectancy in
auditory tasks!. Moreover, our results suggest the implication of a parietal-frontal network (in delayed condition)
for the generation of the temporal CNV. Parieto-frontal network involvement during the CNV has previously
been identified to play a key role in endogenous attention®, which would also be in line with the idea that the
processing of long time intervals requires cognitive control. Finally, we identified the involvement of the temporal
cortex which acts as the hub of memory and working memory**-%°. This is in line with previous studies suggest-
ing that the CNV can be considered as a marker of temporal accumulation. In the present study, results suggest
that the CNV generated by the SMA coupled with the temporal cortex acts as working memory for temporal
information, holding temporal details into short term memory for further processes such as decision-making™®.

Distinct waveforms of deviance detection for below and above 1.2-s processing

When comparing the ERPs of above and below 1.2-s deviants to their respective standards after the onset of
the deviant sound/interval, two distinct significant waveforms were observed. The first emerged early after the
deviance (negativity around 100 ms) and was significant only for the delayed > 1.2-s condition (see Fig. 3D).
The second component emerged later (positivity around 200 ms) and was only significant for the delayed <1.2-s
condition (see Fig. 3B). Even if the P2 component was only significant for the below 1.2-s condition, it is rel-
evant to point out that a similar trend, though non-significant, was observed for the above 1.2-s condition (see
Fig. 3D). This (almost) P2 for the above 1.2-s condition seems to have similar generators to the one of the below
1.2-s condition. Indeed, between-condition contrasts are significant only for N1, not for P2 (as shown in Sup-
plementary Fig. 1).
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These two distinct components related to deviance detection are coherent with components identified dur-
ing human error monitoring®. The processing of error-related information can be dissected into two different
components: error-related negativity (ERN/Ne) and error-positivity (Pe). The former is a fronto-central nega-
tive component peaking around 20-130 ms after an error detection, and the latter is a positive fronto-central
component peaking around 200-500 ms®’~*°. The ERN/Ne appears during error detection®, correction, and
compensation®®%, The latter, the Pe component, is elicited for conscious and easier error processing®%. Observ-
ing a Pe component only for the <1.2-s condition in the present study is in line with previous work suggesting
that shorter intervals may be easier to estimate accurately than longer intervals, as the Weber fraction in timing
perception is increasing when intervals are longer than circa 1.2-1.5 '3,

Furthermore, our results show that for the <1.2-s condition, the latency of the significant component (P2)
arrives later than for the > 1.2-s condition (N1). We propose that the reason for this lies in the role of these two
components for timing and time perception. Indeed, the N1 component has been linked to attention mechanisms
in the expectation of temporal events®. Indeed, the level of attention oriented towards a target modulates the N1
amplitude®®®’. The higher the attention level, the larger the amplitude of the N1 component, which would be in
line with the idea that the processing of intervals above 1.2 s requires more cognitive control.

On the other hand, increases in P2 have also been identified with sensory gating, a process which filters
irrelevant information from reaching higher-order cognitive functions®®. In the present case, P2 is elicited
during deviance of below 1.2-s time intervals, which indicates it may have passed sensory gating and made
it to consciousness®®”. Our results are in line with the idea that below 1.2-s timing is automatic and sensory
oriented's.

Delayed deviance allows proof of error accumulation

As shown in Fig. 3, only the deviances occurring after the expected standard (delayed deviants) were significantly
detected. No effect was found for the early deviants. This finding is in line with the pacemaker-counter model
of time perception®, where an accumulation of pulses tracks the time that has passed. This suggests that in the
delayed deviant condition, participants accumulate more pulses in the counter than they usually accumulate
with a standard presentation, which translates into further evidence that an error has occurred. In contrast, in
the early deviant condition, the accumulation of pulses does not exceed the standard’s pulse count, which may
not allow for error detection. This may explain why only the ERP amplitude was significant, in both the below
and above 1.2-s conditions when longer rather than shorter deviants were presented.

Lack of mismatch negativity

A surprising result in the current study is the absence of MMN. Indeed, no increased negativity (after the N1
peak) was observed when contrasting deviants against standards for all conditions. Typically, the MMN is gen-
erated when there is a violation of an expected event in an expected sequence’’. In the present study, no MMN
was elicited when a deviant empty time interval was presented. One possible interpretation is that the stimuli
were processed as a train of empty time intervals which created shifts in the timing of the N1 (for>1.2 s) and P2
(for<1.2 s) components. The delayed sound may have been interpreted as an omission, and not as a violation of
expectation, which would explain why there was no MMN"2,

Networks underlying below and above 1.2-s processes

In the literature, there seem to be recurrent structures that are typical of time perception and independent of
interval length. In our study, we show that two structures seem to be independent of timing length as they appear
in both above and below 1.2-s conditions. These structures are the ITG and the postcentral gyrus.

The postcentral gyrus has been thoroughly identified in several beat perception tasks, especially when beat
changes were detected’>”*. Participants in our experiment may perceive the different trials as one long-lasting
beat with some changes in the tempo (deviants) every now and then. Its activation in both conditions may
suggest that the postcentral gyrus is not sensitive to length duration for implicit timing and time perception.
Additionally, activity in the ITG may reflect a violation of the temporal expectation. Indeed, the ITG has been
linked to sequence or expectation violations in various domains such as learned visual sequence and semantic
violations””S.

Networks underlying above 1.2-s processes

As shown in Fig. 4, between 135 and 145 ms after stimulus onset, the ERN/Ne component observed in the
delayed > 1.2-s condition (but not the early condition) originates from the left postcentral gyrus, right SMG,
right postcentral gyrus, right temporal pole, right IPL, and right MTG. The SMG activation is coherent with the
processing of longer intervals being associated with motor processes. Indeed, the right SMG has been consist-
ently associated with motor preparation processes’””%, consolidating the idea that the processing of supra-second
intervals is closely linked to motor processes. The motor cortex (precentral gyrus) is known to play a role in
beat perception and time perception®*’#°. The motor cortex coupled with a parietal activation (in the present
case, the IPL) has been identified as a network used in the mental simulation of action®'-%. Our results are in
line with the idea that the processing above 1.2-s intervals may require motor processes to maintain a rhythm
with longer intervals. It can be argued that, in previous studies, the motor cortex may have been falsely identi-
fied in below 1.2-s timing ranges because of the necessity to use a motor response in most of the fMRI timing
tasks. Regarding the activation in the temporal pole, it has been associated with higher cognitive functions such
as autobiographical memory® and auditory memory®. This highlights the role of cognitive processes, such as
memory, in keeping track of certain auditory stimulus characteristics (such as length) in longer-timing tasks.
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Lewis and Miall'® suggested that the left IPL plays a key role in time perception in the longer (above 1.2 s)
duration ranges. The inferior parietal lobes are known to play a role in the orientation of attention and working
memory*-#, Thus, it is not surprising to observe that these structures are involved in the processing of > 1.2-s
intervals, a fortiori considering that processing such intervals is known to be cognitively oriented. Regarding the
activity observed in the parietal cortex, similar findings have been reported by Hayashi et al.*? who showed that
the parietal inferior lobule is associated with duration-tuning. When a specific duration is repeated, the activity
of the IPL is reduced. However, it is higher when the difference between durations is increased and thus might
explain its activation in the processing of > 1.2-s intervals only.

