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ARTICLE INFO ABSTRACT

Keywords: Adaptation to sensory events of long or short duration leads to a negative aftereffect, in which a new target event
Tactile duration (of median duration) following the adaptation will be perceived to be shorter or longer than is actually the case.
Adaptation

This illusion has been observed in visual, auditory, and tactile modalities. This study used event-related po-
tentials (ERPs) to examine the tactile duration aftereffect, using the contingent negative variation (CNV) and the
late positive component (LPC) as a way to characterize the temporal processes. The tactile duration adaptation
was found to induce a significant aftereffect within a somatotopic framework. Moreover, the CNV in the
contralateral scalp and the LPC in the fronto-central scalp were both modulated by the tactile duration adap-
tation. Specifically, adaptation to a short tactile duration increased the CNV and LPC amplitudes, whereas
adaptation to a long tactile duration decreased them. This modulation was contingent on the topographic dis-
tance between fingers, which was only observed when the adapting and test fingers were consistent or adjacent,
but not homologous. In sum, these results reveal a coherent behavioral-electrophysiological link in the soma-

Duration aftereffect
Temporal process
ERPs

totopically organized tactile duration aftereffect.

1. Introduction

Our brain adapts to temporal information to maintain a coherent
representation of the world (Burr et al., 2007; Fujisaki et al., 2004;
Johnston et al., 2006); one such example is the well-documented phe-
nomenon of duration adaptation (Heron et al., 2012; Li et al., 2015;
Walker et al., 1981). In duration adaptation, the perceived duration of a
subsequent event (of medium physical duration) is biased by repetitive
exposure to a relatively short or long sensory stimulus. This duration
aftereffect hence supports the hypothesis of “duration channels” (Heron
et al., 2012).

Whereas the duration adaptation has been extensively studied in
audition and vision, whether the somatosensory system can similarly
adapt to changes in duration remains largely unknown. To address this,
we recently conducted several behavioral experiments involving tactile
duration adaptation (Li et al., 2019). In this study, participants were first
adapted to a long (640 ms) or short (160 ms) duration tactile stimulus,

and then completed different temporal tasks such as duration discrimi-
nation and reproduction. The results showed that adaptation to a rela-
tively long tactile duration shortened the perceived duration of
subsequent tactile stimuli, while adaptation to a relatively short tactile
duration lengthened them. Moreover, the tactile duration aftereffect is
modality specific, tuned around the adapting duration, and dependent
on the topographic distance between fingers — in other words, it is a
robust duration adaptation mechanism in the somatosensory system.
The behavioral findings indicated the modality-specific timing mecha-
nisms, and revealed that early somatosensory areas play an essential role
in the perception of sub-second tactile duration. However, little is
known about the temporal dynamics of the duration aftereffect.

In the channel-based model, duration information is encoded and
mediated by duration-selective channels, with “channel-based” analysis
predicted by the duration-tuned neurons in the brain (Heron et al.,
2012). Adaptation to a duration selectively diminishes the responses of
relevant channels, thus modifying the subsequent temporal encoding of
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these duration channels and resulting in the duration aftereffect.
Consistent with this hypothesis, a previous study has demonstrated that
the visual duration adaptation modulates subsequent temporal encoding
(Li et al., 2017). However, duration perception involves a series of
temporal information processing, including the earlier encoding as well
as later stages such as temporal memory storage and decision-making
(Gibbon, 1977; Treisman, 1963). In this information processing
perspective, whether and how the tactile duration adaptation affects
subsequent temporal encoding or later stages in the process (e.g., tem-
poral memory) is far from clear. Given the behavioral characteristics of
the tactile duration aftereffect (Li et al., 2019), by using electrophysio-
logical recording with electroencephalography (EEG), we predicted that
the effect of sub-second tactile duration adaptation should operate on
modality-specific mechanisms (specific to tactile modality) and reveal
the distributed aspects of temporal information processing across dif-
ferential but featured stages (Murai et al., 2016).

Among EEG measures, the contingent negative variation (CNV) is
particularly implicated in cognitive processes associated with time-
keeping. The CNV is a slow negative-going wave mainly elicited in the
fronto-central scalp and unfolds as a duration is being processed. Pre-
vious studies have extensively investigated the role of the CNV in tem-
poral processing in different modalities, including the tactile modality
(Macar and Vidal, 2003; Nagai et al., 2004; Pfeuty et al., 2003). Despite
existing debates on the perceptual and cognitive functions of the CNV,
studies have found that CNV amplitude reflects the perceived duration
of a stimulus (Bendixen et al., 2005; Macar et al., 1999; Wiener et al.,
2012). Larger amplitudes are associated with perceived longer passages
of time. Hence, the CNV has been described as an “online index of
timing” (Macar and Vidal, 2004; Ng and Penney, 2014). As such, this
mechanism provides a means to investigate the neural correlations of
temporal illusions. For example, previous studies have demonstrated
that the visual duration adaptation (Li et al., 2017), but not flicker-
induced time dilation (Herbst et al., 2014), modulates the temporal
encoding indexed by the CNV amplitude.

