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Abstract 

Objectives: Mindfulness meditation (MM) is suggested to improve attention. Research has 

explored this using the ‘attentional-blink’ (AB) task, where stimuli are rapidly presented, and 

a second target stimulus (T2) is often missed if presented ~300ms after an initial target 

stimulus (T1). This research showed improved task-accuracy and altered neural activity after 

an intensive 3-month MM retreat. We tested whether these results replicated in a community 

sample of typical meditators. Methods: Thirty-one mindfulness meditators and 30 non-

meditators completed an AB task while electroencephalography (EEG) was recorded. 

Between-group comparisons were made for task-accuracy, event-related potential activity 

(posterior-N2 and P3b), theta and alpha oscillatory phase synchronisation to stimuli 

presentation, and alpha-power. Primary aims examined effects within time windows reported 

by previous research. Additional exploratory aims assessed effects across broader time 

windows. Results: No differences were detected in task-accuracy or neural activity within 

our primary hypotheses. However, exploratory analyses showed posterior-N2 and theta phase 

synchronisation effects indicating meditators prioritised attending to T2 stimuli (p < 0.01). 

Meditators also showed more alpha-phase synchronisation, and lower alpha-power when 

processing T2 stimuli (p < 0.025). Conclusions: Our results showed multiple differences in 

neural activity that suggested enhanced attention in meditators. The neural activity patterns in 

meditators aligned with theoretical perspectives on activity associated with enhanced 

cognitive performance. These include enhanced alpha ‘gating’ mechanisms, increased 

oscillatory synchronisation to stimuli, and more equal allocation of neural activity across 

stimuli. However, meditators did not show higher task-accuracy, nor did effects align with 

our primary hypotheses or previous research.  

Preregistration: This study was not preregistered. 
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Introduction 

Mindfulness meditation (MM) is a broad term to describe meditation practices that attend to 

aspects of the present moment without judgment (e.g., the breath, bodily sensations, 

awareness) (Crane et al., 2017; Van Dam et al., 2018). Over recent decades, MM has been 

incorporated into mindfulness-based interventions (MBIs) to alleviate symptoms of 

depression, pain, and addiction (Hayes, 2012; Kuyken et al., 2008). Our understanding of the 

mechanisms of MM is rapidly improving, with studies replicating mechanistic relationships 

between mindful attention, emotional regulation and well-being outcomes with moderate 

consistency (Britton et al., 2018; Chambers et al., 2009; Kiken et al., 2015). However, there 

are an array of theoretical perspectives regarding the neurophysiological mechanisms that 

underpin the effects of MM, and not enough empirical evidence to draw strong, 

comprehensive, or specific conclusions about the accuracy of the proposed mechanisms 

(Hölzel et al., 2011; Tang et al., 2015; Van Dam et al., 2018). A better mechanistic 

understanding of MM is therefore required. Specifically, there is a need to elucidate the 

neurophysiological changes that underlie the benefits of the practice to well-being. This 

might allow the design of MM interventions with enhanced efficacy by specifically targeting 

the effective mechanism. 

One promising psychological mechanism that may underlie the effects of MM is 

improved attentional function (Kiken et al., 2015; Tang et al., 2007). MM’s ability to 

improve attention is supported by controlled behavioural studies showing MM practice 

increased sustained and executive attention (Jha et al., 2007; Lutz et al., 2009; Slagter et al., 

2009; Tang et al., 2007) and improved performance on various attentional tasks (Atchley et 

al., 2016; Bailey et al., 2019; Bailey et al., 2022; Van Dam et al., 2018). One sophisticated 

approach to measure MM-related changes in attention is to examine the limited temporal 

capacity of attention using the attentional blink (AB) phenomenon (Martens & Wyble, 2010; 
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Shapiro et al., 1997). In a typical AB task, individuals are presented with a rapid stream of 

~20 distractor stimuli. Within that rapid stream of stimuli, two targets (T1 and T2) are 

presented in close temporal succession, with T1 typically appearing randomly after 2-8 

stimuli have already been presented and the T2 stimulus appearing 200 to 700ms after T1 

(Ward et al., 1996). The AB phenomenon refers to a reduction in accuracy at recalling the T2 

stimulus when it is presented within 200-500ms after T1, with AB trials presenting T2 stimuli 

at this brief delay often referred to as a “short interval” attention blink trials (Shapiro et al., 

1997). A number of cognitive models have been proposed to explain the AB phenomenon 

(for a review, see Martens and Wyble (2010)). Capacity-based models suggest competition 

between stimuli for attentional resources, so T1 induces a drain on limited attentional 

resources and insufficient attentional resources are available to successfully process T2 

(Potter et al., 1998; Shapiro et al., 1997). In contrast, selection-based models emphasise the 

role of attentional control, where the magnitude of an individual’s AB is affected by the 

extent to which distracting information is suppressed (Di Lollo et al., 2005; Olivers & 

Meeter, 2008). However, it is worth noting that thus far, evidence supporting one analytical 

model of the AB phenomenon does not necessarily negate the mechanisms and functional 

processes proposed by another (further discussion of this point is available in the 

supplementary materials section 1).  

The neurophysiological mechanisms of AB phenomena have been explored using 

EEG (Slagter et al., 2007; Vogel et al., 1998). This research has focused on an ERP known as 

the P3b, which is a positive voltage occurring maximally in parietal electrodes around 350 to 

600ms following stimulus presentation, and which has been associated with voluntary 

attentional focus (Falkenstein et al., 1993; Falkenstein et al., 1991). Research has found the 

P3b time-locked to the second target stimuli to be entirely suppressed in trials in which the 

second target is ‘blinked’ (not consciously perceived) and ultimately not recalled (Dell'Acqua 
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et al., 2015). A reduced AB effect (i.e., increased ability to detect T2 stimuli) has also been 

associated with an earlier onset and smaller amplitude of the T1-induced P3b, suggesting that 

when less neural activity is devoted to the T1 stimulus, more neural resources are available to 

detect and encode the T2 stimulus (Sergent et al., 2005; Slagter et al., 2007). In addition to 

the P3b AB effect, research has also suggested that short interval AB trials reduce the 

amplitude of the visual processing related posterior-N2, an ERP peaking approximately 

200ms after stimuli presentation, with posterior-maximal negative voltages (Zivony et al., 

2018). This is thought to reflect the lack of engagement of attention processes time-locked to 

T2 stimuli (Zivony et al., 2018). In addition to the ERP AB findings, research has suggested 

that theta oscillations (rhythmic EEG activity occurring between 4-8Hz) are related to a range 

of cognitive processes, including attention (Mizuhara & Yamaguchi, 2007). A positive 

relationship between the successful detection of AB targets and theta phase synchronisation 

(TPS) to the onset of AB target presentation has also been identified (Slagter et al., 2009). 

Finally, decreased synchronisation of alpha (8-13Hz) oscillations to the onset of the distractor 

stimuli presentation (which are presented prior to T1) and increased alpha-power just prior to 

T1 stimuli presentation has also been associated with improved performance in the AB task 

(Slagter et al., 2009). As alpha oscillations have been linked with functional inhibition of 

brain regions (Klimesch, 2012), it is possible that desynchronisation of alpha oscillations 

around the stimulus and increased alpha-power just prior to the target stimulus onset inhibits 

processing of the distractors, then releases any inhibitory processes ongoing on brain regions 

responsible for processing the target AB stimuli, resulting in better AB performance.  

Perhaps unsurprisingly, MM training and experience have been shown to reduce the 

AB phenomenon (Slagter et al., 2007; van Leeuwen et al., 2009; Wang et al., 2021). 

However, to date, only Slagter et al. (2007) have measured neural activity while meditators 

perform the AB task. They compared EEG activity from non-meditator controls and 
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experienced mindfulness meditators (with an average of 2,967 hours of meditation 

experience) before and after the experienced meditators underwent an intensive 3-month 

meditation retreat, and the non-meditators practised MM for 20 minutes per day for one 

week. Following the retreat, the experienced meditators were better at identifying the T2 AB 

stimuli compared to the controls (demonstrating a reduced AB effect) (Slagter et al., 2007; 

Slagter et al., 2009). The improved T2 detection was correlated with a reduced P3b following 

T1 stimuli, as well as increased T2-locked TPS (Slagter et al., 2007; Slagter et al., 2009). 

Slagter et al. (2007) suggested that the reduction in T1-elicited P3b in meditators may reflect 

a reduced propensity to mentally ‘cling’ to a target, whereas the elevated TPS may reflect an 

increased capacity to process experience from moment to moment. They also found a 

reduction in alpha phase synchronisation (APS) to the distractor stimuli (prior to the onset of 

T1) in meditators, potentially implicating the release of alpha inhibiting the processing of 

distractor stimuli before T1 presentation (Slagter et al., 2009). Notably, these findings were 

only after an intensive 3-month retreat and it is unclear if more typical daily MM practice 

will produce similar effects. Exploring a community sample of MM may provide findings 

that are more generalisable to a typical (and increasingly popular) MM practice (Cramer et 

al., 2016). Additionally, while Slagter et al. (2007) have been cited over 1000 times, no 

replications of their study have been attempted. 

Given this background, the primary aim of the study was to compare brain activity 

related to the AB phenomenon (P3b, TPS, APS and alpha-power) between a cross-sectional 

sample of experienced community meditators and healthy control non-meditators. The 

present study also utilised advanced EEG analysis methods, which can separately detect 

differences in overall neural response strength and differences in the distribution of brain 

activity. Following the research by Slagter et al. (2007, 2009), our primary hypotheses were 

that: PH1) compared to non-meditator controls, meditators would show a smaller allocation 
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of attention-related neural resources to T1 as indexed by a lower amplitude T1-elicited P3b 

during short interval trials; PH2) meditators would show more consistency in the timing of 

theta oscillatory neural activity (higher TPS) in response to T2 during short interval trials but 

not long interval trials, indexed by higher T2-locked TPS values; PH3) the meditators would 

show greater alpha-power around stimuli presentation in short and long interval T1 trials 

compared to controls. Finally, the AB task presented stimuli every 100ms (at 10Hz), which is 

within the alpha frequency. This is likely to produce alpha synchronisation to the task stimuli, 

an effect that may be modified in the meditation group, which has undergone considerable 

training in an attention-based practice. Slagter et al. (2009) reported a reduction in APS 

during the presentation of the distractor stimuli prior to T1 presentation after the meditation 

retreat (in contrast to the increased alpha-power). As such, we had one further primary 

hypothesis: PH4) APS would be reduced in the meditation group during the presentation of 

the distractor stimuli prior to T1 stimuli. Additionally, while we tested these primary 

hypotheses within the time windows reported by Slagter et al. (2007, 2009), to ensure we did 

not miss significant effects that appeared outside these specific windows, we conducted 

additional exploratory analyses for the ERP, TPS, APS, and alpha-power variables which 

included all time points in the EEG epochs for each of these measures (exploratory 

hypotheses are explained below), while employing data-driven multiple comparison controls. 

