SCIENTIFIC REPLIRTS

Flickering task-irrelevant
distractors induce dilation of target
duration depending upon cortical
e distance

Published: 31 August 2016 . .
uplishe vavs Miku Okajima & Yuko Yotsumoto

Flickering stimuli are perceived to be longer than stable stimuli. This so-called “flicker-induced time
dilation” has been investigated in a number of studies, but the factors critical for this effect remain
unclear. We explored the spatial distribution of the flicker effect and examined how the flickering task-
irrelevant distractors spatially distant from the target induce time dilation. In two experiments, we
demonstrated that flickering distractors dilated the perceived duration of the target stimulus even
though the target stimulus itself was stable. In addition, when the distractor duration was much longer
than the target duration, a flickering distractor located ipsilateral to the target caused greater time
dilation than did a contralateral distractor. Thus the amount of dilation depended on the distance
between the cortical areas responsible for the stimulus locations. These findings are consistent with
the recent study reporting that modulation of neural oscillators encoding the interval duration could
explain flicker-induced time dilation.

Flickering stimuli have been reported to affect the perceived duration of stimulus intervals. For example, after
adaptation to a 20-Hz flickering stimulus, the duration of a 10-Hz flickering stimulus is perceived to shorten'?.
The lateral geniculate nucleus (LGN) has been suggested to contribute to this temporal-compression aftereffect,
because the characteristics of this effect, including location specificity® and absence in the case of equiluminant
stimuli, are consistent with the response characteristics of the LGN magno cells®. As another example of the
effect of flickering stimuli, the interval of a stable stimulus following exposure to a flickering adapter is per-
ceived as longer®. Ortega et al.® showed the orientation and eye-specificity of this temporal-dilation aftereffect
and suggested that V1 neurons contribute to it. These examples indicate that several neural areas are involved in
time perception and that recruiting different neural areas can result in different kinds of time distortion. Such a
complexity has made it difficult to understand the neural mechanism of time perception.

It has also been reported in a number of studies that the duration of the flickering stimulus itself is per-
ceived to be longer than the actual duration’-"°. Despite the robustness of this “flicker-induced time dilation”,
the mechanism contributing to this effect remains unclear. The critical factor for flicker-induced time dilation
is highly controversial. Herbst et al.!? suggested that the subjectively perceived saliency of a stimulus is essential
for flicker-induced time dilation. Kanai et al.® showed that the dilation size of the perceived duration increases
with the increasing temporal frequency of a flicker. However, Kaneko and Murakami'® concluded that the speed
of a stimulus explains duration dilation better than does the temporal frequency. Recently, Hashimoto and
Yotsumoto'* suggested that flicker-induced time dilation could be explained by neural entrainment of temporal
oscillators.

In this study, we examined which factor is critical for flicker-induced time dilation by exploring the spatial
distribution of the flicker effect. In two experiments, participants reproduced the duration of the target stimulus
by pressing a button while ignoring the task-irrelevant distractor stimulus. If the target properties such as sali-
ency, temporal frequency, or speed, are critical for flicker-induced time dilation, the flickering distractors would
not induce time dilation of the stable target. On the other hand, if neural entrainment is critical, the flickering
distractors would induce time dilation.
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Figure 1. Stimulus configurations. The target was the white disk and appeared in the upper right or upper left
of the display. The distractor was a green disk. The ipsilateral distractor appeared in the same visual hemifield as
the target, and the contralateral distractor appeared in a different visual hemifield. The distance between target
and distractor was constant regardless of whether the distractor was ipsilateral or contralateral.

From studies using electroencephalogram (EEG), it is well known that visual flickering stimuli evoke a
steady-state visually evoked potential (SSVEP)!7-1. SSVEPs have been found at the same frequency as the flicker
frequency, and have been localized to the early visual cortical areas?*-?2, which exhibit retinotopic maps®. In
addition, an SSVEP is evoked by task-irrelevant flickering stimuli**~?, and propagate across cortical areas?.
Notbohm, Kurths, and Herrmann?® examined whether the origin of SSVEP is neural entrainment of brain oscil-
lators or superposition of event-related responses. By showing the degree of SSVEP depends on the difference
between the flicker frequency and the Individual Alpha Frequency, they demonstrated that visual flickering stim-
ulation results in entrainment of brain oscillators, and that the entrainment is the underlying mechanism of
SSVEPs. Therefore, it can be assumed that a flickering task-irrelevant distractor induces neural entrainments,
and that the neural entrainments propagate across cortical areas in the retinotopic manner. In fact, sensory stim-
uli with temporal modulations are broadly accepted as an eligible tool to investigate functions of the neural
entrainments”!428-31,

Because neural entrainments propagate across cortical areas'®?’, the effect of the flickering distractor on
neural entrainment would depend not on the retinotopic distance but on the cortical distance. Hence, we posi-
tioned the distractor in the ipsilateral or contralateral visual hemifield of the target in order to manipulate the cor-
tical distances between the target and the distractors. Even when the retinotopic distances between the target and
the distractor were constant, the ipsilateral flickering distractor would have a greater effect of neural entrainment
than would the contralateral flickering distractor, because the cortical distance to the target from the ipsilateral
distractor would be shorter than that from the contralateral distractor. With simulations based on the computa-
tional model, Hashimoto and Yotsumoto'* demonstrated that neural entrainment can explain the flicker-induced
time dilation: weak neural entrainment induces little time dilation and strong neural entrainment induces large
time dilation. Therefore, if neural entrainment is critical for flicker-induced time dilation, the amount of time
dilation would depend on the cortical distance between the flickering distractor and the target: the flickering ipsi-
lateral distractor would have larger effect of neural entrainment and induce larger time dilation than the flickering
contralateral distractor.

