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The subjective temporal order of tactile stimuli, delivered sequentially to each hand with an interval of 100 –300 ms, is often inverted when
the arms are crossed. Based on data from behavioral and neuroimaging studies, it has been proposed that the reversal is due to a conflict
between anatomical and spatial representations of the tactile signal or to the production of an inverted apparent motion signal. Because
the � rhythms, which consist of a few distinct components, reportedly modulate tactile perception and apparent motion and serve as a
10 Hz timer, we hypothesized that the illusory reversal would be regulated by some of the � rhythms. To test this hypothesis, we conducted
magnetoencephalographic recordings in both male and female participants during the tactile temporal order judgment task. We decom-
posed the � rhythms into five independent components and discovered that the illusory reversal was modulated by the phase of one
independent component with strong current sources near the parieto-occipital (PO) sulcus (peri-PO component). As expected, the
estimated current sources distributed over the human MST implicated to represent tactile apparent motion, in addition to the intrapa-
rietal region implicated in mapping tactile signals in space. However, the strongest source was located in the precuneus that occupies a
central hub region in the cortical networks and receives tactile inputs through a tecto-thalamic pathway. These results suggest that the
peri-PO component plays an essential role in regulating tactile temporal perception by modulating the thalamic nuclei that interconnect
the superior colliculus with the cortical networks.
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Introduction
The subjective temporal order of tactile stimuli, delivered one to
each hand with an interval of 100 –300 ms, is often inverted when
the arms are crossed but not when they are uncrossed (Yamamoto

and Kitazawa, 2001; Shore et al., 2002; Heed and Azañón, 2014).
Although a number of accounts have been proposed since the
first report of the illusion (Yamamoto and Kitazawa, 2001; Shore
et al., 2002; Kitazawa et al., 2007; Badde et al., 2014), all accounts
refer to the transformation of tactile signals between somatotopic
(anatomical) and external spatial maps (for review, see Heed and
Azañón, 2014). For example, it has been hypothesized that the
reversal occurs due to fast erroneous mapping of the tactile signal
to the wrong hand (Fig. 1, 1� and 2�) (Kitazawa, 2002; Kitazawa et
al., 2007).

However, even when the arms are not crossed, tactile tempo-
ral order judgment (TOJ) is inverted by presenting incongruent
visual stimuli that evoke apparent motion in the opposite direc-
tion (Kitazawa et al., 2007). Further, we have shown in our recent
neuroimaging study that the human homolog of MT/MST,
which has been implicated in representing the apparent motion
signal, is also involved in tactile TOJ (Takahashi et al., 2013).
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Significance Statement

Despite a long-held hypothesis that the posterior � rhythm serves as a 10 Hz timer that regulates human temporal perception, the
contribution of the � rhythms in temporal perception is still unclear. We examined how the � rhythms influence tactile temporal
order judgment. Judgment reversal depended on the phase of one particular � rhythm with its source near the parieto-occipital
sulcus. The peri-parieto-occipital � rhythm may play a crucial role in organizing tactile temporal perception.
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Based on these findings, we propose that reversal occurs because
of the production of an inverted apparent motion signal (Fig. 1;
motion projection hypothesis).

Rhythmic activity at �10 Hz, the most prominent electro-
physiological activity in the human brain (Varela et al., 1981;
Hari et al., 1997; Palva and Palva, 2011), consists of three physi-
ologically independent components (ICs): the posterior �, the
Rolandic �, and the midtemporal tau rhythms (Hari et al., 1997;
Niedermeyer, 1997; Pineda, 2005). A range of visual perceptions
has been shown to correlate with the phase of the posterior �
rhythm (Varela et al., 1981; Busch et al., 2009; Mathewson et al.,
2009; Dugué et al., 2011; Sokoliuk and VanRullen, 2013). In a
pioneering study in 1981, Varela et al. (1981) reported that the
perception of two successive visual stimuli with an interval of
�70 ms was altered from simultaneity to discontinuity via appar-
ent motion, depending on the phase of the posterior � rhythm
(Varela et al., 1981). It was also proposed that the posterior �
rhythm serves as a 10 Hz timer that regulates temporal perception
(Kristofferson, 1967). Assuming that the posterior � rhythm
modulates visual apparent motion, our motion projection hy-
pothesis predicts that the illusory reversal is also modulated by
the posterior � rhythm (Fig. 1).

Recent studies have also shown that tactile attention in the
external hemispace can be modulated by the posterior � rhythm
(Schubert et al., 2015) or by transcranial � stimulation of the
parietal cortex (Ruzzoli and Soto-Faraco, 2014). Thus, the judg-

ment may also be altered through the direct effects of the poste-
rior � rhythm on either the tactile perception or the process of
localizing each individual tactile stimulus in the external space
(Kitazawa, 2002; Heed and Azañón, 2014; Heed et al., 2015).

However, the threshold for tactile perception has been shown
to negatively correlate with the power of the � rhythm (Jones et
al., 2010; van Ede et al., 2011). Further, the � rhythm was once
hypothesized to entrain the visual, auditory, and somatosensory-
centered � networks (Pineda, 2005). Thus, tactile TOJ may also
be affected by the phase of the Rolandic � rhythm (Fig. 1).

In the current study, we tested whether the illusory reversal
would be regulated by any of the � rhythms. To test this hypoth-
esis, we decomposed the �-band signals into five ICs and com-
pared the phase and the power of each independent �-band
component between trials with correct judgment and those with
inverted judgment. We show that the probability of illusory re-
versal is modulated by the phase of the posterior � rhythm that
has its major current sources around the parieto-occipital (PO)
sulcus but not with any other �-band components, including the
� or the � rhythms.

Materials and Methods
Participants. Forty-seven right-handed healthy volunteers (38 males and
9 females, ranging in age from 20 to 49 years) participated in the behav-
ioral experiments for screening, and 22 subjects further participated in
MEG recordings. No participants had a history of neurological disorders,
and all were right-handed (laterality quotient, 80 –100) according to the
Edinburgh Inventory (Oldfield, 1971). All except for one of the coau-
thors (T.T.) were naive to the purpose of the experiments. Written
informed consent was obtained from all participants before the experi-
ments. The study received approval from the Ethical Review Board of
Osaka University, Graduate School of Frontier Biosciences. The study
conforms with the World Medical Association Declaration of Helsinki.