Additionally, since behavioural research using a cross-sectional design has previously 

shown that meditators show a reduced AB effect compared to non-meditator controls, we had 

a non-primary replication hypothesis, RH1) that our meditation group would show a reduced 

AB effect as indicated by meditators showing higher accuracy than controls in short interval 

T2 trials. Further, while Slagter et al. (2007) focused on the P3b in response to T1 only, our 

view is that it is sensible to hypothesise that EH1) ERPs to T2 would be increased in 

meditators, or EH2) the relationship between ERP amplitude to T1 and T2 is different in 
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meditators, perhaps reflecting an increased ability to attend to the T2 stimulus as a result of a 

reduced focus on the T1 stimuli. Additionally, since previous research has not examined 

potential differences in the topographical distribution of neural activity in meditators during 

the AB task, four non-directional exploratory hypotheses were that: EH3) meditators would 

show differences in the scalp distribution of ERPs, EH4) meditators would show differences 

in the scalp distribution of TPS, EH5) meditators would show differences in the scalp 

distribution of alpha-power, and EH6) meditators would show differences in the scalp 

distribution of APS.  

Method 

Participants 
     A sample of 39 experienced community meditators and 36 healthy control non-

meditators were recruited after responding via phone call or email to community advertising 

at universities, meditation organisations, and on social media. To meet the eligibility criteria 

for classification as an experienced meditator, participants were required to have had at least 

two years of meditation experience and have practised meditation for a minimum of two 

hours per week over the last three months. Meditation was defined by Kabat-Zinn’s 

definition: “paying attention in a particular way: on purpose, in the present moment, and 

nonjudgmentally” (Kabat-Zinn, 1994). This definition included participants who practice 

both open monitoring meditation, which involves simple awareness without a specific focus 

besides awareness itself and focused attention meditation, which involves deliberate attention 

on a specific object, such as the breath (Cahn & Polich, 2009; Lutz et al., 2008). Trained MM 

researchers (BLINDED FOR REVIEW) interviewed and screened participants to ensure the 

participants' practices fit the criteria, and screening uncertainties were resolved through 

discussion and consensus between the principal investigator (BLINDED FOR REVIEW) and 
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one other researcher. Eligibility as a non-meditator control required participants to have less 

than two hours of lifetime meditation experience.  

Participants were considered ineligible to participate if they were currently taking 

psychoactive medication; had experienced brain injury; had previously been diagnosed with a 

psychiatric or neurological condition; or met the criteria for any drug, alcohol or 

neuropsychiatric disorders as measured by the Mini International Neuropsychiatric Interview 

(MINI) (Sheehan et al., 1998). Participants who scored above the moderate range (greater 

than 25) in the Beck Anxiety Inventory (BAI) (Beck et al., 1988) or the mild range (greater 

than 19) in the Beck Depression Inventory-II (BDI-II) (Beck et al., 1961) were also excluded.  

Ethical approval of the study was provided by the (BLINDED FOR REVIEW). All 

participants provided written informed consent prior to participation in the study. Before 

participants underwent EEG recording, participants provided their gender, age, years of 

education, and meditation experience (total years of practice, frequency of practice, and the 

usual length of a meditation session). Participants also completed the Five Facet Mindfulness 

Questionnaire (FFMQ) (Baer et al., 2006), BAI, and BDI-II. Two controls were excluded 

from the study due to scoring above the moderate anxiety range on the BAI. Two controls 

and one meditator were excluded after scoring in the mild depression range on the BDI-II. 

Another control was excluded after revealing a history of meditation. Two meditators were 

excluded due to a previous history of seizures, substance abuse or mental illness, and another 

three were excluded from the analysis due to not completing the AB task. Lastly, two 

meditators and one control were excluded from the study as their performance of the AB task 

was near chance.  

The final sample included 31 meditators aged between 20 and 64 years and 30 healthy 

controls aged between 20 and 60. The two groups did not differ in any demographic or self-
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report measure except for the FFMQ score (all p > 0.05, except for the FFMQ, where p < 

0.001). Table 1 summarises all measures (note that one participant did not complete the BAI, 

and another did not complete the FFMQ, so their data were excluded from those measures). 

The final sample of meditators had a mean of 6.44 (SD = 4.25) years of meditation 

experience, 7.65 (SD = 2.21) hours of current practice per week and a mean of 55.65 (SD = 

44.90) minutes of meditating per session.
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Table 1. Demographic and self-report means (M), standard deviations (SD), and statistics. 

BAI = Beck Anxiety Inventory, BDI-II = Beck Depression Inventory II, FFMQ = Five Facet 

Mindfulness Questionnaire. 

  Meditators 
M (SD) 

Controls 
M (SD) 

Statistics 

Age 35.77 (14.06) 31.63 (12.39) t(59) = 1.219, p = 0.228 

Gender (F/M) 11/20 15/15 chi-squared = 1.314, p = 0.252 

Years of Education 16.06 (3.15) 17.38 (2.26) t(59) = 1.874, p = 0.066 

Meditation Experience (years) 6.44 (4.25) 0   

Frequency of Meditation Per 
Week 

7.65 (2.21) 0   

Current Time Meditating Per 
Session (minutes) 

55.65 (44.90) 0   

BAI score 6.29 (6.32) 4.34 (3.80) t(58) = 1.432, p = 0.157 

BDI-II score 2.94 (3.39) 3.33 (3.98) t(59) = .421, p = 0.675 

FFMQ score 153.67 (14.49) 132.97 
(18.65) 

t(58) = 4.801, p < 0.001** 

**p < 0.001. 
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Procedure  
Participants first performed a Go/Nogo task (data not yet published) and an auditory 

oddball task [BLINDED FOR REVIEW], followed by the AB task. The AB task was a 

replication of the task used by Slagter et al. (2007). The task involved 12 practice trials 

followed by four blocks of 90 trials where the participants viewed a stream of 19 stimuli 

(letters and numbers) presented for 66ms, with a 33ms blank screen between each stimulus. 

Before the task began, participants were instructed that there could be one or two numbers in 

each trial and were to enter the number/s they observed on a number pad once each trial 

ended. Each new trial began after the participant pressed the Enter key to continue, and 

participants were offered the option of a short break between each of the four blocks. T1 

occurred at a random position from 3 to 9 in the stream (after 2-8 distractor stimuli had 

already been presented). In trials with two numbers, T2 could occur either 300ms (short 

interval) or 700ms (long interval) after T1. Each block contained 54 short interval trials, 18 

long interval trials, and 18 T1-only trials (where no T2 stimulus was presented). The order of 

the trials within each block was randomised. The number of correct trials (both T1 and T2 

correct), trials where T1 was incorrect, and trials where T2 was incorrect were recorded for 

each participant. The total task time was approximately 45 minutes. After the AB task, 

participants were administered transcranial magnetic stimulation concurrent with EEG (data 

not yet published).  

Measures 
Electrophysiological Recording and Pre-Processing 
 64-channel EEG data were recorded continuously during the tasks using a Quick-Cap 

containing Ag/AgCl electrodes and SynAmps 2 amplifier (Compumedics, Melbourne, 

Australia). Data were recorded by Neuroscan Aquire software, with samples obtained at 

1000Hz and an online bandpass filter from 0.05 to 200Hz (24dB/octave roll-off). Each 
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electrode was connected to a reference electrode positioned between CPz and Cz. Prior to the 

start of the recording, all electrode impedances were reduced to <5kΩ.  

EEG recordings were pre-processed offline in MATLAB R2018b (The Mathworks, Inc.) 

using the RELAX EEG cleaning pipeline (Bailey et al., 2022a; Bailey et al., 2022b), which 

calls EEGLAB (Delorme & Makeig, 2004) and fieldtrip functions (Oostenveld et al., 2011). 

Within the RELAX pipeline, data were first bandpass filtered with a fourth-order Butterworth 

filter from 0.25 to 80Hz and bandstop filtered from 47 to 53Hz to reduce the line noise. Next, 

multiple default RELAX approaches were used to reject extreme outlying channels (Bailey et 

al., 2022a; Bailey et al., 2022b; Bigdely-Shamlo et al., 2015), followed by the marking of 

extreme outlying EEG periods for exclusion from the Multiple Wiener Filter cleaning and 

deletion before independent component analysis (see Bailey et al. 2022a for details). Three 

sequential Multiple Wiener Filters were used to reduce 1) muscle activity (Fitzgibbon et al., 

2016), 2) eye blinks, then 3) horizontal eye movement and electrode drift (Somers et al., 

2018). Finally, data were re-referenced to the robust average reference (Bigdely-Shamlo et 

al., 2015), and the remaining artifacts were cleaned using wavelet-enhanced independent 

component analysis (ICA) (Castellanos & Makarov, 2006) to reduce artifactual components 

identified by ICLabel (Pion-Tonachini et al., 2019) after ICA decomposition using cudaICA 

(Raimondo et al., 2012). Full details of the pre-processing pipeline are available in Bailey et 

al. (2022a) and Bailey et al. (2022b).  

After cleaning, EEG activity was epoched to the onset of the AB task stimuli from -200 to 

1000ms surrounding the T1 or T2 stimuli for ERP analysis and from -2000 to 2000ms for 

oscillation analyses. The fieldtrip ‘ft_freqanalysis’ function was used with Morlet Wavelet 

analysis settings and a cycle width of 5 to compute frequency power.  
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ERP data were baseline corrected using the baseline subtraction method to the average 

activity in the -200 to 0ms period prior to target stimulus onset, as per the methods of Slagter 

et al. (2007). To test our hypothesis PH1 for the P3b ERP, we averaged data within the 350 to 

600ms time window following the stimuli.  