It is possible that flickering distractors would reduce attention to the target and thus alter perceived target
properties such as saliency, frequency, or speed. If so, however, the effect of the distractor would be independent
of whether the distractor was ipsilateral or contralateral, as a previous study has demonstrated that higher-level
attention is not modulated by whether attention is divided across or within the hemifield??. In addition, a general
arousal level can also be altered by the flickering distractors. Actually, New and Scholl*? has demonstrated that the
oddball spatially distant from the target induced time dilation and argued that this reflected the increased general
arousal because the dilation effect was independent of the oddball position. Therefore, if a general arousal level
matters, the time dilation amount would be independent of the flickering distractor position.

Two stimuli—target and distractor—were used in the experiments (Fig. 1). The target stimulus was a white
disk and was displayed in either the upper left or upper right visual field. The distractor stimulus was a green disk
and was displayed in a location either ipsilateral or contralateral to the target. The stimuli were either stable or
flickering at 10 Hz.

Each experiment included four conditions, which were named on the basis of whether the target and the
distractor were stable or flickering and whether the distractor was ipsilateral or contralateral (Fig. 2). Under SS
condition (Stable target and Stable distractor), a stable target and stable distractor were displayed. Under FS con-
dition (Flickering target and Stable distractor), a flickering target and stable distractor were displayed. Under SFi
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Figure 2. Schematics of the experimental conditions. SS condition: target stable, distractor stable. FS
condition: target flickering, distractor stable. SFi condition: target stable, distractor flickering in the visual field
ipsilateral to the target. SFc condition: target stable, distractor flickering in the visual field contralateral to the
target.

condition (Stable target and Flickering distractor ipsilateral), a stable target and a flickering distractor ipsilateral
to the target were shown. Under SFc condition (Stable target and Flickering distractor contralateral), a stable
target and a flickering distractor contralateral to the target were shown.

We conducted two experiments. In Experiment 1, we used a distractor with a duration much longer than the
target duration in order to maximize the effect of the flickering distractor (Fig. 3a). In Experiment 2, the distrac-
tor duration was almost the same as the target duration in order to probe the effect of the distractor duration
(Fig. 3b).

Results and Discussion

Experiment 1. In Experiment 1, we examined the effect of a task-irrelevant flickering distractor on the per-
ceived duration of the target. To make the effect of the flickering distractor as large as possible, the distractor
duration was much longer than the target duration.

For statistical analyses, we applied Bayesian inference to dissociate the fixed effect of time dilation from the
random effect of the individual. By applying the Markov-chain-Monte-Carlo sampling, the fixed effects of each
condition were estimated. The estimated effects of the FS, SFi, and SFc conditions are shown in Fig. 4a. These
estimated values are the ratios of reproduced durations compared with that under SS condition. The estimated
values for FS, SFi, and SFc conditions were all significantly larger than 1 (corrected P < 0.01 under FS, SFi, and
SFc conditions); thus time dilation occurred under these three conditions. Notably, under SFi or SFc conditions,
the target itself was not flickering, so the time dilation could be attributed to the effects of the flickering distractor.

The estimated stimulus duration was larger under FS condition than under SFi or SFc conditions (corrected
P <0.01 in both comparisons). Therefore, the presence of a flickering target had a greater effect on time dilation
than did a flickering distractor. SFi condition had a larger effect than SFc condition (corrected P < 0.05). The dis-
tractor state was the same under both of these conditions, as was the distance from the target in the visual field.
The effect of the distractor, however, differed depending on whether it was displayed ipsilaterally or contralater-
ally to the target.

Time dilation occurred under FS condition, as has been found in previous studies. However, time dilation also
occurred under SFi and SFc conditions, and to our knowledge this has never been reported in previous studies.
Under these two conditions, the target stimulus to which the participants paid attention was stable. Nevertheless,
the reproduced durations of the target stimulus were dilated because of the presence of the task-irrelevant flick-
ering distractor.