Event-related potential (ERP) components that develop after the
presentation of a stimulus are also involved in temporal processing
(Kononowicz and van Rijn, 2014; Lindbergh and Kieffaber, 2013; Paul
etal., 2003, 2011; Tarantino et al., 2010). For example, Kononowicz and
van Rijn (2014) demonstrated that the amplitude of N1P2 components
evoked by a sound terminating a comparison interval was a better
predictor of subjective duration than the preceding CNV; this also sug-
gests that timing processes continue after CNV resolution. Moreover,
certain post-stimulus positive components have been proven to be

Adaptation phase

Brain Research 1762 (2021) 147432

related to later stages of time processing. For example, the time-related
late positive component (LPCt) is associated with temporal decision
making (Paul et al., 2003, 2011). In addition, it has been suggested that
P150, appearing after the offset of the comparison interval, is involved
in working memory processes (Tarantino et al., 2010).

Here, we hypothesize that the CNV and post-stimulus components
can be used to probe the tactile duration aftereffect, and to further
examine how that adaptation modulates subsequent tactile temporal
processing. Previously we found that the visual duration adaptation
modulates subsequent visual temporal encoding (Li et al., 2017). Thus,
we expected to find a similar tactile duration adaptation effect on sub-
sequent temporal encoding indexed by CNV amplitude. Specifically, we
hypothesized that the CNV amplitude would become larger after adap-
tation to a relatively short tactile duration and vice versa, and would
change as a function of the topological distance between adapting and
test fingers (Li et al., 2019). For the presumed post-stimulus component,
we mainly focused on its role during the temporal memory. We aimed to
reveal a duration adaptation effect on the post-stimulus component.

In the present study, we implemented a typical duration adaptation
experimental paradigm that includes two phases within an experiment
(Fig. 1). During the adaptation phase, participants were adapted to a
tactile stimulus presented on a fingertip of the index, middle, or
contralateral index finger. The stimulus had a relatively long (800 ms) or
short (200 ms) duration. In the test phase, a tactile test stimulus of
median duration (500 ms) was presented on the fingertip of the index
finger. Participants performed a temporal discrimination task to judge
whether the tactile test duration was longer or shorter than the visual
reference duration. We found that tactile duration adaptation induced a
significant “negative” duration aftereffect when the adapting and test
fingers were consistent or adjacent, but not when they were homolo-
gous. CNV amplitude in the contralateral scalp and late positive
component (LPC) amplitude in the fronto-central scalp were measured
to characterize the duration adaptation effects on the earlier temporal
encoding and subsequent temporal memory processes. Crucially, these
signatures were contingent on the topographic distance between fingers,
consistent with the behavioral findings.

2. Results
2.1. Behavioral results

To examine the tactile duration aftereffect, the point of subjective
equality (PSE) was calculated for each condition, for each participant.
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Fig. 1. Schematic representation of an adaptation block in
stimulus with a fixed duration was repeatedly presented on a
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the consistent condition. Each adaptation block had two phases: adaptation and test. The adapting
fixed fingertip during the adaptation phase and during the top-up period of the test phase. A tactile test

and a visual reference were then presented successively. Participants were asked to judge whether the tactile or visual stimulus was of longer duration.
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The PSE was calculated by fitting a psychometric function using logistic
regression (50% response level on the psychometric function, Fig. 2A).
For each subject, the PSE value for the no-adaptation condition was
subtracted as a baseline (BA) from PSE values in the adaptation condi-
tions respectively [i.e., adapt to a short duration on the consistent (CS),
homologous (HS), and adjacent (AS) fingers; adapt to a long duration on
the consistent (CL), homologous (HL), and adjacent (AL) fingers; see also
the Procedure section]. These differences were defined as aftereffect
magnitudes (AMs) for different adaptation conditions (Fig. 2B). The
resulting AMs were positive when the adaptation measure was greater
than the baseline measure, suggesting that the tactile duration adapta-
tion expanded the perceived duration of subsequent tactile stimuli. In
contrast, negative AMs indicated that the perceived tactile duration was
contracted by the adaptation. AMs were analyzed with the repeated-
measures ANOVA. The Greenhouse-Geiser correction was applied
considering violation of sphericity assumption.