The data also indicate activation in the right MTG during the processing of intervals longer than 1.2 s. Lesions
in the medial temporal lobe are known to lead to deficits in time orientation, suggesting the importance of this
region in timing and time perception®. Temporal orientation is a cognitive process which allows for one’s sense
of time. The MTG has also been thoroughly identified in memory functions, such as working memory®', which
would be consistent with the idea that longer interval processes are cognitively driven.

Finally, connectivity results demonstrate that, for the above 1.2-s condition, increased communication during
deviant perception relative to standard was observed from the left precentral gyrus and the right SMG to the
right postcentral gyrus (Fig. 4C). This is in line with the fact that the timing of longer intervals requires further
motor preparation. Indeed, these two structures are involved in motor process and preparation®””. The right
postcentral gyrus then further integrates this motor timing information as rhythmic stimuli’®. Deviance detection
is then sent to the temporal pole as it processes the rhythmic sequence into very short-term auditory memory®.
Then, the right IPL processes the temporal information and plays a key role in interval tuning®. The right IPL
processes this auditory sequence and flags whether the length of the interval is different from what was stored in
the temporal pole. Finally, the right MTG further integrates this information and stores it in working memory’’.

These findings for the supra-second range of timing are in line with the cognitive model of timing in the > 1.2-s
duration ranges'** which underlies a contribution of the central executive network.

Networks underlying below 1.2-s processes

As shown in Fig. 4A, at around 200-210 ms, the positive component observed only in the delayed < 1.2-s condi-
tion was localized in the left auditory cortex, the SMA, the cingulate cortex, the IFG, the ITG, and the superior
parietal lobule. The critical role of the SMA in time perception is well known?**-%°. In the present study, the SMA
operates only in the < 1.2-s timing condition, during the P2. Coull et al.”® have identified the SMA’s implication
in perceptual timing and error monitoring, which is in line with the demands of our experiment. Indeed, Spieser
et al.”” applied anodal transcranial Direct Current Stimulation (tDCS) to the preSMA, during a conflict task
in which participants were impulsively selecting an incorrect response. Stimulation of the (pre)SMA reduced
the number of overt errors. This suggests that the (pre)SMA plays an active role in selectively suppressing
unwanted responses or stimulations. This suggests that the SMA may play a role of selectively identifying devi-
ance only in the <1.2-s range. The coactivation of the IFG and the auditory cortex suggests that the processing
of <1.2-s intervals is very close to auditory sensory processes. Indeed, the IFG and auditory cortex have previ-
ously been identified to play a role in auditory processes of integration, especially in music**%, language and
speech perception®1%!. Regarding the left parietal cortex, Wiener et al.'’”s meta-analysis identified this region
as essential to implicit timing and part of some sensorimotor processing. Finally, the cingulate cortex’s activation
has also been previously identified in sub-second timing!®. In the present study, we propose that the cingulate
cortex’s activation may have a role in the monitoring aspect of deviance, especially in the < 1.2-s interval condi-
tion where a more sensory network is involved!®. Indeed, its activation may be related to conflict monitoring,
signaling to the brain the need for greater cognitive control after deviance detection.

Connectivity results demonstrate that, for below 1.2-s, both the left auditory cortex and the left cingulate
cortex convey information to the left ITG (Fig. 4C). We propose that deviance detection is first processed by the
auditory cortex and that the temporal aspect of deviance is first integrated by the cingulate cortex'**1%. Then,
the ITG integrates this violation of a learned sequence’®. These results are in line with a sensory-oriented pro-
cess of sub-second timing, but it does not seem to validate the commonly reported motor-oriented processes
of sub-second timing'®.

Conclusion

This study provides direct evidence for the existence of distinct time perception mechanisms for processing
intervals below and above 1.2 s. An important contribution of the present study is the difference in the process-
ing latency of < 1.2-s and > 1.2 s-time intervals. Intervals longer than 1.2 s are processed rapidly (135-150 ms
post-stimulus) and intervals shorter than 1.2 s are processed later (200-245 ms post-stimulus). Mostly consistent
with the literature, a passive time perception paradigm involving short intervals exclusively recruits a sensory
network. This result is in line with the idea that processes behind the perception of short intervals are mostly
automatic'®. On the other hand, intervals longer than 1.2 s recruit a more active and cognitive network. This
result is also coherent with the literature describing the need for cognitive support during the processing of
longer intervals'®.

Furthermore, in both duration conditions, deviants occurring after the expected standard always elicit a
higher amplitude cortical response, translating in more accumulated evidence of deviance occurrence, which
is in line with the pacemaker-counter model of time perception®. This suggests there is a common pacemaker-
counter mechanism for processing intervals shorter and longer than 1.2 s. However, differences in the mecha-
nisms involved in the processing of intervals above and below 1.2 s lie in the cortical responses’ components,
the latency of the process, and their localizations.
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Methods

Ethics

All procedures were approved by the Ethics Committee of the CIUSSS de la Capitale Nationale: 2021-2156. All
procedures were carried out in accordance with relevant guidelines and regulations of the Ethics Committee of
the CIUSSS de la Capitale Nationale: 2021-2156.

Participants

Twenty healthy participants (10 females and 10 males; mean age, 23.15; SD, 1.50; age range; 21-27, mean educa-
tion, 17.63 years; SD, 2.16; education range, 14-22 years; 17 right-handed and 3 left-handed), all with normal
hearing, no history of neurological or psychiatric disorders, gave their informed consent to participate in this
study and received monetary compensation for their participation.

Task and procedure
Participants were scheduled for two sessions lasting approximately an hour and a half each (52 min of experiment
and approximately 30 min of EEG preparation and set-up). Over the two sessions, participants went through
twelve 8-min blocks of an oddball paradigm with time intervals.

