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Abstract

Recent studies have provided evidence for a role of duration-tuned channels in the encoding

of duration. Duration encoding in these channels is thought to reflect the time between

responses to the onset and offset of an event. This notion is in apparent conflict with studies

that demonstrate that the perceived duration of an event can vary independently from the

time separating its perceived onset and offset. Instead, these studies suggest that duration

encoding is sensitive to other temporal aspects of a sensory event. In the current study, we

investigated whether duration-tuned channels encode duration based on the time between

the on- and offset of an event (onset-offset duration), or if they encode a duration corre-

sponding to the perceived duration of that event. We used a duration illusion to dissociate

onset-offset duration and perceived duration and measured whether repeated exposure to

illusion-inducing stimuli caused adaptation to the onset-offset duration or the perceived

duration of these illusion-inducing stimuli. We report clear evidence for adaptation to the

onset-offset duration of illusion-inducing stimuli. This finding supports the notion that dura-

tion-tuned mechanisms respond to the time between the onset and offset of an event, with-

out necessarily reflecting the duration perceived, and eventually reported by the participant.

Implications for the duration channel model and the mechanisms underlying duration illu-

sions are discussed.

Introduction

Recently, it has been proposed that duration-tuned mechanisms underlie the encoding of

duration [1,2]. According to this idea, the brain contains groups of duration-tuned neurons

that respond selectively to specific ranges of durations. Summation of the population response

of these groups of duration-tuned bandpass-neurons (or channels) allows for implicit tempo-

ral signals to be transformed into an explicit code for duration that is both accurate and reli-

able. This explicit signal can then be stored, manipulated, and used to guide subsequent

behavior [1].

The proposal for channel-based encoding of duration is very similar to the mechanisms

that are thought to underlie the encoding of a range of other sensory features such as
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orientation [3,4], motion direction [5,6], pitch [7], and numerosity [8,9]. Similar to these other

stimulus features, support for the channel-based encoding of duration comes from studies

demonstrating duration tuning in both behavioral and neuronal responses [1,10]. For exam-

ple, several studies have shown that adaptation to duration leads to a duration after-effect

(DAE) for subsequently presented durations [1,11–15]. More specifically, these studies dem-

onstrate that adaptation to a particular duration in one modality causes the perceived duration

of subsequent durations in that same modality to shift away from the adapted duration. For

example, after adapting to a visual event lasting 400 ms, the perceived duration of visual events

with a shorter duration (i.e. 200 ms) will decrease, while the perceived duration of events with

a longer duration (i.e. 800 ms) will increase. These results are taken to reflect selective adapta-

tion of duration-tuned neurons, resulting in a shifted population response for durations close

to the adapted duration [1,16]. Similarly, studies have shown that training observers to dis-

criminate durations leads to increased performance on the trained but not the untrained dura-

tions [17]. In line with the adaptation results, these results suggest channel-specific training

benefits and are similar to the results observed for discrimination training in other features

encoded in a channel-based fashion [17,18]. Furthermore, a recent fMRI study using fMRI

adaptation demonstrated a decreased BOLD-response in the (right) inferior parietal lobule

(IPL) following repetitions of identical duration [10]. This fMRI adaptation did not occur

when the two durations were different, indicating that the BOLD-responses in this area

reflected selective responses to specific durations.

These findings support the notion that selectively tuned channels underlie the encoding of

duration in a way that is similar to the encoding of other sensory properties. However, it is not

clear what aspect(s) of a sensory event these channels are responding to. According to one

idea, duration channels are sensitive to the temporal distance separating the neural responses

to the onset and offset of a sensory event. In other words, duration tuned channels are thought

to respond differentially to the offset of an event depending on the time since the response to

the onset of that same event [1]. Evidence for these onset-dependent offset responses comes

from animal physiology studies demonstrating duration-tuned responses in single cells in

both Brown bat auditory cortex [19,20], cat auditory cortex [21] and cat visual cortex [22].

