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SUMMARY

Binocular rivalry is a visual phenomenon that involves alternating percepts despite stable input, providing a 

window into perceptual processing and neural dynamics. We examined changes in alpha band activity 

(8–13 Hz) using magnetoencephalographic imaging (MEG). Our time-frequency analysis demonstrates a 

decrease in alpha band power before the onset of rivalry alternations, indicating a reduction in inhibitory pro

cessing, permitting destabilization of the dominant percept. In contrast, an increase in alpha power was 

observed prior to participant’s report of mixed percepts, suggesting heightened inhibitory processing asso

ciated with perceptual ambiguity. Directed connectivity analysis (phase transfer entropy) revealed enhanced 

feedback connectivity from parietal to early visual areas preceding perceptual dominance, which shifted to

ward feedforward connectivity following perceptual alternations. These findings suggest that alpha oscilla

tions play a critical role in the excitation-inhibition balance that underlies perceptual stability during binocular 

rivalry and are further related to individual differences in perceptual experiences.

INTRODUCTION

Binocular rivalry (BR) is a visual illusion that elicits multistable 

perception. It has been used to study the visual system, as it rep

resents an instance where perception changes despite stable, un

changing retinal input. When each eye is shown a dissimilar, non- 

fusible image, participants report alternation in image dominance 

and suppression between the two stimuli.1,2 BR has been exten

sively studied and characterized behaviorally, initially with a focus 

on the role of reciprocal monocular inhibition,1,3,4 and later with 

more interest in how binocular neurons might contribute to the 

neural mechanisms of the phenomenon.5–8 Recent advances 

have been contributed by electroencephalography (EEG) 

studies,9,10 functional magnetic resonance imaging (fMRI),11,12

simultaneous EEG-fMRI,13 and frequency-tagged magnetoen

cephalography (MEG).14–17 These studies demonstrate that 

distinct neural mechanisms are involved in dominance and sup

pression, and a wide expanse of the visual cortex is recruited.

During BR, as dominant percepts alternate, they are marked 

by shorter transition periods where portions of each percept 

may be perceived. These periods, often termed mixed or piece

meal percepts, are dynamically perceived and have provided 

insight into visual processing. Mixed percepts are unique during 

rivalry as they allow partial information from each eye to be 

perceived.18 They are also thought to represent instances of 

increased interocular inhibition.19 In addition, recent tristable 

models of rivalry account for mixed percepts as related to a 

discrete perceptual state, in addition to the ongoing dominant 

percepts.20,21

For dominant percepts to emerge, in conjunction with atten

tion and excitability of the dominant neural representation, image 

suppression of the unattended stimuli is required. For this 

reason, we and others hypothesize that the balance of excitation 

and inhibition (E:I) is crucial for the experience of BR. Studies in 

special populations thought to display E:I imbalances such as 

autism,22–24 have shown altered BR dynamics, with slower alter

nation rates and longer mixed percepts. Computational models 

of rivalry have also emphasized the role of E:I. Thus, converging 

evidence supports the role of inhibition within the visual system 

as crucial to multistable perception and alternations in per

cepts.25 Indeed, the balance between excitation and inhibition 

is crucial in the functioning of the visual system.

Rhythmic alpha-band activity (8–13 Hz) is strongly expressed 

in the parietal and occipital cortices of the human brain,26–28 and 

is thought to reflect these inhibitory processes, especially in 

vision.29,30 One significant role of alpha oscillations may be to 

maintain the E:I balance necessary for visual perception stability 

during BR. Moreover, E:I imbalances may also contribute to dif

ferences in sensory processing and perceptual stability,31 in 

addition to the observation that it exhibits stable individual differ

ences, analogous to what is known for perceptual alternation 

rates, i.e., fast versus slow switchers.32–34 Within this context, 

alpha activity exerts inhibitory effects,35–37 with pulsed-inhibition 

of ongoing visual processing possibly conveyed via oscillatory 

dynamics.38 Feedback mechanisms from higher- to lower-order 

cortical areas along the functional hierarchy of the visual system 

have also been linked to alpha oscillatory activity,39 reinforcing 

their role in inhibitory control29,30 and distractor inhibition.40
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Given this background, our current focus is on task-related mod

ulations of alpha activity during binocular rivalry in relation to 

subjective reports of percepts.

Other studies have directly linked alpha band activity to rival

rous perception, including correlations between the peak fre

quency of alpha activity over the occipital cortex during BR 

and the perceptual alternation rate.41 The peak alpha frequency 

measured with EEG and MEG during a fixation period prior to vi

sual presentation was also related to the duration of BR per

cepts, with faster occipital alpha activity predicting shorter 

percept durations.28,42 In addition, the phase of occipital alpha 

oscillatory activity is coupled to gamma (40–80 Hz) bursts,43

and such phase-amplitude coupling is increased during non- 

rivalrous vision tasks.44 Indeed, intracranial recordings during 

BR in the occipital cortex found a decrease in low frequency 

power (3–30 Hz) and an increase in high-frequency power (50– 

130 Hz) prior to percept alternations.45

When considering alpha power, time-resolved measures of 

EEG alpha oscillations during a bistable Necker cube image 

task found a decrease in alpha power over the parieto-occipital 

scalp electrodes preceding perceptual reversals and an increase 

in power during the onset of the new percept.46 That study also 

reported that bistable percept duration increased following sleep 

deprivation which is known to be associated with higher alpha 

power. Similarly, an increase in EEG alpha band amplitude was 

positively correlated to percept duration47 and associated with 

longer percept durations48 when viewing ambiguous figures, 

suggesting its role in percept stabilization. Using an ambiguous 

motion paradigm and MEG, a decrease in alpha band power was 

observed in posterior sensors more prominently prior to endog

enous reversals.49 These findings suggest that higher levels of 

alpha activity are related to the stability of visual percepts and 

may suppress the switching processes that enable alternations 

between percepts. However, it remains unclear how unique 

these findings are, or how the network of occipital, posterior tem

poral, and parietal areas interact during rivalry. Here, we quanti

fied the changes in alpha activity and studied their relationship 

with binocular rivalry.

We designed a binocular rivalry task, and a matched, non- 

rivalrous control condition labeled as BR-replay, to identify 

fluctuations of alpha activity respectively associated with 

endogenous (internal) versus exogenous (external) mecha

nisms of perceptual change (Figure 1). We utilized untagged 

(i.e., non-flickering) BR images for our experimental rivalry 

condition to examine naturally occurring neural mechanisms 

during periods of exclusive perceptual dominance or mixed 

percepts. These effects were characterized using MEG source 

imaging constrained to MRI individual structural anatomy and 

related to individual perceptual reports. We also conducted a 

directed connectivity analysis to identify cortico-cortical inter

actions between the hierarchy of visual areas. We hypothe

sized that a reduction in inhibition, reflected by a decrease 

of alpha activity, could precede alternations in dominant per

cepts during BR. Prior to ambiguous periods of mixed 

A B

Figure 1. Experimental design 

(A) Binocular rivalry condition where each eye is shown either a red or green orthogonal gratings with 90-degree interocular orientation difference. Perception thus 

alternates between red, green, and mixed percepts, which are reported through a two-button press-and-hold design. 

(B) Binocular rivalry replay condition where each eye is shown either matching red or matching green orthogonal gratings. Perception alternated between red and 

green percepts and participants are tasked with reporting their alternations using a two-button press-and-hold response.
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percepts, we expected to observe increases of alpha activity 

as inhibitory processes would be strongly engaged to stabilize 

neural processing in a visual system that is temporarily desta

bilized by conflicting visual information.