The presence of flickering distractor induced time dilation, even when the target itself was stable. In addition,
the effect of flickering distractor depended on the cortical distance: the flickering distractor ipsilateral to the
target caused greater time dilation (SFi condition) than did the flickering distractor contralateral to the target
(SEc condition)(Fig. 4a). These results are consistent with the hypothesis that time dilation is caused by neural
entrainment!*33. Since previous studies have indicated that neural entrainment can be evoked by a task-irrelevant
flickering stimulus and that neural entrainment can propagate?*-?, the flickering distractor would have the effect
of neural entrainment. Furthermore, A flickering distractor located ipsilateral to the target would have a stronger
neural entrainment effect than one contralateral to the target, because the distance between the cortical areas
responsible for each stimulus is smaller when the distractor is ipsilateral than when it is contralateral. Thus, the
finding that the amount of time dilation was dependent on the cortical distance between the flickering distractor
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Figure 3. Time course of a trial. (a) In Experiment 1, the distractor duration was much longer than the

target duration. After presentation of the stimuli, the fixation cross turned red and participants were required
to reproduce the target duration by pressing a button. No feedback was provided on the reproduction
performance. The trial ended when the button was released. After the intertrial interval (ITT), the next trial
started. (b) In Experiment 2, the distractor duration was almost the same as the target duration. To prevent
participants from reproducing the distractor duration, the distractor onset and offset were jittered. The stimulus
onset asynchrony between the distractor and the target was —30% to +30% of the target duration (where a
negative value indicates an earlier distractor onset than target onset, and a positive value indicates the opposite
sequence). The stimulus offset asynchrony between the distractor and the target was also —30% to +30% of the
target duration.

and the target is consistent with the idea that weaker entrainment causes weaker time dilation and that stronger
entrainment causes stronger time dilation'.

Experiment 2. In Experiment 1, the distractor duration was much longer than the target duration in order
to maximize the effect of flickering distractors. In Experiment 2, we made the distractor duration almost the
same as the target duration in order to prove the effect of the distractor duration and to determine whether a
shorter distractor duration was sufficient to cause time dilation. Note that the distractor duration was jittered to
ensure that the participants reproduced the target duration, not the distractor duration. For each participant, the
correlation between the distractor duration and the reproduced duration was calculated for each target duration.
Among 30 correlation coefficients (3 target durations by 10 participants), 18 were significant (P < 0.05), but they
ranged from 0.14 to 0.31, indicating that the effects were rather weak. This meant that the participants performed
the reproduction task on the basis of the duration of the target, not the distractor.

The estimated effects under FS, SFi, and SFc conditions are shown in Fig. 4b. These estimated values are the
ratios of reproduced durations compared with that under SS condition. The ratios for FS, SFi, and SFc conditions
were all significantly larger than 1 (corrected P < 0.01 under FS, SFi, and SFc conditions), indicating that time
dilation occurred under all three conditions. Despite the fact that the distractor duration was almost the same
as the target duration, time dilation of the target duration was still observed under SFi and SFc conditions, even
though the target itself was stable under these conditions. This again confirmed the effect of the flickering distrac-
tor on the perception of target duration.

As in Experiment 1, the estimated value was larger under FS condition than under SFi or SFc conditions (cor-
rected P < 0.01 in both comparisons). A flickering target therefore still had a larger time dilation effect than did
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Figure 4. Estimated ratio of reproduced duration under each condition compared with that under SS
condition. (a) In Experiment 1, the ratio was significantly larger than 1 under FS, SFi, and SFc conditions. The
differences between FS and SFi, FS and SFc, and SFi and SFc were also significant. (b) In Experiment 2, the ratio
was still significantly larger than 1 under FS, SFi, and SFc conditions. The differences between FS and SFi and
between FS and SFc were also significant, although there were no significant difference between SFi and SFc.

*P < 0.05; **P < 0.01. Error bars indicate 95% credible intervals.

a flickering distractor. However, the difference between SFi and SFc, which was significant in Experiment 1, was
not significant in Experiment 2 (uncorrected P=0.29).

We observed the time dilation induced by the flickering distractor whose duration was almost the same
as the target. Again, this result suggests that the presence of flicker is critical for flicker-induced time dilation.
Nevertheless, a flickering distractor located ipsilateral to the target induced as much time dilation as did one
contralateral to the target; this was inconsistent with the results of Experiment 1. In Experiment 2, the distractor
duration was much shorter than the distractor duration in Experiment 1. Because SSVEP, which originates from
neural entrainment?8, has the latency of a few hundreds of milliseconds from stimulus onset!8, the length of flick-
ering distractors in Experiment 2 might have been too short to affect the perception of the target.

General Discussion

We demonstrated here that the presence of a task-irrelevant flickering distractor dilated the perceived duration
of the target stimulus, which was spatially distant from the distractor. Furthermore, when the distractor duration
was much longer than the target duration, the effect of flickering distractors depended on the cortical distance:
distractors ipsilateral to the target induced larger time dilation than distractors contralateral to the target.

Several studies have argued that stimulus properties such as saliency, temporal frequency, or speed are criti-
cal factors in flicker-induced time dilation®'>'¢. We found here, however, that flicker-induced time dilation was
observed even when the target stimulus was stable. The duration of the stable target was perceived to increase
when the task-irrelevant distractor was flickering. This result is consistent with the idea that the neural entrain-
ment is critical for flicker-induced time dilation. It is true that the flickering distractors may have reduced the
observer’s attention to the target. Nevertheless, generally, more attended events are perceived as longer and less
attended events are perceived as shorter®*-%. It is therefore unlikely that the effect of the flickering distractor was
attributable to a reduction of attention to the target, because if that were the case then less attended target stimuli
would be perceived as shorter.

