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Task-invariant anterior-to-posterior
large-scale phase gradients of
electrocorticogram oscillations during
picture naming and wrist extension
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Electrocorticogram (ECoG) recordings during rest have shown that theta and alpha oscillations on the
cortical surface form “cortical traveling waves” across large-scale brain networks, known as phase
gradients. Theoretically, these large-scale phase gradients are thought to contribute to asymmetric
coupling among cortical regions. During cognitive tasks, such large-scale gradients presumably
support flexible information transfer between task-related cortices; however, this has not been
extensively evaluated. Here, we examined the large-scale phase gradients of ECoG theta–alpha (7 Hz)
oscillations during picture naming and wrist extension tasks. Notably, large-scale anterior-posterior
phase gradients that spontaneously appeared from the anterior temporal lobe (ATL) to posterior
regionswereonlyweakly dependent on task type.Nonetheless, thedegree of synchronization (termed
“relative phase polarity”) in task-relevant regions was significantly modulated after stimulus and
movement onsets. Moreover, increased local synchronization to the traveling waves was associated
with enhanced phase-dependent high-gamma activity, possibly reflecting information processing
within these areas. These results suggest that task-invariant anterior-to-posterior phase gradients
continuously support asymmetric coupling within a widely distributed cortical network involving the
ATL and other regions and that this coupling is regulated by task-relevant regions throughmodulation
of their local synchrony with the traveling waves.

Electrocorticography (ECoG) is a powerful technique for evaluating human
cortical interactions, with high spatial and temporal resolution. Recently,
ECoG studies have demonstrated that alpha and theta oscillations form
“traveling waves” or “phase gradients” on cortical surfaces (gyri)1–6.
According to the updated version of the communication-through-
coherence theory7, which incorporates inter-areal delays8,9, phase-lagged
oscillations are thought to regulate information transfer between connected
regions in accordance with their conduction delay. Similarly, connectome-
based neural network simulations have also predicted that theta-alphawave
propagations could contribute to asymmetric information transmission
between cortices in large-scale networks based on their phase lags10. This

raises the question of whether the phase gradients in a large-scale network
change during cognitive tasks according to their functional demands
associated with the subprocesses in each local brain region. This remains
unclear from previous evidence measured during rest1,2,4,5 and evidence of
memory performance-dependent local direction of ECoG traveling waves,
which were evaluated only in local regions (median cluster radius:
25mm)3,6. According to our connectome-based neural network simulation,
the phase gradients were predicted to be organized inmultiple spatial scales;
global waves (> 50mm) are associated with the coordination of empirically
obtained resting-state networks (e.g., default mode network), and local
radial waves (< 50mm) are associated with coordination within these
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empirical networks10. Therefore, it would be interesting to clarify how the
phase gradients in large-scale networks change during cognitive tasks.

ECoG has been a dominant tool for investigating semantic memory:
general knowledge of objects, word meanings, facts, and people without
connection to any particular time or space11, thus semantic memory would
be a good example for the evaluation of task-dependent phase gradients.
Among a neural network associated with semantic memory, the anterior
temporal lobe (ATL) was shown to play a dominant role in multimodal
semantic integration12–14 and built “coherent concepts”15 in cooperation
with other associated regions representing modality-specific semantic
information16,17. Prior ECoG studies using visual and auditory naming tasks
also demonstrated that the ATLwas activated several hundredmilliseconds
after stimulus onset, following activation in the sensory cortices18, where the
semantic information was shown to be associated with both the slow
potentials19 and high-gamma (70–110Hz) activities20 in the ATL. In amore
recent proposal termed the “controlled semantic cognition” framework, the
interaction between the semantic representation hub in the ATL and the
semantic control network, including the prefrontal cortex, posterior middle
temporal gyrus, and intraparietal sulcus, was proposed to be essential for the
generation of context-relevant behavior21. Expanding on that, using an
ECoG cross-spectral analysis, we demonstrated that high-gamma and
slower oscillations form different networks reflecting subprocesses during
picture naming, where both are associatedwith earlier and later processes of
picture naming, respectively22. Taken together, these findings suggest that
information is transferred successively from the posterior parahippocampal
region, ATL, and posterior middle temporal gyrus during picture naming,
providing a useful probe for how ECoG waves support in information
transfer in large-scale networks.