TPS and APS were quantified through the calculation of a phase-locking factor (PLF) value 

within the theta range (4 to 8.5Hz) and alpha range (8.5 to 15Hz, in replication of Slagter et 

al. 2009) (Lachaux et al., 1999; Ueno et al., 2009). PLF values range from 0 to 1, where 1 

represents perfectly correlated phase differences between trials, and 0 represents completely 

uncorrelated phase differences (Ueno et al., 2009; Varela et al., 2001). The methods for this 

computation are described in more detail in the supplementary materials (section 2b). To test 

hypothesis PH2, TPS data were averaged within the 121 to 501ms window after T2 stimuli. 

To test hypothesis PH4, APS data were averaged within the -414 to -214ms window prior to 

T1 stimuli. 

For alpha-power frequency power analyses, trials were baseline corrected to oscillatory 

power across the entire epoch (in replication of Slagter et al., 2009). While this means a 

potential signal reduction in potential “active” periods (as the data from those periods is 

contained within the baseline subtraction), this approach prevents spurious conclusions about 

differences in active periods being, in fact, driven by an arbitrarily selected baseline period. 

As such, significant differences at any time point in the epoch reflect an increase or decrease 

of oscillatory power at those time points relative to the ongoing oscillatory power across the 

entire epoch. Baseline correction of frequency power data was performed using the relative 

method ([data – mean baseline activity] / mean baseline activity). To test hypothesis PH3, 

alpha power was averaged within the -31 to 160ms time window following T1. Only epochs 

from correctly responded to target stimuli were used in the EEG analysis (for epochs locked 

to T1, this meant trials where T1 was responded to correctly, while for T2 locked epochs, this 
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meant trials where participants correctly identified both T1 and T2 stimuli). Each condition 

(short vs long interval and T1 vs T2 stimuli) was averaged separately within each participant 

for ERP and oscillation analyses.  

Data Analysis 
EEG Comparisons 

EEG data comparisons of ERPs, TPS, alpha-power, and APS, between meditators and 

non-meditators, were performed using the Randomised Graphical User Interface (RAGU) 

method (Koenig et al., 2011). RAGU compares scalp field differences over all epoch time 

points and electrodes using rank order randomisation statistics with no preliminary 

assumptions about time windows and electrodes to analyse (Koenig et al., 2011). Prior to 

conducting primary tests, a Topographical Consistency Test (TCT) was conducted to confirm 

the consistent distribution of scalp activity within each group and condition. A significant 

TCT result suggests that potential between-group differences in the Global Field Power 

(GFP) and Topographic Analysis of Variance (TANOVA) tests (described shortly) are due to 

real group differences instead of variation within one of the groups (Koenig & Melie-garcía, 

2010). RAGU allows for comparisons of global neural response strength (independent of the 

distribution of activity) with the GFP test. The GFP is an index of the total voltage 

differences across all channels, regardless of the specific locations of the activity; it is 

equivalent to the standard deviation across all channels at each time point (Habermann et al., 

2018). The GFP test compares differences between groups or conditions from the real data 

against randomised permutation data to identify specific time periods following a stimuli 

where groups or conditions significantly differed in neural response strength. RAGU also 

allows for comparisons of the distribution of neural activity with the TANOVA (with the 

recommended L2 normalisation of the amplitude of neural activity which transforms data for 

such that the overall GFP = 1 within each individual, providing distribution comparisons that 
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are independent of differences in global amplitude). Note that there are currently no Bayesian 

statistical approaches analogous to the TANOVA. 

TPS, alpha-power, and APS values were compared with Root Mean Square (RMS) 

and TANOVA tests (to separately compare overall neural response strength and distribution 

of neural activity, respectively). The RMS is computed in the same manner as the GFP, but 

without implementing an average re-referencing across the data prior to its computation. This 

is the recommended approach when oscillatory power or phase synchronisation comparisons 

are computed with RAGU, as the average reference was computed prior to the oscillation 

measurement transforms. As such, the RMS test is a comparison of the RMS between groups 

rather than the GFP, a measure which is a valid indicator of neural response strength in the 

power or phase synchronisation domain (Habermann et al., 2018). In other respects, the 

statistic used to compare RMS between groups is identical to the GFP test described in the 

previous paragraph. 

RAGU controls for multiple comparisons in space by using only a single value 

representing all electrodes for the GFP/RMS and TANOVA tests (the GFP/RMS value for 

the GFP/RMS test and the global dissimilarity value for the TANOVA). RAGU also controls 

for multiple comparisons across time points in the epoch using global duration statistics 

which calculate the periods of significant effects within the epoch that are longer than 95% of 

significant effects in the randomised data with the alpha level at 0.05 (Koenig et al., 2011). 

However, because the computation of measures of oscillatory power or phase consistency 

elicits a dependence in values across neighbouring timepoints, RAGU’s global duration 

control method is only appropriate for ERP analyses. For our oscillatory power and phase 

measures we implemented the same duration controls as Slagter et al. (2009). Because our 

primary hypotheses were obtained from Slagter et al. (2007, 2009), we averaged data within 

specific windows of interest for our primary analyses. However, to explore potential effects 
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outside of these windows, we also used RAGU for whole epoch analyses (from -100 to 

800ms for ERPs and from -500 to 1500ms for oscillatory analyses), with multiple 

comparison controls implemented using the global duration statistics. The recommended 

5000 randomisation permutations were conducted with an alpha of p = 0.05. For more in-

depth information about RAGU and its analyses, please refer to Koenig et al. (2011), Koenig 

and Melie-garcía (2010) and Habermann et al. (2018). The p-values from our primary 

hypotheses (with data averaged within a priori hypothesised time windows of interest) were 

submitted to False Discovery Rate (FDR) multiple comparison controls (Benjamini & 

Hochberg, 2000) to control for experiment-wise multiple comparisons (referred to as FDR-p). 

For the sake of brevity, only main effects and interactions involving group are reported in the 

manuscript, while other results of interest are reported in the supplementary materials 

(section 3). For brevity, the full details of all statistical analyses are reported in the 

supplementary materials (section 2). However, we note here that some time windows of 

interest occurred prior to the presentation of T1 stimuli, in line with Slagter et al. (2009). 

These time windows were analysed as the results from Slagter et al. (2009) suggested 

differences in the meditation group in the synchronisation of neural activity to the distractor 

stimuli that were presented prior to T1, perhaps suggesting less reactivity to those stimuli in 

preparation for processing the target. 

To test our hypotheses for ERPs (PH1, EH1, EH2, and EH3), global field power 

(GFP) and topographical analysis of variance (TANOVA) tests were averaged between 350 

to 600ms (P3b period) (Polich, 2007) after T1 onset to make direct comparisons with Slagter 

et al. (2007). For this averaged activity, GFP and TANOVA tests were used to conduct 

repeated measures ANOVA design statistics, examining 2 groups (meditators vs controls) x 2 

conditions (short and long interval). To test our exploratory hypotheses that differences might 

be present outside of this specific time window or might be present following T2 (EH1, EH2, 
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and E3), GFP and TANOVA tests were used to conduct the repeated measures ANOVA 

design statistics, examining 2 groups (meditators vs controls) x 2 conditions (short and long 

interval) x 2 targets (T1 and T2) for event-related potential (ERP) data across the entire -100 

to 800ms interval after T1 onset.  

To test our hypotheses for TPS (PH2 and EH4), we compared TPS between the 

groups, root mean squared (RMS) and TANOVA tests were used to conduct repeated 

measures ANOVA design, examining 2 group (meditators vs controls) x 2 condition (short 

and long interval) comparisons for TPS data surrounding T2 onset. To make comparisons 

with Slagter et al. (2009), RMS and TANOVA tests were averaged within the 121 to 501ms 

window (where Slagter et al. 2009 detected an effect that was maximal at electrodes FC6 and 

Fz) and the 309 to 558ms window (where Slagter et al. 2009 detected an effect that was 

maximal at electrode T8) after the T2 stimuli. An additional exploratory analysis was 

performed, including T1 stimuli in a repeated measures ANOVA design examining 2 groups 

(meditators vs controls) x 2 conditions (short and long interval) x 2 conditions (T1 and T2) 

for TPS data from -500 to 1500ms around the stimuli to determine if any effects were missed 

by the analysis focused only on T2.  

To test our hypotheses related to alpha-power and APS (PH3, PH4, EH5 and EH6) 

RMS and TANOVA tests were used to conduct repeated measures ANOVA design 

comparisons of alpha-power and APS (separately), examining 2 group (meditators vs 

controls) x 2 condition (short and long interval) comparisons for data averaged within a -31 

to 160ms period for alpha-power and averaged within a -414 to 214ms period for APS. 

Similar to the ERPs and TPS tests, we also performed a whole epoch analysis from -500 to 

1500ms surrounding T1 onset to test for effects outside those reported by Slagter et al. 

(2009). 
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Single Electrode Replication Comparisons 
  In addition to the RAGU analysis, traditional single-electrode comparisons were 

conducted for comparison with previous research, using time windows and electrodes that 

showed significant results in comparisons by Slagter et al. (2007, 2009). Methods and results 

for these comparisons are reported in the supplementary materials (sections 2 and 3 

respectively).   