In addition, the ipsilateral flickering distractor induced greater time dilation than the contralateral flickering
distractor when the distractor duration was long enough. This result is also consistent with the prediction from
the simulation of computational model based on the neural entrainment of oscillators'4, which demonstrated
that weaker neural entrainment induces smaller time dilation and stronger neural entrainment induces greater
time dilation. Even though the ipsilateral distractor was as far from the target as the contralateral distractor in
the visual field, the cortical areas responsible for ipsilateral distractor were closer to those for the target than were
those for the contralateral distractor. Our results suggested that the extent of time dilation depends upon cortical
distance, probably because the effects of neural entrainment on target perception are stronger when the cortical
distance between the target and the distractor is smaller. It should to be noted that we only assumed that the visual
flickers cause neural entrainment on the basis of previous studies that observed robust SSVEP with flickering
visual stimuli'’~2>?*-28, Studies using EEG or Magnetoencephalogram (MEG) measurements are needed to fur-
ther assess the role of cortical distance in the time dilation. Recently, by using EEG, Horr, Wimber, and Di Luca®
measured pairwise phase consistency (PPC) as another index of neural entrainment. They used an auditory click
to induce time dilation and demonstrated the correlation between the magnitude of PPC and the amount of
dilation. Although this time dilation was induced not by visual flicker but by an auditory click, their result also
suggests that flicker-induced time dilation is caused by neural entrainment.

It is possible that the ipsilateral flickering distractor reduced attention to the target more than did the con-
tralateral flickering distractor, and that this difference in attention induced different amounts of time dilation.

SCIENTIFIC REPORTS | 6:32432 | DOI: 10.1038/srep32432 5



www.nature.com/scientificreports/

However, this is unlikely to be the case, because it has been reported that higher-level attention does not differ
between conditions in which attention is divided across the hemifield and within the hemifield*>. Moreover,
although less-attended stimuli should be perceived as shorter, as described above, the ipsilateral flickering dis-
tractor elongated the perceived target duration. It is also possible that flickering distractors increased the general
arousal level and elongate the perceived duration. New and Scholl*? found that oddballs spatially separated from
the target elicit subjective time expansion regardless of their distance from the target, and concluded that the gen-
eral arousal level increased by oddballs influence subjective time dilation as a global visual experience. However,
our results differ from the above findings in that the extent of time dilation depended on the cortical distance
between the flickering distractor and the target. This suggests that flicker-induced time dilation has a different
mechanism other than attentional modulation or general arousal level.

Droit-Volet and Wearden® have demonstrated time dilation using a visual flicker presented before the timed
stimulus and attributed the effect to modulations of an internal clock’s speed. Although they have not argued for
the neural implementation of an internal clock, their results are consistent with ours in suggesting that visual
flickers modulate some sort of clock mechanism. Our study further illustrates that a visual flicker spatially dis-
tant from the target can also induce time dilation, and that the effect of this modulation depends on the cortical
distance.

There are several models for time perception. Ivry and Schlerf*’ classified them into two fundamental frame-
works: dedicated models and intrinsic models. While dedicated models assume the presence of specialized neural
mechanisms for the representation of temporal information, intrinsic models assume that temporal information
is inherent in neural dynamics and that there is no specialized neural mechanism for representing this informa-
tion. In the case of state-dependent models, which are intrinsic models, temporal processing emerges from the
internal dynamic state of the neural networks, which change activity patterns depending on the interval from the
event onset®®. It is possible that the flickering distractor alters the activity pattern of the neural network, which
would then result in the distortion of the perceived duration. However, based on the framework of this model, it
is hard to explain why the flickering distractors have different dilation effects depending on their cortical distance
to the target.

Another intrinsic model, the energy readout model, assumes that duration information is encoded in the
magnitude of neural activity. This model can predict the subjective time expansion due to attentional capture®4,
Since paying attention enhances neural activity**?, attended events would be perceived as longer. As discussed
above, it seems difficult to explain our results based on this model, as the flickering distractor would reduce
attention to the target and thus lead to time compression. However, it is possible that the flickering ipsilateral
distractor increases the activity of early visual cortical neurons responsible for the target stimulus, since some
neurons in the early visual cortex have receptive fields that cross the horizontal meridian***4. On the other hand,
the flickering contralateral distractor would not be included in the receptive fields of early visual cortical neurons
responsible for the target. Based on the energy readout model and the receptive field characteristics of the early
visual cortex, the activity magnitudes of the activities of early visual cortical neurons responsible for the target
may explain our results: large activities would be induced when the target itself is flickering, whereas medium
and smaller activities would be induced by the flickering ipsilateral distractor and the flickering contralateral
distractor, respectively. The supposed order of activity magnitude is consistent with the results of Experiment 1.
Nevertheless, the interpretations based solely on the magnitude of the activity of the early visual cortex cannot
explain why the flickering contralateral distractor induces time dilation.