Experimental design and statistical analysis
Behavioral experiments. The screening experiments were conducted to
choose participants who showed reversal of tactile TOJ with a probability
greater than a threshold of 0.45 (45% incorrect) at an optimal stimulus
onset asynchrony (SOA). This threshold was set to exclude the bottom-
half participants who showed a smaller probability of judgment reversal
than the top-half participants (Nishikawa et al., 2015) simply because we
needed some trials with inverted judgements during the main experi-
ment in the MEG scanner. The participants sat with their palms facing
down on a desk and their arms uncrossed (arms-uncrossed condition) or
crossed (arms-crossed condition). Mechanical skin contacts (FR-2007-2;
Uchida Denshi) were used to deliver brief tactile stimulation (a single
pulse of 10 ms duration with a strength of �2 times the threshold) to the
dorsal surface of the ring finger of each hand. The distance between the
contacts was fixed at 20 cm in both conditions. Push buttons for re-
sponses were placed under the index fingers. The participants closed
their eyes during the entire experiment and wore earplugs and head-
phones that delivered white noise. Thus, the participants were not able to
see or hear the tactile stimuli (Yamamoto and Kitazawa, 2001).

Two successive tactile stimuli were delivered, one to each hand with an
SOA chosen pseudo-randomly from 12 SOAs (�960, �480, �240,
�120, �60, �30, 30, 60, 120, 240, 480, and 960 ms for the uncrossed
condition; �1920, �960, �480, �240, �120, �60, 60, 120, 240,480,
960, and 1920 ms for the crossed condition), or to the same hand (either
to the right or left hand) in two catch trials per block (SOA � 120 ms for
the uncrossed condition and 240 ms for the crossed condition). Thus, a
block consisted of 14 trials. In each trial, participants were required to
judge the order of two stimuli and respond by pushing a button under the
index finger of the hand that was stimulated second as soon as possible,
but only after the second stimulus was delivered. The catch trials were
used to prevent participants from making any premature response to the
first stimulus. Each subject participated in two experiments (one for each

Figure 1. Hypothetical processes underlying illusory reversal of the tactile temporal order
due to arm crossing. It has been hypothesized, for example, that the reversal occurs due to a
rapid erroneous mapping of the tactile signal to the wrong hand in the spatial map (1� and 2�).
Others have proposed that the reversal occurs due to a conflict between anatomical and spatial
maps (Heed and Azañón, 2014). Based on data from behavioral and neuroimaging studies, we
proposed that the production of an inverted apparent motion signal plays an essential role
(motion projection hypothesis): subjective temporal order is reconstructed by combining infor-
mation regarding “what happened where” in the spatial map and information regarding
“when” that is captured in a motion vector (Takahashi et al., 2013). In either hypothesis, many
opportunities occur for the � rhythms to affect the process of illusory reversal in tactile TOJ. The
Rolandic � rhythm might affect signal processing in the somatotopic map in the primary sen-
sory cortex, and the posterior � rhythms would affect tactile mapping to the spatial maps,
production of apparent motion signals, or the process of integrating distributed information in
some hub region in the medial parietal cortex.
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condition). Each experiment consisted of eight
blocks of 112 trials in total.

Response data were combined for each SOA
in each condition. A sigmoid function (e.g., see
Fig. 2b, black curve) with four parameters (up-
per and lower asymptotes, temporal resolu-
tion, and the point of subjective simultaneity)
was fit to the data in the arms-uncrossed con-
dition, and a Gaussian flip model (e.g., see Fig.
2b, N-shaped red curve) with five additional
parameters (two peak flip probabilities, one
from the right-hand-first to left-hand-first
judgment [Ar] and another in the reverse direc-
tion [Al], a constant error rate [c], a time win-
dow of flip [�f], and a bias time for the
Gaussian flip function) was fit to the data in the
arms-crossed condition, the details of which
have been published previously (Yamamoto
and Kitazawa, 2001; Wada et al., 2004; Ni-
shikawa et al., 2015). To ascertain that the
judgment varies at an SOA of 100 ms in the
MEG experiments, we chose those participants
with a peak flip probability (see Fig. 2c, Al)
�0.45, a time window of flip (�f) �70 ms, and
a constant error rate (simple confusion of
which hand) �0.3. Twenty-two of the 47 par-
ticipants (47%) met the criteria, and 20 sub-
jects participated in the MEG experiment.
Seven of the initially excluded participants with
a smaller probability of judgment reversal
(bottom-reversers) additionally participated
in the MEG experiment for comparison.

MEG experiments. MEG recordings were
conducted during the tactile TOJ task by using
a 160-channel whole-head neuromagnetom-
eter with coaxial gradiometers (PQA-160C,
Yokogawa Electric). MEG signals from the
160 sensors were continuously recorded at 1 kHz during the entire ex-
periment. The signals were bandpass (0.1–200 Hz) and notch (60 Hz)
filtered before storage for later analyses.

Five marker coils were attached to the face before the participants were
oriented in a supine position on a bed with their head inside the magne-
tometer. The participants performed the tactile TOJ task with their arms
crossed. To avoid eye movements, the participants looked at a dot pro-
jected on a screen in front of them (33 cm from the eyes). Two isolated
current stimulators (SEM-4201, Nihon Koden) were used to deliver a
square current pulse (0.1 ms in duration, twice the threshold intensity) to
the ring finger of each hand. The SOAs were chosen randomly from two
conditions: 100 ms (right-then-left stimulation, RL) or �100 ms (left-
then-right stimulation, LR). In addition, two stimuli were delivered to
the same hand in 10% (10 participants) or 50% (12 participants) of the
trials with an SOA of 100 ms (catch trials). The participants responded by
raising the index finger of the hand that they judged as being sti-
mulated second. The position of the index finger was monitored by a
photosensor (FS-T20, Keyence).