Each 52-min session consisted of 6 blocks. Each block was separated by a 3-min break. The task consisted in
a passive listening of an auditory oddball paradigm; eyes opened with a fixation cross displayed on the screen.
For each block, 40 trials of 10 sounds were presented for each condition (below and above 1.2 s). It is relevant to
note that all trials were presented continuously without inter-trial intervals, which results in a continuous flow
of stimuli (corresponding to a classic oddball paradigm). For each trial, a deviant empty time interval appearing
between sounds was pseudo-randomly presented across the standard empty time intervals. The standards and
deviants are referring to empty time intervals presented. In a series of 10 empty time intervals, 9 empty time
intervals were “standards” (which corresponded to 0.8 s in the <1.2-s condition, and 1.6 s in the > 1.2-s condi-
tion) and one was “deviant” (the empty time interval was either shorter/early) or longer/delayed). There was a
repetition of at least 4 standard time intervals before a deviant time interval was presented. For half of the blocks,
the < 1.2-s condition trials were presented first, and for the other half, the > 1.2-s condition trials were presented
first. The deviant empty time interval for each sequence of ten empty time intervals was selected at random. The
deviant empty time intervals were either early (< 1.2 s: 0.70, 0.75 s; > 1.2 s: 1.4, 1.5 s) or delayed (< 1.2 s: 0.85,
0.9s;>1.25:1.7, 1.8 s) as compared to the empty standard interval. Empty time intervals, by opposition to filled
intervals, were used to avoid auditory fatigue. Furthermore, for the range of durations used in the current experi-
ment, empty intervals are at least as easily discriminated as filled intervals'®!%”. This resulted in 60 deviants for
each condition. Note that 60 standard trials were randomly selected to perform contrasts between deviant and
standard (see below). The participants were instructed to listen to the different sounds that would be presented.

All sounds were 5 kHz and lasted 30 ms, with a 10-ms ascending-descending envelope. Presentation software
(Neurobehavioral Systems, Albany, CA, USA) was used for the delivery of the experimental protocol and to
trigger auditory stimuli. The sounds were presented with Audiotechnica ATH-M50x at 70 dB (SPL). For the six
blocks of one given session, the < 1.2-s condition and the > 1.2-s condition were presented in alternation; and
then the opposite sequence was adopted for the six blocks of the other session. Auditory event-related potentials
(ERP) for each condition were then studied at the sensors and source levels.

EEG recording

A 64-channel EEG cap with active electrodes (ActiCap—Brain Vision Solutions, Montreal) was used to capture
the electroencephalographic activity with two 32-BrainAmp MR Plus amplifiers (Brain Products, Munich, Ger-
many). The installation of the EEG was completed with respect to the standard 10-20 installation. The signal
was band-pass filtered between DC and 1000 Hz and digitized at a sampling rate of 1000 Hz.

All channels were referenced with an electrode placed on the nose and with a forehead ground. All electrodes
had an impedance of < 20 kQ). EEG data were preprocessed using Brainstorm software*! combined with Fieldtrip
functions (http://www.fieldtriptoolbox.org/) and MATLAB (MathWorks, https://www.mathworks.com/produ
cts/matlab.html). The EEG preprocessing included notch filtering of the wall outlets’ contamination (removed
the 60, 120, and 180 Hz). A band-pass filter for frequencies of interest (ERPs) between 2 and 16 Hz was applied
for the N1-P2 preprocessing and between 1 and 16 Hz for the CNV preprocessing. The filtered data were sub-
jected to Independent Component Analysis (ICA) using EEGlab functions (https://sccn.ucsd.edu/eeglab/). ICA
removes muscle artefacts such as blinking and eye movements. Using time-course and topographic information,
components representing clear ocular artefacts were identified and removed from the filtered data. Each event
(deviant and standard) was inspected from -1900 ms to 1900 ms relative to the onset of each sound, and trials for
which the signal varied by more or less than 150 uV during the duration of the trial were excluded: between 23
and 57 trials per condition were kept for each participant. For each epoch, a baseline correction of 100 ms (- 100
to 0) before stimulus onset was performed. Analyses for the CNV include a baseline corrected between — 100
and 0 ms relative to the onset of the previous standard ERP.

Source modeling

Source reconstruction of the event-related potentials was performed using functions available in Brainstorm,
all with default parameter settings*' as in Albouy et al.'®. Forward modeling was performed using a realistic
head model: Symmetric Boundary Element Method from the open-source software OpenMEEG. The lead-fields
were computed from elementary current dipoles distributed perpendicularly to the cortical surface. EEG source
imaging was performed by linearly applying Brainstorm’s weighted-minimum norm operator onto the preproc-
essed data. The data were previously projected away from the spatial components of artefact contaminants. For
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consistency between the projected data and the model of their generation by cortical sources, the forward opera-
tor was projected away from the same contaminants using the same projector as for the EEG data. The EEG data
were projected on a cortical surface template available in Brainstorm (adult cortical surface of 15,002 vertices
serving as image support for EEG source imaging). Baseline normalization (— 100 to 0 ms relative to stimulus
onset) was calculated using a Z-score, and 3-mm Gaussian spatial smoothing was applied to the cortical mesh.
Analyses for the CNV include a baseline for the previous standard (i.e.,— 1.7 to— 1.6 s with the 1.6-s standard).
ERPs were calculated separately for the standard and deviant conditions for each participant. Source reconstruc-
tion was performed for each participant for the entire ERPs time period. The ERPs at the sensor and source levels
for each standard (<1.25: 0.8 s;>1.2 s: 1.6 s) and deviant type (< 1.2 s early deviants: 0.70, 0.75 s;< 1.2 s delayed
deviants: 0.85, 0.9 s;> 1.2 s early deviants: 1.4, 1.5 s;> 1.2 s delayed deviants: 1.7, 1.8 s) of all participants were
averaged. Only the source contrasts for the > 1.2-s condition were calculated for the CNV analyses because only
the >1.2-s condition elicited a CNV (see Fig. 2).

