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Neural alpha oscillations index context-driven
perception of ambiguous vowel sequences

Claude Alain,1,2,6,* Katharina Göke,1 Dawei Shen,1 Gavin M. Bidelman,3 Lori J. Bernstein,4 and Joel S. Snyder5

SUMMARY

Perception of bistable stimuli is influenced by prior context. In some cases, the interpretation matches
with how the preceding stimulus was perceived; in others, it tends to be the opposite of the previous stim-
ulus percept. We measured high-density electroencephalography (EEG) while participants were pre-
sented with a sequence of vowels that varied in formant transition, promoting the perception of one or
two auditory streams followed by an ambiguous bistable sequence. For the bistable sequence, partici-
pants were more likely to report hearing the opposite percept of the one heard immediately before.
This auditory contrast effect coincided with changes in alpha power localized in the left angular gyrus
and left sensorimotor and right sensorimotor/supramarginal areas. The latter correlated with partici-
pants’ perception. These results suggest that the contrast effect for a bistable sequence of vowels may
be related to neural adaptation in posterior auditory areas, which influences participants’ perceptual con-
strual level of ambiguous stimuli.

INTRODUCTION

Our visual and auditory environment comprises complex and sometimes ambiguous stimuli that elicit multiple interpretations, which have

perceptual consequences. In the auditory domain, bistable perception is often illustrated using theABAparadigm. Participants are presented

with a sequence of repeating ABA patterns comprising low-frequency (A) and high-frequency tones (B). When the frequency separation be-

tween tones A and B is small, participants report hearing a ‘‘galloping’’ rhythm. When the frequency separation between the two tones is

large, participants report hearing two concurrent and separate streams of sounds. At an intermediate level of frequency separation, partic-

ipants experience bistable perception, where their percept alternates back and forth between the perception of one and two streams.1,2 This

auditory bistability is associated with neural activity in a widely distributed neural network including inferior colliculus,3 thalamus,4,5 auditory

cortex,4,5 and parietal cortex.6,7

Perception of ambiguous (e.g., bistable, reversible) stimuli is influenced by preceding context or priming stimuli. In some cases,

the perceptual interpretation of a visual ambiguous stimulus matches that of the preceding context, which relates to both bottom-up

(e.g., stimulus-driven) and top down factors (e.g., attention).8,9 In others, the observer perceives the alternate of the preceding stim-

ulus (i.e., prior context).10 This is referred to as the contrast effect, a magnification of the difference between two successive stimuli.

Such contrast effects have also been observed with bistable auditory stimuli.11–14 In these studies, participants were presented with a

contextual cue that comprised a repeating ABA-pattern. The physical difference between the A and B tones was manipulated to

induce the perception of one or two streams. An ambiguous sequence followed the contextual cue. Participants reported hearing

the ambiguous sequence as one stream more often when the contextual cue promoted the perception of two streams and vice versa.

This contrast effect depended on stimulus-related factors. That is, prior perception of a contextual cue sharing the same stimuli as

the bistable stimuli did not yield a contrast effect. If anything, participants had a tendency to report the same percept as the one

from the contextual cue.11 Thus, the context effect on perceptual reversals appears to depend on stimulus-specific context rather

than prior perception. This is consistent with the importance of neural adaptation in general models of bistable perception15 and

more specifically models of auditory stream segregation.16,17

In a prior study,14 we investigated the neural correlates of speech segregation and bistable perception by combining scalp recording of

event-related potentials (ERPs) with a paradigm analogous to Snyder et al.12 Participants were presented with a contextual sequence and an

ambiguous ABA-sequence of vowels (/ee/-/ae/-/ee/). In the contextual sequence, the first formant difference (Df1) between the two vowels

was either small, intermediate, or large. In the ambiguous sequence that followed, the difference in the first formant between the two vowels
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was always intermediate. The likelihood of reporting hearing two streams increased with Df1 and coincided with changes in ERP amplitude

between 100 and 200 ms after the/ae/vowel onset, which was localized in auditory cortices. During the ambiguous sequence, we observed a

contrast effect such that participants’ perception of the ambiguous sequence was opposite to that of the preceding stimulus. This contrast

effect coincided with a difference in ERP amplitude, which was characterized by an increased positivity between 170 and 300 ms after the first

vowel of the triplet (i.e., 20–150 ms after the /ae/ vowel). Distributed source analysis of this short transient change in ERP amplitude was local-

ized to auditory cortices, with an additional source in the left prefrontal cortex. The prior ERP analyses have limitations in that they did not

consider non-phase locked activities that may be sensitive to the perception of a bistable stimulus.18–20 Time-frequency analyses can better

characterize the temporal dynamics of bistable perception and shed light on the neural networks associated with bistable perception. The

present study aims to extend our prior findings14 by examining evoked and induced neural activity for the whole duration of the ambiguous

sequence using time-frequency analysis.