Behavioural and Demographic Comparisons 
Between-group comparisons of the demographic and behavioural data were 

performed using SPSS v23 or the robust statistics WRS2 package from R where parametric 

assumptions were not met (Field and Wilcox, 2017). Independent samples t-tests compared 

age, BAI, BDI-II, FFMQ, and years of education. A three-way repeated measures ANOVA 

was planned to analyse behavioural data. Interval (short or long) and Target (T1 or T2) were 

within-subjects factors and Group (meditators vs controls) the between-subjects factor. The 

dependent variable was AB accuracy, defined as the percentage of correctly responded to 

trials (T1 and T2 identified correctly). This tested hypothesis RH1, with post-hoc tests 

planned to assess the specific hypothesis that meditators showed a reduced AB effect 

(defined by increased short interval T2 accuracy) if an interaction between Group, Target and 

Interval were present. Where possible, Bayesian analyses were also performed using JASP 

(Love et al., 2019) to provide the strength of evidence for either the null or alternative 

hypotheses (for all of the behavioural, demographic, and EEG comparisons), and a small 

number of follow up exploratory linear mixed models were used to test our explanations for 

significant results (described in full in the supplementary materials, section 3). 
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Results 

ERP Comparisons 
To test our first primary hypothesis (PH1) that meditators would show a smaller 

allocation of attentional-related neural resources to T1, reflected by a lower amplitude of the 

P3b neural response strength to T1 stimuli in meditators compared to controls, the GFP test 

was performed on the P3b time window (from 350 to 600ms following T1, consistent with 

Slagter et al., 2007). No difference was detected for the main effect of Group in GFP 

averaged across the P3b period (p = 0.798, FDR-p = 0.798, ηp
2 = 0.001, see Table 2 and 

Figure 1), nor was there a significant interaction between Group and Interval (p = 0.732, ηp
2 

= 0.004). To test the strength of evidence for the null hypothesis, averaged P3b GFP values 

from within the time window of interest (350 to 600ms) were submitted to Bayesian 

statistics. This result showed that the null hypothesis was more likely than the alternative 

hypothesis for both the Group factor and the interaction between Group and Interval. 

Comparing models including Group and a Group by Interval interaction to the model only 

including Interval provided BF01 = 6.520, while comparing the main effect of Group 

independently to equivalent models stripped of the Group effect and excluding higher-order 

interactions, BFexcl = 1.835, and for the interaction between Group and Interval, BFexcl = 

3.553. Our single electrode analyses, which focused on time windows and electrodes reported 

to be significant by Slagter et al. (2007), showed similarly null results (supplementary 

materials section 3b). 

Table 2: Global field potential (GFP) values averaged across the P3b period of interest. 

 Controls Meditators 
 M (SD) M (SD) 
Short Interval T1 1.603 (0.573) 1.552 (0.533) 
Long Interval T1 1.366 (0.568) 1.346 (0.461) 
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Figure 1. Global field potential (GFP) values averaged across the P3b period of interest (from 

350 to 600ms after T1 presentation). 

 

As mentioned in our hypotheses, while Slagter et al (2007) focused on the P3b in 

response to T1 only, our view is that it is sensible to hypothesise that that effects might occur 

in components other than the P3b, that ERP amplitudes time locked to T2 might be increased 

in meditators (EH1), or for the relationship between ERP amplitudes time locked to T1 and 

T2 to be different in meditators (EH2). To test these exploratory hypotheses (EH1 and EH2), 

a GFP test was performed across the entire epoch, including all conditions (both T1 and T2 

targets and short / long intervals). This test showed a significant interaction between Group 

and Target from 214 to 258ms following the stimuli (averaged across this time interval: p = 

0.002, ηp
2 = 0.0914, see Figure 2), which survived multiple comparison controls for duration 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 12, 2023. ; https://doi.org/10.1101/2023.02.10.527999doi: bioRxiv preprint 

https://doi.org/10.1101/2023.02.10.527999
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

 

23 

(global duration control = 41ms). This effect falls within the typical posterior-N2 time 

window. Within this interaction, controls showed significantly higher GFP amplitudes in 

response to T1 compared to T2 (p = 0.022, ηp
2 = 0.1657), while meditators showed no 

difference between T1 and T2 (p = 0.279, ηp
2 = 0.0403). When group comparisons were 

restricted to short interval T1 stimuli only (averaged within the 214 to 258ms window), 

meditators showed significantly lower posterior-N2 GFP amplitudes than controls (p = 0.029, 

ηp
2 = 0.0784, see Figures 2 and 3). To determine the strength of evidence for this significant 

interaction between Group and Target, averaged GFP values for each participant across both 

short and long intervals were calculated for both T1 and T2 targets separately and submitted 

to a repeated measures Bayesian ANOVA design. When comparing the interaction effect 

against models that did not include the interaction effect, the Bayes Factor showed moderate 

evidence for the effect (BFincl = 3.411). As such, while hypothesis EH1 was not supported 

(as meditators did not show larger amplitude ERPs following T2 stimuli), hypothesis EH2 

was supported, as meditators showed a more equal distribution of ERP amplitudes between 

T1 and T2 than controls (although not within the P3b window). Finally, in our test of the 

exploratory hypothesis that the distribution of ERPs would differ between meditators and 

controls (EH3), the TANOVA showed no significant main effect of Group or interaction 

involving Group that exceeded multiple comparison controls for the number of comparisons 

across the epoch (all p > 0.05).  

In the supplementary materials we report exploratory linear mixed models and 

generalised linear mixed models to explore the potential associations between single trial 

GFP values within the posterior-N2 effect and whether single trials were responded to 

correctly to assess potential explanations for this result (section 3b). In brief, the these 

exploratory analyses showed that correct identification of short interval T2 stimuli was 

associated with lower posterior-N2 GFP time-locked to T1 (similar to the pattern shown by 
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the meditators) (Figure S3). This suggests that when fewer attentional resources were devoted 

to processing T1, T2 could be more accurately identified. Additionally, in single trial 

analysis, the relationship between T2 posterior-N2 GFP, trial number and response accuracy 

differed between the Groups. To begin with, both meditators and controls were less likely to 

identify T2 stimuli if their T2 posterior-N2 GFP was high. Controls showed the same pattern 

throughout the task. However, by the end of the task, this pattern switched for the meditators 

who were more likely to identify T2 targets when they showed high posterior-N2 GFP 

values.  
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Figure 2. Left: p-value graphs for the main effect of group and interactions involving group 

for the whole epoch comparisons of the event-related potential (ERP) global field potential 

(GFP). The black line reflects the p-value, white areas reflect significant time points, and 

green periods reflect windows where the effect passed global duration controls. Top right: 

GFP activity in response to the first target (T1) and second target (T2), averaged over the 

significant window for the test of the interaction between Group and Target (from 214 to 

258ms following the stimuli) and averaged across both short and long intervals. Bottom right: 
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the mean (non-normalised) topography within the significant 214 to 258ms period from each 

group, averaged across T1 and T2 locked epochs separately. 

 

Figure 3. Averaged event-related potentials (ERPs) averaged within fronto-central (top) (F1 

Fz F2 FC1 FCz FC2) and parietal-occipital (bottom) electrodes (PO7 PO5 PO6 PO8 O1 Oz 

O2) time-locked to T1 with the significant period marked (red dashed lines). Note that our 

analyses were based on the GFP, so while the averaged electrodes demonstrate the difference 
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(with N2 ERPs showing smaller amplitudes in meditators regardless of polarity), our 

significance tests were not based on these values. Note also the oscillatory pattern in the 

alpha frequency, synchronised to the stimuli presentation rate. 

 

Theta Phase Synchronisation Comparisons 
The TCT for TPS showed consistent neural activity across groups and conditions from -

280ms across the first 600ms after stimulus presentation, with TCT inconsistency in controls 

locked to the T1 stimuli prior to this time that did not overlap with any of our significant 

effects in the RMS test, but did overlap with some of the significant effects within the 

TANOVA tests. This demonstrated that our RMS TPS results were not driven simply by 

inconsistent topographical activation within a single group or condition (supplementary 

materials section 3c, Figure S5). For our test of hypothesis PH2, that meditators would show 

higher TPS following short interval T2, RMS TPS was averaged within short interval T2 

trials across the 121 to 501ms window for direct comparison with Slagter et al. (2009) (who 

found an effect within this window, maximal at Fz and FC6). No significant difference was 

detected (p = 0.086, FDR-p = 0.173, ηp
2 = 0.0482, BF01 = 1.104). Similarly, for the 309 to 

558ms period (where Slagter et al. 2009 found an effect within this window that was 

maximal at electrode T8), no significant difference was detected (p = 0.118, ηp
2 = 0.0418, 

BF01 = 1.373).  

However, when all conditions and time points were included in an exploratory analysis of 

RMS TPS, a significant interaction between Group, Target, and Interval was present from 

117 to 295ms (averaged across the significant window: p = 2e-4, ηp
2 = 0.2358, Figure 4). 

This effect lasted longer than the duration controls for multiple comparisons over time used 

by Slagter et al. (2009) (175.1ms). When RMS TPS was averaged within the significant 

window, Bayesian analysis of the interaction indicated strong support for the alternative 
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hypothesis (BFincl = 41.612), and the model including this Group, Target, and Interval 

interaction effect as well as the nested comparisons was 5.502e+9 times more likely than the 

null model (BF10 = 5.502e+9). In assessing the cause of the 3-way interaction with reduced 

ANOVA designs, our results indicated it was driven by two features: firstly, controls showed 

larger RMS TPS during long interval T2 trials than short interval T2 trials, while meditators 

showed very little difference in RMS TPS between the short and long interval conditions (p = 

0.0094, ηp
2 = 0.1718, BFincl = 29.574). Secondly, the interaction was also driven by an effect 

where meditators showed a more even distribution of RMS TPS between T1 and T2, in 

comparison to controls who showed higher RMS TPS values to T1 compared to T2 (short 

interval T1 vs short interval T2) (p = 0.0022, ηp
2 = 0.1626, BFincl = 25.192). However, 

counter to the results of Slagter et al. (2009), the interaction was not driven specifically by a 

difference between groups in short interval T2 TPS (averaged within the 117 to 295ms 

window showing the significant interaction, there was no significant difference between the 

groups in short interval T2 RMS TPS, p = 0.136, ηp
2 = 0.0373). Single electrode analyses 

replicating Slagter et al.’s (2009) electrode and window of interest showed the same pattern 

of results as the effect we detected within the 117 to 295ms window, with Bayesian evidence 

supporting the alternative hypothesis for the interaction between Group and Interval for T2 

stimuli (BFincl = 4.621 within Slagter et al.’s (2009) time window, and BFincl = 35.908 

when restricted to the significant time period detected in our exploratory analysis, reported in 

full in the supplementary materials section 3d, Figure S6).  