Here, we investigated the phase gradients of theta-alpha ECoG waves
on a large-scale cortical surface using data recorded during picture naming18

and evaluated the possible functional contribution of the cortical waves in
the large-scale cortical network. We hypothesized that traveling waves
support successive information transfer among the posterior para-
hippocampal region, ATL, and posterior middle temporal gyrus, consistent
with the communication-through-coherence theory incorporating inter-
areal delays8,9.

Results
Relative phases during picture naming
First, we calculated the time–frequency power of the ECoG data recorded
from 10 patients during picture naming, measured from 902 electrodes
covering the frontal, parietal, and temporal lobes (Fig. 1a) (mean, 90 elec-
trodes; range, 56–123 electrodes per participant) (see Supplementary
Information for details of electrode locations (Supplementary Table 1) and
participants (SupplementaryTable 2)). Therewere clear peaks in theECoG-
normalized amplitude (where the1/f backgroundsignalwas removed3,6 only
for detecting the peaks) in the theta–alpha band (7Hz) (Fig. 1b), similar to
those in previous reports6,23 (also see time–frequency power shown in
Supplementary Fig. 1). This suggested that the theta–alpha oscillations are
most likely associatedwith phase gradients distributed in large-scale cortical
networks. Thus, in the following analyses, we focused on the phase-lag
pattern of 7 Hz oscillations for all individuals, where the individual phase-
lags commonly correspond to identical axonal conduction delays under-
lying cortical information transfer.

Topographic patterns of oscillation phases were evaluated using
“relative phases”24, where individual phaseswere comparedwith the average
phase of all electrodes’ signals, resulting in the calculation of stable phase-
lags along the time series (Fig. 1c). Figure 1d–f show an example of relative
phases in a time series: 7 Hz oscillations of individual signals (Fig. 1d) were
calculated using the complex Morlet wavelet, individual phases (Fig. 1e)
were compared with the average phase of all signals, and the relative phases
were calculated. A heat map (Fig. 1f), representing a histogram of the
numberof electrodeswith specific relative phases at each timepoint, showed
that the phases of many signals were synchronized with zero lag; however,
the individual signals exhibited preferred relative phases (Fig. 1g).

Figure 2a shows the spatial distribution of relative phases of all indi-
vidual electrodes, revealing an anterior-to-posterior large-scale phase gra-
dient, where the ventral ATL exhibited advanced phases, whereas delayed
phases were observed in the posterior temporal region (see Supplementary
Fig. 2 for individual spatial distributions of relative phases). At the same
time, local phase gradients in the superior and ventral parts of the temporal
lobe were also observed along the dorsal–ventral axis. Figure 2b demon-
strates the orientation of these phase gradients for each participant, showing
that the anterior-to-posterior phase gradients were common across all
participants (Rayleigh’s test for circular uniformity: Rayleigh’s z = 4.22,
p = 0.01) (see Supplementary Fig. 2 for individual angular distributions of
phase gradient orientation). The average phase propagation speed was
3.5m/s (Fig. 2c), aligning with a previous report (2–5m/s) and slightly
exceedingother reports (< 1m/s)2,3,6; both are consideredwithin the rangeof
axonal conduction delays25. The wavelength was 24.5 cm, indicating that
detailed anatomical structures, such as gyri and sulci, likely have minimal
impact on the calculation of the phase gradient.