Studies on bistable auditory stimuli have not yet resolved at which stage in the hierarchy of auditory and supramodal areas, neural activity is

associated with participants’ tendency to respond opposite to how they responded to a previous stimulus. Evidence from electrophysiolog-

ical studies suggests that perceptual switching between the two possible interpretations is associatedwith changes in oscillatory brain activity

in alpha and beta bands,18,20–22 which have been associated with activity in parietal areas and sensorimotor regions.23–25 In this study, we re-

analyzed the EEG data collected in our previously published study of speech segregation,14 and compared oscillatory activity elicited by an

ambiguous auditory stimulus preceded by a contextual cue (Figures 1A and 1B). We hypothesized that the contrast effect is related to

changes in alpha and beta power elicited by the bistable stimulus.

Figure 1. The speech ABA paradigm and behavioral performance

(A) Graphical depiction of two vowel triplets. Each triplet lasted 400 ms and contained three vowels. The interval between vowels was 50 ms, and the interval

between triplets was 100 ms.

(B) Schematic of a trial. Each trial consisted of a contextual cue comprising 14 vowel triplets followed by an ambiguous sequence also comprising 14 triplets.

Participants responded immediately after the sequence indicating whether they heard one or two streams.

(C) Group mean proportion (percent) of trials heard as two streams as a function of sequence type and first formant difference. Error bars =G 1 standard error of

the mean. Dots = individual data.
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RESULTS

Behavioral data

Figure 1C shows the group mean proportion of trials in which participants report hearing two streams as a function of Df1. For the context

sequence, participants’ likelihood of reporting hearing two auditory streams increased with increasing Df1 (F(2,28) = 68.914, p < 0.001, ƞp2 =
0.831, all pairwise comparisons p < 0.001). This pattern was reversed for the ambiguous sequence, with participants being less likely to report

hearing two streams when the ambiguous sequence was preceded by large Df1, and conversely, were more likely to report hearing two

streams when the ambiguous (i.e., bistable) sequence was preceded by a context sequence with a small Df1 (F(2,28) = 18.597, p < 0.001,

ƞp2 = 0.571, all pairwise comparisons p < 0.05). There was no difference in perception of the intermediate Df1 as a function of sequence

type (contextual sequence versus ambiguous sequence, t(14) = 1.438, p = 0.172). These results demonstrate a contrast effect in that ob-

servers’ perceptual interpretation of the ambiguous sequence was more likely to be opposite of their interpretation of the contextual cue.

Prior research has shown that stream segregation is not instantaneous but builds over time.2,26,27 Therefore, the percept of two concurrent

streamsmay have been weaker than that of one stream, yielding a smaller contrast effect when the contextual sequence comprised largeDf1.

We tested whether the switch in perception varied as a function of the Df1. For each participant, we calculated the proportion of changes in

perception between the context and the ambiguous sequence. A paired t test showed that the contrast effect was comparable when the

contextual sequence comprised a small or large Df1 (t(14) = 0.89, p = 0.39).

Electrophysiological data

Figure 2 shows the group mean temporal spectral evolution (TSE) spectrograms for the whole trial time-locked to the onset of the contextual

cue. The contextual cue and the ambiguous stimulus sequences were associated with transient theta power (�5 Hz) at sequence onset, fol-

lowed by sustained alpha power (�10 Hz) during the steady-state portion of the contextual cue and the ambiguous stimulus. Alpha synchro-

nization was largest over the left and right parietal scalp areas. Themotor response (i.e., button presses) at the end of both sequences showed

transient synchronization of delta, theta, and beta power.

Participants’ behavioral reports for the intermediate Df1 did not differ for the contextual cue and the ambiguous sequence. Therefore, the

following analyses focus on the oscillatory activity elicited during the ambiguous sequences when precededby the contextual cuewith a small

or a large Df1. This comparison is best suited to identify the neural correlates of the contrast effect associated with prior perceptual context

because these conditions modulated listeners’ streaming reports.