A 2 (adapting duration: short, long) x 3 (adapting location: consis-
tent, adjacent, homologous) repeated-measures ANOVA was imple-
mented. The main effect of the adapting duration was significant (F(1,
17) = 29.843, p < 0.001, 42 = 0.335), the main effect of the adapting
location was marginally significant (F(2, 34) = 2.904, p = 0.068, 112 =
0.030), and their interaction was significant (F(1.487, 25.281) = 8.742,
p = 0.003, 4% = 0.090). Furthermore, simple effect analysis showed that
the AM in the CS condition was significantly larger than that in the CL
condition (p < 0.001, Cohen’s d = 1.627), and the AM in the AS con-
dition was significantly larger than that in the AL condition (p = 0.002,
Cohen’s d = 0.891). However, there was no significant AM difference
between HS and HL conditions (p = 0.147, Cohen’s d = 0.358). These
results suggest that the tactile duration adaptation resulted in the tactile
duration aftereffect, which is dependent on the topographic distance
between fingers.

2.2. EEG results

The tactile test stimulus evoked clearly identifiable CNVs both in the
fronto-central and contralateral scalps (Fig. 3). Moreover, we observed a
clear LPC after the offset of the test stimulus in the fronto-central scalp.
Therefore, further statistical analyses were focused on the CNV ampli-
tudes in the fronto-central and contralateral scalps, and LPC amplitude
in the fronto-central scalp. Global Field Power (GFP) was used to iden-
tify measurement windows (Fig. 3A); this was calculated as the standard
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deviation of the electrical potential of all electrodes at each time point,
resulting in a single value at each time sample (Lehmann and Skrandies,
1980; Murray et al., 2008), and has been used previously to identify the
ERP’s time-window during temporal perception (Ng et al., 2011; Wiener
et al., 2012). Using the GFP from the data for all trials, a “late” (364-608
ms) ERP response was identified after the onset of the tactile test stim-
ulus, which encompassed the CNV in the fronto-central and contralat-
eral scalps (Fig. 3B and D). A peak of GFP activity around 120-280 ms
after the offset of the tactile test stimulus was also identified. This time-
window encompassed an LPC in the fronto-central scalp (Fig. 3B).
Correspondingly, the CNV amplitude was defined as the mean voltage in
the 364-608 ms time segment after the onset of the tactile test stimulus
in the fronto-central and contralateral scalps. The LPC amplitude was
quantified as the mean voltage in a 100 ms window (+50 ms) around the
peak of the LPC, which was defined as the maximum value in the
120-280 ms time segment after the offset of the tactile test stimulus in
the fronto-central scalp. Similarly to the behavioral results, AMs of the
CNV (or LPC) were defined as the arithmetic difference between CNV (or
LPC) amplitudes in each adaptation condition and in the no-adaptation
condition.

2.2.1. CNV

The duration adaptation effect on the subsequent tactile duration
perception in the AM of the CNV was examined using a 2 (scalp location:
fronto-central, contralateral) x 2 (adapting duration: short, long) x 3
(adapting location: consistent, adjacent, homologous) repeated-
measures ANOVA. This yielded a significant main effect of the adapt-
ing location (F(2, 34) = 9.561, p = 0.001, ;72 = 0.047), and a significant
scalp location x adapting duration interaction (F(1, 17) = 7.273, p =
0.015, 72 = 0.054), and a marginally significant scalp location x
adapting location interaction (F(2, 34) = 3.253, p = 0.051, 172 =0.017).
Moreover, a significant scalp location x adapting duration x adapting
location interaction (F(1.493, 25.382) = 3.815, p = 0.047, 112 = 0.029)
was also observed. To dissect these interactions, separate 2 (adapting
duration: short, long) x 3 (adapting location: consistent, adjacent, ho-
mologous) repeated-measures ANOVAs were conducted for each scalp
location.

In the fronto-central scalp (Fig. 4, left column), a significant main
effect of the adapting location was found (F(2, 34) = 7.296, p = 0.002,
112 = 0.103), while no other main effect and interaction were significant
(both ps > 0.05) (Fig. 5A). Bonferroni post-hoc analyses revealed that
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Fig. 2. Results of the behavioral analysis. (A) Psychometric functions (averaged across eighteen participants) showing the proportion of “longer” responses to the
visual reference stimuli, which was fitted with a binomial logit function of the visual reference duration in each condition (BA: baseline, no-adaptation; CS, HS, AS:
adapt to a short duration on the consistent, homologous, and adjacent fingers, respectively; CL, HL, AL: adapt to a long duration on the consistent, homologous, and
adjacent fingers, respectively). (B) AMs of the PSE were calculated as the arithmetic difference between PSEs in each adaptation condition and in the no-adaptation
condition. Error bars represent standard errors in each condition. ** p < 0.01, *** p < 0.001.
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Fig. 3. Measurements of GFP of the group-average ERPs for the onset-lock activity and the offset-lock activity (A) and grand-averaged ERPs displayed between —200
and 800 ms around the tactile test stimulus onset and between —200 and 500 ms around the tactile test stimulus offset, recorded at the fronto-central (B), parieto-
central (C), contralateral (D), and ipsilateral (E) electrodes (averaged across all the conditions). The GFP was calculated as the standard deviation of the electrical
potential of all electrodes at each time point. The shaded areas represent the measurement windows of CNV and LPC.

