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ARTICLE INFO ABSTRACT

Keywords: Previous literature suggests that individuals with meditation training become less distracted during meditation

EEG practice. In this study, we assess whether putative differences in the subjective experience of meditation between

Al_l’ha OSCﬂlat'ionS meditators and non-meditators are reflected in EEG spectral modulations. For this purpose, we recorded elec-

xgﬁt;?:fermg troencephalography (EEG) during rest and two breath focus meditations (with and without experience sampling)
in a group of 29 adult participants with more than 3 years of meditation experience and a control group of 29 par-
ticipants without any meditation experience. Experience sampling in one of the meditation conditions allowed us
to disentangle periods of breath focus from mind wandering (i.e. moments of distraction driven by task-irrelevant
thoughts) during meditation practice. Overall, meditators reported a greater level of focus and reduced mind wan-
dering during meditation practice than controls. In line with these reports, EEG spectral modulations associated
with meditation and mind wandering also differed significantly between meditators and controls. While medita-
tors (but not controls) showed a significant decrease in individual alpha frequency / amplitude and a steeper 1/f
slope during meditation relative to rest, controls (but not meditators) showed a relative increase in individual
alpha amplitude during mind wandering relative to breath focus periods. Together, our results show that the
subjective experience of meditation and mind wandering differs between meditators and novices and that this is
reflected in oscillatory and non-oscillatory properties of EEG.

1. Introduction

In an important part of meditation traditions, practitioners are in-
structed to focus on an object of meditation (e.g. breathing, body sensa-
tions) and to bring the attention back to the present moment whenever
self-generated thoughts (i.e. mind wandering) occur (Analayo, 2019;
Kabat-Zinn, 2006; Krishnamurti, 2002; Matko and Sedlmeier, 2019). In-
terestingly, it has been shown that experienced meditators from differ-
ent traditions report less mind wandering frequency than novices during
meditation practice (Brandmeyer and Delorme, 2018) and other cogni-
tive tasks (Mrazek et al., 2012, 2013). In addition, trained meditators are
thought to experience less engagement with mind wandering episodes
in the context of meditation practice (i.e. they would tend to ‘observe
thoughts’ instead of ‘attaching to them’) (Krishnamurti, 2002; Lutz et al.,
2015; Pagnoni et al., 2008; Petitmengin et al., 2017). Hence, previous
literature suggests that the subjective experience of meditation differs
between trained meditators and novices and that this is related to mind
wandering.

Despite Electroencephalography (EEG) has been widely used to
study the neural correlates of meditative states and mind wandering in
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both experienced practitioners and novices, the obtained results remain
highly inconsistent. Most of previous studies have focused on the am-
plitude of neural oscillations in the alpha range (~ 7-14 Hz), which is
thought to reflect functional inhibition in the cortex (Bonnefond and
Jensen, 2012; Hanslmayr et al., 2019; Klimesch et al., 2007). When
compared to resting state, meditative states have been associated
with both increased (for review see Lee et al., 2018; Lomas et al.,
2015) and decreased (Aftanas and Golocheikine, 2001; Amihai and
Kozhevnikov, 2014; Lehmann et al., 2012) amplitude of alpha oscil-
lations, without a clear distinction between experienced meditators
and novices. Similarly, the relationship between the amplitude of al-
pha oscillations and mind wandering is still debated. Although some
studies have associated mind wandering during meditation to a rel-
ative decrease in alpha amplitude (in both experienced practition-
ers and novices) (Braboszcz and Delorme, 2011; Brandmeyer and De-
lorme, 2018; Rodriguez-Larios and Alaerts, 2020; van Son et al., 2019),
the opposite pattern of results has been found in other cognitive tasks
(Boudewyn and Carter, 2018; Compton et al., 2019; Gouraud et al.,
2021; Groot et al., 2021; Jin et al., 2019, 2020).

There are at least two factors that could explain the lack of con-
sistency regarding the EEG oscillatory correlates of mind wandering
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and meditative states. On the one hand, it has been suggested that
the alpha power decrease associated with mind wandering during
meditation practice could be related drowsiness (Rodriguez-Larios and
Alaerts, 2020) instead of mind wandering per se. In this regard, no
previous study has assessed whether the EEG correlates of drowsiness
and mind wandering during meditation actually differ. On the other
hand, the analytical approach adopted in previous studies could have
also contributed to the lack of consensus in the literature. In this way,
previous studies often estimated alpha power by defining its frequency
band a priori (e.g. 8-12 Hz). This approach may however severely hin-
der consistency (e.g. in some studies alpha is divided in two sub-bands;
Aftanas and Golocheikine, 2001, 2002; Saggar et al., 2012) and does not
take into account inter-individual differences in alpha peak frequency
(Klimesch, 1999). In addition, previous studies did not control for pos-
sible modulations of non-oscillatory components of the EEG signal such
as the slope of the 1/f trend of the EEG spectrum, which is known to
conflate power estimations (see Donoghue et al., 2021; Donoghue et al.,
2020; Kosciessa et al., 2020).