To perform across-participant analyses, we defined 18 region of
interests (ROIs) covering the frontal, parietal, and temporal lobes
(Fig. 1a) and calculated the temporal evolution of relative phases during
picture naming in each ROI. Relative phases in each ROI and time point
were statistically evaluated using a combination of sign tests for “polarity
(in-phase or out-phase)” and “sign (advanced or delayed phases)” of the
relative phases; these statistical values were then averaged in the group
analysis (Fig. 3a, b) (see Supplementary Fig. 3 for individual relative
phases). Notably, the phase pattern across the ROIs appeared roughly
constant over time, suggesting similar phase gradients at every time point
(including the pre-stimulus period) (for polarity: maximum value of
Z = 27.6, p < 10-6, at 1.2 s, at the temporal pole (TP); for sign: maximum
value of Z = 9.20, p < 10-6, at 1.5 s, at TP), which is known to be associated
with semantic information processing in the ATL18–20 clearly demon-
strates the phase gradients, with advanced phases in the ATL and delayed
phases in other posterior regions.

Subsequently, event-related changes in the relative phases from base-
line (-0.2–0 s before picture onset) were evaluated. During 0.5–1 s after
stimulus onset, the in-phase polarities of the relative phases were sig-
nificantly increased in the ventral temporal regions, including the anterior
and posterior fusiform gyri (aFG and pFG), posterior inferior temporal
gyrus (pITG), and posterior parahippocampal gyrus (pPHG) (maximum
value ofZ = 4.73,p = 0.003, at 0.7 s, at pFG),while the out-phase polarities of
the relative phases were significantly increased in the anterior and posterior
middle temporal gyrus (aMTG and pMTG) (maximum value of Z = 3.87,
p = 0.0001, at 0.6 s, at pMTG) (Fig. 3e, f). However, notably, the signs of the
relative phases in each ROI did not change significantly from the baseline
after picture onset. The influence of the selection of the peak frequency
(7Hz) was additionally tested but was found to be minimal (see Supple-
mentary Fig. 4). These results do not directly support our initial hypothesis
that the traveling wave supports successive information transfer among the
posterior parahippocampal region, the ATL, and the posterior middle
temporal gyrus during semantic processing. Instead, the results suggest
that the modulation of local synchrony to the traveling waves in these
regions (including pPHG, aFG, and pMTG) is associated with semantic
processing.

The articulation-related changes of the relative phases were also ele-
vated, with onset times defined on a trial-by-trial basis (average participant
response time was 1.75 s; see Supplementary Table 2 for details). After
articulation, the in-phase polarities of the relative phases were significantly
increased in the postcentral gyrus (postCG), aMTG, pMTG, and the ante-
rior and posterior superior temporal gyri (aSTG and pSTG) (maximum
value ofZ = 3.58,p = 0.0003, at 1.5 s, at aSTG),while the out-phase polarities
were significantly increased in the pFG and pPHG (maximum value of
Z = 4.52,p < 10-5, at 0.7 s, at pFG) (Fig. 3g, h). The signs of the relative phases
in each ROI remained largely unchanged, suggesting that while polarities
were modulated by subprocesses of picture naming, their overall direction
did not change.
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To confirm the weak modulation of the relative phases by task events,
we further tested the difference in relative phases after stimulus onset
between faster and slower responding trials (no baseline correction). We
foundno significant differences in either the signs or polarities of the relative
phases, suggesting that relative phases arenot stronglymodifiedby cognitive
load during picture naming.

Relative phases during wrist extension
To test whether the phase gradients were comparably stable during other
tasks besides picture naming, we examined data from a voluntary wrist
extension task, in which participants were asked to make self-paced
movements of the right wrist (median movement interval: 13.4 s). Wrist
extension was chosen because it requires cognitive demands sufficiently
different from those of picture naming. We additionally analyzed ECoG
data during voluntary wrist extension in 6 of the 10 participants included in
the picture-naming analysis. Figure 4a and b show the results of the relative
phases in each ROI and the time after initiation of wrist movement.