the AM in the consistent condition was significantly smaller than that in
the adjacent condition (p = 0.006, Cohen’s d = —0.851), and was
marginally significantly smaller than that in the homologous condition
(p = 0.067, Cohen’s d = —0.592), whereas there was no significant AM
difference between homologous and adjacent conditions (p = 0.508,
Cohen’s d = —0.338). Based on visual inspection of averaged wave-
forms, the selected window (364-608 ms) was found to mainly involve
the descending part of the CNV. The CNV amplitude (defined as the
mean voltage in the 300-608 ms time segment) was thus reanalyzed, but
without any change in the results. These results suggest that it is the
adapting location, but not the adapting duration, that affects CNV
amplitude in the fronto-central scalp.

In the contralateral scalp (Fig. 4, middle column), a significant main
effect of the adapting duration (F(1, 17) = 7.636, p = 0.013, ;12 =0.208)
and a significant interaction (F(2, 34) = 3.845, p = 0.031, 172 = 0.034)
were found, while the main effect of the adapting location was found to
be not significant (p > 0.05). Simple effect analysis showed that the AM
in the “adapting short” condition was significantly smaller than that in
the “adapting long” condition when the adapting location was consistent
(CS vs. CL: p = 0.006, Cohen’s d = —0.733) or adjacent (AS vs. AL: p =
0.031, Cohen’s d = -0.556), but not homologous (HS vs. HL: p = 0.136,

Cohen’s d = —0.369) (Fig. 5B). These analyses show that tactile duration
adaptation affects the CNV amplitude in the contralateral scalp, which
was modulated by the topographic distance between the adapting and
test fingers. To further investigate whether changes in CNV amplitude
predict the behavioral duration aftereffect at individual level, we
analyzed the correlations between the behavioral AM (the arithmetic
difference between PSEs in “adapting short” and “adapting long” con-
ditions) and the CNV AM (the arithmetic difference between CNV am-
plitudes in “adapting short” and “adapting long” conditions) in different
adapting location conditions, separately. However, we did not find any
significant correlations (all ps > 0.05, Fig. S2A), which suggests that the
changes in CNV amplitude cannot directly predict the behavioral
duration aftereffect.

2.2.2. LPC

We performed a 2 (adapting duration: short, long) x 3 (adapting
location: consistent, adjacent, homologous) repeated-measures ANOVA
on AMs of the LPC in the fronto-central scalp (Fig. 4, right column). A
significant main effect of the adapting duration (F(1, 17) = 22.080, p <
0.001, ;12 = 0.164) was found. Meanwhile, the main effect of the
adapting location (F(2, 34) = 3.166, p = 0.055, 172 = 0.034) and the
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Fig. 4. The CNVs of the fronto-central and contralateral scalps, and the LPCs of the fronto-central scalp in different conditions (BA: baseline, no-adaptation; CS, HS,
AS: adapt to a short duration on the consistent, homologous, and adjacent fingers, respectively; CL, HL, AL: adapt to a long duration on the consistent, homologous,
and adjacent fingers, respectively). The shadow along each ERP waveform represents the standard errors in each condition and the vertical shadows represent the

measurement windows of CNV and LPC.

interaction (F(2, 34) = 2.692, p = 0.082, ;12 = 0.068) were found to be
marginally significant. Simple effect analysis showed that the AM in the
CS condition was significantly larger than that in the CL condition (p =
0.002, Cohen’s d = 0.888), and the AM in the AS condition was signif-
icantly larger than that in the AL condition (p = 0.031, Cohen’s d =
0.553), while there was no AM difference between HS and HL conditions
(p = 0.592, Cohen’s d = 0.129) (Fig. 5C). The peak latency of the LPC
was also analyzed. However, no main effects or interaction were found
to be significant (all ps > 0.05). These analyses suggest that the LPC
amplitude in the fronto-central scalp was modulated by the tactile
duration adaptation, which was dependent on the topographic distance
between the adapting and test fingers. However, we did not find any
significant correlations between the behavioral AM and the LPC AM (the
arithmetic difference between LPC amplitudes in “adapting short” and
“adapting long” conditions) at individual level in different adapting
location conditions, separately (all ps > 0.05, Fig. S2B). It suggests that
the LPC AM cannot directly predict the behavioral duration aftereffect.