Granger causality

The bivariate Granger causality values were calculated using algorithms implemented in Brainstorm*!. Granger
causality is a measure of directed functional connectivity'**''°. The NxN Granger causality values were calculated
with a model order of 2, using the maximum value of connectivity applied after the computation of connectivity
measure. Bivariate Granger causality values were calculated for standards and deviants for the>1.2-s and <1.2-s
conditions for 90-300 ms time windows for the regions of interest identified in Fig. 4A. For the < 1.2-s condition,
bivariate Granger causality values were calculated for left superior parietal gyrus, left inferior postcentral gyrus,
left parsopercularis (posterior IFG), left parsorbitalis (anterior IFG), left auditory cortex, left inferior temporal
gyrus, left cingulate cortex, left supplementary motor area, right middle temporal gyrus, right auditory cortex,
and right pars orbitalis (11 x 11). For the > 1.2-s, values were calculated for the right precentral gyrus, left post-
central gyrus, left inferior temporal gyrus, left parahippocampal gyrus, right inferior parietal lobule, right middle
temporal gyrus, right supramarginal gyrus, and right temporal pole (7 x 7). This resulted in a connectivity matrix
for each subject by condition for deviants and standards.

Statistics

Whole-brain analyses (sensors and sources of deviants vs. Standard contrasts) of EEG activity were performed
using non-parametric permutation testing and cluster randomization statistics in time and space (1000 permuta-
tions, CNV sources cluster alpha=0.01, N1 sources cluster alpha=0.005, P2 sources cluster alpha=0.001, k>30
for sources) as implemented in Fieldtrip (www.fieldtriptoolbox.org/). These analyses were done on the ERPs
data averaged in time for two predefined time periods corresponding to the N1 and P2 ERPs components (see
Fig. 4A). The same analyses (with cluster alpha=0.05 for sensors and alpha=0.01 for sources) were performed
for the CNV time period (—295 to— 165 ms for delayed). Moreover, paired non-parametric Wilcoxon tests
were performed to contrast deviants against standards connectivity matrices per condition (> 1.2-s early and
delayed) on the bivariate Granger causality values. The results of this test give information on which regions are
significatively interconnected and the direction of this connection while deviance occurs for each condition.

Data availability
Data and pipelines for analyses will be available via Université Laval’s repository link upon acceptance. https://
doi.org/https://doi.org/10.5683/SP3/IRGLHN.

Received: 11 February 2023; Accepted: 9 December 2023
Published online: 12 December 2023

References
1. Grondin, S. The Perception of Time: Your questions Answered (Routledge, 2020).
2. Ivry, R. B. & Schlerf, J. E. Dedicated and intrinsic models of time perception. Trends Cogn. Sci. 12, 273-280 (2008).
3. Mendoza, G. & Merchant, H. Motor system evolution and the emergence of high cognitive functions. Prog. Neurobiol. 122,
73-93. https://doi.org/10.1016/j.pneurobio.2014.09.001 (2014).
4. Jones, M. R. Time Will Tell: A Theory of Dynamic Attending (Oxford University Press, 2018).
5. Killeen, P. R. & Grondin, S. A trace theory of time perception. Psychol. Rev. 129, 603. https://doi.org/10.1037/rev0000308 (2022).
6. Treisman, M., Faulkner, A., Naish, P. L. & Brogan, D. The internal clock: Evidence for a temporal oscillator underlying time
perception with some estimates of its characteristic frequency. Perception 19, 705-742. https://doi.org/10.1068/p1907 (1990).
7. Gibbon, J. Scalar expectancy theory and Weber’s law in animal timing. Psychol. Rev. 84, 279-325. https://doi.org/10.1037/0033-
295X.84.3.279 (1977).
8. Gibbon, ], Church, R. M. & Meck, W. H. Scalar timing in memory. Ann. N. Y. Acad. Sci. 423, 52-77. https://doi.org/10.1111/j.
1749-6632.1984.tb23417.x (1984).
9. Grondin, S. From physical time to the first and second moments of psychological time. Psychol. Bull. 127, 22. https://doi.org/
10.1037/0033-2909.127.1.22 (2001).
10. Grondin, S. About the (non) scalar property for time perception. Neurobiol. Interval Timing https://doi.org/10.1007/978-1-4939-
1782-2_2 (2014).
11. Grondin, S. Violation of the scalar property for time perception between 1 and 2 seconds: Evidence from interval discrimination,
reproduction, and categorization. J. Exp. Psychol. Hum. Percep. Perform. 38, 880. https://doi.org/10.1037/a0027188 (2012).
12. Grondin, S., Laflamme, V. & Mioni, G. Do not count too slowly: Evidence for a temporal limitation in short-term memory.
Psychonom/ Bull. Rev. 22, 863-868. https://doi.org/10.3758/5s13423-014-0740-0 (2015).
13. Gibbon, J., Malapani, C., Dale, C. L. & Gallistel, C. R. Toward a neurobiology of temporal cognition: Advances and challenges.
Curr. Opin. Neurobiol. 7, 170-184. https://doi.org/10.1016/50959-4388(97)80005-0 (1997).
14. Lewis, P. & Miall, C. Distinct systems for automatic and cognitively controlled time measurement: Evidence from neuroimaging.
Curr. Opin. Neurobiol. 13, 250-255. https://doi.org/10.1016/50959-4388(03)00036-9 (2003).

Scientific Reports|  (2023) 13:22018 https://doi.org/10.1038/s41598-023-49562-8 nature portfolio


http://www.fieldtriptoolbox.org/
https://doi.org/
https://doi.org/
https://doi.org/10.5683/SP3/IRGLHN
https://doi.org/10.1016/j.pneurobio.2014.09.001
https://doi.org/10.1037/rev0000308
https://doi.org/10.1068/p1907
https://doi.org/10.1037/0033-295X.84.3.279
https://doi.org/10.1037/0033-295X.84.3.279
https://doi.org/10.1111/j.1749-6632.1984.tb23417.x
https://doi.org/10.1111/j.1749-6632.1984.tb23417.x
https://doi.org/10.1037/0033-2909.127.1.22
https://doi.org/10.1037/0033-2909.127.1.22
https://doi.org/10.1007/978-1-4939-1782-2_2
https://doi.org/10.1007/978-1-4939-1782-2_2
https://doi.org/10.1037/a0027188
https://doi.org/10.3758/s13423-014-0740-0
https://doi.org/10.1016/S0959-4388(97)80005-0
https://doi.org/10.1016/S0959-4388(03)00036-9

www.nature.com/scientificreports/

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

27.

28.

29.

30.

31.

32.

34.

35.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Rammsayer, T. H. & Lima, S. D. Duration discrimination of filled and empty auditory intervals: Cognitive and perceptual factors.
Percep. Psychophys. 50, 565-574. https://doi.org/10.3758/BF03207541 (1991).

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

Brown, S. W. Timing and executive function: Bidirectional interference between concurrent temporal production and rand-
omization tasks. Memory Cognit. 34, 1464-1471. https://doi.org/10.3758/BF03195911 (2006).