Each trial was voluntarily started by the participant by resting (setting)
their index finger on a photosensor in response to a visual instruction
(see Fig. 2a, SET). Then a red dot (0.3° in visual angle) appeared in the
center of the screen on which the participant was requested to fixate
without blinking until the end of their response. After a random delay
(1800 –2800 ms), two tactile stimuli were delivered, and the participants
waited for 1000 –1500 ms until the color of the dot changed from red to
blue (see Fig. 2a, Go signal), which indicated that the participants should
make a fast response by raising an index finger. The dot was then re-
placed with the “SET” instruction, which indicated that participants
should prepare for the next trial. The participants were allowed to rest,
blink, or make eye movements as long as they liked at this stage, but they
had to maintain the index finger in a raised position. When they felt
ready, they returned the index finger to the photosensor. Seven par-

ticipants completed 100 RL, 100 LR, and 200 catch trials, and 13
participants completed 180 RL, 180 LR, and 40 catch trials.

Structural images for each participant were collected using a T1-
weighted 3-D SPGR sequence on a 3 tesla whole-body scanner (Dis-
covery MR750w, GE Medical Systems; repetition time � 9.1 ms, echo
time � 2.7 ms, flip angle � 15°, field of view 240 � 240 mm, resolu-
tion 1 � 1 � 1 mm).

Data preprocessing. Data from 4 of the 20 participants were excluded
from further analyses; two showed limited judgment reversal in the neu-
romagnetometer (�10% in the LR trials), one made premature re-
sponses before the go signal, and another showed strong magnetic noise
presumably due to magnetization of dental inlays. MEG data from the
remaining 16 participants (13 males and 3 females) were downsampled
to 500 Hz and segmented into 4 s blocks, each of which represented brain
activity from �1 to 3 s with respect to the onset of the first stimulus.

Group IC analysis (ICA). To decompose MEG signals into indepen-
dent � rhythms that are shared across participants, all data segments were
combined across the 16 participants for each of the 160 channels to
produce a large data matrix [160 rows � (4 s � 500 Hz � 6400 trials)
columns]. The data matrix was decomposed into ICs using a fast fixed-
point algorithm implemented in the FastICA MATLAB program (The
MathWorks) (Hyvarinen and Oja, 1997). ICA was repeatedly applied to
the data matrix with six different numbers of ICs (8, 12, 16, 24, 48, and
96). ICA was repeated 10 times for each number of components, and the
ICs obtained (e.g., 12 � 10 � 120 ICs) were subjected to a cluster analysis
(Ward method implemented in the statistics toolbox in MATLAB) to
examine the stability of the ICs. If the 12 ICs were stable, 120 ICs must be
classified into 12 clusters, each consisting of 10 members. After applying
the cluster analysis, we determined that a cluster of ICs was stable when
the number of members was 9, 10, or 11, and the mean Silhouette value
within the cluster was �0.7. The Silhouette value is 1 when all members
of a cluster are identical to each other (best separation) and is �1 in the

Figure 2. a, Experimental procedures. b– d, Behavioral results. a, Events in a single trial are shown along the timeline. The
participants were required to fixate on the red dot until they made a judgment regarding which hand was stimulated second in
response to the Go signal by raising one of the two index fingers. b, The mean response profile of 16 participants in screening
experiments before the MEG experiment. The probability of a right-hand-first judgment is plotted against the SOA. A positive SOA
indicates that the right hand was stimulated first. The sigmoid response curve in the arms-uncrossed condition (black) became
N-shaped when the arms were crossed (red). c, Subtraction of the right-hand first judgment probability in the arms-crossed
condition from that in the arms-uncrossed condition. The positive and negative peaks reflecting the peak probability of judgment
reversal. The height of the positive peak (Al) was used for prescreening. We chose those participants with Al � 0.45, which was the
median in our previous study (Nishikawa et al., 2015). d, The probability of judgment reversal during the MEG experiments. The
probability of judgment reversal was significantly larger when the left hand was stimulated first (LR) than when the right hand was
stimulated first (RL).
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worst case (Rousseeuw, 1987). With this criterion, the number of stable
ICs were 5 of 8, 10 of 12, 11 of 16, 19 of 24, 35 of 48, and 65 of 96.

Each stable IC was then subjected to power spectrum analysis by using
a spectopo function implemented in the EEGLAB MATLAB program
(Delorme and Makeig, 2004) and ordered according to the power at 10
Hz because we were interested in the �-band signals. Cortical current
sources were then estimated for the top 5 ICs by using a multiple sparse
prior method implemented in the SPM12 software (Friston et al., 2008).
The method is less vulnerable to superficial bias, which is an overempha-
sis on superficial sources compared with deeper sources, than the classi-
cal Minimum Norm and LORETA approaches (López et al., 2014). The
estimation was repeated for each cortical surface of the 16 participants by
assuming 20,484 current dipoles and 1024 patches of activation. After nor-
malizing the dipole strength by its median value for each participant,
estimated dipoles were averaged on a standard MNI template across the
16 participants by using MRIcron software (Rorden et al., 2007).

Because the main purpose of applying the ICA was to objectively sep-
arate the �-band signals into physiologically ICs, the estimated current
sources of the top 5 ICs were compared with current dipoles reported in
previous literature for the posterior �, the Rolandic �, and the midtem-
poral � rhythms (Hari et al., 1997; Niedermeyer, 1997; Pineda, 2005). All
these physiological components were included in the top 5 ICs, only
when 12 ICs were assumed (see Fig. 3). We therefore decided to assume
12 ICs for the group ICA and further defined 5 ICs with physiological rele-
vance in terms of the comparisons with previous studies (see Fig. 3d).

Individual ICA. The group ICA was adequate to extract typical ICs
shared across many participants. However, this process does not guaran-
tee that all participants actually yield the corresponding ICs. In addition,
individual differences in the head position in the magnetometer were not
taken into account. We thus applied ICA to each of 16 data matrices

prepared for each participant (individual ICA).
The number of ICs varied between 8, 12, and
16, and we chose the ICs that showed the larg-
est correlation with each of the five ICs defined
by the group ICA (e.g., see Fig. 4a).