However, this idea of encoding duration based on the temporal distance between the onset

and offset responses is in apparent contrast with the fact that the perceived duration of an

event can be manipulated, without any concurrent changes in our perception of the onset and

offset of that same event [23,24]. For example, in the Temporal Frequency Induced Time Dila-

tion (TFITD) illusion, increasing the speed or temporal frequency of an event increases its per-

ceived duration without affecting the perceived onset and offset of that same event [24].

Assuming that the duration encoded by the duration channels informs our perception of dura-

tion, we would expect a strong relation between the temporal distance separating the perceived

moments of onset and offset, and the duration perceived by the observer. As such, this dissoci-

ation between the separation of perceived onset and offset on the one hand, and perceived

duration on the other, seems in contrast with the idea that duration channels extract duration

based solely on the temporal distance between onsets and offsets of the sensory signal.

To address this contrast, we used duration adaptation to probe the duration-tuned channels

and adapted observers to a TFITD-inducing stimulus. By doing so, it is possible to dissociate

between adaptation to the temporal distance separating the onset and offset of the sensory sig-

nal (onset-offset duration) and adaptation to a duration corresponding to the duration per-

ceived by the observer. Participants adapted to repetitions of one of three stimuli: a rotating

radial grating (the illusion-inducing stimulus); to a static radial grating matched to the tempo-

ral distance between the onset and offset of the illusion-inducing stimulus (the onset-offset

matched stimulus); or to a static radial grating matched to the perceived duration of the
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illusion-inducing stimulus (the perceptually matched stimulus). Next, we measured whether

the resulting DAE for the illusion-inducing stimulus reflected adaptation to either its onset-

offset duration or its perceived duration. If participants adapt to the onset-offset duration of

the illusion-inducing stimulus, the resulting DAE should match the DAE following adaptation

to the onset-offset matched stimulus. However, if participants adapt to the perceived duration

of an event, the DAE for the illusion-inducing stimulus should match the DAE for the percep-

tually matched stimulus.

Methods

Participants

25 Observers participated in this experiment. Of these 25, 5 participants were excluded after

an initial measurement because they did not display a sufficiently large TFITD illusion (time

dilation < 33%). Excluded participants completed an unrelated experiment. Details about the

exclusion procedure can be found in the ‘TFITD illusion magnitude estimation’ section under

Procedure. The remaining 20 participants completed the experiment (10 male, Mage = 24.30,

SD = 4.73). All participants were naïve as to the purpose of the experiment and had normal or

corrected-to-normal vision. Written informed consent was obtained before the experiment

began. Following participation, participants received course credits or monetary compensa-

tion. This study was approved by the Ethics Committee at the Faculty of Social and Behavioral

Sciences of Utrecht University and was conducted in accordance with the Declaration of

Helsinki.

Materials & stimuli

All stimuli were presented on a linearized 22-inch CRT monitor (1024 x 768 pixels, 100 Hz

refresh rate) controlled by an Apple Mac Mini. Stimulus presentation was controlled using

MATLAB 2015b (MathWorks, Inc.) and the Psychophysics Toolbox (Brainard, 1997; Pelli,

1997). Participants viewed the stimuli with their head resting in a chinrest placed 57 cm from

the screen. The auditory stimuli were presented using a Sennheiser HD201 on-ear headset. All

stimulus timings were verified using a dual-channel oscilloscope.

All stimuli consisted of a circular radial grating (diameter of 2.0˚) with a sinusoidal lumi-

nance modulation (100% Michelson contrast) of 4 cycles. On each presentation, this stimulus

was either static or rotating at 2.08 cycles/second. This resulted in each individual point of the

stimulus being modulated sinusoidally at 8.33 Hz. All stimuli were presented on a gray back-

ground (32.5 cd/m2) and accompanied by a central fixation cross (64.3 cd/m2). Each radial

grating was presented peripherally at a distance of 4˚ degrees from the central fixation cross.

In all tasks, test and reference stimuli were presented at one of four possible positions, the loca-

tion of which was counterbalanced across participants (0, 90, 180, or 270˚ angle from fixation).

All adaptation stimuli were presented randomly across 10 possible locations at a 45 to 315˚

angle from the test stimulus with an inter stimulus interval (ISI) ranging between 500–750 ms.