Similarly, the topographical map of the relative phases revealed a gradient
advancing from theATL toposterior regions (Fig. 4c, d) (maximumvalue of
Z = 10.67, p < 10-6, at 2.3 s, at TP). Event-related changes of relative phases
from baseline (-0.2–0 s before movement onset) showed significantly
increased in-phase polarities of the relative phases in the postCG 0.4–0.7 s
after wrist movement (maximum value of Z = 4.66, p < 10-5, at time of 0.7 s,
at postCG) with no changes in the signs of the relative phases from baseline
(Fig. 4e, f).

The differences in relative phases between the two tasks appeared
minimal, raising the question of whether these differences are truely task-
related. To compare phase gradients between the two tasks, the differences
in relative phases were first calculated individually, and then integrated for
group analysis. Figure 5a shows the difference in relative phase polarities
after picture onset and wrist movement onset (maximum value of Z for
picture onset = 8.20, p < 10-6, at 0.6 s, at pFG; maximum value of Z for
movement onset = -3.71, p < 0.0005, at 0.7 s, at postCG). This result likely
reflects as a combination of event-related changes after picture onset

Fig. 1 | Relative phase analysis. a Specific electrode
locations within 18 ROIs. A topographical map was
calculated using a cylindrical projection with
anterior-posterior axis (y-axis in MNI coordinate)
to show electrode locations covering the lateral to
ventral part of the cortex. bAveraged spectral power
(normalized) of ECoG signals from 10 participants.
Filled circles denote peaks in individual plots. The
black line denotes the average of all individual plots.
cCalculation of relative phases. Phases of each signal
advance as time goes on, while their relative phases
are more stable in time. d, e, f Example of the cal-
culation of relative phases. Signals were filtered with
a center frequency of 7 Hz (d), and instantaneous
relative phases of signals from all electrodes were
calculated, where bold black lines show their average
phases (e). Aheatmap (f) shows the histogramof the
instantaneous relative phases of all electrodes.
g Angular distribution of instantaneous relative
phases of three electrodes. The radius represents the
frequency of the appearance of relative phases at
each angle.
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(Fig. 3e) and wrist movement onset (Fig. 4e). The pre-stimulus phase
polarity difference in pFG may reflect differences in preparatory activity,
likely owing to the fixed 5-s interval of picture presentations versus the self-
paced wrist extensions. Figure 5b demonstrates the difference in relative
phase polarities after articulation onset and wrist movement onset (max-
imum value of Z for articulation onset = 5.28, p < 10-6, at 0.2 s, at pFG;
minimum value of Z for movement onset = -3.97, p < 0.0001, at 0.9 s, at
SMG). Additionally, we evaluated differences in phase polarities after pic-
ture and articulation onsets during the picture-naming task (Fig. 5c), where
multiple ROIs, including pFG and aMTG, showed significant changes
before the event onsets (maximumvalueofZ = 6.29,p < 10-6, at 0.7 s, at pFG;
maximum value of Z = -4.52, p < 10-5, at -0.3 s, at pFG). In all three com-
parisons, the signs of the relative phases were not significantly different
between the two tasks. These results again suggest that phase polarities are
modulated by task events (including semantic processing, articulation, and
self-paced movement) but not phase signs.

Relationship between relative phases and theta-alpha and high-
gamma amplitudes
According to the communication-through-coherence theory with inter-
areal delays8,9, the lagged, slow oscillations between connected regions are
expected to contribute to the asymmetric transfer of information via neural
firing across these regions. Previous ECoG reports have demonstratedhigh-
gamma amplitude modulation by slow oscillation phases23,26. Thus, it is of
interest to determine whether high-gamma amplitudes are correlated with
theta–alpha phases during picture naming. We evaluated this using a
phase–amplitude coupling (PAC) analysis. The results (Fig. 6a) showed that
high-gamma amplitudes in each ROI over the entire period were sig-
nificantly correlated with theta–alpha phases, peaking at the out-phase of
the theta–alpha phase (-171.2°on average). In the event-related analysis,
PAC (Fig. 6b)was significantly increased in the aFG, pITG, pFG, andpPHG
at around0.5 s and in thepreCGandpostCGat 0.5–2.2 s. In summary, these
findings show that theta–alpha phases spontaneously couple with high-
gamma amplitudes; however, task-dependent increases in these couplings
were significantly correlated with increases in in-phase polarity after sti-
mulus presentation onset (Fig. 3e) (correlation coefficient: 0.35, p < 0.01).