To assess whether these differences in TPS might have behavioural relevance, we performed 

Pearson’s correlations between TPS and percentage correct from short interval T2 trials 

across both groups together. These results indicated that TPS from all conditions correlated 

with short interval T2 accuracy (statistics reported in full in Table 3, and scatterplots for these 

comparisons can be viewed in Figure 5). 
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There was also an interaction between Group and Interval from 455 to 560ms (averaged 

across the significant window: p = 0.0218, ηp
2 = 0.1520). However, this period did not 

survive the 175.1ms minimum duration used by Slagter et al. (2009). No other main effect or 

interaction involving group was significant for any part of the epoch (all p > 0.10).  

 

Figure 4. Root mean squared (RMS) comparisons of group, target, and interval for theta 

phase synchronisation. Left: P-graphs for the main effect of Group and interactions involving 

Group. The black line reflects the p-value, white areas reflect significant time points and the 

light blue area indicates the effect that passed Slagter et al.’s (2009) duration control. Right: 
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Theta phase synchronisation RMS showing the significant interaction of interest between 

Group, Interval and Target from the averaged activity within the 117 to 295ms window (p = 

0.004, ηp
2 = 0.2526, BFincl = 41.612). 

 

 

Figure 5. Scatterplots depicting the correlations between root mean squared (RMS) theta 

phase synchronisation (TPS) averaged within the significant window (117 to 295ms) from 

each condition and accuracy at detecting the second target stimuli (T2) in short interval trials. 

Note the common pattern across all groups and conditions. The grey and light green areas 

reflect relative variance from the line of best fit at point on the x-axis. 
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Table 3: Pearson’s Correlations between percent correct responses to the second target stimuli (T2) in short interval trials and the averaged root 
mean squared (RMS) theta phase synchronisation (TPS) within the 117 to 295ms period in response to both the first target stimulus (T1) and T2. 

Variable  Short Interval T1 
RMS TPS 
Pearson’s r (p-value) 

Long Interval T1 
RMS TPS 
Pearson’s r (p-value) 

Short Interval T2 
RMS TPS 
Pearson’s r (p-value) 

Long Interval T2 
RMS TPS 
Pearson’s r (p-value) 

Percentage Correct Short 
Interval T2 

.324* (.012) .381** (.003) .269* (.037) .293* (.023) 

BF10: 2.159 13.087 1.333 2.014 

*p < .05, **p < .01, ***p<.001 
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With regards to our exploratory hypothesis that the scalp distribution of TPS would 

differ between groups (EH4), the TANOVA, including all conditions and all time points, 

showed an interaction between Group and Target during the presentation of the distractor 

stimuli from -385 to -100ms prior to T1, which lasted longer that Slagter et al.’s (2009) 

duration control for multiple comparisons (175.1ms). When averaged across the significant 

window the statistics were: p = 0.001, ηp
2 = 0.0609 (see Figure 6). When the interaction was 

explored by averaging TPS within the significant period and performing TANOVA 

comparisons between the groups for T1 and T2 stimuli separately, the effect was shown to be 

driven by a difference in TPS distribution between the groups prior to T1 stimuli (p = 0.018, 

ηp
2 = 0.0336), with meditators showing more TPS in occipital electrodes (meditator minus 

control t-max at Oz = 2.908) and meditators showing less TPS in right frontal electrodes 

(meditator minus control t-min at F6 = -3.384). Groups did not differ in TPS locked to T2 

stimuli (p = 0.1358). It is worth noting that the period that showed the significant result 

overlapped with a period of topographical inconsistency in T1-locked TPS in the control 

group (with inconsistent topographical distributions across the control group prior to -

280ms). This suggests that at least part of the interaction may have been driven by an 

inconsistent topographical pattern in the control group (rather than a between-group 

difference during that time period). No other differences were present in any of the main 

effect or interactions involving group within any time point in the epoch (all p > 0.05). 
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Figure 6. Topographical Analysis of Variance (TANOVA) test results for the theta phase 

synchronisation (TPS). Left: p-graphs for the main effect of Group and each interaction 

involving Group. The black line reflects the p-value, the white areas reflect significant time 

points, and the light blue periods reflect windows where the effect passed Slagter et al.’s 

(2009) duration controls. Right top: A multi-dimensional scaling graph depicting the 

differences between each group’s TPS topographies in response to the first (T1) and second 

(T2) target stimuli averaged during the window of the significant Group x Target interaction 

(-390 to -85ms around the target). Within the multi-dimensional scaling graph, the 
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topography maps indicate the ends of the eigenvector spectrum in each of the x- and y-axis, 

and the points on the graph indicate where each group and condition’s mean topography lay 

on that spectrum (for both the x and y axis) relative to the other points in the graph (note that 

the topographies along the x and y axis do not represent the actual topography for a group / 

condition). As such, the interaction between Group and Target in topographical activation is 

demonstrated by the graph. Right bottom: the t-map for the meditator minus control theta 

phase synchronisation topography for T1 stimuli (averaged from -390 to -85ms around T1), 

after normalisation for overall amplitude (so that all individuals had a GFP = 1). Red 

indicates areas where meditators showed higher values, blue indicates areas where controls 

showed higher values (indicating that topographical differences were present, without 

suggesting that TPS was higher in the control group in a specific electrode, due to the 

normalisation for amplitude). 

Alpha-power Comparisons 
The TCT for RMS alpha-power showed consistent neural activity across all groups and 

conditions from -400ms until the end of the epoch, indicating our alpha-power results were 

not driven simply by inconsistent topographical activation within a single group or condition 

(details are reported in the supplementary materials section 3e, Figure S7). When RMS alpha-

power was averaged across the -31 to 160ms window for direct comparison with Slagter et al. 

(2009) and test of our third primary hypothesis (PH3 – that meditators would show greater 

alpha-power around T1 presentation), no significant difference was detected (p = 0.2976, 

FDR-p = 0.3968, ηp
2 = 0.0189, BF01 = 2.379). The exploratory RMS test for alpha-power, 

including all time points within the epoch time-locked to T1 stimuli, showed a significant 

main effect of Group from 475 to 685ms, in which meditators showed less alpha-power 

(averaged within this window: p = 0.023, ηp
2 = 0.0844, see Figure 7). This effect passed the 

duration controls implemented by Slagter et al. (2009) (83.5ms for alpha). No interaction was 
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detected between Interval and Group in RMS alpha-power that lasted longer than Slagter et 

al.’s (2009) duration controls. Nor was there any Group main effect or interaction between 

Group and Interval in the alpha-power TANOVA (all p > 0.05), providing a null result for 

hypothesis EH5 (that there would be differences between the groups in the scalp distribution 

of alpha-power). 

To explore potential explanations for these results, we performed a number of additional tests 

of the pattern of relationships between trial number, single trial accuracy (to assess potential 

learning across the task), and alpha-power within this significant period (these are reported in 

the supplementary materials section 3e). In brief, the baseline corrected RMS alpha-power 

within the 475 to 685ms window decreased across trials as participants completed the task, 

which was concurrent with improved performance across the task, suggesting participants 

may have been learning attention-based strategies to enable improved short interval T2 

detection. However, across all participants, averaged baseline corrected alpha-power RMS 

within the 475 to 685ms window after T1 did not correlate with the accuracy of short interval 

T2 detection. Further, an exploratory linear mixed model indicated that incorrect responses 

were associated with slightly, but significantly, lower short interval RMS alpha-power than 

correct responses (supplementary materials section 3e, Figure S11). However, lower short 

interval trial RMS alpha-power within a later 685 to 1050ms window was strongly associated 

with correct responses (Figure S12). Short interval alpha-power RMS was also strongly 

correlated between these two periods. This relationship was stronger within incorrect trials 

than for correct trials, and long interval RMS alpha-power increased in the later 685 to 

1050ms window compared to the earlier period in both groups. This suggests that lower short 

interval RMS alpha-power in the later 685 to 1050ms window was required to identify the T2 

stimuli. As such, perhaps the lower RMS alpha-power in the earlier period might have been a 

compensatory mechanism on trials when participants noticed their attention waning, 
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reflecting an attempt to regulate alpha-power in the later period, during which low alpha-

power was vital for stimulus processing. 

 

Figure 7. Root mean squared (RMS) alpha-power comparisons time-locked to T1 stimuli 

onset. Top left: The cumulative variance explained (ηp
2) at each time point across the epoch 

by each main effect and condition, with each colour reflecting the ηp
2 from the effect being 

tested, colour coded to match the p-graphs. Top right and middle: the p-graphs for the main 
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effect of interval (orange, middle left), group (blue) and interaction between interval and 

group (yellow, middle right). The black line reflects the p-value, white areas reflect 

significant time points, and light blue periods reflect windows where the effect passed Slagter 

et al.’s (2009) duration controls. Bottom: Mean RMS alpha-power averaged within the 475 to 

685ms window following the first target stimuli (T1) for each participant (baseline corrected 

to alpha-power across the entire epoch).  

Alpha Phase Synchronisation Comparisons 
In test of our fourth primary hypothesis (PH4 - that APS would be reduced in the meditation 

group during the presentation of the distractor stimuli prior to T1 stimuli), we conducted an 

RMS test of APS time-locked to T1 stimuli averaged across the period where distractor 

stimuli were presented prior to T1 (within the -414 to -214ms window for direct comparison 

with Slagter et al. (2009), our results indicated a non-significant main effect of Group, where 

meditators showed higher APS, which is in the opposite direction to the findings provided by 

Slagter et al. (2009) (p = 0.061, FDR-p = 0.173, ηp
2 = 0.0586). Additionally, our exploratory 

analysis of APS across the entire epoch showed a significant main effect of Group from -258 

to -90ms, and from 288 to 1500ms (both of which survived Slagter et al.’s (2009) duration 

controls of 83.5ms, see Figure 8). Within both the shorter pre-stimulus and longer post-

stimulus period, meditators showed larger RMS APS (averaged within the -258 to -90ms 

period = 0.031, ηp
2 = 0.072, BFincl = 2.089, averaged within the 288 to 1500ms period: p = 

0.018, ηp
2 = 0.092, BFincl = 1.752, with the best model including the main effect of group 

and the main effect of interval, BF10 = 42.23 for the average interval from 288 to 1500ms). 