Figure 2. Steady-state evoked neural oscillations and distribution of alpha power

(A) Group mean temporal spectral evolution (TSE) time-locked on the onset of the contextual cue when the difference between the first formant (Df1) was small,

intermediate, or large. The spectrograms show oscillatory activity from the midline central-parietal electrode (CPz).

(B) Isocontourmaps for themean alpha power (8–13 Hz) between 1-7 s and 9.5–15.5 s, representing responses during the contextual cue vs. ambiguous sequence,

respectively.
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The cluster analysis procedure and permutation-based statistics revealed one significant spatiotemporal cluster (p = 0.002) (Figure 3). The

cluster started at 10.1 s and ended at 15.5 s and encompassing theta, alpha, and beta bands. It peaked at 13.15 s and was maximum at 12 Hz

over the left temporal-parietal, central-parietal, parietal, and parietal-occipital scalp area (TP7, CP5, CP1, P7, P5, P3, P1, PO3, and POz) and for

that interval, extended to right frontal scalp area (AF4, AF8, F4, F6, F8).

We performed source reconstruction of the time-frequency data using amultiple source beamformer (MSBF)method28 as implemented in

BESA Research 7.1. The MSBF captures both evoked and induced oscillatory activity in a specified time-frequency range and allows for sep-

aration of bilateral activity in the two hemispheres that is often highly correlated and thus blurred in traditional source reconstruction ap-

proaches. For the small and largeDf1, we estimated source activity for frequencies ranging from 8 to 13 Hz and for a 1000ms interval centered

on the peak latency of the difference between the two conditions (i.e., 13100 ms, Figure 3) using�1000 ms–0ms as the baseline. Using an a =

0.01 for cluster buildup, the permutation t tests revealed three brain areas driving the perception-related differences in streaming (Figure 4).

The first cluster peaked in the left angular gyrus (Talairach coordinates: x = �59, y = �53, z = 19), and encompassed the superior temporal

gyrus and inferior parietal cortex. The second and third cluster peaked in the left (x = �23, y = �26, z = 55) and right primary sensory-motor

area (x = 50, y = �17, z = 28). The latter encompassed the supramarginal gyrus.

Brain behavior correlations

We examined whether the effect of contextual cue on source activity during the ambiguous sequence related to the contrast effect observed

behaviorally. Pearson correlations between the contrast effect and the difference in source activity for all three clustered identified in the

MSBF analysis is presented in Table 1. The source activity in the right sensorimotor/supramarginal areas correlated with the contrast effect

observed behaviorally. That is, the greater the contrast effect, the larger the difference in source activity in the right sensorimotor and supra-

marginal area. Additionally, the source activities in the left angular gyrus were positively correlated with source activities in left and right

sensorimotor areas.

DISCUSSION

Our results offer important insights into auditory bistable perception.We show that the contrast effect coincides with changes in alpha power

localized in the left angular gyrus, left and right sensorimotor areas. Importantly, the alpha power source activity in right sensorimotor areas

was positively correlated with the contrast effect. These findings extend our earlier study showing Df1-related changes in auditory cortices

elicited by triplet onset. These findings also extend previous electrophysiological studies by revealing differences in brain activity in attention

networks, including associative auditory cortices, and parietal and sensorimotor areas.

The contextual and the ambiguous sequences were both associated with transient theta power elicited by sequence onset and sustained

alpha synchrony throughout the steady-state portion of the sequence. Notably, the contextual sequence influenced alpha synchrony elicited

Figure 3. Context-driven neural oscillations and distribution of alpha power

(A) Group mean TSE time-locked to the onset of the ambiguous sequence preceded by large (top) and small (middle) Df1, and the corresponding difference

(bottom). The spectrograms show oscillatory activity from the left parietal electrode (P5).The rectangle highlights the maximum difference in alpha power.

(B) Isocontour maps showing the mean alpha power (8–13 Hz) distribution for the difference between larger and small Df1 during the 12.6–13.6 s interval.
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by the bistable/ambiguous stimulus, with more substantial alpha power over the right parietal region when the context comprised small Df1
(participants reported hearing one stream), and stronger power over the left hemisphere when the context comprised large Df1 (participants

reported hearing two streams). Differences in alpha synchronization have been reported for bistable stimuli,29 auditory illusions,30 and during

binocular rivalry,19 with greater alpha power to fragmented than to integrated visual objects.18

In the present study, contextual sequences changed the brain state, as indexedby oscillatory activity, such that the subsequent construal of

an identical bistable stimulus is opposite to that of the previous stimulus. This contrast effect could be related to neural adaptation in auditory

cortices.5,11 The neural adaptation account has received some support from our initial ERP analysis, revealing a contrast effect associated with

changes in neural activity localized in the auditory cortex.14 In that study, the activity in the auditory cortex correlated with the changes in Df1.