3. Discussion

The present study investigated the effect of tactile duration adapta-
tion on EEG correlates of subsequent tactile duration perception,
yielding a number of key findings. First, the tactile duration adaptation
induced a significant tactile duration aftereffect when the adapting and
test fingers were consistent or adjacent, but not homologous. Second,
the tactile duration adaptation has effects on subsequent ERPs: the CNV
and LPC amplitudes were found to be strongly modulated by the dura-
tion adaptation. Critically, these adaptation effects were dependent on
the adapting location. This study hence revealed a coherent behavioral-
electrophysiological link for the somatotopically organized tactile
duration aftereffect.

Consistent with our previous study (Li et al., 2019), behavioral re-
sults provided further evidence that the effect size of the tactile duration
aftereffect is contingent on the topographic distance between fingers.
Specifically, the aftereffect could transfer to adjacent fingers (even when
the frequency of the tactile stimulus was relatively low, i.e., 30 Hz, see
Fig. S1B), but not homologous fingers. Moreover, it was found that the
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standard errors in each condition. * p < 0.05, ** p < 0.01.

behavioral AM was significantly larger in the consistent condition than
in the adjacent and homologous conditions (both ps < 0.01, Cohen’s ds
> 0.700). There was a marginally significant difference for behavioral
AMs between adjacent and homologous conditions (p = 0.079, Cohen’s
d = 0.440). This result further suggests that the transfer of the tactile
duration aftereffect between adjacent fingers is only partial, not full.
Our previous study has demonstrated that the duration aftereffect is
contingent on the low-level auditory feature (i.e., auditory frequency)
but not on the low-level visual feature (i.e., visual orientation) (Li et al.,
2015). This suggests the duration adaptation in the auditory modality
may arise at a relatively earlier stage of sensory processing than that in
the visual modality. Here, similar to the auditory duration aftereffect,
the tactile duration aftereffect is dependent on the topographic distance
between fingers. This is consistent with the characteristics of early stages
of tactile processing (Burton and Sinclair, 1996), and suggests an early
duration adaptation mechanism in the somatosensory system. The early
adaptation mechanism is also consistent with previous studies on the
frequency adaptation (Murai et al., 2016). For example, the temporal-
compression aftereffect, resulting from adaptation to dynamic stimuli
(e.g., visual motion or flicker, tactile flutter), has been found in the vi-
sual and tactile modalities (Johnston et al., 2006; Watanabe et al.,
2010). This aftereffect is spatially specific, and limited to relatively high
temporal frequencies, which suggests the pre-cortical processing of
duration (Ayhan et al., 2009; Bruno et al., 2010; Johnston et al., 2006;
Watanabe et al., 2010). However, the tactile duration aftereffect
observed here partially transferred to the adjacent fingers, and was in-
dependent of the frequency of the tactile stimulus (see the supplement,

Fig. S1B). These results suggest the tactile duration aftereffect should not
result from the adaptation of tactile response channels (mechanore-
ceptive afferents), and imply a cortical processing of duration in the
somatosensory cortex.

To further uncover how the tactile duration adaptation modulates
subsequent perception of tactile duration, this study focused on the CNV
evoked by the onset of the tactile test stimulus — the point at which
temporal encoding is engaged — and also on the LPC evoked by the offset
of the tactile test stimulus during the temporal memory stage. Adapta-
tion to the shorter tactile duration was found to increase the CNV
amplitude (in the contralateral scalp) whereas adaptation to the longer
tactile duration decreased it. A similar modulation was observed in the
LPC amplitude in the fronto-central scalp. Importantly, those modula-
tions took place only when the adapting and test stimuli were presented
on consistent or adjacent fingers, but not homologous fingers. These ERP
results match well with the observations from behavioral results. Since
previous studies have suggested that the CNV amplitude reflects the
neural correlates of temporal encoding (Macar et al., 1999; Wiener et al.,
2012), these CNV results suggest that the tactile duration adaptation
modulates subsequent temporal encoding. It is also consistent with a
previous study on the visual duration aftereffect (Li et al., 2017). In
addition, the LPC observed here was similar to the P150 evoked in the
central scalp at the offset of the comparison interval for a short interval
as reported by Tarantino et al. (2010). It has been suggested that the
P150 is related to working memory processes. Accordingly, these results
further indicate that the later temporal processing mechanism (i.e.,
temporal memory) is also involved in the tactile duration aftereffect.
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Previous studies demonstrated that the CNV is typically found over
the fronto-central scalp during explicit temporal processing (Konono-
wicz and van Rijn, 2014; Li et al., 2017; Wiener et al., 2012). In this
study, CNVs were observed not only in the fronto-central scalp, but also
in the contralateral scalp. This is consistent with a previous finding that
showed the CNV is widespread across the scalp (Pfeuty et al., 2008).
However, this study found that only the CNV in the contralateral scalp is
sensitive to the duration adaptation effect. This dissociative pattern
suggests that CNVs in the fronto-central and contralateral scalps might
reflect different temporal processes, such as accommodating to specific
tasks such as explicit vs. implicit timing. Indeed, a recent study found
that the time interval adaptation has no effect on the CNV amplitude in
the fronto-central scalp when participants were asked to complete an
implicit timing task (Kaya et al., 2017). In addition, Praamstra et al.
(2006) investigated the neurophysiology of implicit timing and found
that CNV manifestations of implicit timing originate in the lateral
instead of the medial premotor cortex.