Brown, S. W,, Collier, S. A. & Night, J. C. Timing and executive resources: dual-task interference patterns between temporal
production and shifting, updating, and inhibition tasks. J. Exp. Psychol. Hum. Percep. Perform. 39, 947. https://doi.org/10.1037/
20030484 (2013).

Macar, E, Grondin, S. & Casini, L. Controlled attention sharing influences time estimation. Memory Cognit. 22, 673-686. https://
doi.org/10.3758/BF03209252 (1994).

Zakay, D. & Block, R. A. Temporal cognition. Curr. Direct. Psychol. Sci. 6, 12-16. https://doi.org/10.1111/1467-8721.ep11512604
(1997).

Smith, A., Taylor, E., Lidzba, K. & Rubia, K. A right hemispheric frontocerebellar network for time discrimination of several
hundreds of milliseconds. Neuroimage 20, 344-350. https://doi.org/10.1016/S1053-8119(03)00337-9 (2003).

Hayashi, M. J., van der Zwaag, W., Bueti, D. & Kanai, R. Representations of time in human frontoparietal cortex. Commun. Biol.
1, 1-10. https://doi.org/10.1038/s42003-018-0243-z (2018).

Reiterer, S. M. et al. Impact of task difficulty on lateralization of pitch and duration discrimination. Neuroreport 16, 239-242.
https://doi.org/10.1097/00001756-200502280-00007 (2005).

Pouthas, V. et al. Neural network involved in time perception: An fMRI study comparing long and short interval estimation.
Hum. Brain Mapp. 25, 433-441. https://doi.org/10.1002/hbm.20126 (2005).

Gosseries, O. et al. Que mesure la neuro-imagerie fonctionnelle: IRMf, TEP & MEG? Revue Médicale de Liége. (2008).

Sierra, E, Poeppel, D. & Tavano, A. One second is not a special time. Manuscript, PsyArXiv (2020).

Madison, G. Variability in isochronous tapping: Higher order dependencies as a function of intertap interval. J. Exp. Psychol.
Hum. Percep. Perform. 27,411 (2001).

Drake, C. & Botte, M.-C. Tempo sensitivity in auditory sequences: Evidence for a multiple-look model. Percep. Psychophys. 54,
277-286 (1993).

Grondin, S., Meilleur-Wells, G. & Lachance, R. When to start explicit counting in a time-intervals discrimination task: A critical
point in the timing process of humans. J. Exp. Psychol. Hum. Percep. Perform. 25, 993 (1999).

Grondin, S., Ouellet, B. & Roussel, M.-E. Benefits and limits of explicit counting for discriminating temporal intervals. Can. J.
Exp. Psychol. 58, 1 (2004).

Mannarelli, D. et al. The role of cerebellum in timing processing: A contingent negative variation study. Neurosci. Lett. https://
doi.org/10.1016/j.neulet.2023.137301 (2023).

Zhang, M. et al. Similar CNV neurodynamic patterns between sub-and supra-second time perception. Brain Sci. 11, 1362 (2021).
Macar, E & Vidal, F. Event-related potentials as indices of time processing: A review. J. Psychophysiol. 18, 89-104. https://doi.
org/10.1027/0269-8803.18.23.89 (2004).

Macar, E, Vidal, E. & Casini, L. The supplementary motor area in motor and sensory timing: Evidence from slow brain potential
changes. Exp. Brain Res. 125, 271-280. https://doi.org/10.1007/5002210050683 (1999).

Macar, E & Vidal, F. The CNV peak: An index of decision making and temporal memory. Psychophysiology 40, 950-954 (2003).
Mnatsakanian, E. V. & Tarkka, I. M. Task-specific expectation is revealed in scalp-recorded slow potentials. Brain Topography
15, 87-94 (2002).

Gaillard, A. W. Cortical correlates of motor preparation. Attention and performance VIII, 75-91 (2014).

Kononowicz, T. W. & van Rijn, H. Decoupling interval timing and climbing neural activity: A dissociation between CNV and
N1P2 amplitudes. J. Neurosci. 34, 2931-2939. https://doi.org/10.1523/J]NEUROSCI.2523-13.2014 (2014).

Tomé, D., Barbosa, F.,, Nowak, K. & Marques-Teixeira, ]. The development of the N1 and N2 components in auditory oddball
paradigms: A systematic review with narrative analysis and suggested normative values. J. Neural Transmiss. 122, 375-391 (2015).
Naitanen, R. & Kreegipuu, K. The mismatch negativity (MMN). The Oxford handbook of event-related potential components,
143-157 (2012).

Tadel, F, Baillet, S., Mosher, J. C., Pantazis, D. & Leahy, R. M. Brainstorm: A user-friendly application for MEG/EEG analysis.
Comput. Intell. Neurosci. https://doi.org/10.1155/2011/879716 (2011).

Picton, T. W,, Hillyard, S. A., Krausz, H. I. & Galambos, R. Human auditory evoked potentials: I: Evaluation of components.
Electroencephal. Clin. Neurophysiol. 36, 179-190. https://doi.org/10.1016/0013-4694(74)90155-2 (1974).

Alcaini, M., Giard, M.-H., Thevenet, M. & Pernier, J. Two separate frontal components in the N1 wave of the human auditory
evoked response. Psychophysiology 31, 611-615. https://doi.org/10.1111/j.1469-8986.1994.tb02354.x (1994).

Giard, M. et al. Dissociation of temporal and frontal components in the human auditory N1 wave: A scalp current density and
dipole model analysis. Electroencephal. Clin. Neurophysiol. 92, 238-252. https://doi.org/10.1016/0168-5597(94)90067-1 (1994).
Pantev, C. et al. Specific tonotopic organizations of different areas of the human auditory cortex revealed by simultaneous
magnetic and electric recordings. Electroencephalography Clin. Neurophysiol. 94, 26-40. https://doi.org/10.1016/0013-4694(94)
00209-4 (1995).

Lightfoot, G. in Seminars in hearing. 001-008 (Thieme Medical Publishers).

Zhang, F. et al. The adaptive pattern of the auditory N1 peak revealed by standardized low-resolution brain electromagnetic
tomography. Brain Res. 1400, 42-52. https://doi.org/10.1016/j.brainres.2011.05.036 (2011).

Albouy, P. et al. Impaired pitch perception and memory in congenital amusia: The deficit starts in the auditory cortex. Brain
136, 1639-1661. https://doi.org/10.1093/brain/awt082 (2013).