RESULTS

Psychophysics

To better characterize the dynamics of perceptual rivalry, we 

analyzed behavioral aspects of the BR and BR-replay conditions 

for 28 participants (Table 1), focusing on alternation rates, mean 

percept durations, and mean viewing proportions (Figure 2). 

These psychophysics results were derived from rivalry viewing 

during MEG data acquisition. We also assessed whether the 

BR-replay condition effectively replicated the BR subjective re

ports, aiming to identify behavioral differences between domi

nant and mixed percepts to inform subsequent MEG analysis.

The mean alternation rate (Figure 2A) represents the frequency 

at which participants transitioned between dominant percepts. 

This measure is known to be influenced by stimulus properties, 

image size, and individual differences among participants. The 

alternation rate, measured in Hertz (Hz), was calculated by 

dividing the total number of dominant button responses by the 

experiment duration in seconds (s). The mean alternation rate 

was 0.41 Hz (SD = 0.12 Hz, 95% confidence interval [CI] = 

0.37–0.46 Hz) for the BR condition and 0.41 Hz (SD = 

0.017 Hz, 95% CI = 0.40–0.41 Hz) for BR-replay. These results 

indicate that the BR-replay condition successfully replicated 

the transition rates observed during traditional BR. Notably, the 

BR condition exhibited a broader range in the 95% confidence 

interval and higher standard deviation, suggesting variability in 

alternation rates across participants.

Mean percept durations were analyzed for both dominant 

and mixed percepts during BR (Figure 2B). This measure cap

tures the amount of time each percept was held by partici

pants. Percept durations of both red and green percepts 

were averaged to produce a comprehensive measure, consis

tent with the MEG analysis approach. Mixed percept duration 

represented the transition periods when neither red nor green 

button responses were selected. The mean duration of domi

nant percepts during BR was 1.83 s (SD = 0.76 s, 95% CI = 

1.54–2.13 s), while mixed percepts had a mean duration of 

0.85 s (SD = 0.48 s, 95% CI = 0.67–1.04 s). BR-replay only 

measured the duration of dominant percepts because mixed 

percepts were eliminated due to both eyes always seeing 

identical stimuli. The mean duration of dominant percepts dur

ing BR-replay was 2.31 s (SD = 0.13 s, 95% CI = 2.26–2.36 s). 

BR-replay also provided insight into participants’ compliance 

with the instructions and specificities of the two-button press- 

and-hold design. Additionally, the mean BR-replay switch 

time of 0.23 s (SD = 0.17 s, 95% CI = 0.16–0.30 s) measured 

the duration it took participants to transition between key re

sponses, effectively capturing reaction time between per

cepts. The software used for the replay condition did not 

mark the time of stimulus changes shown to participants; 

thus, we used the estimated switch time to approximate the 

time it took participants to indicate a change in their response 

between red and green percepts during the BR task.

Mean percept predominance (Figure 2C) served as a measure 

of the overall viewing proportion of each percept, offering a 

broader perspective of the BR experience. This measure was 

calculated by dividing the total time each percept (red, green, 

or mixed) was reported by the duration of the experiment. During 

BR, the reported ratios among the three perceptual states were 

approximately equal. Red was reported with a predominance of 

0.36 (SD = 0.10, 95% CI = 0.32–0.40), slightly higher than green 

with a predominance of 0.33 (SD = 0.097, 95% CI = 0.29–0.37). 

Mixed percepts were reported with a predominance of 0.30 

(SD = 0.20, 95% CI = 0.23–0.38). During BR-replay, the expected 

ratio between red and green percepts was 1:1, with a small pro

portion of switch time due to transitions between responses. Red 

had a predominance of 0.47 (SD = 0.030, 95% CI = 0.46–0.48), 

green also had a predominance of 0.47 (SD = 0.031, 95% CI = 

0.46–0.48), and the switch predominance was 0.057 (SD = 

0.062, 95% CI = 0.033–0.081).

Table 1. Participant information demographic and visual 

screening information for all participants analyzed in the 

psychophysics and MEG experiments

Age Sex

Left eye 

acuity

Right eye 

acuity

Stereo 

test

Contact 

lenses

Dominant 

hand

22 Female 20/16 20/20 9/9 No Left

29 Male 20/32 20/32 8/9 No Right

26 Female 20/20 20/32 9/9 Yes Right

22 Female 20/20 20/25 8/9 No Right

24 Female 20/20 20/20 9/9 No Right

22 Female 20/16 20/16 9/9 No Right

29 Male 20/25 20/25 8/9 No Right

25 Female 20/25 20/25 9/9 No Right

29 Male 20/20 20/16 9/9 No Right

25 Female 20/12.5 20/16 9/9 No Right

20 Male 20/16 20/16 8/9 No Right

29 Male 20/16 20/20 9/9 No Right

21 Male 20/20 20/20 9/9 Yes Right

30 Female 20/32 20/32 8/9 Yes Left

24 Female 20/25 20/32 9/9 Yes Right

24 Female 20/32 20/25 9/9 No Right

24 Male 20/16 20/16 9/9 No Right

20 Female 20/20 20/25 9/9 Yes Right

21 Female 20/16 20/16 9/9 No Right

22 Female 20/16 20/20 9/9 No Left

25 Female 20/25 20/25 8/9 No Right

27 Male 20/25 20/16 9/9 No Right

24 Male 20/16 20/16 9/9 No Right

25 Female 20/25 20/16 9/9 No Right

21 Female 20/16 20/16 9/9 No Right

26 Female 20/20 20/20 9/9 No Right

21 Female 20/16 20/12.5 9/9 No Right

22 Female 20/20 20/16 9/9 No Left

The information was obtained during the initial screening prior to both 

psychophysical and MEG experiments for 28 participants.
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Overall, our BR-replay condition matched the alternation rate 

experienced by participants during BR, both having a mean rate 

of 0.41 Hz. Additionally, we observed task compliance in the pro

portion and duration of mixed percepts during the replay condi

tion. The expected duration of dominant percepts during the 

replay condition was 2.50 s, and we observed a mean duration 

of dominant percepts of 2.31 s, with the difference attributed to 

slight human error and reaction time. The replay condition did 

not include image presentations for mixed percepts, thus, we attri

bute the mean viewing proportion of mixed percepts (0.057), and 

their duration (230 ms) to the switch time for participants to change 

between dominant button-press responses during the task.

Alpha activity during binocular rivalry

Prior to conducting event-related analysis of alpha band activity, 

we examined characteristics of alpha oscillations across the 

entire BR task. This preliminary analysis aimed to quantify the 

strength and cortical topography of alpha oscillatory signal dur

ing the BR task (Figure 3A). Additionally, we explored the vari

ability and individual differences in the frequency and peak alpha 

band power across participants (Figure 3B) to determine the 

range for later analysis. As expected, the strongest evoked 

signal was localized in the posterior occipito-parietal cortex.

For overall alpha band topography, the data were bandpassed 

in the alpha range of 8–13 Hz, and time-frequency decomposi

tion was performed using Hilbert transform for each of the 75-s 

testing blocks to extract the mean power over the duration of 

the recording. These mean power values were then averaged 

across the four testing blocks to obtain a group-level result, de

picted in Figure 3A. The strongest alpha band power during BR 

was observed in the posterior cortex, especially the parietal and 

occipital regions, including activity near and bordering the pari

eto-occipital sulcus (POS).