The adaptation effect on the CNV in the contralateral scalp is
consistent with the inference of the behavioral result, which suggests the
early somatosensory areas play an essential role in the sub-second tactile
duration perception. This is in line with previous studies, which suggest
the primary somatosensory cortex (S1) is involved in tactile temporal
processing (Conte et al., 2012; Rocchi et al., 2016). According to the
duration channel-based model, our brain contains duration-tuned neu-
rons, each of which responds selectively to a narrow range of stimulus
durations centered on its preferred duration (Heron et al., 2012).
Consistent with this idea, duration-tuned neurons have been found in
the visual and auditory nervous systems in specific animal species
(Casseday et al., 1994; Duysens et al., 1996; Faure et al., 2003). Recent
fMRI studies also showed that such duration-selective neurons exist in
the human right parietal cortex, in which the neuron adaptation is
related to the visual duration aftereffect (Hayashi et al., 2015; Hayashi
and Ivry, 2020). Combined with the present results, it is possible that the
duration-tuned neurons also exist in the somatosensory system. How-
ever, little evidence has suggested the direct relation between the
response of duration-tuned neurons and the CNV activity. Instead, it has
suggested that the CNV could be driven by a climbing neural activity
process (Pfeuty et al., 2005; Reutimann et al., 2004). Therefore, the CNV
in the contralateral scalp might not directly reflect the overall activity of
duration-tuned neurons in the early somatosensory areas. Instead, it is
possible that other neurons which receive the signals from the duration-
tuned neurons may generate the CNV.

There is an ongoing debate on the perceptual and cognitive functions
underlying the ERP component of CNV (Kononowicz and Penney, 2016;
van Rijn et al., 2011). Previous studies have focused on CNV activity
during a temporal comparison task, in which participants compared a
current duration to a memorized duration and then prepared a motor
response (Macar and Vidal, 2003; Ng et al., 2011; Pfeuty et al., 2003). As
such, the CNV evoked during temporal comparison may reflect multiple
cognitive processes, including memory encoding and subsequent deci-
sion making. In the present study, the tactile test stimulus was always
presented before the visual reference stimulus, and participants made
their responses after the visual reference stimulus. This made it possible
to investigate the adaptation effect on the subsequent CNV evoked by
the onset of the tactile test stimulus, largely free from memory, motor
preparation, and decision processes. Moreover, this manipulation also
helped to distinguish the LPC evoked by the offset of the tactile test
stimulus from the LPCt related to decision-making that was observed in
previous studies (Paul et al., 2003, 2011). However, it should be noted
that presenting the tactile test stimulus before the visual reference
stimulus also simplified the duration discrimination task. In this situa-
tion, participants may pay more attention to the visual reference with
variable durations, and timing for the tactile test stimulus could be more
implicit. To some extent, this design could explain why the duration
adaptation effect on the CNV amplitude in the fronto-central scalp was
not observed.
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In the present study, the adaptation effect on typical somatosensory
components (e.g., P45, N80, P100, N140, Nd1) was not examined.
Identical numbers of adapting stimuli were used in all adaptation tests,
and this means that the total period of the tactile adaptation was
different between “adapting long” and “adapting short” conditions. It
has been suggested that the tactile adaptation itself could affect these
earlier somatosensory components (Bradley et al., 2014). Therefore, it
was not possible to strictly distinguish the effects of the duration
adaptation vs. the tactile adaptation on these components. Nevertheless,
this does not mean that the tactile duration adaptation has no effect on
these components. An important avenue for future research would be to
examine the duration adaptation effect on these earlier somatosensory
components by controlling the total duration of adapting stimuli (e.g.,
adapting to the unfilled interval marked by two brief tactile stimuli).
Accordingly, one may question whether the effects of the duration
adaptation on the CNV and LPC amplitudes were merely the result of the
total period of adaptation. We found that the AM of the CNV in the
contralateral scalp and the AM of the LPC in the fronto-central scalp
were dependent on the duration of the adapting stimulus, but not on the
tactile adaptation itself. This is not consistent with the hypothesis that
the tactile adaptation itself could modulate subsequent CNV and LPC
amplitudes. To further rule out this possibility, a supplementary analysis
was conducted, in which the ERPs between no-adaptation and adapta-
tion conditions were compared regardless of adapting durations
(Fig. S3). The results showed that there was no significant difference for
either CNV or LPC amplitudes between the adaptation and no-
adaptation conditions (both ps > 0.05). Thus, it was the tactile dura-
tion adaptation, and not merely the tactile adaptation, that modulated
subsequent CNV and LPC amplitudes.