The pacemaker-accumulator model is one of the dedicated models. This model assumes that the pacemaker
and the accumulator encode duration information*>#. The pacemaker generates the rhythmic pulses and the
accumulator counts the pulses during the interval. Duration information can then be readout from the number
of counted pulses. Thus, in this model, the perceived duration would increase with increases in the pulse rate
generated by the pacemaker, and flickering stimuli with higher temporal frequencies would induce larger time
dilations. Since only one temporal frequency was used in our experiments, our results do not exclude the possi-
bility that the pacemaker-counter model explains flicker-induced time dilation. That explanation is likely to be
implausible, however, as several previous studies have shown that the extent of dilation caused by the flicker does
not increase with increases in the flicker’s temporal frequency'>!.

The Striatal-Beat Frequency (SBF) model is another example of a dedicated model. In the SBF model, which
was proposed on the basis of neurophysiological experiments on rats, duration information is encoded by the
oscillator and detector components*”#. This model assumes that the detector is projected by a number of oscil-
lator neurons in the cortex and that the detector can distinguish the patterns of neural activity in the oscillators,
which change depending on the duration. While it is difficult to apply this neural model to human perception, it
suggests the possibility that the distortion of the perceived duration can be explained by the modulation of neural
oscillators. In fact, Hashimoto and Yotsumoto'* simulated flicker-induced time dilation in humans by incorporat-
ing neural entrainments in the existing SBF model. Results of the present study suggest that neural entrainment
is an important factor for time dilation, and that their effects are dependent on the cortical distances. Thus, the
results of our study may be able to be discussed in the framework of the SBF model.

In conclusion, here we demonstrated the spatial distribution of the flicker effect in time dilation. First, time
dilation can be induced by flickering stimuli spatially remote from the target to be timed. Second, the flickering
ipsilateral distractor induced larger time dilation than the flickering contralateral distractor, when the distractor
duration was long enough. These findings suggest that the presence of flicker induces time dilation depending
on the cortical distance between the flicker and the target. This is consistent with the recent study reporting that
neural entrainment is critical for flicker-induced time dilation.
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Methods

Participants. In Experiment 1, ten naive volunteers and one author (MO) participated (8 male; age range:
19-24 years). All were right handed. In Experiment 2, nine naive volunteers and one author (MO) participated (10
male; age range: 19-23 years). One participant was left handed. All participants had normal or corrected-to-nor-
mal vision. All participants gave written informed consent to participate in the experiment in accordance with
the Declaration of Helsinki. The protocol was approved by the institutional review boards of the University of
Tokyo, and all experiments were carried out in accordance with the guidelines set by the Ethics Committee of the
University of Tokyo.

Apparatus. The experiment was conducted in a darkened room. Participants sat in front of a 23-inch LCD
monitor at a distance of 57.3 cm, with their heads on a chin rest. The monitor was a screen unit of Tobii TX300
Eye Tracker (Tobii Technology AB, Stockholm, Sweden) with 1920 x 1080 pixel resolution at a refresh rate of
60 Hz. The actual temporal frequencies of the flickering stimuli were measured using a photodiode and an oscil-
loscope. The frequency spectrum of the flickering stimuli ranged from 9.5 Hz to 10.5 Hz with a sharp peak at
10 Hz. The Eye Tracker unit (300-Hz sampling rate) was used for eye tracking. The experiment was conducted
with Matlab 2014b (The MathWorks Inc., Natick, MA, USA) using Psychophysics Toolbox extensions*->! and a
Tobii Analytics Software Development Kit.

Stimuli. A white fixation cross was presented in the center of the display against a black background (0.3 cd/m?).
Two stimuli—target and distractor—were used in the experiment (Fig. 1). The target stimulus was a white disk
(108 cd/m?) with a radius of 3% its center was 7° left or right of, and 7° above, the fixation cross. As the distractor
stimulus, a green disk equiluminant to the target and with a radius of 3° was displayed either ipsilateral or con-
tralateral to the target. The center of the ipsilateral distractor was positioned 14° below the center of the target. The
center of the contralateral distractor was positioned 14° to the right of the left target or 14° to the left of the right
target. The distance between target and distractor was 8° from edge to edge; this distance was constant regardless
of whether the distractor was ipsilateral or contralateral. The stimuli were either stable or flickering at 10 Hz.

The spatial configurations of the stimuli were the same in the two experiments, but the time course was differ-
ent. In Experiment 1, the distractor duration was much longer than the target duration (Fig. 3a).

In Experiment 2, the distractor duration was almost the same as the target duration (Fig. 3b). To ensure that
the participants reproduced the duration of the target, not the distractor, the distractor duration was jittered. The
stimulus onset asynchrony between the distractor and the target was —30% to +30% of the target duration (where
a negative value indicates earlier distractor onset than target onset, and a positive value indicates the opposite
sequence). The stimulus offset asynchrony between distractor and target was also —30% to +30% of the target
duration.

Procedure. Inboth experiments, we employed the reproduction task, which is used in several previous stud-
ies about interval time perception®!%°2 The participants were instructed to reproduce the duration of the target
stimulus, while ignoring the distractor stimulus.