Within the primary visual cortex (V1) we used spectral param

etrization (specparam) to isolate the periodic peak components 

(i.e., frequency and amplitude) of the power spectrum during 

BR.50 Power spectrum density (PSD) was computed using the 

Welch method (window length of 3 s and 50% overlap ratio), 

and specparam measures to isolate periodic spectral compo

nents. The mean scout function was utilized to average signals 

from both the right and left primary visual cortices (V1). We inves

tigated a frequency range of 1–26 Hz to identify a single peak 

corresponding to the alpha band (8–13 Hz) during BR. We set 

specparam’s hyperparameters to detect a single peak with a 

minimum height of 0.3 decibels (dB) and width limits of 0.5– 

3 Hz. We identified a single peak corresponding to the alpha 

band (8–13 Hz) during BR (Figure 3B). Individual differences in 

the intensity, shape, and peak frequency of alpha band were 

observed. The periodic components of the peak alpha band po

wer were observed at a mean frequency of 10.48 Hz (SD = 

0.76 Hz), with a mean log power of 5.46 dB (SD = 1.86 dB).

Event-related cortical responses

Event-related analyses aimed to investigate fluctuations in alpha 

band activity time-locked to perceptual switches during BR and 

BR-replay dominant percepts, focusing on pre- and post-alter

nation periods, centered around perceptual switch events. The 

goal was to localize both spatial and temporal changes in alpha 

band power during perceptual alternations.

Hilbert transform time-frequency analysis was performed for 

dominant percepts during BR. MEG data were segmented 

from − 3 to 3 s around each button press, with results extracted 

between − 1 and 1 s to minimize edge effects. Figure 4 (see also 

Video S1) shows the posterior cortex view, where most event- 

related changes occurred. The first significant cluster (negative 

Z score) in alpha power appeared in mid-level visual regions 

(V3A, V3B, and V4) at − 750 ms (Figure 4A). This reduction in po

wer expanded spatially over time, covering much of the posterior 

cortex. Following the onset of a new dominant percept, alpha 

power decreased near the motor cortex before a shift toward 

positive Z score clusters in parietal regions and areas lateral to 

the primary visual cortex.

A CB

Figure 2. Psychophysics 

(A) Mean alternation rate (Hz) for BR and BR-replay conditions with 95% confidence intervals. 

(B) Mean duration (seconds) of percepts during for BR and BR-replay conditions with 95% confidence intervals. 

(C) Mean proportion of percepts experienced during BR and BR-replay conditions with 95% confidence intervals. The plots show the group means across 28 

participants (n = 28).
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Regions of interest analysis

Hilbert transforms between 8 and 13 Hz were computed for three 

events: BR dominant percepts, BR mixed percepts, and BR- 

replay dominant percepts. The analysis shown in Figure 5

focused on primary visual cortex responses. During BR domi

nant percepts (Figure 5A), a decrease in V1 alpha power was 

observed from − 780 ms until 220 ms post-alternation, resulting 

in a 1 s drop in alpha band power. In the BR-replay condition, 

alpha power decreased significantly later around − 430 ms and 

returned to baseline at 590 ms post-alternation. A paired t test 

revealed that the lowest alpha band power prior to dominant per

cepts (in the time window of − 1 to 0.5 s) occurred earlier during 

rivalry than for BR-replay (t = 2.67, df = 27, p = 0.013). The 

decrease in alpha power prior to the BR dominant condition 

peaked earlier (M = − 204 ms, SD = 351 ms) compared to the 

BR replay condition (M = − 23.8 ms, SD = 349 ms). The mean dif

ference in the latency of the maximal drop in alpha band power 

was 180 ms, with a moderate effect size (Cohen’s d = 0.52).

For mixed percepts during BR, alpha power increased prior to 

mixed percepts, peaking at − 510 ms in V1. A two-tailed paired 

Student’s t test (α = 0.05) with FDR correction performed in 

Brainstorm for the power in V1 revealed significant differences 

in alpha power between dominant and mixed percepts before 

the button response. Stronger alpha power was observed prior 

to mixed percepts within the time window of − 427 ms to 

− 115 ms. In contrast, it can also be noted that stronger alpha po

wer was observed for dominant percepts only after the alterna

tion in percept, between the time window from 705 ms to 742 ms.

A B

Figure 3. Origins of alpha activity during binocular rivalry 

(A) Full cortex view of mean alpha band power during binocular rivalry across all participants (n = 28). The cortices are displayed on the 306716V default anatomy 

cortical surface with parameters set at a 60% smooth surface, a color scale threshold of 50% and a minimum cluster size of 600. 

(B) Isolation of alpha peak using spectral parametrization (specparam). Light gray lines indicate individual participant alpha peaks; the group mean is shown with 

the thicker black line.

A

B

Figure 4. Time-resolved changes in alpha band power during binocular rivalry dominant percepts 

(A) Snapshots of group mean (n = 28) cortical changes from − 1,000 ms to 1,000 ms (in 250 ms intervals), centered on perceptual alternations at time 0 ms. 

(B) Snapshots of changes from − 750 ms to − 250 ms (in 62.5 ms intervals) prior to dominant alternation. Areas of significance (p < 0.05) are highlighted in white 

from the switch time of − 230 ms. The cortices are displayed on the 306716V default anatomy cortical surface with parameters set at a 60% smooth surface, a 

color scale threshold of 50% and a minimum cluster size of 600. See also Video S1.
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To extend our characterization of alpha power beyond the pri

mary visual cortex, we performed a Hilbert transform time-fre

quency analysis restricted to the 25 regions of interest (ROI) 

defined in Table 2. The responses from the right and left hemi

spheres were averaged for each ROI.

Across the ROIs, we observed a general trend toward a 

decrease in alpha power preceding dominant percepts during 

BR (Figure 6A). The onset of the alpha power drop occurred 

around − 700 ms for most regions, with troughs observed prior 

to the behavioral report of dominant percepts. Not all ROIs 

showed the same magnitude of change in alpha power. Specif

ically, early visual areas (i.e., V1, V2, and V3) exhibited the most 

pronounced decreases, and the strongest negative peak was 

observed in V3B. Following the button press indicating a dominant 

percept, we observed a trend toward an increase in alpha power 

across visual regions. The most prominent positive peaks 

occurred in higher-level visual regions, including V8/PIT, and other 

notable peaks were seen in parietal regions such as POS and IP1.

The MEG alpha band activity recorded during BR mixed per

cepts showed a different overall pattern (Figure 6B). We 

observed an increase in alpha power prior to the report of a 

mixed percept, with the strongest response in the posterior oc

cipital cortex (V1/V2) and lateral occipital regions (LO1/LO2 

and V4t/LO3). This response began at − 700 ms in LO regions, 

and around − 600 ms in V1/V2, peaking near − 500 ms 

(Figures 5A and 6B). Around 300 ms before the report of a mixed 

percept, and persisting throughout the mixed state, there was a 

decrease in alpha power. This decrease was most pronounced 

in the parietal cortex (particularly in areas IP1, IP2, IPS1, and 

PI). These observed trends in alpha power changes, associated 

with dominant and mixed percepts reports, provide insights into 

the underlying neural dynamics, although further statistical ana

lyses are required for a more comprehensive understanding.