However, the relationship between neural activity and perception of the ambiguous sequence was not examined, making it difficult to deter-

mine whether the change in neural activity localized in the auditory cortex was associated with interpreting the bistable stimulus. In the pre-

sent study, the contrast effect was related to changes in alpha power, with source activity encompassing the superior temporal gyrus.

Although the latter appears consistent with the neural adaptation account, only activity from the right sensorimotor areas was correlated

with the contrast effect. This suggests that in addition to neural adaptation, other processes, such as attention, may be contributing.

Alpha power has been used in many studies as a neural metric of visual19,20,31–33 and auditory attention.34–39 Given previous studies asso-

ciating alpha power with attention, the observed changes in these rhythms could be associated with an attentional bias toward the percept

opposite to that of the prior stimulus. One source of alpha activity was localized in posterior parietal regions, consistent with attentional pro-

cessing and perceptual switching.19 The contrast effect may be related to perceptual adaptation, with the listener’s attention being biased

toward the other construal in the context of bistable stimuli. Participants may also compare the incoming stimuli sequence with the se-

quence’s representation, making the incoming stand out in the opposite perceptual space of the previous stimulus.

In the present study, we observe perception-related changes in alpha power, with greater power elicited by the bistable sequence when

preceded by the same sequence but with larger Df1. The greater alpha synchrony could indicate that participants’ attention is more focused

on the galloping rhythm rather than being divided between the two streams of vowels. This would be consistent with prior research showing a

difference in alpha power between focused and divided attention.40 Findings from our source analysis are also compatible with the role of

attention in bistable perception. Prior research using fMRI has shown activity in parietal regions associated with bistable perception during

auditory stream segregation.5,6 Alpha dysnchronization may index reflective attention to the dominant percept (galloping rhythm versus a

single stream of vowels), bringing this percept into the foreground.29 In the present study, alpha power may reflect the prioritization of

one percept over another,41 with greater alpha synchrony over the left hemispheremeaning less salient or ‘‘silent’’ representation of two vowel

stream percepts.

Source localization of these alpha power effects suggests that the contrast effect of bistable vowel sequences engages left lateralized pos-

terior speech areas and bilateral sensorimotor areas. The angular gyrus and adjacent areas play an important role in speech perception42 and

audio-vocal sensory-motor transformations43,44 and are sensitive to manipulations promoting the speech continuity illusion45 and different

perceptual interpretations of ambiguous speech sounds with varying stimulus context.46 Our findings are also consistent with prior fMRI

studies showing activity in inferior parietal lobule and areas near or including the angular gyrus during bistable perception.47 The difference

in source activity located in the left and right sensorimotor areas may reflect response preparation associated with the dominant percept or

Figure 4. Source localization of alpha power

(A) Groupmean difference in beamformer source alpha power (8-13Hz) during the 12600–13600ms interval. The contrast yielded three different clusters. The first

cluster was localized in the left angular gyrus (top row, red). The second and third clusters were localized in left (middle row, red) and right (bottom row, blue)

primary sensory-motor areas, respectively. The red color indicates greater power (i.e., alpha synchronization) when the context was two streams rather than one.

The blue color indicates lower power (alpha suppression) when the context was two streams rather than one.

(B) Scatterplot showing the relationship between the source activity in the right sensorimotor area and the contrast effect.
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activation in speechmotor areas associated with processing the two different vowels.48 The significant correlation between the source activity

in the right sensorimotor area and the behavioral contrast effect is also consistent with the aforementioned hypotheses that the contrast effect

is related to a bias when comparing the incoming stimulus with the previous one. Together, these results suggest that the contrast effect

during bistable perception of vowel sequences is associated with auditory-motor integration.

Limitations of the study

While our sample size was sufficient to observe reliable differences in oscillatory activity, the source localization of neural alpha os-

cillations may change with the number of participants. A larger sample would enhance the source model adequacy and may reveal

different and/or additional regions. The present study also focused primarily on one context-driven perception of bistable ambig-

uous stimuli with two alternatives. It remains to be seen whether the same brain areas would be involved when the perception

switches back and forth between alternatives. Consequently, future studies could expand on the findings reported here and compare

neural oscillations when the prior context yields the same and opposite percept to that experienced from the previous stimulus.