In Experiment 1, the distractor appeared at the beginning of the trial, and then the target appeared 2000 to
2500 ms after the onset of the distractor (Fig. 3a). The distractor remained during and after target presentation.
The target duration was 450, 650, or 850 ms. The distractor disappeared 1000 to 1500 ms after target offset. The
fixation cross then turned red and participants were required to reproduce the target duration by pressing the
space key on the keyboard. When the space key was released, the trial ended. The ITI was 250 to 500 ms.

In Experiment 2, the stimuli appeared 500 to 1000 ms after the onset of the trial (Fig. 3b). The target duration
was 450, 650, or 850 ms. The distractor was displayed in accordance with the time course described above. After
the disappearance of the target and distractor stimuli, the fixation cross turned red and the participants were
required to reproduce the target duration by pressing the space key on the keyboard. When the space key was
released, the trial ended. The ITT was set to 250 to 500 ms.

Each experiment included four conditions that were named on the basis of whether the target and the distrac-
tor were stable or flickering and whether the distractor was ipsilateral or contralateral (Fig. 2). Under SS condition
(Stable target and Stable distractor), a stable target and stable distractor were displayed. Because no differences in
effect were observed between the ipsilateral and contralateral stable distractors, in the preliminary experiment we
merged these two into the SS condition. In one-fourth of the trials under SS condition, the target was presented
in the left visual field and the distractor was ipsilateral to the target, whereas in another one-fourth the target was
presented in the left visual field and the distractor was contralateral to the target. In the other half of the trials
under SS condition, the target was presented in the right visual field and the distractor was ipsilateral or contralat-
eral. Under FS condition (Flickering target and Stable distractor), a flickering target and a stable distractor were
displayed. Again, on the basis of our preliminary experiments, both ipsilateral and contralateral stable distractors
were included under FS condition. As with the SS condition, the right or left target and the ipsilateral or contralat-
eral distractor were each shown in one-fourth of the trials under FS condition. Under SFi condition (Stable target
and Flickering distractor ipsilateral), a stable target and a flickering distractor ipsilateral to the target were shown.
In half of the trials under SFi condition the target was presented in the right visual field, whereas in the other half
it was presented in the left. Under SFc condition (Stable target and Flickering distractor contralateral), a stable
target and flickering distractor contralateral to the target were shown. In half of the trials under SFc condition the
target was presented in the right visual field, whereas in the other half it was presented in the left.

Each experiment consisted of four sessions. Within each session the target position was constant, so that
participants knew where the target was going to appear. The sequence of the target was counterbalanced across
participants (Left - Right — Right — Left target, or Right — Left — Left — Right target). In one session, each condition
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was displayed 15 times for each target duration, resulting in a total of 180 trials per session. Each condition had
60 trials for each target duration after the right and left targets had been merged.

Analysis.  After the analysis of eye-tracking data, trials in which participants had moved their eyes more than
2° from the fixation point were excluded from further analysis.

To dissociate the fixed effect of time dilation from the random effect of the individual, we applied Bayesian
inference to our statistical analyses. The target positions (right or left) were broken down into one condition. The
reproduced durations for each condition and target duration were fitted into a normal distribution. We modeled
each of the mean and the standard deviation as the product of multiplication of the fixed effects of condition and
the sum of the fixed effects of target duration and the random effects of individuals. We repeatedly generated 2000
samples by applying Markov-chain-Monte-Carlo sampling, and we used the latter 1000 samples for analysis.
By performing the sampling three times, we estimated the fixed effects of condition and target duration as the
50th-percentile points of 3000 samples. Markov-chain-Monte-Carlo sampling was conducted by using R** and
RStan®.

References
1. Johnston, A., Arnold, D. H. & Nishida, S. Spatially localized distortions of event time. Curr. Biol. 16, 472-479 (2006).
2. Johnston, A. et al. Visually-based temporal distortion in dyslexia. Vision Res. 48, 1852-1858 (2008).
3. Bruno, A., Ayhan, I. & Johnston, A. Retinotopic adaptation-based visual duration compression. J. Vis. 10, 30 (2010).
4. Ayhan, I, Bruno, A., Nishida, S. & Johnston, A. Effect of the luminance signal on adaptation-based time compression. J. Vis. 11, 22
(2011).
5. Droit-volet, S. & Wearden, J. Speeding up an internal clock in children? Effects of visual flicker on subjective duration. Q. J. Exp.
Psychol. 55B(3), 193-211 (2002).
6. Ortega, L., Guzman-Martinez, E., Grabowecky, M. & Suzuki, S. Flicker adaptation of low-level cortical visual neurons contributes to
temporal dilation. J. Exp. Psychol. Hum. Percept. Perform. 38, 1380-1389 (2012).
7. Treisman, M. & Brogan, D. Time perception and the internal clock: Effects of visual flicker on the temporal oscillator. European
Journal of Cognitive Psychology 4 (1992).
8. Kanai, R, Paffen, C. L. E., Hogendoorn, H. & Verstraten, F. A.J. Time dilation in dynamic visual display. J. Vis. 6, 1421-1430 (2006).
9. Ortega, L. & Lopez, E. Effects of visual flicker on subjective time in a temporal bisection task. Behav. Processes 78, 380-386 (2008).
10. Binetti, N., Lecce, E. & Doricchi, F. Time-dilation and time-contraction in an anisochronous and anisometric visual scenery. J. Vis.
12,8-8 (2012).