Although we found significant effects of the tactile duration adap-
tation on CNV and LPC amplitudes, the changes of the two ERP com-
ponents cannot directly predict the behavioral duration aftereffect at
individual level. The underlying reasons may be complicated. One
possibility is that the duration judgement in the present duration
discrimination task was determined not only by the tactile test stimulus,
but also by the subsequent visual reference stimulus. Thus, the temporal
processing for the tactile stimulus alone could not predict the overall
outcome of the duration judgement.

In sum, the present study used EEG to investigate how the tactile
duration adaptation affects subsequent tactile duration perception. It
provides further evidence that the tactile duration adaptation results in
the tactile duration aftereffect, which is organized within a somatotopic
framework. Moreover, this adaptation effect is manifested in the CNV
and LPC amplitudes, which are respectively associated with temporal
encoding and memory processes. In the information processing
perspective, this indicates that the tactile duration adaptation not only
modulates subsequent temporal encoding, but also modulates subse-
quent temporal memory. The present study helps us to understand the
neural underpinnings of the tactile duration aftereffect.

4. Experimental procedures
4.1. Participants

Twenty-two healthy participants were recruited. All participants
reported normal or corrected-to-normal vision and normal tactile sen-
sations and had no history of neurological diseases. They were naive to
the purpose of the experiment. They gave written informed consent and
were paid for their time. The study was conducted in accordance with
the principles of the Declaration of Helsinki and was approved by the
human subject review committee of Peking University. Data from four
participants were discarded, due to their poor performance in the
duration discrimination task or excessive artifacts in the EEG data. The
final sample was composed of eighteen participants (9 females; mean
age: 20.28 £ 1.49 years).
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4.2. Apparatus and stimuli

Participants were comfortably seated in a chair in a dim, sound-
attenuated, and temperature-controlled room. The visual stimulus was
a white disk (2.8° in diameter), which was presented on the center of a
CRT monitor (100 Hz refresh rate, 1024 x 768 pixels) with a gray
background. The tactile stimulus was a sine-wave vibration (150 Hz)
characterized by a 5-ms cosine on- and off-ramp. The vibration was
delivered to a round aluminum probe (6.0 mm in diameter) by a piezo-
tactile stimulator (Dancer Design, St Helens, Merseyside, England),
which was connected to a digital-to-analog conversion sound card. The
probe was located in a hole (8.0 mm in diameter) in one end of a rect-
angular machined ceramic case. During the experiment, participants
placed their fingers against the cases and touched the flat surfaces of the
probes with their fingertips. Finger rests were used to fix the contact
position between the finger and the probe (Fig. 1). Participants wore
headphones (with continuously presented pink noise) and earplugs to
maximally shield the noise from the vibrating stimulator. Participants’
hands were covered by an opaque towel and hence invisible throughout
the experiment. Stimulus presentation and behavioral data collection
were implemented with Matlab (Mathworks Inc.) and Psychophysics
Toolbox (Brainard, 1997; Pelli, 1997).

4.3. Procedure

During the experiment, participants completed experimental tasks
with eight blocks: two no-adaptation blocks and six adaptation blocks.
In each no-adaptation block, participants put their hands with palm
downward on the supporting desk and kept their eyes on the center of
the screen. During each trial, a test and a reference were presented
successively with an inter-stimulus interval (ISI) of 1000-1500 ms. The
test was a 500-ms tactile stimulus presented on the index fingertip of the
left or right (counterbalanced across participants) hand. Given that our
pilot experiment showed that the tactile duration aftereffect did not
transfer to the visual modality (see the supplement, Fig. S1A), we used
the visual stimulus as the reference, whose duration was one of five
durations: 370 ms, 450 ms, 500 ms, 550 ms, 630 ms. These reference
durations were presented randomly but counterbalanced. Upon the
disappearance of the reference, participants made an unspeeded, two-
alternative forced-choice (2AFC) to determine which stimulus (tactile
or visual) lasted longer. Participants pressed the left or right mouse
button with their thumbs to indicate their responses. The button press
was counterbalanced across participants: half the participants pressed
the left button for “tactile longer” and the right button for “visual
longer”, while the other half responded with the reversed mapping.
There were 60 trials in each no-adaptation block, with 12 trials for each
reference duration.