Albouy, P, Mattout, J., Sanchez, G., Tillmann, B. & Caclin, A. Altered retrieval of melodic information in congenital amusia:
Insights from dynamic causal modeling of MEG data. Front. Hum. Neurosci. 9, 20. https://doi.org/10.3389/fnhum.2015.00020
(2015).

Liu, Y. et al. The attention modulation on timing: an event-related potential study. PLoS One 8, e66190 (2013).

Mento, G., Tarantino, V., Sarlo, M. & Bisiacchi, P. S. Automatic temporal expectancy: A high-density event-related potential
study. PLoS One 8, €62896 (2013).

Gomez, C. M., Flores, A. & Ledesma, A. Fronto-parietal networks activation during the contingent negative variation period.
Brain Res. Bull. 73, 40-47 (2007).

Proskovec, A. L., Wiesman, A. L, Heinrichs-Graham, E. & Wilson, T. W. Beta oscillatory dynamics in the prefrontal and superior
temporal cortices predict spatial working memory performance. Sci. Rep. 8, 8488 (2018).

Nauer, R. K., Whiteman, A. S., Dunne, M. E, Stern, C. E. & Schon, K. Hippocampal subfield and medial temporal cortical
persistent activity during working memory reflects ongoing encoding. Front. Syst. Neurosci. 9, 30 (2015).

Ranganath, C., Cohen, M. X., Dam, C. & D’Esposito, M. Inferior temporal, prefrontal, and hippocampal contributions to visual
working memory maintenance and associative memory retrieval. J. Neurosci. 24, 3917-3925 (2004).

Overbeek, T. J., Nieuwenhuis, S. & Ridderinkhof, K. R. Dissociable components of error processing: On the functional signifi-
cance of the Pe vis-a-vis the ERN/Ne. J. Psychophysiol. 19, 319. https://doi.org/10.1027/0269-8803.19.4.319 (2005).

Scientific Reports|  (2023) 13:22018

https://doi.org/10.1038/s41598-023-49562-8 nature portfolio


https://doi.org/10.3758/BF03207541
https://doi.org/10.1016/s0028-3932(03)00118-0
https://doi.org/10.3758/BF03195911
https://doi.org/10.1037/a0030484
https://doi.org/10.1037/a0030484
https://doi.org/10.3758/BF03209252
https://doi.org/10.3758/BF03209252
https://doi.org/10.1111/1467-8721.ep11512604
https://doi.org/10.1016/S1053-8119(03)00337-9
https://doi.org/10.1038/s42003-018-0243-z
https://doi.org/10.1097/00001756-200502280-00007
https://doi.org/10.1002/hbm.20126
https://doi.org/10.1016/j.neulet.2023.137301
https://doi.org/10.1016/j.neulet.2023.137301
https://doi.org/10.1027/0269-8803.18.23.89
https://doi.org/10.1027/0269-8803.18.23.89
https://doi.org/10.1007/s002210050683
https://doi.org/10.1523/JNEUROSCI.2523-13.2014
https://doi.org/10.1155/2011/879716
https://doi.org/10.1016/0013-4694(74)90155-2
https://doi.org/10.1111/j.1469-8986.1994.tb02354.x
https://doi.org/10.1016/0168-5597(94)90067-1
https://doi.org/10.1016/0013-4694(94)00209-4
https://doi.org/10.1016/0013-4694(94)00209-4
https://doi.org/10.1016/j.brainres.2011.05.036
https://doi.org/10.1093/brain/awt082
https://doi.org/10.3389/fnhum.2015.00020
https://doi.org/10.1027/0269-8803.19.4.319

www.nature.com/scientificreports/

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.
71.

72.

73.

74.

75.
76.

77.

78.

79.

80.

81.

82.

83.

84.

85.
86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.
97.

Yeung, N. & Sanfey, A. G. Independent coding of reward magnitude and valence in the human brain. J. Neurosci. 24, 6258-6264.
https://doi.org/10.1037/0033-295X.111.4.931 (2004).

Herrmann, M. J., Rommler, J., Ehlis, A.-C., Heidrich, A. & Fallgatter, A. J. Source localization (LORETA) of the error-related-
negativity (ERN/Ne) and positivity (Pe). Cognit. Brain Res. 20, 294-299. https://doi.org/10.1016/j.cogbrainres.2004.02.013 (2004).
Vallet, W., Neige, C., Mouchet-Mages, S., Brunelin, J. & Grondin, S. Response-locked component of error monitoring in psy-
chopathy: A systematic review and meta-analysis of error-related negativity/positivity. Neurosci. Biobehav. Rev. 123, 104-119.
https://doi.org/10.1016/j.neubiorev.2021.01.004 (2021).

Simons, R. F. The way of our errors: Theme and variations. Psychophysiology 47, 1-14. https://doi.org/10.1111/j.1469-8986.2009.
00929.x (2010).

Scheffers, M. K. & Coles, M. G. Performance monitoring in a confusing world: Error-related brain activity, judgments of response
accuracy, and types of errors. J. Exp. Psychol. Hum. Percep. Perform. 26, 141. https://doi.org/10.1037/0096-1523.26.1.141 (2000).
Vidal, E, Hasbroucq, T., Grapperon, J. & Bonnet, M. Is the ‘error negativity’specific to errors?. Biol. Psychol. 51, 109-128. https://
doi.org/10.1016/S0301-0511(99)00032-0 (2000).

Wiswede, D. et al. Neurophysiological correlates of laboratory-induced aggression in young men with and without a history of
violence. PloS One 6, €22599. https://doi.org/10.1371/journal.pone.0022599 (2011).

Falkenstein, M., Hoormann, J., Christ, S. & Hohnsbein, . ERP components on reaction errors and their functional significance:
A tutorial. Biol. Psychol. 51, 87-107. https://doi.org/10.1016/S0301-0511(99)00031-9 (2000).

Herbst, S. K. & Obleser, J. Implicit temporal predictability enhances pitch discrimination sensitivity and biases the phase of delta
oscillations in auditory cortex. NeuroImage 203, 116198. https://doi.org/10.1016/j.neuroimage.2019.116198 (2019).

Hsu, Y.-F, Hamildinen, J. A. & Waszak, E Temporal expectation and spectral expectation operate in distinct fashion on neuronal
populations. Neuropsychologia 51, 2548-2555. https://doi.org/10.1016/j.neuropsychologia.2013.09.018 (2013).

Jones, A., Hsu, Y.-E, Granjon, L. & Waszak, F. Temporal expectancies driven by self-and externally generated rhythms. Neurolm-
age 156, 352-362. https://doi.org/10.1016/j.neuroimage.2017.05.042 (2017).