Lastly, the exact extent of the brain areas associated with the contrast effect should be interpreted cautiously because source recon-

structions depend on many factors that can influence the number and locations of sources (e.g., head model, regularization, voxel

size, etc.). The findings from the present study should be confirmed in future studies using methods with better spatial resolution,

such as subdural EEG recording and fMRI.
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Table 1. Brain-behavior correlations

Contrast Effect Left Angular Gyrus Left Sensorimotor Right Sensorimotor

Contrast Effect r

p value

N

1

15

Left

Angular Gyrus

r

p value

N

�0.430

0.128

15

1

Left

Sensorimotor

r

p value

N

�0.411

0.128

15

0.578a

0.050

15

1

Right

Sensorimotor

r

p value

N

�0.650a

0.024

15

0.659a

0.024

15

0.538

0.057

15

1

aSignificant correlation (p < 0.05, two-tailed corrected for multiple comparisons).
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Material availability

This study did not generate new unique reagents.

Data and code availability

The data that support the findings of this study are available from the lead contact upon reasonable request. All original data and codes have

been deposited at Borealis: The Canadian Dataverse Repository and are publicly available as of the publication date. DOI is listed in the key

resources table. Statistical analyses were run using BESA Statistic and SPSS. The lead contact will provide any additional information needed

to reanalyze the data reported in the paper.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Participants

Sixteen participants were included in our original study.14 In contrast to that study, the current study uses a much longer epoch in order to

examine bistable perception (�30 to 500 ms versus�1000 to 7500 ms, respectively). Due to the length of the longer epoch (see below), elec-

trophysiological data from one participant had to be excluded because of the high number of vertical eye movements and blinks contami-

nating the responses of interest. EEG data from 15 participants were analyzed (Mage = 23.53 years, SD = 4.33; seven females). All but one

participant was right-handed. All were fluent English speakers with no known neurological, psychiatric, hearing or speech disorders. The study

was carried out in accordance with relevant guidelines and regulations and was approved by the University of Toronto and Baycrest Hospital

Human Subject Review and Research Ethics Committees. Participants gave informed written consent and received a small honorarium for

participation.

METHOD DETAILS

Stimuli and task

Vowel sounds /i/ (as in ‘‘see’’) and /ae/ (as in ‘‘cat’’), hereafter referred to as "ee’’ and ‘‘ae’’ were synthesized using a cascade formant synthe-

sizer implemented inMATLAB using a sampling rate of 48828 Hz. Both vowels were 100ms long and had a voice fundamental frequency (f0) of

100 Hz. The first formant frequency (f1) of the vowel /ee/ was fixed at 400 Hz, whereas the f1 of the vowel /ae/ was allowed to vary. The dif-

ference in f1 (Df1) between /ee/ and /ae/ was small (Df1 = 47 Hz), intermediate (Df1 = 110 Hz), or large (Df1 = 285 Hz). A prior study using these

values shows that participants consistently report hearing one stream, report either one or two streams (ambiguous sequence) and generally

report two streams, respectively.49 Stimuli were presented binaurally at 75 decibels (dB) sound pressure level through Sennheiser HD 265

headphones.

Vowels were presented in an ABA- pattern as /ee/-/ae/-/ee/ (Figure 1A). Only the second vowel within the triplet was manipulated. The

inter-stimulus interval (ISI) between /ee/ and /ae/ was a fixed 50 ms, and the ISI between triplets was 100 ms. Each trial consisted of a

REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

Original data and code for analyses https://doi.org/10.5683/SP3/3XM0XY na

Software and algorithms

BESA Research 7.1 https://www.besa.de/ RRID:SCR_009530

BESA Statistic 2.1 https://www.besa.de/ RRID:SCR_009530

EEGlab https://sccn.ucsd.edu/eeglab/index.php RRID:SCR_007292

IBM SPSS 28 https://www.ibm.com/products/spss-statistics RRID:SCR_002865

MATLAB Version 2021 https://it.mathworks.com/products/matlab.

html
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contextual cue sequence followed by a sequence with an intermediate Df1, referred to as the ambiguous sequence (Figure 1B). For

the contextual cue sequence, the Df1 was small, intermediate, or large. In the ambiguous test sequence, the Df1 was always intermediate.

The contextual cue and the ambiguous sequences contained 14 repetitions of the /ee/-/ae/-/ee/- triplets and lasted 6.90 seconds (sec).