This spatial configuration was used to reduce the overall adaptation to the non-temporal stim-

ulus features and the temporal frequency of our adaptation stimuli. In addition, this configura-

tion resulted in a minimum separation of 3.06˚ of visual angle between the adaptation and test

stimuli. At this distance any adaptation to the non-temporal features or temporal frequency of

the adaptation stimuli should not affect our measurement of perceived duration at the test

location [23,25], while still allowing for effective measurement of the DAE [14]. Auditory ref-

erence stimuli consisted of a burst of white noise (60dB) with a 10 ms linear onset and offset

ramp.

The duration aftereffect does not reflect adaptation to perceived duration
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Procedure

TFITD illusion magnitude estimation. Since each participant differs in the magnitude of

his or her TFITD illusion, the duration of the perceptually matched stimuli and the central ref-

erence stimulus needs to be tailored to each individual participant. We estimated the magni-

tude of the TFITD illusion for individual participants by having them completed a visual

duration judgment task. In this task, participants compared the duration of a reference grating

that lasted 300 ms. to a static test grating with a variable duration. Depending on the condition,

the reference grating was either static or rotating. The order in which the reference and test

were presented was randomized and counterbalanced across trials. For all presentations, we

used an ISI jittered between 500–750 ms. The point of subjective equality (PSE) for each condi-

tion (static, rotating) was acquired over the course of 80 trials by varying the duration of the

test stimulus using an accelerated stochastic approximation (ASA;[26]) set to converge to the

50% correct point. The ASA staircase aims to effectively converge on a selected response prob-

ability by quickly reducing step size. As a result, relatively few trials are required to produce a

reliable estimate of the selected threshold. After participants completed this task, we used the

PSEs estimated by each staircase to calculate an illusion factor (PSEstatic / PSErotating). We then

multiplied this factor by the duration of the onset-offset matched stimulus (300 ms), to acquire

the duration of the perceptually matched stimulus for the individual participant (M = 572.60

ms, SD = 129.00).

The current design relies on comparing a single critical condition (adaptation to illusion-

inducing stimuli) to two ‘baseline’ conditions (adaptation to onset-offset matched stimuli &

perceptually matched stimuli). As such, it is necessary to be able to dissociate between adapta-

tion to the onset-offset matched baseline and the perceptually matched baseline. In other

words, our design requires an observable difference in the PSEs following adaptation to the

onset-offset matched and perceptually matched stimuli. The magnitude of the DAE depends

strongly on the temporal distance between the adaption durations and the reference duration

[1]. However, in the current study the temporal distance between adaptation durations and

the reference durations is contingent on the magnitude of each individuals TFITD illusion. As

such, it is problematic when participants do not display a significant TFITD illusion, as they

do not provide data that contributes to answering our research question. To address this issue,

we set an inclusion criterion at a minimum illusion magnitude of 33.33% (100 ms). By using

this criterium, we aimed to optimize the inclusion of participants, while still obtaining a mea-

surable DAE between our two ‘baseline’ conditions (onset-offset matched, perceptually

matched). Participants who did not meet the inclusion criterion were excluded from the exper-

iment and completed an unrelated experiment instead. As, mentioned above, five participants

who had signed up were excluded based on this criterion. The remaining 20 participants com-

pleted the main adaptation experiment.

Next, we set the individual reference duration by calculating the logarithmic midpoint

between the durations of the onset-offset matched (300 ms) and perceptually matched stimuli

(M = 572.60 ms). This logarithmic midpoint (M = 412.09 ms, SD = 45.43) was used as the

visual reference duration against which the DAE for each of the adaptation conditions was

measured. Earlier work suggests that duration selective mechanisms show logarithmic scaling

in preferred duration and sensitivity [1,21,22,27]. By using the logarithmic midpoint, we

assure equal (perceptual) distance from the reference duration to the adaptation durations in

the onset-offset matched and perceptually matched stimulus conditions. This procedure is

similar to those used in earlier experiments, and allows us to measure the DAE as opposite

shifts in perceived duration using the same range of test stimuli [11,14,15].