Time-resolved correlation analysis—Individual 

differences

Binocular rivalry is known to exhibit robust individual differences, 

including variations in percept duration. To investigate the rela

tionship between individual differences in alpha band activity 

and behavioral outcomes during BR, we conducted a time- 

resolved correlation analysis between the MEG baseline normal

ized (Z score) alpha band power in V1 extracted from the Hilbert 

transforms analysis and mean percept durations, separately for 

dominant and mixed percepts (Figure 7). Non-parametric permu

tation testing was performed to correct for multiple comparisons. 

Correlation analysis revealed an extended period, preceding the 

button press, over which the correlation between alpha band 

power and mixed percept duration was significant (p < 0.05). Sig

nificant positive correlations were observed preceding mixed 

percepts, over a time cluster ranging from − 667 ms to 

− 455 ms, and from − 282 ms to 208 ms (Figure 7B). For dominant 

percepts (Figure 7A), for the time periods immediately preceding 

the response, the correlation between alpha and percept dura

tion was significant over a much shorter window (− 212 ms to 

− 148 ms). Another period of significance was observed 

(− 1000 ms to − 682 ms), but we consider this period to be well 

beyond any estimate of reaction time to the button response.

Finally, to provide a visualization that shows individual partici

pant data, we made a scatterplot for the strongest result (mixed 

percepts) using our estimated switch time of 230 ms preceding 

A B

Figure 5. Dynamics of changes in alpha power in primary visual cortex 

(A) Baseline normalized (Z score) mean alpha power in V1 during BR for dominant and mixed percepts with shaded regions denoting the standard error of the 

mean (SEM). 

(B) Alpha power for BR-replay with shaded region denoting the standard error of the mean (SEM). The report of alternation is identified by the black vertical line 

and the estimated switch time extracted from the BR replay condition is identified with the dashed vertical line at − 230 ms. The data are plotted as the mean of 28 

participants (n = 28).

6 iScience 28, 113383, September 19, 2025 

iScience
Article

ll
OPEN ACCESS



the response (Figure 7C). We calculated the correlation between 

alpha power prior to perceptual alternation and the mean percept 

duration. Baseline normalized alpha power was extracted for 

each subject in V1 at − 230 ms relative to the button press. As ex

pected from the analysis above, a significant positive correlation 

was found (t = 2.81, df = 24, p value = 0.0097, R = 0.50). The result 

indicated that participants who demonstrated higher baseline 

normalized alpha power prior to mixed percepts tended to expe

rience mixed percepts for longer durations.

Alpha band connectivity during binocular rivalry

To further understand the dynamics of alpha band activity during 

BR dominant percepts, we conducted a directed connectivity 

analysis using directed phase transfer entropy (dPTE). We 

used the dPTE to determine the direction of inter-regional influ

ence and computed the normalized result for each region of in

terest. This resulted in 25 × 25 matrices that show the pairwise 

relationship between all ROIs (Figure 8). Our aim was to identify 

patterns of feedback versus feedforward connectivity between 

ROIs. We further distinguished between pre-dominance and 

post-dominance alpha band connectivity to compare and 

contrast their measures.

The dPTE results for both the pre- and post-switch periods 

(Figures 8A and 8B) indicate that several ROIs exhibited stronger 

outgoing connections compared to incoming ones, including 

mid-level regions V3A and V6, and higher-level dorsal regions 

POS, and area 7. This is evidenced by the consistent horizontal 

bands observed in Figures 8A and 8B, highlighting these regions 

as key sources of alpha band activity. Additionally, the weak 

incoming connections for POS, represented by the distinctly 

pale vertical band, emphasize its potential role as a causal 

source of neural signal change.

To further compare pre- and post-switch alpha band connec

tivity, we computed a difference map (Figure 8C). This analysis 

showed stronger feedback connectivity—i.e., connectivity from 

parietal regions to earlier visual areas—during the pre-switch 

period, indicating an increased influence of parietal areas on 

the visual system before perceptual dominance was established. 

In contrast, during the post-switch period, we observed 

increased feedforward connectivity—i.e., from early visual areas 

to higher-order visual and parietal areas—suggesting a shift in 

neural influence after perceptual dominance had been reported.

Statistical analysis was performed to assess significant differ

ences between pre- and post-switch connectivity. The dPTE 

results in Figures 8A and 8B were found to have a non-normal dis

tribution (p < 0.05; Shapiro-Wilk test), so we applied a non-para

metric paired-samples permutation test using the Wilcoxon 

signed-rank method with 10,000 randomizations. The results indi

cate significant pre-switch feedback influences in green, primarily 

from higher-level dorsal regions in parietal areas (IP2 and IPS) to 

early visual areas (V2 and V3), and high-level lateral-ventral re

gions (lateral occipital and MT/MST). In the post-switch condition, 

the significant connections—marked in yellow—were predomi

nantly from early (e.g., V2 and V3) and mid-level visual areas (e. 

g., V3A and V7) to high-level dorsal regions in the parietal cortex, 

and high-level lateral-ventral regions, highlighting an increased in

fluence of lower visual regions during perceptual dominance.

DISCUSSION

This experiment aimed to understand the influence of alpha band 

brain oscillations (8–13 Hz) recorded with magnetoencephalog

raphy during binocular rivalry. Through time-frequency analysis, 

Table 2. Regions of interest generated for each participant for 

scout-based MEG analysis

Hierarchy ROI labels

Regions merged from 

HCP MMP1 atlas

Early

– V1* V1 L and V1 R

V2* V2 L and V2 R

V3* V3 L and V3 R

Mid-level

– V3A V3A L and V3A R

V3B V3B L and V3B R

V3CD V3CD L and V3CD R

V4 V4 L and V4 R

V6 V6 L and V6 R

V6A V6A L and V6A R

V7 V7 L and V7 R

High-level lateral ventral

– LO1/LO2* LO1 L, LO1 R, LO2 L, and LO2 R

V4t/LO3* V4t L, V4t R, LO3 L, and LO3 R

MT/MST MT L, MT R, MST L, and MST R

TPOJ TPOJ1 L, TPOJ1 R, 

TPOJ2 L, TPOJ2 R, 

TPOJ3 L, and TPOJ3 R

V8/PIT V8 L, V8 R, PIT L & PIT R

VMV VMV1 L, VMV1 R, 

VMV2 L, VMV2 R, 

VMV3 L, and VMV3 R

VVC VVC1 L and VVC1 R

High-level dorsal

– POS POS1 L, POS1 R, 

POS2 L, and POS2 R

IP0* IP0 L and IP0 R

IP1* IP1 L and IP1 R

IP2* IP2 L and IP2 R

IPS1* IPS1 L and IPS1 R

PG PGi L, PGi R, PGp L, 

PGp R, PGs L, and PGs R

PI AIP L, AIP R, LIPd L, 

LIPd R, LIPv L, LIPv R, 

MIP L, MIP R, VIP L, 

and VIP R

7 7AL L, 7AL R, 7Am L, 7Am R, 

7 PC L, 7 PC R, 7 PL L, 

7 PL R, 7 P.m. L, 7 P.m. R, 

7m L, and 7m R

The regions of interest were mapped for each participant’s individual 

anatomy (n = 28). Regions of interest labeled with an asterisk ‘‘*’’ are esti

mated to be in spatial proximity from previous findings.51

The abbreviation L and R refer to right and left hemispheres, respectively.
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we consistently observed a decrease in baseline normalized 

alpha band power starting approximately 1 s before the report 

of dominant percept alternations during BR. This effect was 

seen broadly across the visual cortex, covering occipital, tempo

ral, and parietal regions. However, the earliest indicators of 

decreased power were observed in high- to mid-level visual 

areas. Notably, the decrease in alpha band power occurred 

earlier during BR compared to a replay control condition, sug

gesting differences in underlying neural processes.