Our results also indicated a brief significant interaction between Group and Interval in APS 

RMS (706 to 786ms) which did not pass Slagter et al.’s (2009) duration controls.  

With regards to the TANOVA test of APS (which tested exploratory hypothesis EH6 – that 

meditators would show a different scalp distribution of APS), a significant Group main effect 
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was detected from 990 to 1500ms where meditators showed higher APS values in fronto-

central and parieto-occipital electrodes and lower APS values in lateral central electrodes (p = 

0.007, ηp
2 = 0.0408, with a meditator minus control t-max of 3.417 at PO5 and t-min of -

3.035 at C5, see Figure 9). This effect passed Slagter et al.’s (2009) duration control 

(83.5ms). There was also a Group main effect in the TANOVA from -244 to -2ms (p = 0.030, 

ηp
2 = 0.0329, and brief significant interaction between Group and Interval in the APS 

TANOVA (150 to 280ms, p = 0.011, ηp
2 = 0.0364), both of which passed Slagter et al.’s 

(2009) duration control (83.5ms).  
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Figure 8. Root mean squared (RMS) alpha phase synchronisation (APS) comparisons time-

locked to T1 stimuli onset. Top left: The cumulative variance explained (ηp
2) at each time 

point across the epoch by each main effect and condition, with each colour reflecting the ηp
2 

from the effect being tested, colour coded to match the p-graphs. Top right and middle: the p-

graphs for the main effect of interval (orange, middle left), group (blue) and interaction 

between interval and group (yellow, middle right). The black line reflects the p-value, white 

areas reflect significant time points, and light blue periods reflect windows where the effect 
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passed Slagter et al.’s (2009) duration controls. Bottom: Mean root mean squared alpha phase 

synchronisation (RMS APS) from each group in response to T1 long (LIT1) and short (SIT1) 

interval trials, averaged within the significant window from the RMS APS test.  

 

Figure 9. Alpha phase synchronisation (APS) topographical analysis of variance (TANOVA) 

comparisons time-locked to the onset of the first target stimuli (T1). Top left: The cumulative 

variance explained (ηp
2) at each time point across the epoch by each main effect and 

condition, with each colour reflecting the ηp
2 from the effect being tested, colour coded to 
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match the p-graphs. Top right and middle: the p-graphs for the main effect of interval 

(orange, middle left), group (blue) and interaction between interval and group (yellow, 

middle right). The black line reflects the p-value, white areas reflect significant time points, 

and light blue periods reflect windows where the effect passed Slagter et al.’s (2009) duration 

controls. Bottom: Topography maps for APS averaged within the 990 to 1500ms period for 

each group and the t-map of meditator APS minus control APS after normalisation for overall 

amplitude (so that all individuals had a GFP = 1). Red indicates areas where meditators 

showed higher values, blue indicates areas where controls showed higher values (indicating 

that topographical differences were present, without suggesting that APS was higher in the 

control group in a specific electrode, due to the normalisation for amplitude). 

RMS APS averaged within the 282 to 1500ms period significantly correlated to percentage 

correct for short interval T2 trials, in both short interval and long interval trials - for the 

correlation between APS RMS during short interval T1 trials and T2 short interval percentage 

correct: Pearson’s r = 0.314, p = 0.014, BF10 = 3.093, and for the correlation between APS 

RMS during long interval T1 trials and T2 short interval percentage correct: Pearson’s r = 

0.307, p = 0.016, BF10 = 2.717. Scatterplots depicting these correlations can be viewed in the 

supplementary materials (Figure S14). These correlations may indicate that participants who 

synchronised their alpha oscillations more consistently with the stimulus stream (which was 

presented at 10Hz, within the alpha frequency) were better able to perceive and correctly 

identify the T2 stimuli. It is worth noting that the T2 stimuli in short interval trials were 

presented at 300ms, just after the point at which the meditation group showed higher alpha 

synchronisation to the stimuli. 
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Behavioural and EEG Epoch Inclusion Comparisons 

Levene’s test indicated the assumption of equality of variances was met for all 

conditions within the analysis of the behavioural data (all p > 0.15). However, the Shapiro-

Wilk test indicated significant deviations from normality for 8/10 of the Condition x Group 

combinations, so robust statistics were implemented in R, using the mixed ANOVA (bwtrim 

function) from the WRS2 package (Field and Wilcox, 2017). Violations of the assumptions 

of traditional parametric ANOVAs (including normality violations) do not affect these robust 

statistics. However, only Group x Condition designs are currently available (rather than 

group x condition x condition), so this analysis was restricted to a Group x Interval 

comparison for T2 responses only (as the primary comparison of interest), and the originally 

planned parametric statistical analyses are reported in the supplementary materials (section 

3a). Means, standard deviations, and both parametric and robust statistics are presented in 

Table 4, and the data can be viewed in Figure 10.  

In testing our first replication hypothesis (RH1 - that our meditation group would 

show a reduced AB effect, with more correct responses to short interval T2 stimuli), the 

robust statistics showed no main effect of Group for percent correct in response to T2: value 

(1,33.997) = 0.325, p = 0.572, and no interaction between Group and Interval: value 

(1,33.898) = 0.220, p = 0.642. The parametric statistics showed the same pattern of null 

results. The Bayesian statistical model including Group or interactions that involved Group as 

a factor was 259.326 less likely than the model that only included Target, Interval, and the 

interaction between Target and Interval (BF01 = 259.326). These results suggest it is highly 

unlikely that the meditation group showed higher percentage correct in any condition 

compared to the control group.  
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No main effects or interactions involving Group were found for the number of epochs 

provided by each participant for each condition (all p > 0.1). The TCT for the ERP data also 

showed mostly consistent neural activity across groups and conditions, with a brief period of 

inconsistency that did not overlap with any of our significant effects. These two tests indicate 

our ERP results were not driven simply by differences in the number of epochs included in 

ERP averages or inconsistent topographical activation within a single group or condition 

(details of these tests are reported in the supplementary materials, section 3a and 3b, Table S1 

and Figure S1). 
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Table 4. Attentional Blink Behavioural Performance Means (M), Standard Deviations (SD) and Statistics for Each Group and Condition. T1 = 
the first target stimuli. T2 = the second target stimuli. 

 
Meditators 

M (SD) 
Controls 
M (SD) 

Statistical test result p-value Effect Size Bayesian Factor 

Long interval T1 
percentage correct 

92.593 
(4.961) 

91.410 
(6.290) 

Group main effect: F(159) = 0.698 p = 0.407 η2G = 0.006 BFexcl = 4.140 

Robust statistics, Group main effect for T2 only: 
value (133.997) = 0.3250 

p = 0.5724 
  

Short interval T1 
percentage correct 

92.321 
(4.577) 

90.800 
(4.981) Target main effect: F(1,59) = 160.152 p < 0.001** η2G = 0.407 BFincl = 9.008e+12 

Long interval T2 
percentage correct 

77.509 
(12.820) 

75.409 
(15.332) 

Interval main effect: F(159) = 26.682 p < 0.001** η2G = 0.049 BFincl = 5.920e+13 

Short interval T2 
percentage correct 

67.059 
(20.848) 

63.913 
(18.929) 

Group x Target: F(159) = 0.149 p = 0.700 η2G = 6.411e-4 BFexcl = 4.197 

   
Group x Interval: F(159) = 0.098 p = 0.755 η2G = 1.898e-4 BFexcl = 3.957 

   
Target x Interval: F(159) = 25.415 p < 0.001** η2G = 0.042 BFincl = 4.523e+17 

   

Group x Target x Interval: F(159) = 0.029 p = 0.866 η2G = 4.973e-5 BFexcl = 4.019 

Robust Statistics: Group x Interval for T2 only: 
value (133.898) = 0.212 

p = 0.642 
  

**p < 0.001. 
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Figure 10. Attentional Blink performance, measured in percentage correct for each group and 

condition. Long interval refers to conditions in which the T2 stimulus was presented 700ms after T1. Short 

interval refers to conditions in which the T2 stimulus was presented 300ms after T1. Figures on the left (T1) 

indicate the percentage of T1 stimuli correctly identified by each participant, whilst figures on the right (T2) 

indicate the percentage of T2 stimuli correctly identified by each participant. The single trial T1 label 

refers to T1-only trials (where no T2 stimulus was presented).  

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 12, 2023. ; https://doi.org/10.1101/2023.02.10.527999doi: bioRxiv preprint 

https://doi.org/10.1101/2023.02.10.527999
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

 

46 

Discussion 

This study aimed to comprehensively examine if neurophysiological markers of 

attention differed between community meditators and non-meditator controls. In our sample 

of meditators with typical daily MM practice, our results did not show support for our 

primary hypotheses regarding the neurophysiological markers obtained from within our time 

windows of interest (the P3b, TPS, alpha-power, and APS, with the windows of interest 

overlapping with the significant effects reported by Slagter et al. (2007, 2009)). No 

differences were found between meditators and non-meditators in the amplitude or 

distribution of the P3b neural following T1 or T2 stimuli in the attention blink task. Nor were 

there any differences between meditators and non-meditators in TPS, alpha-power, or APS 

within our a priori selected time windows of interest. Frequentist statistics provided null 

results, and Bayesian statistics provided weak to moderate evidence against these primary 

hypotheses. 

However, our exploratory analyses (which included all time points within the epochs 

around all T1/T2 and short/long interval conditions) did show significant effects, which were 

further supported by very strong Bayesian evidence in favour of the alternative hypothesis. In 

particular, meditators showed more equal posterior-N2 amplitudes across T1 and T2 stimuli 

than non-meditators (who showed larger posterior-N2 amplitudes to T1 than T2). Similarly, 

meditators showed more equal TPS values between the first and second target in short 

interval trials, and meditators showed similar TPS values to T2 in both short and long interval 

trials, in comparison to controls who showed higher TPS following the first target, and higher 

TPS to T2 in long interval compared to short interval trials. Meditators also showed lower 

alpha-power than controls during a period where short interval T2 stimuli would be 

processed, and increased APS to T1 stimuli. These effects are aligned with theoretical 
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perspectives on the effects of mindfulness, and align with Slagter et al.’s (2007, 2009) 

explanation of their results that meditators distribute their neural activity more equally across 

stimuli, rather than biasing responses towards T1 (however, our results did not align with 

Slagter et al.’s time windows of significant results). Each pattern of neural activity shown by 

the meditation group was also associated with higher performance, either correlated with 

percentage correct across all participants, or associated with correct responses rather than 

incorrect responses in single trial analyses, suggesting the activity shown by meditators might 

reflect functionally relevant attentional mechanisms. However, unexpectedly, our analyses of 

behavioural performance provided non-significant frequentist results, and our results showed 

strong overall Bayesian evidence against any main effect or interaction that involved group. 