Phase comparison. We then examined
whether the illusory reversal of the tactile TOJ
depended on the phase of the 5 ICs yielded by
the individual ICA. Each individual IC was
aligned to the stimulation onset of the LR stim-
ulation and grouped according to whether the
judgment was correct or inverted. After sub-
tracting the mean event-related signal during a
200 ms period after the first L stimulus (we
used linear tapers with a width of 20 ms at both
ends), we filtered subtracted traces within the
band of the � rhythm (7–14 Hz), calculated the
instantaneous phase for each trace by using
the Hilbert transformation, and compared the
distributions of the instantaneous phases be-
tween the two judgment groups (inverted/
correct) by using the Watson–Williams test
(Berens, 2009) every 10 ms from �500 to 500
ms around the onset of the first L stimulus (see
Fig. 4b). We note two particular procedures.
First, we subtracted the mean poststimulus
event-related signal during the 200 ms period
because the bandpass filtering of a sharp rise of
an event-related signal results in artifactual in-
filtration of the �-band wave backward in time.
By subtracting this signal, we prevented this
artifactual “�-band” wave from obscuring any
significant phase difference during the peris-
timulus period. Second, when applying the
Watson–Williamstest,wenoticedthatthetestover-
estimates the difference when the dispersion of the
phase becomes larger. We confirmed this tendency
by simulation. To avoid this overestimation, we
drew two groups of samples, one with the number
of the correct trials (e.g., n � 47) and the other with

the number of the inverted trials (e.g., n � 53), from the uniform distribution
10,000 times for each participant and prepared a distribution of the test statistics
using the Watson–Williams test. The distribution was used to calculate a p value
given the test statistics at each time point.

The resulting time series of p values were transformed to the Z score for
each participant and summed over the 16 participants for the second-
level analysis (see Fig. 4c). The sum divided by the square root of the
number of Z scores (16) was expected to follow the normal distribution
under the null hypothesis (Stouffer’s method) (Stouffer et al., 1949). The
second-level uncorrected p values were further corrected for multiple
comparisons (n � 100) by using the false discovery rate (FDR) and
Bonferroni correction. The same procedures were repeated for the data
from the RL trials. The resulting p values in LR and RL trials were further
combined using the Stouffer’s method.

Amplitude comparison. We used the instantaneous amplitude for each
trace obtained by using the Hilbert transformation to compare the dis-
tributions of the instantaneous amplitudes between the two judgment
groups (inverted/correct) by using the Wilcoxon rank sum test (right or
left sided) every 10 ms from �500 to 500 ms around the onset of the first
stimulus (see Fig. 6b). The p value was transformed to the Z score and
summed over the 16 participants for the second-level analyses in the
same manner as described for the phase comparison.

Analyses for bottom-reversers. Data from seven additional participants
with less judgment reversal (termed here as bottom-reversers) who had
been rejected in the initial prescreening were analyzed using the same
procedures (preprocessing, ICA, first- and the second-level phase analy-
ses) as those applied to the 16 participants (top-reversers). To compen-
sate for the decrease in statistical power resulting from the paucity of
inverted trials (23% vs 42%) and the decrease in the total number of

Figure 3. ICs decomposed by the group ICA. The 160 channel MEG data from 16 participants were combined in one data matrix
and decomposed into 12 ICs. a, Example traces of the 12 ICs in one left-then-right stimulation trial (LR) taken from one participant
(No. 1). The ICs are numbered in descending order of the � power. b, Power spectrum in the top 5 of the 12 ICs. A peak is present
at �10 Hz. c, Spatial distribution of the mixing matrix in each of the 12 ICs. d, Current sources estimated for each of the top 5
components. Based on the spatial distributions of the current sources, we termed the 5 components the peri-PO, visual, �, �-right,
and �-left components. PCUN, Precuneus; POS, PO sulcus; A1, primary auditory cortex; CS, central sulcus.
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Figure 4. Effects of the phase of the peri-PO component on the tactile TOJ. a, Spatial distribution of the peri-PO component in 16 participants; note the similarity across the participants.
b, Comparison of the peri-PO component between trials with correct judgment (blue) and those with inverted judgment (red) in individual participants. Top, The mean traces in one typical
participant (No. 1) in the LR trials (n � 47 for correct and 53 for inverted judgment) are shown. Shaded areas represent the SEM. The traces are aligned at the onset of the first L stimulus. Middle,
The mean event-related field was subtracted from each trace in the peristimulus period indicated by a horizontal bar (0 –200 ms). Note the obvious difference in the � rhythms in the two traces
during the peristimulus period. Bottom, The p values yielded by the Watson–Williams test used to compare the two phase distributions are shown. c, d, The second-level analysis. Each uncorrected
p value was transformed into a Z score (e.g., a red trace for participant No. 1) and accumulated over the 16 participants (c). The intervals of the gray traces show the contributions from individual
participants. The p values yielded from the combined Stouffer’s Z score are plotted against the time from the first stimulus (d). The phase difference was significant during the peristimulus period
after correction for the FDR (�0.05) and the Bonferroni correction. Vertical broken line indicates the timing that yielded the smallest p value (40 ms). e, f, Distribution of the mean preferred phase
in the correct and inverted judgment trials at the time of the smallest p value (40 ms). To compensate for the difference in the number of correct and inverted trials, bootstrap samples were drawn
100 times for each trial group (correct/inverted) for each participant, and the 100 mean phases were plotted on each of 16 annuli (No. 1–16, from outside to inside). Middle bars represent the
instantaneous mean phase and the mean amplitude. It is apparent that the absolute preferred phase was not shared across participants. b–d, Vertical broken line indicates 40 ms, when the smallest
p value was observed based on the data from all participants. e, When the mean preferred phase in the inverted trials was aligned to zero in every participant, the mean phase in the correct trials was
clearly distributed around the opposite direction (f ). g, The mean correct response rate was polar-plotted against the phase of the peri-PO component. The mean preferred phase was set to zero in
every participant. Error bars indicate the SEM across the 16 participants. Post hoc tests of one-way ANOVA (Ryan’s method) showed that the mean was significantly different in six pairwise
comparisons (0 –180, 0 –150, 330 –150, 330 –180, 330 –210, 60 –150, p � 0.001).
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participants (7 vs 16), we additionally applied a bootstrapping technique.
We repeatedly and randomly drew one of the bottom-reversers for each
of the 16 top-reversers. Then, we repeatedly drew one trial with correct
judgment (or inverted judgment) from the chosen bottom-reverser for
each correct (or inverted) judgment trial of the top-reverser.