Discussions
We demonstrated the novel phenomena of task-invariant ECoG anterior-
to-posterior large-scale phase gradients during picture naming and wrist

extension tasks. Our findings did not completely validate our initial
hypothesis that phase gradients support the successive information transfer
among the posterior parahippocampal region, ATL, and posterior middle
temporal gyrus. The spatial direction of the observed phase gradients
appeared consistent with the prior ECoG evidence during rest2 and sleep5

and with computer simulations using connectome-based neural
networks10,27. Thus, this pattern was likely a type of spontaneous structure
originally derived from the cortical network structure, as also supported by
the significant correlation between cortical laminar structures and the theta-
band frequency gradients from the anterior-to-posterior regions28.
According to the communication-through-coherence theory with inter-
areal delays8,9, information transfer from the aFG to the pMTG (approx-
imate distance of 5.4 cm) with a 15.3ms delay would be facilitated by
propagation waves travelling at 3.5 m/s, provided that both activities are
synchronized in-phase with the propagation waves. The current result
demonstrates that this type of information transfer from ATL to other
regions can be supported by the task-invariant anterior-to-posterior phase
gradients.

The polarities of the relative phases (i.e., in-phase and out-phase) were
modified in response to the stimulus and movement onsets from baseline,
which can be thought to regulate the information transfer supported by the
propagation waves. When the local activity in a region is in-phase (or out-
phase), that region will be included (or excluded) in the anterior-to-
posterior unidirectional couplings with other regions. Accordingly, in pic-
ture naming (Fig. 3d), the anterior-to-posterior information transfer during
0.4–1.1 s after stimulus onset was facilitated in the ventral region of the
temporal lobe (pPHG, aFG, pFG, and pITG), which had increased in-phase
activities, but not in the regions in the middle temporal gyrus (the pMTG
and aMTG) having the increased out-phase activities. Per our initial
hypothesis, the former is thought to reflect the feedback signal from theATL
semantic hub to regionsmaintainingmodality-specific information14,16, and
the latter is thought to be an independent process associated with the
semantic control network producing a correct response21. Note that these
locations and periods are consistent with prior ECoG evidence during
picture naming where semantic information was represented by slow19 and
high-gamma activities in the ATL20 within a period of several hundred
milliseconds after stimulus onset.

In agreement with a previous report23, the high-gamma amplitudes in
our study were strongly coupled with theta-alpha phases in every ROI
during picture naming (Fig. 6a). Thus, information transfer of high-gamma

Fig. 2 | Spatial distribution of relative phases. a Overall distribution of relative
phases of all electrodes, where the relative phase was given by the mode value in the
angular histogramwith a bin of 22.5 degrees during all task periods. Location of each
circle indicates electrode location, and its color denotes the value of the relative
phase, where red and blue indicate advanced and delayed phases. b Individual
angular distribution of phase gradient orientation with a bin of 22.5 degrees. Colors

represent individuals, where lines represent the frequency of phase gradient orien-
tation, and dots represent mode values in the angular distribution. A bold black plot
shows the average result. Black dots on the map denote electrode locations.
c Individual distribution of propagation speed. Colored lines show individual results,
and a bold black line shows the average result.
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(blue and light gray)). d Sorted relative phases at 0.4 s after picture onset pre-
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g, h Articulation-related changes of the relative phases from a baseline (-0.2–0 s of
articulation) are shown in a spatiotemporal map (g) and a topographical map (h).
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activities is thought to be constantly supported by theta-alpha propagation
waves in the anterior-to-posterior direction. Moreover, task-dependent
changes in the couplings of theta-alpha phases andhigh-gammaamplitudes
were found in the ventral regions of the temporal lobe (aFG, pITG, pFG, and
pPHG; Fig. 6b). Interestingly, these were significantly correlated with
increased in-phase activities (Fig. 3e). These findings suggest that regulation
of the anterior-to-posterior information transfer in a region is linked with
information processing implemented by the high-gamma activity in that
region.