We discuss the details and implications of these findings in the following. 

The posterior-N2 and P3b 
Our primary analysis did not detect a difference in the P3b following T1 stimuli in our 

sample of community meditators. However, our exploratory analyses showed that the 

meditator group generated an equal amplitude posterior-N2 response across T1 and T2 

stimuli, while controls showed higher posterior-N2 responses to T1 stimuli than T2 stimuli. 

As such, while our study did not replicate Slagter et al.’s (2007) findings with regards to the 

P3b, our result is conceptually similar, suggesting that meditators distributed attentional 

resources more equally distributed across the two stimuli. Previous research in healthy 

control individuals has also demonstrated a reduced posterior-N2 to T2 stimuli following 

short interval trials, suggested to reflect a lack of attentional engagement to enable stimuli 

processing (Zivony et al., 2018). As such, our results suggest that meditators are more equally 

distributing the engagement of attentional resources across the two AB stimuli. In support of 

this, an exploratory single trial analysis of the posterior-N2 GFP showed that correct 

identification of short interval T2 stimuli was associated with a smaller posterior-N2 GFP 
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time-locked to T1, suggesting that when fewer attention resources were devoted to processing 

T1, T2 could be more accurately identified. As such, although the meditation group did not 

show higher task performance overall, their neural activity averaged within each condition 

showed the same pattern that was associated with higher performance.  

It is not clear, however, why our study detected differences in the posterior-N2 rather 

than the P3b. This inconsistency might be explained by a progressive change of neural 

activity during the AB task with more intensive meditation experience. Slagter et al.’s (2007) 

sample underwent a 3-month intensive retreat, while our participants were experienced 

meditating members of the lay public (although with an average of six years of meditation 

experience, and an average of approximately 7 hours per week of practice at the time of the 

study). However, if this is the case, it is not clear why the less experienced meditators in our 

study would show altered T1 processing at a shorter delay following T1 presentation than 

Slagter et al.’s (2007) sample of more experienced meditators. It could be that age is a driving 

factor, as Slagter’s participant’s median age was 41, whereas the median age of our 

meditation group was 35, and ERP latency is known to increase with age (Polich, 1997). 

Another possible explanation is that the EEG pre-processing and analysis techniques used in 

the current study were updated to fit more recent perspectives on best practice for pre-

processing and analysing EEG data compared to those used by Slagter et al. (2007, 2009). 

Perhaps most importantly, the current study used a high pass filter of 0.25Hz, whereas Slagter 

et al. (2007) used a high pass filter of 1Hz. The amplitude of ERPs, and particularly the P3b, 

have been shown to be considerably affected by high pass filtering out < 1Hz data, as the P3b 

is produced at least in part by < 1Hz activity (Rousselet, 2012; Tanner et al., 2016). As such, 

the P3b data Slagter et al. (2007) analysed may have had considerable signal removed from 

the P3b, and their analysis may have been adversely affected. 

Theta Phase Synchronisation 
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Our primary analysis of TPS to short interval T2 trials showed no difference between 

meditators and controls. In contrast, our exploratory test of TPS showed strong Bayesian 

evidence that while controls showed higher TPS to T2 for long interval trials than short 

interval trials, meditators showed similar TPS to T2 for both short and long interval trials. 

Strong Bayesian evidence also indicated that meditators showed a more even distribution of 

TPS between the first and second target in short interval trials, in comparison to controls who 

showed higher TPS following the first target. Multiple validation checks of this test 

demonstrated the same result (including single electrode analyses averaged within our a priori 

time window of interest, and a repeat of the test that excluded participants who provided 

fewer epochs, ensuring the test possessed maximal validity). These results align with Slagter 

et al.’s (2009) interpretation that theta synchronisation reflects increased consistency of 

neural processes, allowing increased attention as a result of meditation training. Our results 

also support this interpretation, indicating that theta synchronisation was higher following T2 

in long interval trials than short interval trials (suggesting theta synchronisation to T2 is 

disrupted by T1 processing in short interval trials) and that higher theta synchronisation was 

related to performance.  

However, despite the association between increased theta synchronisation and performance 

and the higher TPS in our meditation group, we found evidence against increased AB task 

accuracy in our meditation group. Our significant result also only overlapped with the first 

half of the window in which Slagter et al. (2009) detected increased TPS in their meditators 

after the retreat, and unlike Slagter et al. (2009), our TPS result was not present when the 

analysis was focused specifically on the difference between meditators and controls in TPS 

following short interval T2 trials. This may suggest that while typical community meditation 

is associated with an effect on theta synchronisation attentional mechanisms, the theta 

synchronisation after stimulus presentation is not as prolonged as in post-intensive-retreat 
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meditators, and the effect is weaker, only appearing relative to the non-short interval T2 

conditions (in which theta synchronisation is perhaps less vital for task performance than it is 

in the commonly attentional blinked short interval T2 condition). However, the more equal 

distribution of TPS to short interval T2 stimuli in meditators in our study does still suggest 

that the meditation group is distributing limited attentional resources to better encode the T2 

stimuli. The efficacy of this neural strategy seems to be reflected in the correlation between 

higher TPS and higher accuracy at accurately identifying short interval T2 stimuli. Our 

exploratory analysis of the distribution of TPS also indicated that meditators showed more 

TPS in occipital electrodes prior to T1 stimuli than controls. There was also a more consistent 

topographical distribution of activity within the meditation group than within the control 

group, perhaps indicating a consistent synchronisation of oscillations to the target stream in a 

functionally relevant brain region in preparation for the detection of the relevant stimuli. 

However, if this interpretation is correct, it is not clear why the meditation group did not 

show higher accuracy than the control group. As such, our exploratory results require 

replication, and it may be that ultimately research will show there is no significant difference 

in TPS between meditators and non-meditators. 

 

Alpha-power 
The current study did not find a significant difference in our primary analyses focused on 

specific alpha-power and alpha phase synchronisation time windows (with time windows of 

interest derived from Slagter et al. 2009). However, in our exploratory analysis, the 

meditation group showed a larger reduction in the level of ongoing alpha-power from 475 to 

685ms following T1 stimuli (relative to the alpha-power across the rest of the epoch). Higher 

alpha-power has been associated with the inhibition of non-relevant brain regions during 

attention tasks, with the suggestion that this allows the brain to prioritise processing in brain 

regions that are relevant to the task, without the relevant brain regions being “distracted” by 
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processing in non-relevant regions (Klimesch et al., 2007). In contrast, lower alpha-power is 

found in brain regions where active processing is required to complete the task, such that 

alpha-power can be increased to inhibit processing or decreased to enable processing in 

specific brain regions (Klimesch et al., 2007). In support of this interpretation of the function 

of alpha-power, previous research has shown higher levels of brain region-specific alpha-

power modulation in experienced meditators when attention is required to either tactile 

oddball or visual working memory stimuli (Wang et al., 2020). Results in that study indicated 

that alpha-power increased or decreased in specific task-relevant regions, dependent on the 

specific task demands, that meditators produced stronger task-relevant increases or decreases, 

and as such, performed the task more accurately (Wang et al., 2020). The current study 

provides further support for the interpretation of alpha as an inhibitory mechanism, with 

alpha-power remaining high during distractor stimuli presentation but decreasing (releasing 

inhibition) earlier in short interval trials in alignment with short interval T2 processing, and 

decreasing later in long interval trials, in alignment with long interval T2 processing (see 

Figures S8-9 in the supplementary materials section 3e for demonstration of this point). This 

decrease in alpha-power during short interval T2 stimuli processing and increase in alpha 

within long interval trials during the same time period likely reflects a ‘gating’ mechanism, 

with both release of inhibition to process target stimuli and increase of inhibition to reduce 

distractor processing. Indeed, lower alpha-power RMS within a 685 to 1050ms window was 

strongly associated with short interval T2 correct responses (see the Supplementary Materials 

section 3e, Figure S12). 

As such, the results of the current study might suggest that the reduction in alpha-power 

immediately following the timing of the presentation of short interval T2 stimuli in the 

meditation group reflects an attentional mechanism enabling increased neural processing 

during the period where neural activity would process the short interval T2 stimuli. This 
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appears to occur regardless of whether the short interval T2 stimuli was presented or not 

presented (in the case that the trial was a long interval trial). Two possible interpretations of 

the fact that meditators showed this prolonged alpha-power reduction to enable short interval 

T2 processing even for long interval trials is that it may reflect a neural activity pattern 

prioritising either awareness in general, or carefulness. The increased processing of stimuli, 

regardless of whether they might be task-relevant, might reflect increased general awareness. 

Alternatively, the increased processing of the time period during which T2 might be present 

may indicate increased carefulness in anticipation of a potential T2 stimuli being presented. 

Some previous research has reported results that suggest the “increased awareness” 

interpretation is more likely - research using mathematical modelling of performance in a 

behavioural task has suggested that the improved attention function from mindfulness is 

related to enhancements in an individual’s ability to extract higher information quality during 

a working memory task rather than increased caution in responding (Van Vugt & Jha, 2011), 

a finding supported by neuroimaging research showing earlier activation of working memory 

related brain regions in meditators (Bailey et al., 2020). Our task did not require participants 

to respond quickly, so it did not provide the ability to assess reaction times. However, 

previous results indicated meditators have shown increased performance without reaction 

time slowing (Van Vugt & Jha, 2011) and increased accuracy across both fast and slow 

reaction times (van den Hurk et al., 2010). In contrast, other research has indicated that 

meditators perform better in a movement task when the action required to meet the task goals 

is ambiguous and changing, and that they achieve this by performing a speed-accuracy trade-

off for slower but more accurate responses (Naranjo & Schmidt, 2012). Trait mindfulness has 

also been shown to reduce the accelerating but accuracy-reducing effects of worry on 

performance (Hallion et al., 2020), supporting the “increased carefulness” interpretation. 