Results
Reversal of subjective temporal order due to arm crossing
Participants were required to judge the order of successive tactile
stimuli that were delivered once to each hand (Fig. 2a). During
the screening experiments, participants were able to judge the
order perfectly with a SOA of 120 ms, as long as the arms were not
crossed (Fig. 2b, black). In marked contrast, when the arms were
crossed, the participants inverted their judgment, with SOAs be-
tween �120 and 120 ms, yielding an N-shaped response curve
(Fig. 2b, red). The illusory reversal in tactile TOJ was enhanced by
preselection of top-half participants with a peak reversal proba-
bility (Fig. 2c, Al) �0.45 but was essentially consistent with pre-
vious reports (Yamamoto and Kitazawa, 2001; Shore et al., 2002;
Wada et al., 2004). Using a 160-channel neuromagnetometer,
one of two SOAs, either 100 ms (right-then-left, RL) or �100 ms
(left-then-right, LR), was randomly chosen for each trial. The
median probability of judgment reversal was as large as 0.43 after
the LR stimulation but decreased to 0.20 after the RL stimulation
(Fig. 2c).

Decomposition of the � rhythms
Magnetic signals recorded from 160 squid sensors were com-
bined across 16 participants and were decomposed into 12 ICs
(group ICA), which were numbered in descending order of the
power at 10 Hz (Fig. 3a,b). � rhythms were observed in each
single trial in the first few ICs (Fig. 3a). Figure 3c shows the
distribution of the weights of each IC estimated for each of the
160 sensors. The weights for the first component were distributed
bilaterally in the posterior region in a symmetrical manner with
inverted signs in each hemisphere. The estimated cortical current
dipoles (averaged across the brains of the 16 participants) were
most apparent around the bilateral PO sulci, including the pre-
cuneus (Fig. 3d, 1: peri-PO component). The weights for the
second component were distributed over the middle of the PO
region (Fig. 3c, 2). The major cortical dipoles were estimated
around its circular base, which included areas V2 and V3, which
are close to the calcarine sulcus (2: Visual component, Fig. 3d)
and the posterior part of the collateral sulci in the ventral region
(data not shown). The major dipoles estimated for the third com-
ponent were distributed in the bilateral primary auditory cortices
with dominance on the left side (Fig. 3d, 3): we called this com-
ponent the � component in reference to the � rhythm estimated in
the auditory cortex (Tiihonen et al., 1991; Hari et al., 1997). The
fourth and the fifth components yielded dipoles in the right and
left Rolandic areas; we regarded them to be the equivalents of the
� rhythms (Fig. 3d, 4, 5: �-right, �-left). Thus, the � rhythms
were successfully decomposed into five major statistically ICs,
each of which approximately corresponded to its physiological
counterpart in previous studies.

Effects of the phase of the � rhythms on judgment reversal
ICA was further applied to the data for each individual partici-
pant. The peri-PO component was successfully decomposed for
each participant (Fig. 4a). The correlation coefficients between
the individual peri-PO components (Fig. 4a) and those of the
group peri-PO component (Fig. 3c, 1) ranged from 0.68 to 0.98.
For each participant, the peri-PO component during a 1 s period

around the LR stimulation was aligned to the stimulation onset
and grouped according to whether the judgment was correct
(blue) or inverted (red), as exemplified in Figure 4b for a typical
participant (No. 1). After subtracting the mean event-related
field during a 200 ms period after the first L stimulus (thick
horizontal line, top traces), it became obvious that the 10 Hz
rhythms in the blue and red traces were out of phase during the
peristimulus period. To objectively confirm this observation, we
filtered subtracted traces (Fig. 4b, middle) within the band for the

Figure 5. Comparison of phase differences in the 5 independent � rhythms. a, The peri-PO
component. The p value for the RL trials (blue) was less prominent than that for the LR trials
(black) but reached the trough at the same time (40 ms, vertical broken line). The uncorrected
p value became even smaller (3.3 � 10 �6) when both the LR and RL trials were combined.
b, The other 4 components. In marked contrast to the traces for the peri-PO component, no
other components showed significant phase differences after correction for the FDR (0.05) at
any moment during the peristimulus period.
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� rhythms (7–14 Hz), calculated the in-
stantaneous phase for each trace, and
compared the distributions of the instan-
taneous phases between the two judgment
groups (inverted/correct) every 10 ms us-
ing the Watson–Williams test (Fig. 4b,
bottom; see Materials and Methods). The
uncorrected p value was �0.05 during the
peristimulus period (�110, 30 ms).

The p value was transformed into a Z
score (e.g., Fig. 4c, red trace, Participant 1)
and summed over the 16 participants for
a second-level analysis (Fig. 4c). The re-
sulting p values showed a sharp decrease
�100 ms before the onset of the first stim-
ulus (left) and maintained significance
(p � 0.05, FDR) from �70 to 110 ms with
a trough at 40 ms. The results show that
the phase of the peri-PO � rhythm was
different during the peristimulus period,
according to whether the judgment was
inverted.