This studyhad several limitations. First, the electrodesdidnot cover the
entire cortical region; thus, the interactions between the current theta-alpha
traveling waves and possible waves in other regions, such as in the con-
tralateral temporal regions, remain to be investigated. Such information
would help assess the functional roles of the traveling waves in large-scale
brain networks. Second, hierarchical interactions between global (> 50mm)
and local (< 50mm) waves, which were predicted by our computer
simulation10, were not evaluated in the current analysis. In contrast to the
task-invariant global waves found in the current study, local waves were
reported to be modified by cognitive tasks3,6. Third, the current analysis did
not reject possible contamination of volume conducted signals; the ECoG
signals themselves were thought to be local signals within 3mm29 or
20mm30 and the inter-ROI distance in the current study was within this

range (mean and standard deviation of the nearest neighboring ROI dis-
tance: 17.9 and 3.7mm, respectively), while the summed activity over an
extended cortical area in each ROI (mean number of electrodes/ROI/par-
ticipant) could enhance possible volume conducted local signals31. Fourth,
we focused on the group analysis of the phase gradients in the current study,
while individual differences of the phase gradients were found to be large
(Supplementary Figs. 2 and 3), in agreement with a previous report1. Such
variation might be important for understanding individual cognition;
however, this was beyond the aim of the current study.

In conclusion, anterior-to-posterior large-scale traveling waves in the
theta-alpha band were found to be task-invariant during picture naming
and wrist extension. These traveling waves were suggested to support the
asymmetric couplings in the widely distributed cortical network from the
ATL and other regions, where these couplings are regulated by the task-
relevant regions modulating their local synchrony to the traveling waves.
This would generalize the communication-through-coherence theory with
inter-areal delays8,9, in terms of the information transfer among the con-
tinuously distributed cortical regions in the size of cortical lobes. Future
investigations on the relationship between individual connectomes and
their cognition dependence of traveling waves are required to uncover the
traveling wave-based information integration in the large-scale cortical
networks.
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Methods
Participants and tasks
We evaluated the ECoG data used in previous studies18,19,22 and
included 10 patients from these studies (five females, aged 17–55
years, patient IDs: Pt1–5, 7, and 9–12; patients in whom electrodes
were implanted in the language-nondominant hemisphere (Pt6 and
Pt8) were excluded) with intractable partial epilepsy or brain tumors.
Subdural electrode implantation was performed in the language-
dominant hemisphere for presurgical evaluation. The age at seizure
onset was >6 years for all the participants (see Supplementary
Tables 1 and 2 and the original papers18,22 for detailed information).
All participants provided informed consent according to the protocol
approved by the Ethics Committee of the Kyoto University Graduate
School of Medicine (approval no. C533). All ethical regulations
relevant to human research participants were followed.

Participants underwent 400 picture naming trials using 100 samples of
line drawings (50 living and 50 non-living objects), where they were pre-
sentedwith the stimuli for 5 s (averageparticipant response time: 1.75 s) and
asked to name each item as quickly and accurately as possible. The mean
number of trials analyzedwas 315 per participant (range, 189–385). Further
details regarding this task can be found in a previous report19. Six of the ten
participants also performed awrist extension task, where theywere asked to
make self-paced movement of the right wrist (or the left wrist for a patient
with left-hemispheric language dominance) at a rate of approximately one
movement every several seconds (mean, 116 trials; range, 96–132 trials).
Details of this task were described in our previous report32.