Lijffijt, M. et al. P50, N100, and P200 sensory gating: Relationships with behavioral inhibition, attention, and working memory.
Psychophysiology 46, 1059-1068 (2009).

Gjini, K., Arfken, C. & Boutros, N. N. Relationships between sensory “gating out” and sensory “gating in” of auditory evoked
potentials in schizophrenia: A pilot study. Schizoph. Res. 121, 139-145 (2010).

Nadtanen, R. Attention and Brain Function (Psychology Press, 1992).

Nadtanen, R., Paavilainen, P, Rinne, T. & Alho, K. The mismatch negativity (MMN) in basic research of central auditory pro-
cessing: A review. Clin. Neurophysiol. 118, 2544-2590. https://doi.org/10.1016/0304-3940(89)90513-2 (2007).

Raij, T., McEvoy, L., Mékels, J. P. & Hari, R. Human auditory cortex is activated by omissions of auditory stimuli. Brain Res. 745,
134-143 (1997).

Thaut, M. H., Trimarchi, P. D. & Parsons, L. M. Human brain basis of musical rhythm perception: Common and distinct neural
substrates for meter, tempo, and pattern. Brain Sci. 4, 428-452 (2014).

Alain, C., Shen, D., Yu, H. & Grady, C. Dissociable memory-and response-related activity in parietal cortex during auditory
spatial working memory. Front. Psychol. 1, 202 (2010).

Zhu, Z. et al. Involvement of left inferior frontal gyrus in sentence-level semantic integration. Neurolmage 47, 756-763 (2009).
Esmailpour, H., Raman, R. & Vogels, R. Inferior temporal cortex leads prefrontal cortex in response to a violation of a learned
sequence. Cereb. Cortex 33,3124-3141 (2023).

Burke, M., Bramley, P,, Gonzalez, C. & McKeefry, D. J. The contribution of the right supra-marginal gyrus to sequence learning
in eye movements. Neuropsychologia 51, 3048-3056 (2013).

Tunik, E., Lo, O.-Y. & Adamovich, S. V. Transcranial magnetic stimulation to the frontal operculum and supramarginal gyrus
disrupts planning of outcome-based hand-object interactions. J. Neurosci. 28, 14422-14427 (2008).

Merchant, H. & Averbeck, B. B. The computational and neural basis of rhythmic timing in medial premotor cortex. J. Neurosci.
37,4552-4564. https://doi.org/10.1523/jneurosci.0367-17.2017 (2017).

Merchant, H., Grahn, J., Trainor, L., Rohrmeier, M. & Fitch, W. T. Finding the beat: A neural perspective across humans and
non-human primates. Philosoph. Trans. R. Soc. B Biol. Sci. 370, 20140093. https://doi.org/10.1098/rstb.2014.0093 (2015).
Péran, P. et al. Mental representations of action: The neural correlates of the verbal and motor components. Brain Res. 1328,
89-103. https://doi.org/10.1016/j.brainres.2010.02.082 (2010).

Tomasino, B., Werner, C. J., Weiss, P. H. & Fink, G. R. Stimulus properties matter more than perspective: An fMRI study of
mental imagery and silent reading of action phrases. Neuroimage 36, T128-T141. https://doi.org/10.1016/j.neuroimage.2007.
03.035 (2007).

Grezes, J. & Decety, J. Functional anatomy of execution, mental simulation, observation, and verb generation of actions: A meta-
analysis. Hum. Brain Mapp. 12, 1-19. https://doi.org/10.1002/1097-0193(200101)12:1%3c1::aid-hbm10%3e3.0.c0;2-v (2001).
Setton, R., Sheldon, S., Turner, G. R. & Spreng, R. N. Temporal pole volume is associated with episodic autobiographical memory
in healthy older adults. Hippocampus 32, 373-385 (2022).

Liu, Z. et al. The role of the temporal pole in modulating primitive auditory memory. Neurosci. Lett. 619, 196-202 (2016).
Klingberg, T., O’Sullivan, B. T. & Roland, P. E. Bilateral activation of fronto-parietal networks by incrementing demand in a
working memory task. Cereb. Cortex 7, 465-471. https://doi.org/10.1093/cercor/7.5.465 (1997).

Alain, C,, He, Y. & Grady, C. The contribution of the inferior parietal lobe to auditory spatial working memory. J. Cognit. Neurosci.
20, 285-295. https://doi.org/10.1162/jocn.2008.20014 (2008).

Davranche, K., Nazarian, B., Vidal, F. & Coull, J. Orienting attention in time activates left intraparietal sulcus for both perceptual
and motor task goals. J. Cogn. Neurosci. 23, 3318-3330. https://doi.org/10.1162/jocn_a_00030 (2011).

Hayashi, M. J. et al. Time adaptation shows duration selectivity in the human parietal cortex. PLoS Biol. 13, ¢1002262. https://
doi.org/10.1371/journal.pbio.1002262 (2015).

Skye, J., Bruss, J., Herbet, G., Tranel, D. & Boes, A. D. Localization of a medial temporal lobe-precuneus network for time ori-
entation. Ann. Neurol. https://doi.org/10.1002/ana.26681 (2023).

Graham, K. S., Barense, M. D. & Lee, A. C. Going beyond LTM in the MTL: a synthesis of neuropsychological and neuroimaging
findings on the role of the medial temporal lobe in memory and perception. Neuropsychologia 48, 831-853 (2010).

Hayashi, M. J. & Ivry, R. B. Duration selectivity in right parietal cortex reflects the subjective experience of time. J. Neurosci. 40,
7749-7758 (2020).

Ferrandez, A.-M. et al. Basal ganglia and supplementary motor area subtend duration perception: An fMRI study. Neuroimage
19, 1532-1544. https://doi.org/10.1016/s1053-8119(03)00159-9 (2003).

Schwartze, M., Rothermich, K. & Kotz, S. A. Functional dissociation of pre-SMA and SMA-proper in temporal processing.
Neuroimage 60, 290-298. https://doi.org/10.1016/j.neuroimage.2011.11.089 (2012).

Coull, J. T,, Charras, P, Donadieu, M., Droit-Volet, S. & Vidal, F. SMA selectively codes the active accumulation of temporal,
not spatial, magnitude. J. Cogn. Neurosci. 27, 2281-2298. https://doi.org/10.1162/jocn_a_00854 (2015).