We further examined whether the ab-
solute phase for the correct (or for the
inverted) judgment was shared across
participants. We found that the mean in-
dividual phase for the correct judgment
trials, or for the inverted judgment trials,
at 40 ms was distributed in all directions
among the 16 participants (Fig. 4e). How-
ever, when the individual “preferred”
phase for the inverted judgment was ad-
justed to zero (Fig. 4f, right), the mean
individual phase for the correct judgment
was apparently distributed around the op-
posite direction (�180°, Fig. 4f, left). We
also calculated the rate of correct judg-
ment as a function of the � phase (12 30-
degree-wide bins, Fig. 4g). The mean
correct judgment rate was smallest at the
zero-degree bin (0.49 	 0.05, mean 	
SEM) and increased in the opposite direction
where the mean correct judgment rate rose to
0.64 	 0.05. The one-way ANOVA and post
hoc tests (Ryan’s method) showed that the
phase-dependent modulation was significant
(F(11,165) � 4.1, p � 0.0001).

We applied the same analyses to the
data in the RL stimulation trials. The p
value showed a sharp decrease during the
peristimulus period with a trough at 40
ms (Fig. 5a, blue trace) and the same tim-
ing as in the LR stimulation trials (black
trace), although the p value did not reach
the level of significance after correction
for the FDR. However, when we com-
bined the z values from the LR and RL
stimulation trials, the trough uncorrected
p value decreased further to 3.3 � 10�6

(red trace), which is smaller than that for the LR stimulation trials
alone.

In marked contrast to the peri-PO component, the phase of the
visual, �, �-right, and �-left components did not show any signifi-

cant group differences after FDR correction at any time point
during the peristimulus period for the LR stimulation (Fig. 5b,
black traces), RL stimulation (blue traces), or both combined
(LR
RL, red traces).

Figure 6. Effects of the amplitude of the peri-PO component on the tactile TOJ. a, Comparison of the amplitudes of the peri-PO
component between trials with correct judgment (blue) and those with inverted judgment (red) in one typical participant (No. 1 as
in Fig. 4b) in the LR trials (n � 47 for correct and 53 for inverted judgment). Shaded areas represent the SEM. The traces are aligned
at the onset of the first L stimulus. b, The p values yielded by the Wilcoxon rank sum test used to compare the two amplitude
distributions are shown. c, d, The second-level analysis for the peri-PO component. Each uncorrected p value was transformed into
a Z score and accumulated over the 16 participants (c). The intervals of the gray traces show the contributions from individual
participants (c). The p values yielded from the combined Stouffer’s Z score are plotted against the time from the first stimulus (d).
The amplitude difference was not significant throughout the peristimulus period after correcting for the false discovery rate in the
LR trials (black), or RL trials (blue).

Figure 7. Distribution of cortical source currents estimated for the peri-PO component (averaged over 16 participants).
a, Three-dimensional views through a transparent cortical surface: viewed from the right of the left hemisphere (left) and from the
left of the right hemisphere (right). PARC, Paracentral cortex; PCUN, precuneus; POS, PO sulcus; CAL, calcarine sulcus. Horizontal
lines indicate the levels of the axial slices shown in b. b, Source currents are shown on axial slices that pass through the precuneus
(z � 42), PO sulcus (30 and 24), and primary auditory cortex (A1, 6). Red dotted circles (z � 6) represent regions implicated in the
tactile TOJ task by representing multisensory apparent motion in space (adapted from Takahashi et al., 2013). x signs (z � 42)
show locations that have been implicated in the localization of tactile stimuli in space (Lloyd et al., 2003). Current sources were
estimated within or close to these regions. c, Comparison of the mean estimated current sources in the left and the right hemi-
spheres. Data pairs from each participant are connected with a line; note a significant right dominance (Wilcoxon signed rank test,
n � 16).
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Effects of the amplitude of the � rhythms on
judgment reversal
Next, we compared, for each participant, the instantaneous am-
plitude of each � component in trials with correct judgment with
the amplitude in trials with inverted judgment trials (Fig. 6a,
Participant 1). The amplitude of the peri-PO component of the
exemplified participant (No. 1) did not show any significant dif-
ference at any time point during the peristimulus period for the LR
stimulation (Fig. 6b, p � 0.05, uncorrected). The second-level analyses,
in which the Z scores were summed across the 16 participants (Fig.
6c), yielded no significant differences in amplitude after the FDR
correction (Fig. 6d, black trace). There were no significant differ-
ences in amplitude when the RL trials were analyzed (Fig. 6d, blue
trace), or when the LR and RL trials were combined (data not
shown). Similarly, there were no significant differences in any of
the other four components.

Cortical sources of the peri-PO component
The peri-PO component was the only component the phase of
which showed a significant correlation with the illusory percep-
tion of tactile temporal order. Thus, it is worth further examining the

cortical sources of the peri-PO compo-
nent. As previously shown in the group
ICA analysis (Fig. 3d, 1: peri-PO), major
current sources were located in regions
near the PO sulcus, even when the current
sources were estimated for each individual
peri-PO component (Fig. 7a, an average of
16 participants). In addition, current
sources were found over the primary au-
ditory cortex as shown in the axial slice at
z � 6 (Fig. 7b). The widespread distribu-
tion suggested that the effect of the
peri-PO component reached beyond
the visual and tactile modalities, and the
peri-PO component was consistently
functioning regardless of whether the par-
ticipants performed the tactile task.

When the sources (Fig. 7b) were com-
pared with reported regions that were ac-
tivated in response to the same tactile TOJ
task, overlaps were found in the bilateral
temporal regions (dotted circles on z � 6,
adapted from Takahashi et al., 2013). This
region has been implicated in represent-
ing apparent motion signals generated by
successive tactile signals or visual stimuli
(Takahashi et al., 2013). In addition,
sources were found in the ventral intrapa-
rietal regions (x signs on z � 42) that have
been implicated in the localization of tac-
tile stimuli in space when the arm was
crossed over the midline (Lloyd et al.,
2003).

It is also worth noting that the esti-
mated source currents were generally
larger in the right hemisphere than in the
left hemisphere (compare the left and
right hemispheres in Fig. 7a). The right
dominance of the peri-PO component
was shown to be significant when the
mean source current strengths in the right
and left hemispheres were compared

within the 16 participants (p � 0.0032, Wilcoxon signed rank
test; Fig. 7c).