The duration aftereffect does not reflect adaptation to perceived duration
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Auditory reference calibration. Our experiment employed a cross-modal duration judg-

ment task in which the auditory reference duration always preceded the visual test stimulus.

This procedure typically leads to a time order error [28] where, on average, the auditory refer-

ence will be perceived as having a longer duration than its visual counterpart with the same

duration. To account for this, we set the duration of the auditory reference stimulus individu-

ally for each participant so that the perceived duration of the auditory stimulus was perceptu-

ally equivalent to that individual’s visual reference duration. To acquire each individual

auditory reference duration, participants completed a cross modal duration judgment task in

which they compared the duration of a static reference grating to the duration of an auditory

test stimulus. For each individual participant, the duration for the static reference grating was

based on the individual reference duration calculated in the previous task. The duration of the

auditory test stimulus was varied using an ASA staircase set to converge at the 50% correct

point over the course of 60 trials. The resulting estimates of the Point of Subjective Equality

(PSE) were used to set the duration of the auditory reference used in the adaptation experi-

ment (M = 370.63 ms, SD = 149.75).

Adaptation experiment. In separate blocks, participants adapted to 100 repetitions of one

of three stimuli: 1) The illusion-inducing stimulus, which consisted of a rotating radial grating

that lasted 300 ms. 2) The onset-offset matched stimulus, which consisted of a static radial grating

that was matched to the onset-offset duration of the illusion-inducing stimulus (300 ms). 3) The

perceptually matched stimulus, which consisted of a static radial grating matched to the perceived

duration of the illusion-inducing stimulus. The duration of the perceptually matched stimulus

was set individually for each participant (M = 572.60 ms,). During adaptation, participants did

not perform any task and were instructed to maintain fixation on the central fixation cross.

Each adaptation phase was followed by a test phase in which participants completed a

cross-modal duration judgment task. Each duration judgment started with 4 top-up repeti-

tions of the adaptation stimulus, followed by the auditory reference and a static visual test stim-

ulus (ISI = 500–750 ms). The participant’s task was to indicate which of the reference—test

pair had a longer duration (Fig 1). The duration of the test stimulus was varied using a

Fig 1. An overview of the experimental procedure for the adaptation experiment. Adaptation Phase (A): participants adapted to 100 repetitions of one of three

adaptation stimuli: an illusion-inducing rotating radial grating (300 ms, 8.33Hz), a static radial grating matched to the onset-offset duration of the illusion-inducing

stimulus (300 ms, static), or a static grating matched to the perceived duration of the illusion-inducing stimulus (Mduration = 572.60, static). Duration Judgment Phase (B):

participants completed a duration judgment task in which they compared the duration of an auditory reference to that of a static visual test stimulus.

https://doi.org/10.1371/journal.pone.0213163.g001
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Minimum Expected Entropy Staircase (MEES;[29]). This staircase allows for effective estima-

tion of the PSE while still varying the duration of the stimuli presented to the participants. This

variance in the duration of the test stimulus helps assure that participants pay attention to the

task. In each block, participants completed 30 trials. In total, participants completed 9 blocks

accounting to a total of 270 trials. This corresponded with participants completing a total of 90

trials per staircase, one for each adaptation condition. The entire experiment lasted about 2

hours and included a 15-minute break.

Analysis

We calculated the PSE for each of the three adaptation conditions for each participant, by fit-

ting a psychometric function using a logistic regression. The resulting PSEs correspond to the

duration of the visual test stimulus that was perceived as being equal to the auditory reference

duration. As such, higher PSEs indicate lower perceived durations of the test stimuli, while

lower PSEs indicate higher perceived durations of the test stimuli.

All data were analyzed using Bayesian analysis using the open source statistics program

JASP [30]. For all analyses, a common uninformative prior (Cauchy prior with width .707)

was used. In Bayesian analysis a Bayes factor (BF) is used to express the relative probability

that the current data were collected under one hypothesis (i.e. Ha) vs. the probability that the

data were collected under another hypothesis (i.e. H0). This relative evidence provided by the

Bayes factor can then be evaluated using a common rule under which a BF10 > 3 is taken as

evidence in favor of Ha and BF10 < 1/3 as evidence in favor of H0 [31,32]. It is important to

note here that while higher/lower BFs indicate higher relative evidence for one model over

another, it does not indicate a larger effect size. To judge the size of each effect, we encourage

the reader to evaluate the provided figure as well as the averages and standard deviations

reported for each statistical test.