Each adaptation block included two phases: adaptation and test.
During the adaptation phase, an adapting tactile stimulus with a brief
duration (200 or 800 ms) was repeatedly presented 80 times, with an ISI
of 500-1000 ms. After this initial adaptation phase, a test phase fol-
lowed. The test phase was similar to the no-adaptation block, except that
four top-up stimuli, which were identical to those presented in the
preceding adaptation phase, were presented before each test stimulus.
The interval between the last top-up stimulus and the test was
1500-2500 ms.

The different combinations of fingers and durations used in the
adaptation phase resulted in six adaptation blocks: “adapt to a short

(LTS

duration on the consistent finger (CS)”, “adapt to a long duration on the
consistent finger (CL)”, “adapt to a short duration on the homologous
finger (HS)”, “adapt to a long duration on the homologous finger (HL)”,
“adapt to a short duration on the adjacent finger (AS)”, and “adapt to a
long duration on the adjacent finger (AL)”. The test stimulus was pre-
sented on the index finger of the left (or right) hand, and thus the
“consistent”, “homologous” and “adjacent” fingers respectively referred
to the index finger of the left (or right) hand, the index finger of the right
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(or left) hand, and the middle finger of the left (or right) hand (Fig. 6). In
homologous and adjacent conditions, the physical distance between the
adapting and test fingertips was about 4 cm. In the experiment, the order
of adaptation blocks was random. Two no-adaptation blocks were given
before and after the adaptation blocks, respectively. After each block,
participants took a break of at least two minutes to wash out any po-
tential carry-over effect between blocks.

4.4. EEG recording and analysis

Continuous EEG was recorded from 64 Ag/AgCl electrodes according
to the extended international 10-20 system (Brain Products GmbH,
Steingrabenstr, Germany). An electrooculogram (EOG) was simulta-
neously recorded using one electrode located below the right eye. Data
were sampled at 500 Hz with an online 0.016-250 Hz band-pass filter.
Electrode impedances were kept below 5 kQ.

Offline EEG data were preprocessed using EEGLAB for Matlab
(Delorme and Makeig, 2004). Recordings were first re-referenced to the
average voltage of all scalp electrodes and down-sampled to 250 Hz. A
low-pass-filter was then applied at 30 Hz via a conventional finite im-
pulse response (FIR) filter. The continuous EEG data were epoched from
—200 to 1000 ms relative to the 500-ms tactile test stimulus onset. All
epochs were baseline-corrected with a 200-ms pre-stimulus window. All
epochs were visually examined and trials containing large EEG artifacts
were thereby discarded. Remaining eye movement artifacts were
removed via independent component analysis (ICA), according to the
participant’s scalp maps and activity profile (Jung et al., 2000). Lastly,
epochs containing voltage deviations exceeding +100 pV at any of the
recording electrodes were rejected. With this preprocessing procedure,
on average, 113 (94% of total) trials were included for further analysis in
the no-adaptation condition and 56 (93% of total) trials remained per
adaptation condition for each participant. Moreover, a 2 (adapting
duration: short, long) x 3 (adapting location: consistent, adjacent, ho-
mologous) repeated-measures analysis of variance (ANOVA) showed
that the numbers of remaining trials were balanced across different
adaptation conditions. Both main effects of the numbers of sorted trials
according to the adapting duration and the adapting location and their
interaction were found to be not significant (all ps > 0.05). To better
define ERPs related to specific events, the EEG signal was further
segmented according to the onset and offset of the tactile test stimulus.
That is, two types of epoch were extracted: (1) an epoch ranging from
—200 to 800 ms relative to the onset of the tactile test stimulus (with a
baseline of the 200 ms interval preceding the onset); (2) an epoch

Adjacent
| Homologous
| Consistent |

—

—_— —_—

[ \ 7~

&
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_ —

Test finger Adapting finger

Fig. 6. The schema of test and adapting fingers. The black dots indicate fingers
where the tactile stimuli were presented.
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ranging from —200 to 500 ms relative to the offset of the tactile test
stimulus (with a baseline of the 200 ms interval preceding the offset).
Here, we focused on the fronto-central and parieto-central electrode
sites, where the CNV or the post-stimulus components were usually re-
ported to be maximal (Macar and Vidal, 2004; Tarantino et al., 2010).
Moreover, given that our previous study has suggested somatosensory
areas play an essential role in the tactile time processing (Li et al., 2019),
electrodes over the somatosensory cortex were also demonstrated. To
increase the signal-to-noise ratio, ERPs were analyzed by pooling four
neighboring electrodes within four regions of interest on a scalp level
(scalp-ROIs). Four cohorts of scalp-ROIs were distributed in the fronto-
central scalp (Cz, FC1, FCz, FC2), parieto-central scalp (P1, Pz, P2,
CPz), and contralateral/ipsilateral scalps (C3/4, C5/6, CP3/4, CP5/6).
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