We interpret the reduction in alpha band power as reflecting 

a decrease in inhibitory processing within the visual system, 

which permits the destabilization of the currently dominant 

percept and the emergence of the previously suppressed 

percept, resulting in perceptual alternation. In contrast, mixed 

percepts were characterized by an increase in alpha band po

wer in visual regions before they were reported. We interpret 

these changes in the context of excitation-inhibition balance, 

with our findings highlighting the role of alpha band oscillations 

in top-down feedback processes during binocular rivalry. Our 

results contribute to the growing literature on the role of alpha 

oscillations in human visual perception, particularly during bi

stable perception.

A CB

Figure 6. Alpha band spectrogram across regions of interest during binocular rivalry 

(A) Time-frequency analysis for BR dominant percepts, centered around the perceptual report indicated by a black vertical line. 

(B) Time-frequency analysis for BR mixed percepts, centered around the perceptual report indicated by a black vertical line. 

(C) Full cortex visualization of the regions of interest plotted in the Hilbert transform analysis. In (A and B), horizontal lines separate ROIs into hierarchical groups 

listed in Table 2: early, mid-level, high-level lateral-ventral, and high-level dorsal. The data are plotted as the mean of 28 participants (n = 28).

A CB

Figure 7. Time-resolved correlation between alpha power and percept duration 

(A) Correlation coefficients across the time series for dominant percepts (n = 28). The report of alternation is identified by a black vertical line. Horizontal bars 

identify significant time points (p < 0.05), corrected. 

(B) Correlation coefficients across the time series for mixed percepts (n = 27). The report of alternation is identified by a black vertical line. Horizontal bars identify 

significant time points (p < 0.05), corrected. 

(C) Scatterplot illustrating the correlation between baseline normalized alpha power in V1 and the mean duration of mixed percepts. Each dot represents in

dividual participants (n = 26). Alpha power was measured 230 ms prior to mixed percept response. The linear line of best fit is shown. Shaded regions represent 

95% confidence intervals.
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Alpha band activity during binocular rivalry

Previous EEG and MEG studies have examined alpha band os

cillations during bistable perceptual illusions, such as binocular 

rivalry.28,41,42,46 Notably, peak alpha frequency has been found 

to correlate with alternation rates during BR41 and during fixation 

or resting-state periods.28,42 These findings suggest that alpha 

oscillations play a role in bistable perception, potentially as a 

trait-like influence on E:I balance.

Our current findings expand this understanding by focusing on 

time-locked task changes in alpha power relative to perceptual 

alternations during BR. Specifically, our MEG results show a 

decrease in alpha power beginning approximately 750 ms before 

perceptual alternation, with initial decreases in high- to mid-level 

visual areas, consistent with earlier EEG findings for bistable 

stimuli.46 We also directly compared the BR condition to a replay 

control condition. During BR, the decrease in alpha band power 

A

DC

B

Figure 8. Directed phase transfer entropy analysis for alpha band activity during binocular rivalry dominant percepts 

(A) Pre-button press (− 1 to 0 s) directed phase transfer entropy (dPTE) alpha band activity. 

(B) Post-button press (0 to 1 s) dPTE alpha band activity. 

(C) Difference map between pre- and post-button press dPTE (n = 28). 

(D) Wilcoxon signed-rank test comparing dPTE connectivity results between pre- and post-switch conditions using paired permutations with 10,000 random

izations. Green squares indicate stronger pre-switch connectivity, while yellow squares indicate stronger post-switch connectivity (α = 0.05). In all panels, thicker 

horizontal and vertical lines separate ROIs into hierarchical groups listed in Table 2: early, mid-level, high-level lateral-ventral, and high-level dorsal. Dashed lines 

are used for delineation of ROIs along axes. The mean results plotted include 28 participants (n = 28).
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began nearly 1 s before perceptual alternation and peaked 

175 ms before the switch. By comparison, the alpha power 

decrease during the replay control peaked 25 ms after the 

switch, resulting in a temporal shift of 200 ms between condi

tions. Further, this temporal shift was found to be statistically sig

nificant. The inclusion of the replay control condition served to 

mitigate the effects associated with the voluntary action of initi

ating a dominant button response.52 This earlier dip in alpha po

wer during BR likely reflects the neural processing required for 

endogenous bistable perception and may serve as an early 

marker of perceptual switching.

Following perceptual dominance during BR, we observed an 

increase in alpha band power approximately 500 ms after the 

switch, primarily in the parietal cortex (Figure 4A). We interpret 

this as indicative of alpha’s inhibitory role in maintaining percep

tual dominance by suppressing the unattended image and stabi

lizing the newly dominant percept. However, the dPTE connec

tivity results show that the balance of feedback compared to 

feedforward influences diminishes after a switch to dominance.

Additionally, we observed that alpha power changes during 

the replay control were greater in magnitude than those 

observed during BR. This could be attributed to the more deter

ministic alternations in the replay condition, which were unam

biguously driven by software. Replay was also tagged (with stim

ulus flicker) at 5 and 6.67 Hz, with relatively weak harmonics the 

alpha range. Although this may contribute to the observed 

magnitude differences for the replay control, it is unlikely to 

explain the large timing differences between BR and the replay 

condition. Alpha power is reduced for BR nearly 1 s prior to an 

alternation and reaches a trough around the estimated decision 

time of − 230 ms, while the trough for the replay control coincides 

with the button press.

A key finding of our study is the increase in baseline normal

ized alpha power recorded prior to mixed percepts, which are 

thought to represent a perceptual state of increased inhibition.19

These mixed or piecemeal percepts were unique to the BR con

dition and were not elicited during BR-replay, highlighting their 

role in perceptual ambiguity (Figure 2C). The strongest increases 

were observed in early visual regions (V1 and V2) and the lateral 

occipital areas (LO) approximately 500 ms before the report of a 

mixed state, suggesting that competitive interactions between 

excitation and inhibition in these regions play a crucial role in 

resolving perceptual ambiguity. Indeed, the strength of this alpha 

peak in the period immediately before the button response was 

strongly predictive of individual differences in duration of the 

mixed percepts. Conversely, a decrease in alpha band power 

was generally observed across the visual system during mixed 

percepts after the button response (i.e., 0 to 1 s after the button 

press). Nevertheless, the time-series results revealed a clear 

dissociation between dominant and mixed percepts. Stronger 

alpha band power preceded mixed percepts, and this pattern 

was reversed after the button response, with an increase 

observed during dominant percepts.

Alpha as an inhibitor in visual perception

Alpha oscillations play a variety of roles across sensory pro

cesses, including attention, memory, and perceptual stability.35–37

In this study, we focused on the inhibitory role of alpha activity 

within the visual system, where alpha oscillations are known to 

regulate sensory input and maintain perceptual stability.29,30 Ri

valry arises when ambiguous visual input leads to alternating per

ceptions without changes in sensory input, highlighting the role of 

inhibition. Our findings suggest that alpha oscillations are essen

tial in modulating perceptual alternations.