Further research may be able to elucidate the reasons for this pattern further. 
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While this pattern whereby meditators may have shown prolonged alpha-power reduction to 

enable short interval T2 processing even for long interval trials and our suggested 

interpretations of the pattern would have had no effect on task-relevant stimulus perception 

and, therefore, could not lead to improved task performance, the pattern does align with the 

“non-judgemental” aspect of mindfulness practice – maintaining awareness of the present 

moment as it is, without evaluation. This contrasts with the pattern shown by the controls, 

which indicates they reduced the processing of non-target distractor stimuli within the short 

interval T2 period, eliminating the distractor stimuli from awareness. As might be expected, 

given the lack of relevance to task performance of this neural strategy, across all participants, 

averaged alpha-power within the time window where meditators showed reduced alpha 

activity did not correlate with the accuracy of short interval T2 detection. In fact, our 

exploratory analysis indicated that incorrect responses on short interval trials were associated 

with slightly, but significantly, lower alpha-power within this window than correct responses 

(supplementary materials section 3e, S11). This might provide support for a conjecture that 

the careful or non-judgemental neural strategy of the meditators prioritised present moment 

awareness at the expense of accurate task performance. However, alpha-power RMS was also 

strongly correlated between the earlier (during-T2 processing) and later (post-T2 processing) 

alpha power time periods, and this relationship was stronger within incorrect trials than for 

correct trials. As such, it may be that the alpha-power reduction during the earlier (during-T2 

processing) period might reflect a preparatory mechanism that attempted to engage attention 

when attention had drifted, so that the neural activity required for successful task 

performance in the later (post-T2 processing) window would be present. We note that at this 

stage, these explanations are conjecture, and alternatively, it may simply be that the lower 

alpha-power in meditators during the earlier (during-T2 processing) period reflects a non-
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optimal neural activation in the context of the task. Further research may be able to determine 

which explanation is correct. 

 

Alpha Phase Synchronisation 
Similar to the alpha-power results, our study did not find a significant difference in our 

primary analysis focused on alpha phase synchronisation time windows in replication of 

those reported by Slagter et al. (2009). However, in contrast with the lower alpha-power 

during the short interval T2 stimuli time window, the meditation group showed a prolonged 

period of higher alpha synchronisation to T1. Meditators also showed a different scalp 

distribution of alpha synchronisation to T1, with more parietal and frontal APS than controls. 

While alpha-power has been associated with the inhibition of non-relevant brain regions 

during attention tasks that require processing for other reasons (Klimesch et al., 2007), the 

same relationship has not been reported for APS. Indeed, the correlation between APS and 

task performance in our study, along with the more occipital distribution in the meditation 

group, suggests that inhibition of non-relevant brain regions (in our visual task) is not likely 

to be the explanation for the higher APS in our meditation group. Instead, we suspect the 

increased APS in our meditation group reflects synchronisation to the ongoing stream of 

stimuli presentation timing (as stimuli were presented at 10Hz, within the alpha frequency). 

Previous research has suggested that the synchronisation of ongoing endogenous neural 

oscillations to external stimuli may increase the likelihood of neurons firing in response to 

those stimuli, which is then related to the increased encoding of that stimuli into working 

memory (Buzsáki & Moser, 2013; Fujisawa & Buzsáki, 2011; Lisman & Buzsáki, 2008; 

O'Neill et al., 2013). This process is likely to reflect a mechanism underlying attention 

function, and a similar phenomenon may underlie the alpha synchronisation to stimuli in the 

current study. As such, it may be that the attentional training the meditation group had 

undertaken increased their ability to time lock their alpha oscillations to stimuli in occipital 
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regions responsible for processing the visual stimuli, and frontal regions responsible for 

attending to the stimuli. We note here that it might be valuable to analyse connectivity 

between these regions in future research. However, if these explanations are accurate, it is 

unclear why no performance differences were found between the groups. The lack of 

behavioural difference between the groups was unlikely to be due to a ceiling effect, as mean 

accuracy in the groups was 67.06% for meditators and 63.91% for controls. As such, the 

exploratory APS results require replication before we can confirm these explanations. 

 

Potential explanations for our null results 
While our results suggest differences in neural activity in meditators that align with 

improved attention function, the meditator and control groups did not differ in task 

performance. There are a number of potential explanations for this null result, as well as the 

null results for our primary analyses. For the sake of brevity, these are summarised here, and 

explained in full in the supplementary materials (section 4). Firstly, the behavioural effects of 

meditation in the AB task may be dependent on a meditation-induced mindful state, or 

particular types of meditative practices. Secondly, it may be that more meditation experience 

is required before differences in AB task performance are detected, or that the AB task was 

not sensitive enough to detect differences between our groups. Age may have also been a 

factor - perhaps meditation protects against age-related decline in AB performance, and our 

young meditation group had not aged enough to show this effect. However, these 

explanations seem unlikely given our meditators were more experienced than those included 

in many studies, our task replicated a number of previous AB task studies that did detect 

differences, and some research has indicated older meditators showed improved AB task 

performance compared to both age-matched controls and a younger control group (van 

Leeuwen et al., 2009). Next, our study design differed from Slagter et al. (2007, 2009) – their 

study involved the repetition of the AB task before and after an intensive retreat. It may be 
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that MM is not associated with generalised better performance in the AB task, but rather an 

increased ability to learn the task and as a result, increased performance on the second 

repetition of the task following meditation practice. This features also meant that Slagter et 

al.’s (2007, 2009) within subject design also controlled for interindividual variability, while 

our between-groups study did not.  

Our study also included updated EEG analysis methods from Slagter et al. (2007, 

2009). Most notably, the current study used a high pass filter of 0.25Hz, whereas Slagter et 

al. (2007) used a high pass filter of 1Hz. The amplitude of ERPs, including the P3b, has been 

shown to be produced at least in part by < 1Hz activity, and are adversely affected by high 

pass filtering out < 1Hz data (Rousselet, 2012; Tanner et al., 2016). As such, the P3b data 

Slagter et al. (2007) analysed may have had considerable signal removed from the P3b, and 

their analysis may have been adversely affected. Lastly, it may be that either our result or the 

results reported by Slagter et al. (2007, 2009) are spurious, reflecting a sampling bias, 

chance-like effect, or similar “non-effect of interest”. However, we note that a spurious 

chance-like result is less likely in studies with a larger sample size, as per the current study 

(Agrillo & Petrazzini, 2012). 

As such, our results indicate that the specific alterations detected by previous 

research, including those to the P3b (within a specific window of interest), increased T2-

locked TPS, and improved performance on short interval AB trials, are not necessarily 

markers of regular mindfulness meditation practice. Despite the potential explanations 

outlined in the previous sections for the differences between the meditator and control group 

in our study, these findings were exploratory and were not controlled for experiment-wise 

multiple comparisons. As such, it is possible that there are simply no differences between 

groups and that ultimately, previous mindfulness experience may not result in behavioural 

improvements in the AB task (although unlikely given the number of positive findings, even 
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if the findings were exploratory). Although our EEG findings are uncertain, our results 

provide confidence in the null result for differences in task performance. This was surprising 

as it conflicted with previous findings (Slagter et al., 2007; Slagter et al., 2009). It was 

especially surprising considering that the meditators in the current study reported at least two 

years of meditative practice, which we expected would be sufficient to produce differences in 

attention performance if MM did indeed affect attention. From our perspective, the most 

likely explanation for the difference between our results and those of Slagter et al. (2007, 

2009) is that our participants were regular meditators, whereas theirs were tested before and 

after a 3-month retreat. As such, when viewing both studies together, our results suggest that 

differences in AB performance among meditators may be exclusively present following 

intensive meditation interventions.  

It may be that the type of attention captured by the AB task is less relevant to the 

attention trained through mindfulness meditation practice. This interpretation is supported by 

our alpha-power findings, which suggested meditators may not have engaged alpha to inhibit 

distractor processing when short interval T2 stimuli were absent as strongly as the controls. 

Other EEG markers or neuroimaging methods using different attention tasks may be better 

suited to detect differences between meditation and control groups, and the null results for 

behavioural analyses in the current study may help refine our understanding of exactly which 

mechanisms are altered (and which are not altered) by meditation practice. With AB literature 

suffering from a lack of published replications, the present study also underscores the 

importance of replication studies in different populations and contexts, as some of the effects 

of meditation may be specific to certain populations only (Bailey et al., 2019b; Osborn et al., 

2022; Vago et al., 2019; Van Dam et al., 2018). Slagter et al. (2007) have been cited over 

1000 times, yet this is the first even partial replication attempt, which, despite using a larger 
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sample size, revealed null results for our replication of the outcome measures reported by 

Slagter et al. (2007, 2009).  

 

Limitations and Future Directions 
The most obvious limitation of our study is that it utilised a cross-sectional design. A 

longitudinal approach, assessing participants before and after meditation practice, may allow 

for the determination of causality. However, we note that this is difficult to achieve with the 

level of meditation experience tested in the current study. Another limitation of this study 

was that it utilised a broad definition of meditation (Kabat-Zinn, 1994) and included both 

“focused attention” and “open monitoring” practitioners. Meditation literature is unclear on 

the direct impact of different varieties of meditation practice on AB performance, with 

research suggesting both focused attention and open monitoring meditation affect AB 

performance (van Leeuwen et al., 2009), other research suggesting AB performance is 

exclusively impacted by open monitoring meditation (Colzato et al., 2015), and some studies 

suggest neither practice affects AB performance (Sharpe et al., 2021). While delineating 

between the different MM practices and their potential impacts may be valuable, the 

conclusions that can be drawn from our broad sample may be more reflective of everyday 

mindfulness meditators in the community. For additional strengths and limitations of the 

study, see the supplementary materials.  
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