Coull, J. T, Vidal, F. & Burle, B. When to act, or not to act: That’s the SMA’s question. Curr Opin. Behav. Sci. 8, 14-21 (2016).
Spieser, L., van den Wildenberg, W., Hasbroucg, T., Ridderinkhof, K. R. & Burle, B. Controlling your impulses: Electrical stimula-
tion of the human supplementary motor complex prevents impulsive errors. J. Neurosci. 35, 3010-3015 (2015).

Scientific Reports|  (2023) 13:22018

https://doi.org/10.1038/s41598-023-49562-8 nature portfolio


https://doi.org/10.1037/0033-295X.111.4.931
https://doi.org/10.1016/j.cogbrainres.2004.02.013
https://doi.org/10.1016/j.neubiorev.2021.01.004
https://doi.org/10.1111/j.1469-8986.2009.00929.x
https://doi.org/10.1111/j.1469-8986.2009.00929.x
https://doi.org/10.1037/0096-1523.26.1.141
https://doi.org/10.1016/S0301-0511(99)00032-0
https://doi.org/10.1016/S0301-0511(99)00032-0
https://doi.org/10.1371/journal.pone.0022599
https://doi.org/10.1016/S0301-0511(99)00031-9
https://doi.org/10.1016/j.neuroimage.2019.116198
https://doi.org/10.1016/j.neuropsychologia.2013.09.018
https://doi.org/10.1016/j.neuroimage.2017.05.042
https://doi.org/10.1016/0304-3940(89)90513-2
https://doi.org/10.1523/jneurosci.0367-17.2017
https://doi.org/10.1098/rstb.2014.0093
https://doi.org/10.1016/j.brainres.2010.02.082
https://doi.org/10.1016/j.neuroimage.2007.03.035
https://doi.org/10.1016/j.neuroimage.2007.03.035
https://doi.org/10.1002/1097-0193(200101)12:1%3c1::aid-hbm10%3e3.0.co;2-v
https://doi.org/10.1093/cercor/7.5.465
https://doi.org/10.1162/jocn.2008.20014
https://doi.org/10.1162/jocn_a_00030
https://doi.org/10.1371/journal.pbio.1002262
https://doi.org/10.1371/journal.pbio.1002262
https://doi.org/10.1002/ana.26681
https://doi.org/10.1016/s1053-8119(03)00159-9
https://doi.org/10.1016/j.neuroimage.2011.11.089
https://doi.org/10.1162/jocn_a_00854

www.nature.com/scientificreports/

98. Albouy, P. et al. Specialized neural dynamics for verbal and tonal memory: fMRI evidence in congenital amusia. Hum. Brain
Mapp. 40, 855-867 (2019).

99. Chen, J. et al. Sensorineural hearing loss affects functional connectivity of the auditory Cortex, parahippocampal gyrus and
Inferior prefrontal gyrus in tinnitus patients. Front. Neurosci. 16, 816712 (2022).

100. Ziindorf, 1., Lewald, ]. & Karnath, H. (2016).

101. Wegrzyn, M., Herbert, C., Ethofer, T., Flaisch, T. & Kissler, J. Auditory attention enhances processing of positive and negative
words in inferior and superior prefrontal cortex. Cortex 96, 31-45 (2017).

102. Wiener, M., Turkeltaub, P. E. & Coslett, H. B. Implicit timing activates the left inferior parietal cortex. Neuropsychologia 48,
3967-3971 (2010).

103. Penney, T. B. & Vaitilingam, L. Imaging time. Psychol. Time 3, 261-294 (2008).

104. Kerns, J. G. et al. Anterior cingulate conflict monitoring and adjustments in control. Science 303, 1023-1026 (2004).

105. Carter, C. S. et al. Anterior cingulate cortex, error detection, and the online monitoring of performance. Science 280, 747-749
(1998).

106. Grondin, S., Meilleur-Wells, G., Ouellette, C. & Macar, E Sensory effects on judgments of short time-intervals. Psychol. Res. 61,
261-268 (1998).

107. Grondin, S. Duration discrimination of empty and filled intervals marked by auditory and visual signals. Percep. Psychophys.
54,383-394 (1993).

108. Albouy, P., Martinez-Moreno, Z. E., Hoyer, R. S., Zatorre, R. J. & Baillet, S. Supramodality of neural entrainment: Rhythmic
visual stimulation causally enhances auditory working memory performance. Sci. Adv. 8, eabj9782. https://doi.org/10.1126/
sciadv.abj9782 (2022).

109. Dhamala, M., Rangarajan, G. & Ding, M. Estimating Granger causality from Fourier and wavelet transforms of time series data.
Phys. Rev. Lett. 100, 018701 (2008).

110. Granger, C. W,, Huangb, B.-N. & Yang, C.-W. A bivariate causality between stock prices and exchange rates: Evidence from
recent Asianflu. Q. Rev. Econ. Financ. 40, 337-354 (2000).

Acknowledgements

This work was supported by a scholarship from the National Sciences and Engineering Research Council of
Canada (NSERC) to NT, a grant from Fonds de Recherche du Québec—Santé to P.A., and NSERC Discovery
grants to PA. and S.G.

Author contributions

Conceptualization, N.T, P.A. and S.G.; Methodology, N.T, P.A. and S.G.; Analysis, N.T., P.A.; Investigation, N.T;
Resources, P.A. and S.G.; Writing—Original Draft, N.T.; Writing—Review and Editing, N.T, PA., and S.G.;
Visualization, N.T.; Supervision, P.A. and S.G.; Project Administration, P.A.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-023-49562-8.

Correspondence and requests for materials should be addressed to N.T.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports |

(2023) 13:22018 | https://doi.org/10.1038/s41598-023-49562-8 nature portfolio


https://doi.org/10.1126/sciadv.abj9782
https://doi.org/10.1126/sciadv.abj9782
https://doi.org/10.1038/s41598-023-49562-8
https://doi.org/10.1038/s41598-023-49562-8
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Distinct brain dynamics and networks for processing short and long auditory time intervals
	Results
	Discussion
	Identification of auditory event-related potentials (aERP)
	CNV as a marker of temporal expectancy for > 1.2-s delayed intervals
	Distinct waveforms of deviance detection for below and above 1.2-s processing
	Delayed deviance allows proof of error accumulation
	Lack of mismatch negativity
	Networks underlying below and above 1.2-s processes
	Networks underlying above 1.2-s processes
	Networks underlying below 1.2-s processes
	Conclusion

	Methods
	Ethics
	Participants
	Task and procedure
	EEG recording
	Source modeling
	Granger causality
	Statistics

	References
	Acknowledgements