Specifically, we observed a decrease in alpha power prior to 

perceptual switches, likely reflecting a reduction in inhibitory 

processing that permits the suppressed percept to gain domi

nance. This reduction appeared to originate in higher-level visual 

areas in the parietal cortex, which is known for its role in spatial 

attention and sensory integration. Our findings also support pre

vious reports of parietal cortex involvement in BR, particularly 

though transcranial magnetic stimulation (TMS) studies showing 

causal influence on alternation rates53,54 and intermittent pre

sentation of BR.10,55

These results align with the notion that alpha oscillations act as 

a gating mechanism, selectively inhibiting competing informa

tion to maintain perceptual coherence.38 This gating mechanism 

may operate alongside other neural processes governing visual 

perception and stability. For example, previous studies have 

observed coupled theta and gamma oscillations during BR, 

with fronto-medial theta power changes around perceptual 

alternations.56,57

Alpha oscillations also contribute to the E:I ratio, which is 

crucial for the functioning of the visual system during BR. Imbal

ances in this ratio, such as those observed in autism,22–24 are 

associated with altered BR dynamics, with individuals showing 

differences in sensory processing and perceptual stability. Our 

study indicates that individual differences in alpha band power 

are well associated with the duration of mixed percepts, sug

gesting that variability in inhibitory control may underlie differ

ences in perceptual experience during bistable perception. 

Such variability has been shown to have a genetic component, 

as demonstrated by studies of identical twins.58,59 A range of 

other data also supports the premise that measures of E:I ratios 

show stable individual differences.32–34

Models of binocular rivalry

Prevailing views of binocular rivalry have addressed the role of 

bottom-up (i.e., sensory input driving perception) and top- 

down (i.e., the role of selective attention) mechanisms of 

communication. Early models emphasized competition between 

monocular neurons in early visual areas, driven by mutual inhibi

tion.1,60 Multistage models7,61,62 propose that BR involves mul

tiple stages of neural processing, with each stage contributing 

to competitive interactions. Attention also plays a significant 

role in rivalry, with research showing its influence on perceptual 

dominance.63–66 Future models should consider incorporating 

brain oscillations, including alpha, to further our understanding 

of BR dynamics.

Recent MEG studies have provided related insights on the 

directed connectivity involved in BR. For instance, one study 

found top-down modulations preceding perceptual dominance, 

followed by increased bottom-up information flow during BR, 

although not specific to the alpha band.67 Another study, using 

frequency-tagged stimuli to record steady-state visually evoked 

responses during rivalry, found evidence for feedforward 
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connectivity during BR and differentiated the mechanisms of 

dominance and suppression.17 In contrast, our current analysis 

of dPTE in the alpha band with untagged (i.e., non-flickering) 

stimuli revealed increased connectivity from parietal to occipital 

regions before perceptual dominance, suggesting top-down 

modulations. Specifically, we interpret the decrease in pre- 

switch alpha oscillations to be destabilizing and reflect a reduc

tion in top-down inhibition originating from regions in the parietal 

cortex. The decrease in alpha band activity could affect local E:I 

balance in multiple visual areas, and reduce net inhibition. This 

would facilitate the emergence of the previously suppressed 

percept to become dominant in perception.

After the onset of a dominant percept, connectivity shifted 

from early visual cortex to higher-level visual and parietal re

gions, reflecting bottom-up processing which we interpret to 

provide a stabilizing influence with the increase in alpha band po

wer. This may also serve to facilitate the new dominant percept 

representation to expand more effectively to higher-level visual 

regions. Integrating these oscillatory dynamics and connectivity 

findings into models of binocular rivalry can improve our under

standing of the dynamic interplay between sensory input and 

attentional processes during BR.

In sum, our findings support existing models of BR while high

lighting the significant contribution of alpha oscillations to 

perceptual alternations and stability. Alpha oscillations, through 

their inhibitory influence, are crucial for shaping the perceptual 

experience during binocular rivalry, providing a link between 

sensory processing, attention, and neural oscillatory dynamics.

Limitations of the study

We acknowledge that MEG inherently has limitations in spatial 

resolution, particularly for resolving deeper subcortical regions. 

For these analyses of visual cortex, we adhered to state-of- 

the-art methods and best-practice guidelines for MEG source 

imaging.68,69 Our analyses of visual cortical regions benefited 

from optimal source mapping techniques because they utilized 

and integrated an individual T1-weighted anatomical MRI for 

each participant, which significantly improves spatial accuracy. 

In the visual cortex, previous work demonstrated remarkable ac

curacy in resolving and distinguishing retinotopic visual areas 

using MEG.70

The findings presented in this paper were obtained from adults 

within the range of 20–30 years old who reported normal vision 

and no known visual disorders which could affect generalization 

to the broader population. Further, the analyses did not consider 

participant sex as a variable, nor did we collect information on 

ancestry, race, and ethnicity, which may impact the generaliz

ability of the results. The control condition was frequency tagged 

at fundamental frequencies that produce weaker self-term har

monics within the alpha frequency band, but we do not believe 

that this would explain our relevant results. Binocular rivalry is 

a specific (yet robust) form of bistable perception. The degree 

to which our observations regarding mixed percepts could 

extend to other instances of ambiguous percepts is an inter

esting question for the future. The role of brain oscillations in 

the alpha frequency band (8–13 Hz) is one of many potential fac

tors contributing to visual perception. Going forward it will be 

important to strive for integration with previous findings in 

different frequency bands (i.e., theta, beta, and gamma) and in 

the coupling between frequency bands between whole-brain re

gions. Future investigations could also explore the specific role 

of the periodic versus aperiodic components (i.e., offset and 

exponent) of the power spectrum and their relationship to behav

ioral measures of bistable perception,71 particularly in light of 

their proposed role in the E:I balance.72 Finally, the association 

we suggest here between alpha power and local measures of 

E:I constitutes correlation not causation. Future studies might 

address this question more directly with TMS ‘‘virtual lesions’’, 

MR spectroscopy, or in other clinical populations.
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analysis was performed with Brainstorm,73 which is documented and 

freely available for download online under the GNU general public li

cense (http://neuroimage.usc.edu/brainstorm).

• Any additional information required to reanalyze the data reported in this 
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STAR★METHODS

KEY RESOURCES TABLE

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Human participants

Thirty-one participants participated in the experimental studies that included an initial day of psychophysics testing,76 two days of 

MEG testing, and the acquisition of a structural MRI. Of the thirty-one participants, three were excluded due to issues with the scalp 

digitization at the time of data acquisition. The analysis was conducted on twenty-eight participants (9 males and 19 females, mean 

age 24.25 ± 3.00 years with a range between 20 and 30 years). All participants provided informed consent to participate in both the 

psychophysical and MEG portions of these experiments. This experimental protocol (# 21-10-047) was approved by the McGill Uni

versity Faculty of Medicine and Health Sciences (FMHS) Research Ethics Office (IRB).

Participant screening

Participant were screened on the initial day of testing. The initial screening during recruitment included normal or corrected-to-normal 

vision, no visual disorders, no metal implants, and not taking psychoactive nor psychotropic medication. Participants were permitted 

to wear contact lenses or have undergone eye correction surgery, and their glasses were replaced with MEG-compatible prism 

lenses. Prior to testing, participants were screened for visual acuity and stereo vision. Visual acuity was assessed using the Loga

rithmic Visual Acuity chart (Early Treatment Diabetic Retinopathy Study [ETDRS] 2000 series chart; Precision Vision, Woodstock, 

IL) with an inclusion criteria of 20/40 or better for each eye, with no more than two-lines of difference on the testing chart between 

eyes to avoid underlying eye dominance. The median visual acuity for both eyes in the participant pool was 20/20. Stereo vision was 

evaluated using the Titmus Stereoacuity Test (Stereo Optical, Chicago, IL) with an inclusion criteria of 7/9 targets correctly identified 

in a sequential manner. This corresponded to an angle of stereopsis of 60 s at 16 inches. The median result across participants was 

9/9. Both assessments were conducted by the experimenters in well-lit conditions and followed standard testing distances provided 

by the manufacturers. The demographic and visual screening information for all participants (n = 28) are listed in Table 1.