Data acquisition
Subdural electrodes were consistently placed on the left (or right, in Patient
Pt12) hemisphere, covering the frontal, parietal, and temporal lobes of each

Fig. 6 | Coupling of theta-alpha phase and high-
gamma amplitude. aWeighed sum of high-gamma
power by theta-alpha phases in eachROI. The length
represents the synchronization index of the phase-
amplitude coupling (PAC). b Event-related PAC
changes. Orange and green denote significant
increases and decreases in the coupling, respec-
tively (p < 0.05).

Fig. 5 | Significant differences in the relative phase polarity between different
conditions (no baseline correction). aDifferences in the phase polarity after picture
onset and those after wrist movement onset. Dark gray indicates that phase polarity
after picture onset was significantly tended to be in-phase in comparison to those
after wrist movement. Light gray indicates that phase polarity after wrist movement

was significantly tended to be in-phase in comparison to those after picture onset.
b Differences in the phase polarity after articulation onset and those after wrist
movement onset. c Differences in the phase polarity after picture onset and those
after articulation onset.

https://doi.org/10.1038/s42003-025-09362-4 Article

Communications Biology |            (2026) 9:92 7

www.nature.com/commsbio


patient (mean, 90 electrodes; range, 56–123 electrodes/patient). The elec-
trodes were made of platinum and had an inter-electrode distance of 1 cm
and a recording diameter of 2.3 mm (ADTECH, WI, USA). Electrode
placement is illustrated in Fig. 1a.

ECoG signalswere recorded at a sampling rate of 1000 and 2000Hz for
seven and three patients (Pt01, Pt03, and Pt05) participants, respectively.
Raw data were measured with reference to the electrode beneath the galea
aponeurotica in seven patients and to the scalp electrode on the mastoid
process contralateral to the side of electrode implantation in three patients
(patient IDs: Pt01, Pt02, andPt03). Signals from the electrodes in the seizure
onset zone were identified by a board-certified encephalographer and epi-
leptologist (R.M. and A.S.).

Signal processing
ECoG data from the electrodes that included more than four bad trials (1%
of all trials) with sharpwaves (defined by >100 μV in amplitude and >75ms
in duration)were discarded, and the remaining datawere reformatted into a
common average reference.

The time-frequency spectrum of the ECoG time series data of the j-th
electrode, ejðtÞ, at time t with center frequency f 0, sjðt; f 0Þ, was calculated
using the complex Morlet wavelet transformation33, as follows:

sjðt; f 0Þ ¼ ej tð Þ � h t; f 0
� �

with h t; f 0
� � ¼ A exp �t2=ð2σ2t Þ

� �
expð2iπf 0tÞ

where * denotes an operator of the convolution, h t; f 0
� �

is a complex
Morlet wavelet, σt is the length in the time domain (“width”was defined by
2πf 0σt = 1034),A is constant for normalization (= σt

ffiffiffi
π

p� ��1=2
), and i is the

imaginary unit. Instantaneous phase of the j-th electrode at time t with
center frequency f 0, θjðt; f 0Þ was given by:

θj t; f 0
� � ¼ arg sj t; f 0

� �� �
; ð � π; π�

where argðzÞ denotes the argument of a complex number z, the instanta-
neous amplitude was given by |sjðt; f 0Þ|. Twenty-five center frequencies
were considered on a linear scale (1, 2,…, 25 Hz).

The relative phase of the j-th electrode in the set of electrodes, E,
Δθj t; f 0
� �

was defined by:

Δθj t; f 0
� � ¼ arg eiðθj t; f 0ð Þ� �θ t; f 0ð ÞÞ� �

with �θ t; f 0
� � ¼ arg

X

j2E
eiθj t; f 0ð Þ

 !

Note that the relative phase is undefined for Rayleigh’s R
(R ¼ jPj2Ee

iθj t; f 0ð Þj) = 0 indicating that the distribution of phases is per-
fectly uniform. In the current analysis, the data from all time points during
the tasks were analyzed, where the means of individual Rs at 7 Hz were
significantly larger than 0 in a group analysis (mean and standard deviation:
0.14 and 0.06, respectively; tð9Þ = 7.2, p < 10�4).