Generalizability to “bottom-reversers”
Finally, we examined whether the current findings for the top-
half participants with a greater probability of judgment reversal
could be generalized to the other half of participants with a
smaller probability of judgment reversal (bottom-reversers). To
address this issue, we collected MEG data from 7 bottom-reversers
(Fig. 8). The mean response curve for the bottom-reversers in the
arms crossed condition was no longer N-shaped (Fig. 8a, red
trace), and the mean probability of judgment reversal in the
MEG scanner dropped to 0.23 after LR stimulation. The same
set of ICA analyses also identified the peri-PO component in
the nonreversers (Fig. 8b). The second-level analyses revealed
no significant phase differences between trials with correct
judgment and those with inverted judgment when we simply
summed the Z scores from the 7 participants (Fig. 8c). The
phase difference did not reach the level of significance, even
after correcting for the difference in the number of partici-
pants (7 vs 16) and the rate of inverted judgment by using a

Figure 8. Effects of the phase of the peri-PO component on 7 bottom-reversers with a smaller-than-median probability of
judgment reversal. a, The mean response profile of the participants in the screening experiments in the arms-crossed (red) and
arms-uncrossed conditions (black). The probability of judgment reversal (bottom, peaks) was smaller than that for top-reversers
shown in Figure 2b. b, The spatial distribution of the peri-PO component in the 7 participants; note the similarity with the
top-reversers in Figure 4a. c, Results of the second-level analysis. When the Z score was accumulated over the 7 participants (c, top),
the p values yielded from the combined Stouffer’s Z score did not achieve significance (c, bottom). Even when the number of
participants and the probability of judgment reversal was corrected for that of the 16 top-reversers by using a resampling tech-
nique (d), Stouffer’s Z score did not reached the level of significance after the FDR or Bonferroni correction, but a trough appeared
at 100 ms after onset of the first stimulus ( p � 0.0043, uncorrected).
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bootstrap method (Fig. 8d). However, after bootstrapping, a
trough appeared at 100 ms ( p � 0.0043, uncorrected) after the
delivery of left hand stimulation, which was delayed compared
with 40 ms in the top-reversers.

Discussion
We found that the probability of reversal of the subjective tem-
poral order of two tactile stimuli (one delivered to each hand)
depended on the phase of one IC that had strong �-band signals
and current sources located around the PO sulcus, which we
named the peri-PO component. In contrast, the judgment did
not depend on the phase of the other four ICs with �-band activ-
ities, including the visual component with sources in V2 or other
visual cortices, the right and left � components in the Rolandic
regions, or the � component in the primary auditory cortex. The
judgment did not depend on the amplitude of the five compo-
nents. These results highlight the importance of the phase of the
peri-PO � component in organizing temporospatial perception,
not only in the visual but also in the tactile domain.

Notably, the tactile temporal order did not depend on the
phase of the � components, which were reported to have signif-
icant effects on the perception of tactile stimuli (Jones et al., 2010)
and had been hypothesized to entrain the visual, auditory, and
somatosensory centered � networks (Pineda, 2005). The lack of
significant effects on TOJ brings into question the importance of
the � rhythms in entraining the entire � network. Indeed, two
independent � rhythms were decomposed in each hemisphere,
clearly demonstrating that the effect of each � rhythm is confined
within a single hemisphere. This observation is consistent with
previous findings that the � rhythms in each hemisphere are not
coherent (Pineda, 2005). Because of the lack of any significant
effects on the tactile TOJ, we suggest that the effect of the �
rhythm is confined to the tactile modality and that the � rhythm
does not have power to entrain the entire � network (Fig. 9, �).

The peri-PO component yielded the largest power in the
�-band and was isolated in all 16 participants in the individual
ICA (Fig. 4a). Estimated current sources were distributed in the
upper and lower banks of the PO sulcus (Fig. 7a,b; z � 24, z � 30);
the location was consistent with the single current dipole re-
ported in previous studies for the posterior classical � rhythm
(Hari et al., 1997; Vanni et al., 1997; van Dijk et al., 2008). By
exploring the entire cerebral cortex, we found current sources in
the bilateral precuneus (Fig. 7a,b; z � 42, PCUN) that were even
stronger than those in the PO sulcus and the bilateral paracentral
cortex (Fig. 7a; PARC). These regions exhibit several interesting
features. First, nonretinotopic coordinates are represented. The
human homolog of the macaque V6A, located along the PO sul-
cus (Pitzalis et al., 2013), may represent a craniotopic coordinate
(Galletti et al., 1996). The exact region in the right precuneus
represents an allocentric coordinate relative to the background
(Uchimura et al., 2015). Second, these regions are multimodal;
both visual and tactile signals converge in area V6A (Breveglieri et
al., 2002). Third, according to recent network analyses, these re-
gions, the precuneus and paracentral cortex in particular, consti-
tute central hubs in the entire cortical network (Hagmann et al.,
2008). In agreement with the hub idea, the estimated current
sources extended beyond the core hub regions to the primary
auditory cortex (Fig. 7b; z � 6), the bilateral temporal regions
(dotted circles, z � 6), and the ventral intraparietal regions
(x signs, z � 42).

Bearing these remarkable features of the peri-PO component
in mind, let us return to the initial schema (Fig. 1), in which
tactile signals were supposed to interact with the posterior �

rhythm either in the spatial map or in the area of motion. The
present results do not exclude either possibility because the esti-
mated sources of the peri-PO component were distributed over
the bilateral temporal regions (Fig. 7b, dotted circles) that have
been implicated in representing apparent motion signals (Taka-
hashi et al., 2013) and in the ventral intraparietal regions (x signs
on z � 42) that have been implicated in localizing tactile stimuli
in space when the arm was crossed (Lloyd et al., 2003). Further,
we were able to raise the precuneus as a candidate region of
interaction because this area receives tactile inputs and represents
spatial coordinates (Uchimura et al., 2015; Galletti et al., 1996).
Thus, there are at least three candidate regions in which tactile
signals would interact with the peri-PO component (Fig. 9; intra-
parietal, precuneus, and human homolog of the macaque medial
superior temporal area).