One of the advantages of a Bayesian approach is that it allows to quantify the evidence for

both our Ha’s (the results from two conditions are different), as well as for our H0’s (the results

from two conditions do not differ). This advantage over inferential statistics is critical in our

current design. Our main hypothesis resolves around the notion that the DAE following adap-

tation to illusion inducing stimuli will reflect either adaptation to the onset-offset duration of

the perceptually matched duration of that stimulus. In other words, we expect that the DAE

following adaptation to illusion inducing stimuli will not differ from the DAE found in either

the onset-offset matched or perceptually matched stimulus conditions. Quantification of evi-

dence for the H0 allows us to test this hypothesis appropriately.

Results

Average PSEs for each of the adaptation conditions can be found in Fig 2. The depicted error

bars represent within-subject standard errors calculated using per-subject normalization of the

data [33,34]. Error bars depicting the standard of the mean illustrate both the between-subject

and within-subject variance in a dataset. These depictions describe the total variance in the

data and can help indicated the variability across subjects. However, in a design focused on

within-subject differences, error-bars depicting the standard error of the mean have little

informational value about the outcome of the within-subject analyses [33]. The within-subject

standard errors used here reflect only the within-subject variability making them more predic-

tive of the outcome of the analyses of the within-subject effects that were reported here.

The PSE data were analyzed using a Bayesian repeated measures ANOVA with PSE as a

dependent measure and Adaptation Type (onset-offset matched stimulus, illusion-inducing

stimulus, perceptually matched stimulus) as a factor. This analysis revealed a main effect of
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Adaptation type (BF10 = 8.14). To gain insight into this main effect we conducted three subse-

quent pairwise comparisons (Bayesian paired samples t-test) comparing each combination of

the adaptation conditions.

First, we compared PSEs between the onset-offset matched stimulus and the perceptually

matched stimulus. We found that adaptation to the onset-offset matched duration lead to a

longer perceived duration of the test stimulus (M = 444.51 ms, SD = 133.11) compared to

adaptation to the perceptually matched duration (M = 488.86 ms, SD = 149.90; BF10 = 7.42).

In other words, adapting to a static stimulus which lasted 300 ms (onset-offset matched stimu-

lus) caused subsequent test durations to be perceived as having a longer duration, compared to

adaptation to a static stimulus with a longer duration (M = 572.60 ms; perceptually matched

stimulus). This finding replicates the DAE observed in earlier studies and demonstrates that

our method can be used to dissociate adaptation to the durations of the onset-offset matched

and perceived duration matched stimuli.

Next, we compared the DAE following adaptation to the illusion-inducing stimulus

(M = 433.72 ms, SD = 160.70) to each of the matched conditions and found that the resulting

DAE differed from the DAE for the perceptually matched duration (BF10 = 23.97), but not

from the DAE for the onset-offset matched duration (BF10 = 0.264). This suggests that partici-

pants adapted to the onset-offset duration of the illusion-inducing stimulus instead of to a

duration corresponding to the perceived duration of the illusion-inducing stimulus.

Fig 2. Average PSEs for each of the three adaptation conditions. Average PSEs for when participants adapted to the

onset-offset matched stimulus (300 ms, static), the illusion-inducing stimulus (300 ms, 8.33Hz), and the perceptually

matched stimulus (M = 572.60 ms, static). BFs are given for all Bayesian paired sample t-tests with BF10 > 3 indicating

evidence that the PSEs are different and BF10 < 1/3 indicating evidence that they are not. Error bars reflect confidence

intervals based on the within-subject variability of the data [33,34].

https://doi.org/10.1371/journal.pone.0213163.g002
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Discussion