METHOD DETAILS

Experimental design

The methods closely followed those previously reported76 and are illustrated in Figure 1. BR was induced using a black opaque 

divider placed between the eyes, combined with MEG-compatible prism lenses of 12 diopters. The combination of viewing distance 

and prism strength allowed appropriate fusion of images between the eyes. Before MEG data acquisition, participants practiced the 

task on a laptop for 5 minutes to become familiar with the experimental procedure.

Participants were instructed to report their visual percepts (red, green, or mixed) using a two-button press-and-hold system. They 

pressed the button corresponding to their dominant percept (red or green) when it was perceived for at least 80% of the stimulus 

REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

Unprocessed MEG data for BR and BR replay Zenodo Zenodo: https://doi.org/10.5281/zenodo.15802971

Behavioral data for BR and BR replay Zenodo Zenodo: https://doi.org/10.5281/zenodo.15802971

Software and algorithms

Brainstorm Tadel et al.73 https://neuroimage.usc.edu/brainstorm/

MATLAB 2021a MathWorks https://www.mathworks.com/

R R Foundation for Statistical Computing https://www.R-project.org/

Psychtoolbox-3 Brainard74; Kleiner et al.75 https://psychtoolbox.org/

Other

Magnetoencephalography CTF MEG Neuro Innovations, Inc. https://www.ctf.com/

VPixx projector VPixx Technologies https://vpixx.com/

Polhemus Fastrak system Polhemus https://polhemus.com/

Logarithmic Visual Acuity chart Precision Vision https://precision-vision.com/

Titmus Stereoacuity Test Stereo Optical https://www.stereooptical.com/
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square area, holding the button to indicate dominance. These instructions were consistent across testing conditions, and partici

pants were unaware of whether they were in a BR or BR-replay block.

Each experimental run lasted 5 minutes and consisted of four counterbalanced 75-s blocks. Counterbalancing was used for the 

orientation and color of the orthogonal gratings shown to each eye to mitigate adaptation effects. Participants fused on a fixation 

screen before each block and initiated the experiment via a button press.

As a control, the BR-replay condition, also termed ‘‘simulated rivalry’’, used software-driven perceptual alternations. Identical stim

uli were presented to both eyes, with the software switching between matching red and green colored orthogonal gratings at random 

time intervals between 1.5 and 3.5 s to match typical BR alternation rates obtained from a prior testing day.76 The control condition 

exclusively modeled dominant percept alternations (i.e., red and green), minimizing the likelihood of reporting mixed percepts. The 

replay was ‘‘tagged’’ using unique stimulus flicker frequencies of 5 Hz for red and 6.67 Hz for green, to mark related MEG source 

signals, with data collected on a separate MEG testing day.

Visual stimulus

Visual stimuli were presented using Psychtoolbox-374,75 and MATLAB 2021a (MathWorks, Natick, MA), as illustrated in Figures 1A 

and 1B. Stimuli were displayed using a VPixx projector (VPixx Technologies, Saint-Bruno, QC) with a 60 Hz refresh rate. The stimuli 

consisted of 7 red or green orthogonal gratings shown to each eye, with RGBA values chosen to balance the strength of the stimuli 

([0.5 0 0 0.35] for red, and [0 0.35 0 0.35] for green). Grating orientations differed by 90◦ between eyes, and a central fixation mark was 

used to increase stability and reduce eye movement during BR.77 Black borders provided additional cues to aid fusion and maintain 

fixation. The projector was placed 52 cm away from the prism lenses, with the inner square of stimuli measuring 7.5 cm, correspond

ing to a visual angle of 8◦ 14′ 0.97’’.

MEG data collection

MEG data were collected at the McConnell Brain Imaging Center of McGill’s Montreal Neurological Institute using a 275-channel 

CTF/VSM MEG system (CTF MEG Neuro Innovations, Inc., British Columbia, Canada) with a sampling rate of 2400 Hz. Individualized 

head models were created by digitizing 100–150 points across the scalp, along with anatomical landmarks and head-position coils 

using a Polhemus Fastrak system (Polhemus, Vermont, USA). Bipolar signals electrooculogram (EOG), and electrocardiogram (ECG) 

signals were recorded to capture related artifacts. Empty room recordings were conducted prior to each participant’s data collection 

to capture environmental noise conditions and inform MEG source mapping models. T1-weighted MRI scans (1.5T Siemens Sonata) 

were acquired for each participant to further inform MEG source mapping.

MEG preprocessing and cleaning

Preprocessing of MEG data was conducted in Brainstorm,73 which is freely available under the GNU general public license (http:// 

neuroimage.usc.edu/brainstorm), and following good-practice guidelines,73 as in former MEG BR studies.16,17 The data was down

sampled from 2400 Hz to 600 Hz, and notch filters with a 3-dB notch bandwidth of 2 Hz were applied at 60 Hz, 120 Hz, and 180 Hz to 

attenuate power line contamination. A high-pass filter at 0.3 Hz was also used to remove the MEG DC offset and slow drifts.

The participants’ T1-weighted MRI data was co-registered to MEG channel locations based on the digitized locations of scalp and 

anatomical fiducial points including nasion, left and right periauricular points.

Data cleaning targeted artifacts such as heartbeats, eye blinks, and muscle activity using signal-space projection (SSP). SSP com

ponents were visually examined and removed when accounting for at least 10% of the data variance around each artifact category 

and displaying related topographies. In all cases, the result of the corrections was visualized and evaluated. Segments with muscle 

tension or other artifacts during stimulus presentation were also excluded. The first trial from each block was disregarded, due to the 

uncertain prior perceptual state. Initially, 10,368 button presses were registered across all participants, and 8,930 remained after pre- 

processing and quality control (86.1% of all original events).

MEG source mapping

We used Brainstorm73 with default source imaging participant to produce cortical maps of MEG sources. Individual head models 

were generated using the overlapping spheres method, and unconstrained beamformer models were created, informed by noise 

(from empty-room data) and data (from epoch data) covariance statistics. MRI segmentation was performed using CAT1278 and 

SPM12, available as Brainstorm plug-ins. Source maps were produced from cortical surfaces comprising of 15,000 vertices. The 

Human Connectome Project (HCP-MMP1) atlas79 was used to define 25 regions of interest listed in Table 2, each combining right 

and left hemisphere labels to cover key posterior cortical regions. We defined a hierarchy in the visual system (i.e., early, mid-level, 

high-level lateral-ventral, and high-level dorsal) based on previous findings that used a combination of MEG and fMRI to record mea

sures of onset and peak latencies,51 in addition to grouping regions with spatial proximity.