11. Plomp, G., van Leeuwen, C. & Gepshtein, S. Perception of time in articulated visual events. Front. Psychol. 3, 1-8 (2012).

12. Herbst, S. K., Javadi, A. H., van der Meer, E. & Busch, N. A. How Long Depends on How Fast-Perceived Flicker Dilates Subjective
Duration. PLoS One 8 (2013).

13. Herbst, S. K., Chaumon, M., Penney, T. B. & Busch, N. a. Flicker-Induced Time Dilation Does Not Modulate EEG Correlates of
Temporal Encoding. Brain Topogr. doi: 10.1007/s10548-014-0389-z (2014).

14. Hashimoto, Y. & Yotsumoto, Y. Effect of Temporal Frequency Spectra of Flicker on Time Perception : Behavioral Testing and
Simulations Using a Striatal Beat Frequency Model. Timing Time Percept. 3, 201-222 (2015).

15. Yuasa, K. & Yotsumoto, Y. Opposite distortions in interval timing perception for visual and auditory stimuli with temporal
modulations. PLoS One 10, 1-18 (2015).

16. Kaneko, S. & Murakami, L. Perceived duration of visual motion increases with speed. J. Vis. 9, 14 (2009).

17. Regan, D. A high frequency mechanism which underliers VEP. Electroencephalogr. Clin. Neurophysiol. 25, 231-237 (1968).

18. Vialatte, F. B., Maurice, M., Dauwels, J. & Cichocki, A. Steady-state visually evoked potentials: Focus on essential paradigms and
future perspectives. Prog. Neurobiol. 90, 418-438 (2010).

19. Klimesch, W. Alpha-band oscillations, attention, and controlled access to stored information. Trends Cogn. Sci. 16, 606-617 (2012).

20. Miiller, M. M. et al. Feature-selective attention enhances color signals in early visual areas of the human brain. Proc. Natl. Acad. Sci.
USA 103, 14250-14254 (2006).

21. Stormer, V. S., Winther, G. N., Li, S.-C. & Andersen, S. K. Sustained Multifocal Attentional Enhancement of Stimulus Processing in
Early Visual Areas Predicts Tracking Performance. J. Neurosci. 33, 5346-5351 (2013).

22. Stormer, V. S., Alvarez, G. A. & Cavanagh, P. Within-Hemifield Competition in Early Visual Areas Limits the Ability to Track
Multiple Objects with Attention. J. Neurosci. 34, 11526-11533 (2014).

23. Wandell, B. a, Dumoulin, S. O. & Brewer, A. a. Visual field maps in human cortex. Neuron 56, 366383 (2007).

24. Morgan, S. T., Hansen, J. C. & Hillyard, S. a. Selective attention to stimulus location modulates the steady-state visual evoked
potential. Proc. Natl. Acad. Sci. USA 93, 4770-4774 (1996).

25. Miiller, M. M. et al. Effects of spatial selective attention on the steady-state visual evoked potential in the 20-28 Hz range. Cogn.
Brain Res. 6, 249-261 (1998).

26. Mishra, J., Zinni, M., Bavelier, D. & Hillyard, S. a. Neural basis of superior performance of action videogame players in an attention-
demanding task. J. Neurosci. 31, 992-998 (2011).

27. 'Thorpe, S. G., Nunez, P. L. & Srinivasan, R. Identification of wave-like spatial structure in the SSVEP: Comparison of simultaneous
EEG and MEG. in Statistics in Medicine 26, 3911-3926 (2007).

28. Notbohm, A., Kurths, J. & Herrmann, C. S. Modification of Brain Oscillations via Rhythmic Light Stimulation Provides Evidence
for Entrainment but Not for Superposition of Event-Related Responses. Front. Hum. Neurosci. 10 (2016).

29. Mathewson, K. E., Fabiani, M., Gratton, G., Beck, D. M. & Lleras, A. Rescuing stimuli from invisibility: Inducing a momentary
release from visual masking with pre-target entrainment. Cognition 115, 186-191 (2010).

30. de Graaf, T. a. et al. Alpha-Band Rhythms in Visual Task Performance: Phase-Locking by Rhythmic Sensory Stimulation. PLoS One
8,29-32 (2013).

31. Bauer, E, Cheadle, S. W,, Parton, A., Miiller, H. J. & Usher, M. Gamma flicker triggers attentional selection without awareness. Proc.
Natl. Acad. Sci. USA 106, 1666-1671 (2009).

32. New, J. J. & Scholl, B. J. Subjective time dilation: spatially local, object-based, or a global visual experience? J. Vis. 9, 4.1-11 (2009).

33. Horr, N. K., Wimber, M. & Di Luca, M. Perceived time and temporal structure: Neural entrainment to isochonous stimulatio
increases duration estimates. Neuroimage 132, 148-156 (2016).