We then question whether the latency of 40 ms, at which time
the effect of the peri-PO component was maximized, would be
sufficient for the tactile signals to reach the three regions. Accord-
ing to Avillac et al. (2007), 60% of neurons in the macaque ventral
intraparietal area (VIP) responded within 35 ms to tactile stimuli
to the face, and 20% of the neurons responded within 20 ms
(Avillac et al., 2007, their Fig. 4). It has also been reported that
many neurons in the middle intraparietal area, which is adjacent
to the VIP, receives tactile inputs from the hand (Colby and Du-
hamel, 1991). Thus, it is reasonable to expect that the first tactile
signals from the hand could reach the human homolog of the

Figure 9. Suggested sites of interaction between the � rhythms and the proposed processes
of illusory reversal in subjective temporal order due to arm crossing. The � components, which
would phasically modulate signal transmission in the VPL nucleus, did not affect illusory rever-
sal. By contrast, the peri-PO component, the current sources of which were located mainly in the
precuneus and distributed over the intraparietal regions and motion-related areas, affected the
probability of judgment reversal. We suggest that the peri-PO component plays an essential
role in regulating tactile temporal perception by modulating the thalamic nuclei (LP/Pul) that
interconnect the superior colliculus (SC) with the cortical networks. Numbers indicate two stim-
uli delivered first to the left hand (1) and then to the right hand (2). 1� and 2� indicate erroneous
direct mappings to the spatial or motion maps (intraparietal, precuneus, and hMST) from the
anatomical maps. The enhanced “direct” mappings would eventually lead to the inverted judg-
ment (1� and 2�). VPL, Ventral posterolateral nucleus of the thalamus; LP, lateral posterior
nucleus; Pul, pulvinar; S1, primary somatosensory cortex; hMST, human homolog of the ma-
caque medial superior temporal area.
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macaque intraparietal areas within 40 ms, even if we assume a
conduction delay of 20 ms for traveling the additional distance of
the human arm length (�1 m) at 50 m/s. Next, we examine the
second candidate, the precuneus, to which belongs the human
homolog of area V6A. Macaque V6A has been reported to receive
tactile inputs from the hand (Breveglieri et al., 2002), at least a
portion of which are conveyed through direct projection from
the lateral parietal nucleus of the thalamus (Gamberini et al.,
2016). Because the lateral parietal nucleus receives projections
from the superior colliculus that respond to tactile stimuli to the
forelimb of the cat with a latency smaller than 20 ms (Abrahams
et al., 1988), the tactile signals should be able to reach the precu-
neus well within 40 ms via the tecto-thalamic pathway (Fig. 9).
Finally, we turn to human MT/MST (Takahashi et al., 2013). A
recent human fMRI study confirmed that this region, which has
been identified as the human homolog of MST, responds to tac-
tile stimulation delivered to the hands (Beauchamp et al., 2007).
One candidate source that delivers the tactile inputs to MST is the
VIP (Beauchamp et al., 2007). Another candidate is the pulvinar,
which is reciprocally connected to MST (Boussaoud et al., 1992).
Because the pulvinar receives direct projections from the supe-
rior colliculus, it is likewise possible that MST neurons respond
within 40 ms via the tectopulvinar pathway (Fig. 9). In conclu-
sion, all three candidate regions can potentially be activated
within 40 ms after delivery of a tactile stimulus to the hand.

It is generally accepted that a stimulus to one of the two
crossed hands is initially mapped to the wrong hand, or its ana-
tomical location, and then remapped to the correct hand, or
integrated with the spatial hand position, thereafter (Kitazawa,
2002; Azañón and Soto-Faraco, 2008; Heed and Azañón, 2014;
Heed et al., 2015). The initial erroneous mapping can be consid-
ered an emphasis on the anatomical or somatotopic representa-
tion (Heed and Azañón, 2014; Heed et al., 2015), which can be
represented in the primary sensory cortex (Fig. 9, S1) and the
superior colliculus. It is possible that the peri-PO component
enhanced “direct” mappings from these anatomical maps (No. 1
in S1 and superior colliculus; Fig. 9) to the spatial or motion maps
(No. 1� in intraparietal, precuneus, and human homolog of the
macaque medial superior temporal area) in one phase and sup-
pressed the direct mapping in the opposite phase. Recent studies
have shown that � rhythms generally act upon the sensory thala-
mus or the pulvinar such that information transmission through the
thalamus or pulvinar is regulated at 10 Hz (Lorincz et al., 2009;
Saalmann et al., 2012). By analogy, it is reasonable to assume that
the peri-PO component acted on the lateral parietal nucleus or
the pulvinar such that the anatomical mapping from the superior
colliculus was periodically enhanced at 10 Hz. Because the pre-
cuneus occupies a central hub region in cortical networks and
represents allocentric spatial coordinates, we finally suggest that
the peri-PO component plays an essential role in regulating tac-
tile spatiotemporal perception by modulating the thalamic nuclei
that interconnect the superior colliculus to the cortical networks
at 10 Hz.

In our first report of the illusory reversal of temporal order
(Yamamoto and Kitazawa, 2001), we inferred that intersubject
variability may result from varying degrees of active preparation
for remapping from the “default” anatomical position to the “cor-
rect” spatial location. Under this assumption, bottom-reversers
could have depended less on the tecto-thalamo-cortical pathways
that simply convey the initial “anatomical” mapping. The phasic
effect of the peri-PO � on the lateral-posterior pulvinar complex
in the thalamus should then be minimized in the bottom-
reversers. Indeed, we have shown that this appears to be the case:

the peri-PO phase effect on judgment was smaller and delayed in
“bottom-reversers” (Fig. 8). Whether top- and bottom-reversers
depend differently on the tecto-thalamo-cortical pathway and
whether the tecto-thalamo-cortical pathway is actually modu-
lated by the peri-PO component merit further investigation.
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