Event related analysis

Alpha-band activity was analyzed in an event-related framework, time-locked to button presses during BR and BR-replay. Three 

events were analyzed: exclusive dominant percepts in BR, mixed percepts in BR, and exclusive percepts in BR-replay. For all ana

lyses, red and green perceptual reports were grouped together as dominant percepts, while reports of transitioning from red to mixed 

e2 iScience 28, 113383, September 19, 2025 

iScience
Article

ll
OPEN ACCESS

http://neuroimage.usc.edu/brainstorm
http://neuroimage.usc.edu/brainstorm


or green to mixed were categorized as mixed percepts. Further, the analysis of mixed percepts only included individual events 

greater than 230 ms in duration. This was performed to mitigate the confounding effects of including very short mixed responses 

that could be attributed to pre-response reaction time rather than a stable percept and is within the estimated range observed in other 

studies.56,80 For all analyses, computations were performed at the individual trial level before averaging across participants. The MEG 

time series was bandpassed in the 8–13 Hz frequency range, and time-frequency decomposition was computed using Hilbert trans

form to extract the mean power of the alpha frequency band. Baseline normalization was performed using a Z score transformation of 

the event-related MEG signal power. The baseline period was defined as the time window from 1 to 2 s after the button response. The 

normalization was applied independently for each participant and across the three conditions (i.e., BR exclusive dominance, BR 

mixed, and BR-replay exclusive dominance). The normalization procedure provided a standardized scale for analysis across partic

ipants and conditions. Event-related analyses were conducted on segments spanning − 3 to 3 s relative to button responses, and 

later extracted between − 1 and 1 s, centered around the button responses to minimize the edge effects of the analysis.

Parametrization of the alpha band peak

We isolated the periodic peak components (i.e., the amplitude and peak frequency) of the alpha band oscillations during the BR task 

for all participant (Figure 3B). This analysis examined individual differences in the peak alpha band activity (8–13 Hz) using spectral 

parametrization (specparam) methods on the power spectrum density (PSD) analysis for all participants.50 The Welch method (3 s 

window length and 50% overlap ratio) was used for the PSD analysis in the primary visual cortex (V1) for all participants. The 

mean scout function was selected over the both the right and left hemispheres for V1. For the specparam analysis, a frequency range 

of 1–26 Hz was selected to identify a single peak during the BR experiment. The hyperparameters for this method were a minimum 

peak height of 0.3 dB and peak width limits of 0.5–3 Hz.

Time-resolved correlation analysis

Correlation analyses were conducted to examine the relationship between alpha band power (8–13 Hz) in the primary visual cortex 

(V1) and behavioral percept durations. For each participant, the mean baseline normalized (Z score) MEG alpha power computed 

from the Hilbert Transform analysis was extracted from the V1 region (Table 2) across a 2 s time window, from − 1 to +1 s, centered 

around the button response for dominant (i.e., red and green), and mixed percepts. Durations for dominant and mixed percept were 

derived from the behavioral task, as described above. Analyses were performed in the statistical software R81 (R Foundation for Sta

tistical Computing, Vienna, Austria), and outlier detection (>3 standard deviations from the group mean) excluded 1 participant from 

Figures 7B and 2 participants from Figure 7C. At each time point, Pearson correlation coefficients were computed between alpha 

band power in V1 and mean percept durations, separately for dominant and mixed percepts. To correct for multiple comparisons 

across the time series, non-parametric permutation testing (1000 iterations) was applied. At each time point, the observed correlation 

coefficients were compared against a null distribution to obtain permutation-corrected p-values.

Directed connectivity analysis

We conducted connectivity analysis using phase transfer entropy (PTE)82–84 on alpha band activity during dominant percepts. 

Directed phase transfer entropy (dPTE) between all pairs of ROIs (mean dPTE values across all combinations of the three source 

time series at each cortical locations, resulting in a 25 × 25 connectome across all pairs of ROIs) was computed with the goal of dis

tinguishing feedback and feedforward connectivity patterns during perceptual dominance. Connectivity analysis was conducted on 

individual source reconstructions, resulting in group-level measures that provided insight into connectivity between visual areas 

before and after perceptual dominance.

QUANTIFICATION AND STATISTICAL ANALYSIS

Psychophysics

The statistical analysis for the behavioral results were performed in R.81 The button-responses for dominant and mixed percepts were 

analyzed from 28 participants (n = 28) during BR and BR-replay. The alternation rates were computed using the total number of domi

nant button responses and the experiment duration. Percept durations were defined as the sustained response of dominant and 

mixed percepts, and percept proportions represent an overall viewing percentage of red, green, and mixed responses over the 

course of the experiments. The psychophysics results were summarized using the mean and 95% confidence intervals in 

Figure 2. Additionally, standard deviations are reported in the results for psychophysics.

Event-related MEG alpha band power

The alpha band power (8–13 Hz) recorded with MEG from all 28 participants (n = 28) was baseline normalized using a Z score trans

formation prior to computing group averaged results. The transformation provided a standardized measure across participants. 

Event-related MEG results (Figures 5 and 6) excluded mixed percept responses shorter than 230 ms. The results plotted in 

Figure 5 include the mean baseline normalized alpha band power for dominant and mixed percepts during BR, as well as dominant 

percept during BR replay. Shaded error regions represent the standard error of the mean (SEM) across participants.
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Statistical analyses were conducted in R81 to assess latency of the alpha band drop prior to dominant percepts during BR and BR- 

replay (Figure 5). For each participant (n = 28), the latency of the lowest alpha power (minimum Z score value) was identified within the 

time window of − 1 to 0.5 s. The results section reports the mean, standard deviation, and effect size (Cohen’s d) for the peak latency 

difference between conditions. A paired t test revealed a significant difference (t = 2.67, df = 27, p = 0.013), with early pre-switch alpha 

decrease during BR.

To compare the time-resolved alpha power between dominant and mixed percepts during BR (Figure 5A), a two-tailed paired Stu

dent’s t test (n = 28) was performed with a significance threshold of α = 0.05. False discovery rate (FDR) correction was applied to 

account for multiple comparisons across the time series. The analysis was performed in Brainstorm.73

Time-resolved correlation analysis

The correlation between baseline normalized (Z score) alpha band power in the primary visual cortex and percept duration is shown in 

Figure 7. The alpha band power in V1 was extracted for all 28 participants, and cleaning was applied to detect outliers exhibiting 

mean values more than 3 standard deviations from the group mean. For each time point within the window of − 1000 to 1000 ms 

around the report of alternation, Pearson correlation coefficients were computed between the alpha band power in V1 and the dura

tion of dominant percepts (Figure 7A, n = 28), and mixed percepts (Figure 7B, n = 27). Clusters of significant time points (p < 0.05) were 

identified and correction for multiple comparisons was applied. To correct for multiple comparisons across the time-series, we per

formed non-parametric permutation testing (1,000 iterations). At each time point, the correlation coefficients were compared against 

a null distribution to obtain permutation corrected p-values. The result for individual participants (n = 26) is plotted in Figure 7C. 95% 

confidence intervals were used as the measure of dispersion. The analysis was performed in R.81

Connectivity analysis

The directed phase transfer entropy (dPTE) analysis is shown in Figure 8. Alpha band connectivity was assessed between 25 regions 

of interest listed in Table 2. Patterns of connectivity were evaluated for pre- and post-switch time periods during BR dominant per

cepts. The analysis was performed for all 28 participants (n = 28), prior to computing the group mean results. The Shapiro-Wilk test 

revealed a non-normal data distribution (p < 0.05), therefore non-parametric statistical testing was applied. Significance was as

sessed at α = 0.05 using the paired-sample Wilcoxon signed-rank test (10,000 permutations) with the results shown in Figure 8D. 

The dPTE analysis and statistical testing for connectivity was performed in Brainstorm.73
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