34. Macar, E, Grondin, S. & Casini, L. Controlled attention sharing influences time estimation. Mem. Cognit. 22, 673-686 (1994).

35. Rose, D. & Summers, J. Duration illusions in a train of visual stimuli. Perception 24, 1177-1187 (1995).

36. Tse, P. U,, Intriligator, J., Rivest, J. & Cavanagh, P. Attention and the subjective expansion of time. Percept. Psychophys. 66, 1171-1189
(2004).

37. Ivry, R. B. & Schlerf, J. E. Dedicated and intrinsic models of time perception. Trends Cogn. Sci. 12, 273-280 (2008).

38. Karmarkar, U. R. & Buonomano, D. V. Timing in the Absence of Clocks: Encoding Time in Neural Network States. Neuron 53,
427-438 (2007).

SCIENTIFICREPORTS | 6:32432 | DOI: 10.1038/srep32432 8



www.nature.com/scientificreports/

39. Buonomano, D. V. & Maass, W. State-dependent computations: spatiotemporal processing in cortical networks. Nat. Rev. Neurosci.
10, 113-125 (2009).

40. Mattes, St. & Ulrich, R. Directed attention prolongs the perceived duration of a brief stimulus. Percept. Psychophys. 60, 1305-1317
(1998).

41. Connor, D. H. O. et al. Attention modulates responses in the human lateral geniculate nucleus. Nat. Neurosci. 5, 1203-1209 (2002).

42. Yantis, S. et al. Transient neural activity in human parietal cortex during spatial attention shifts. Nat Neurosci 9, 9 (2002).

43. Gattass, R., Gross, C. G. & Sandell, J. H. Visual topography of V2 in the macaque. J. Comp. Neurol. 201, 519-539 (1981).

44. Gattass, R., Sousa, a P. & Gross, C. G. Visuotopic organization and extent of V3 and V4 of the macaque. J. Neurosci. 8, 1831-1845
(1988).

45. Treisman, M. Temporal Discrimination and the Indifference Interval: Implications for a Model of the ‘internal ClocK. Psychol.
Monogr.77,1-31 (1963).

46. Gibbon, J. Scalar expectancy theory and Weber’s law in animal timing. Psychol. Rev. 84, 279-325 (1977).

47. Matell, M. S. & Meck, W. H. Neuropsychological mechanisms of interval timing behavior. BioEssays 22, 94-103 (2000).

48. Matell, M. S. & Meck, W. H. Cortico-striatal circuits and interval timing: Coincidence detection of oscillatory processes. Cognitive
Brain Research 21, 139-170 (2004).

49. Brainard, D. H. The Psychophysics Toolbox. Spat. Vis. 10, 433-436 (1997).

50. Pelli, D. G. The VideoToolbox software for visual psychophysics: transforming numbers into movies. Spatial vision 10, 437-442
(1997).

51. Kleiner, M. et al. What's new in Psychtoolbox-3? Perception 36 (2007).

52. Brown, S. W. Time, change, and motion: the effects of stimulus movement on temporal perception. Percept. Psychophys. 57, 105-116
(1995).

53. R. Core Team. R: A language and environment for statistical computing, at https://www.r-project.org/ (2015).

54. Stan Development Team. RStan: the R interface to Stan, Version 2.9.0, at http://mc-stan.org (2016).

Acknowledgements
This work was supported by Grants-in-Aid for Scientific Research (KAKENHI-25119003, 16H03749).

Author Contributions
M.O. and Y.Y. designed the research. M.O. conducted the experiments and analyzed data. M.O. and Y.Y. wrote
the paper.

Additional Information
Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Okajima, M. and Yotsumoto, Y. Flickering task-irrelevant distractors induce dilation of
target duration depending upon cortical distance. Sci. Rep. 6, 32432; doi: 10.1038/srep32432 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images
ol o1 other third party material in this article are included in the article’s Creative Commons license,

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

© The Author(s) 2016

SCIENTIFIC REPORTS | 6:32432 | DOI: 10.1038/srep32432 9


https://www.r-project.org/
http://mc-stan.org
http://creativecommons.org/licenses/by/4.0/

	Flickering task–irrelevant distractors induce dilation of target duration depending upon cortical distance

	Results and Discussion

	Experiment 1. 
	Experiment 2. 

	General Discussion

	Methods

	Participants. 
	Apparatus. 
	Stimuli. 
	Procedure. 
	Analysis. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Stimulus configurations.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Schematics of the experimental conditions.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Time course of a trial.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Estimated ratio of reproduced duration under each condition compared with that under SS condition.



 
    
       
          application/pdf
          
             
                Flickering task–irrelevant distractors induce dilation of target duration depending upon cortical distance
            
         
          
             
                srep ,  (2016). doi:10.1038/srep32432
            
         
          
             
                Miku Okajima
                Yuko Yotsumoto
            
         
          doi:10.1038/srep32432
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 Macmillan Publishers Limited
          10.1038/srep32432
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep32432
            
         
      
       
          
          
          
             
                doi:10.1038/srep32432
            
         
          
             
                srep ,  (2016). doi:10.1038/srep32432
            
         
          
          
      
       
       
          True
      
   