In this study we addressed the apparent contradiction between the proposal that duration-

tuned channels encode duration based on the time between the responses to the onset and off-

set of an event, and the fact that our perception of duration can be dissociated from this onset-

offset duration of an event. To this end, we adapted participants to an illusion-inducing stimu-

lus that is known to cause shifts in the perceived duration of an event, without affecting its per-

ceived onset and offset [24]. Participants adapted to one of three types of stimuli: an illusion-

inducing rotating radial grating, a static grating matched to the onset-offset duration of the

illusion-inducing stimulus, and a static grating matched to the perceived duration of the illu-

sion-inducing stimulus. We measured the resulting DAE and found that the DAE for illusion-

inducing stimuli did not differ from the DAE for the onset-offset matched stimuli but did dif-

fer from the DAE for the perceptually matched stimuli. In other words, participants adapted to

the onset-offset duration, and not to a duration corresponding to the perceived duration of the

illusion-inducing stimulus. This result supports the proposal that duration channels are sensi-

tive to the temporal distance between the onset and offset responses that result from a sensory

event; possibly via neurons that show onset-dependent offset responses [1]. We conclude that

channel-based duration encoding is based on the temporal distance between the onset and off-

set of an event and does not necessarily corresponds to the perceived duration of that same

event.

Our results demonstrate that duration tuned mechanisms are sensitive to the temporal dis-

tance between the onset and offset responses that result from the sensory event that is being

encoded. As a result, the duration encoded by these mechanisms does not necessarily corre-

spond to the duration eventually perceived by the observer. This suggest that channel-based

encoding reflects an initial processing step, the output of which is then further transformed

during subsequent processing. This idea is consistent with a more hierarchical view of dura-

tion encoding in which duration information is accumulated from multiple sources across

multiple stages of processing [35]. In line with this idea, Heron and colleagues [11] demon-

strated that the channel-based encoding of duration occurs before the integration of duration

information from the different senses. In addition, several studies have demonstrated that

duration perception depends on a wide range of factors that reflect different stages of cognitive

processing. For example, studies on memory and memory mixing have demonstrated that

memory about other magnitudes can influence estimations of duration [36,37]. Furthermore,

studies focusing on the role of contextual experience have demonstrated that duration esti-

mates can be influenced by both the sensory and response history of previous duration esti-

mates [38,39]. In addition to these behavioral findings, a large number of cortical and

subcortical areas have been implicated in the processing of duration information (see for

example: [10,40–44]). Together, these studies support the notion that duration processing

occurs in multiple stages throughout the brain in a distributed and possibly task-specific

manner.

Our findings that duration channels do not adapt to a duration corresponding to the per-

ceived duration of our TFITD inducing stimuli draws into question the mechanisms underly-

ing this illusion. Duration illusions are often assumed to reflect direct changes in the encoding

of duration (i.e. changing the clock speed), and as such have often been used to study the

mechanisms underlying the initial encoding of duration information from sensory informa-

tion [45–49]. In particular, TFITD has been proposed to reflect changes in the rate at which

temporal information is accumulated during duration encoding [45]. In contrast with this

assumption, our results suggest that TFITD occurs after the initial (channel-based) encoding

of duration and likely reflects modulation of subsequent processing steps. In a more general

The duration aftereffect does not reflect adaptation to perceived duration

PLOS ONE | https://doi.org/10.1371/journal.pone.0213163 March 4, 2019 8 / 11

https://doi.org/10.1371/journal.pone.0213163


sense, our finding calls into question the extent to which other duration illusions reflect direct

changes in the (rate of) encoding of duration information. That being said, it is important to

underscore that only a single illusion was tested in the current study. Since it is likely that dif-

ferent duration illusions influence duration processing in a distinct manner (i.e. at different

stages of processing) we should be careful in generalizing the results reported here. In fact,

some duration illusions have been reported to be caused by changes in the response to the

onset and/or offset of events [50]. Under the current model, these illusions would predict

changes in the response of the duration-tuned channels and corresponding changes in the

duration perceived by the observer. Since most duration illusions are smaller in magnitude

then the TFITD illusion employed here, it could prove difficult to apply our paradigm to other

duration illusions. Hopefully, future experiments will give insight in the relation between dura-

tion-tuned responses and the wide range of duration illusions already reported in the

literature.
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