They were separated by 1.44 sec of silence. After the contextual cue and ambiguous sequences, participants pressed one of two keys on

a response box (Tucker-Davis Technologies) indicating whether they heard one galloping rhythm or two concurrent streams. Participants

had 3.50 sec to respond, and then the next trial began. Participants completed five blocks of 30 trials each for a total of 150 trials, with

each Df1 condition (small, intermediate, large) being presented 50 times. In each block of trials, the three levels of Df1 were presented in

random order. The experiment took about one hour to complete including breaks between blocks of trials.

Recording of neuroelectric brain activity

The EEG was digitized continuously (sampling rate 500 Hz; online bandpass filter of 0.05–100 Hz) from an array of 64 electrodes using

NeuroScan Synamps2 (Compumedics, El Paso, TX, USA). Eye movements were monitored with electrodes at the outer canthi and below

the eyes. All electrodes were referenced to the vertex electrode (i.e., Cz) during recording. For offline data analysis, the EEG signal at

each electrode was re-referenced to the average signal of all electrodes (i.e., average reference).

For each participant, a set of ocular movements was identified from the continuous EEG recording and then used to generate spatial com-

ponents that best account for blinks and vertical and lateral eye movements using BESA Research software (version 7.1). The spatial topog-

raphies were then subtracted from the continuous EEG to correct for eye movements and eye blinks. After correcting for eye movements,

recordings were automatically scanned for artifacts. Epochs (�1 sec to 16 sec) including deflections exceeding peak-to-peak 120 mV were

marked and excluded from the analysis. The number of trials included in the averages ranged from 38 to 50, i.e., at least 75% of trials for

each condition without deflection exceeding 120 mV.

Time-frequency analysis

The time-frequency analysis of the EEG signal power was performed with the BESA Research software (version 7.1). The continuous EEG was

segmented in epochs consisting of 1 sec of pre-stimulus activity and 16 sec of post-stimulus activity time-locked to the onset of the sequence.

The baseline duration was chosen to provide a good estimate of non-task specific oscillatory power while minimizing the impact of response-

related activity from the previous trial. A complex demodulationmethodwith 1 Hz wide frequency bins and 50ms time resolution was used to

decompose the single-trial EEG data into frequency representation from 2 to 50 Hz.

Multiple source beamformer (MSFB)

A time-frequency source localization approach (multiple source beamformer in BESA version 7.1)28 was applied to a 1000ms time window

centered on the peak of the difference in alpha power (i.e., 12.6 to 13.6 sec) from the time-frequency analysis. This technique spatially filters

scalp-recorded EEG data to estimate the source power of specific location(s) in the brain. Source power distributions in the 3D brain are esti-

mated by iteratively constructing the beamformer at each voxel. We used a standardize FEM (finite element method) model created from an

average head using 50 individual MRIs in Talairach space provided by BESA Research 7.1, with a voxel size in Talairach space of 9 mm and a

regularization of 0.001.

QUANTIFICATION AND STATISTICAL ANALYSIS

The behavioral outcome measure was the proportion of trials in which participants reported hearing two streams after the contextual cue

and the ambiguous sequences. The effect of contextual cue (i.e., Df1) on the perception of the ambiguous sequence was quantified by

comparing the proportion of trials in which participants reported hearing two auditory streams using a repeatedmeasures analysis of variance

with Df1 as the within-subject factor.

The effect of the contextual cue on oscillatory activity was examined using clustered-based statistics and permutation tests (BESA Statistics

2.1). First, t-tests were used to identify clusters in time (adjacent time points) and space (adjacent electrodes) where oscillatory activity differed

between conditions. The channel diameter was 4 cm, allowing up to four electrode neighbours per analysis cluster. We used an alpha level of

0.05 for cluster building to analyze the time-frequency data. We used an alpha level of 0.01 for cluster building to analyze oscillatory source

activity. This more stringent alpha level for cluster building allows for separation from nearby sources. A Monte-Carlo resampling tech-

nique50,51 was then used to identify the clusters with higher values than 95% (one-sided t-test) of all clusters derived by random permutation

of the data. The number of permutations was set at 5,000. Importantly, this procedure corrects for multiple comparisons over time and elec-

trodes to minimize false positives.50,51

Brain-behaviour relationships were examined using Pearson correlations. We used the Benjamini-Hochberg method to adjust the family-

wise p-value for multiple comparisons with q = 0.1, m = 6 (i.e., the total number of p values) and p = 0.05.52
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