The cross-participant analysis was performed based on 18 ROIs, as
shown in Fig. 1a (see Supplementary Table 1 for detailed information).
These ROIs were identical to those used in our previous report22. Data for
each ROI was drawn from ≥6 participants (mean number of participants/
ROI = 8.8, mean number of electrodes/ROI = 45.0). The relative phase for
the k-th ROI constituting the set of electrodes E0 is defined
by Δφk ¼ argðPj2E0 e

iΔθj Þ.
Velocity of the propagation waves was calculated by the linear

regressionof the relativephases in a topographical plane,whichwas givenby
a cylindrical projection with anterior-posterior axis (y-axis in MNI coor-
dinate) covering ROI locations continuously in the lateral to ventral part of
the cortex. A 10 degree in the y-axis corresponded to 10.3mm, where the
radius of the cylinder was given by the mean radius of the ROI loca-
tions (59.2mm).

The instantaneous high-gamma band amplitude was calculated using
the Hilbert transform of the band-passed signal using the 4th-order But-
terworth filter with a cutoff frequency of 80–120Hz. The coupling between
slow oscillation phases and high-gamma amplitude at the k-th ROI was
evaluated using the synchronization index, given by:

ck ¼
1
jTj

X

t2T
Aγ
ke

iφkðtÞ
�����

�����

where T denotes the set of time points, Aγ
k denotes the high-gamma

amplitude and φk denotes the phase of the slow oscillations. ck is large for a
significant in-phase (or out-phase) coupling between the slow wave and
high-gamma amplitude, and ck = 0 for random coupling between them.

Statistics and reproducibility
Data from all-time points were analyzed to evaluate the steady properties of
the relative phases regardless of their synchronies to the global waves, where
the nonparametric test based on binomial distribution was used to have
stable statistical value also in the case of low-synchrony data, including
outliers of out-phases. The distribution of the relative phases for each ROI
and time was statistically evaluated by a combination of two independent
two-tailed binomial tests using Z-values35 on relative phase polarity (in-
phase [ Δφ

�� �� < 0:5π] or out-phase [otherwise]) and relative phase sign
(advanced [Δφ > 0] or delayed [otherwise]). The Z-values of the k-th ROI
and time t in the data of N trials, including NA

k of advanced (or positive)
phase trials and N I

k of in-phase trials, are given by:

ZA
k ¼ NA

k � 0:5N

0:5
ffiffiffiffi
N

p and ZI
k ¼

N I
k � 0:5N

0:5
ffiffiffiffi
N

p

where ZA
k and ZI

k denote the Z-values of the sign and polarity of the relative
phases, respectively. These values were individually calculated and
integrated into a Z-value of M participants’ Z-values (using the inverse
normalmethod).Multiple comparisons (18ROIs× 26 timepoints [sampled
with a 0.1-s interval]) were corrected using false discovery rate (FDR)
control (q = 0.05).

In event-related analysis, the changes in relative phases from a baseline
(from -0.2 s to 0 s of the event onset) were calculated as Δφk0ðtÞ ¼
arg eiðΔφk tð Þ� �ΔφkÞ
� �

with �Δφk ¼ argðP�0:2≤ t < 0 e
iΔφkðtÞÞ. The distributions

of the baseline-corrected relative phases were then statistically evaluated in
the same fashion as the above methods.

Additionally, the group-level statistical values of the relative phase
polarities in a time series were compared with the PAC synchronization
indices using the permutation test of Pearson’s correlation coefficient with
2000 permutations.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
All source data underlying the graphs and charts presented in themain and
Supplementary Figs. are provided in SupplementaryData. The datasets that
support the findings of this study are available from the corresponding
author upon reasonable request.

Code availability
For data analyses standard MATLAB subroutines (wavelet analysis, signal
filtering, statistical values) are used in a particular order as explained in the
Methods section of the paper.
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