Although no previous study has investigated changes in the slope
of the 1/f trend of the EEG spectrum in relation to meditation prac-
tice, previous literature suggests that this parameter could be of func-
tional relevance in this context. The slope of the 1/f trend is thought to
be reflective of excitation-inhibition balance (E:I ratio) in the brain (a
steeper slope is associated with greater synaptic inhibition) (Gao et al.,
2017). In human EEG, the 1/f trend has been linked to arousal and cog-
nitive load (Kosciessa et al., 2021; Lendner et al., 2020; Voytek et al.,
2015b; Waschke et al., 2021). Since both arousal and cognitive load are
thought to be altered during meditation practice (Hinterberger et al.,
2014; Rodriguez-Larios et al., 2020; Vago and Zeidan, 2016), it can be
expected that the 1/f slope of the EEG signal would also be modulated.
Given this expected change and the fact that previous studies did not
control for possible changes in the aperiodic component of EEG to esti-
mate oscillatory power, it is possible that the previously reported oscil-
latory power changes associated to meditation and mind wandering are
reflecting changes in the slope of the 1/f trend.

In this study, we aimed to assess whether the EEG correlates of med-
itative states and mind wandering differ between experienced medita-
tors and novices. We recorded EEG during rest, an uninterrupted breath
focus meditation and an interrupted breath focus meditation (with ex-
perience sampling) in a group of experienced meditation practitioners
(N = 29) and a control group without any previous meditation expe-
rience (N = 29). In order to provide a comprehensive description of
mind-wandering/meditation-related EEG modulations, we investigated
four parameters of interest: i) EEG power (2-30 Hz) without an a priori
definition of frequency bands, ii) the slope of the 1/f trend, iii) indi-
vidual alpha power (after controlling for the 1/f trend) and iv) individ-
ual alpha frequency (after controlling for the 1/f trend). Hence, unlike
previous studies, we disentangled oscillatory from non-oscillatory EEG
activity and controlled for interindividual differences in alpha peak. In
addition, we used the same four parameters to assess the EEG corre-
lates of drowsiness during meditation practice and potential differences
between experienced meditators and novices.

2. Methods
2.1. Participants

A total of 63 participants were recruited through social media and
by directly contacting different meditation centers throughout Belgium.
5 participants had to be excluded due to technical problems during
data acquisition. From the remaining 58 participants, 29 participants
(12 males) had at least three years of experience with meditation prac-
tices (mean = 9.79 years; SD = 7.11) (i.e. meditators group). Medita-
tors often reported to have experience with more than one meditation
tradition. The three most reported traditions were Mindfulness (20 sub-
jects), Zen (8 subjects) and Vipassana (9 subjects). The other 29 partici-
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pants (14 males) had no previous experience with meditation practices
(i.e. control group). The group of meditators and controls did not differ
significantly in age (meditators, mean = 47.31, SD = 11.21; controls,
mean = 47.13, SD = 13.93) (t-value (28) = 0.05; p-value = 0.95), gen-
der (14 vs 12 males; t-value (28) = —0.52; p-value = 0.60) or level of
education (t-value (23) = —1.64; p-value = 0.10). Note that the level
of education was quantified as: 1 = professional training, 2 = Univer-
sity degree, 3 = PhD degree. Informed consent forms and study design
were approved by the Social and Societal Ethics Committee (SMEC) of
KU Leuven, in accordance with the Declaration of Helsinki (dossier no.
G-2019 09 1747). Participants were compensated for their participation
with 8 € per hour in addition to travel costs.

2.2. Design and task

EEG recordings were performed during three different conditions:
rest (5 min), meditation (10 min) and meditation with probe-caught
experience sampling (~ 60 min) (for overview see Fig. 1A). The experi-
mental instructions were given in Dutch or English. During rest, partic-
ipants were instructed to close their eyes, try to not to fall asleep, move
as little as possible and let their minds wander in thought. For the med-
itation condition, the following instructions were used: ‘Sit in a comfort-
able posture that embodies dignity, keeping the spine straight and letting your
shoulders drop. Close your eyes and allow your attention to gently align to the
sensation of breathing. You can focus on the part of your body where you feel
your breath most clearly (for example: nostrils, belly, chest...). Every time
you notice that your mind has wandered off your breath, notice what it was
that carried you away, and then gently bring your attention back to the sen-
sations associated with your breath’ (Kabat-Zinn, 1990). In the meditation
with experience sampling condition, participants were asked to follow
the instructions appearing on a computer screen. First, they were asked
to close their eyes and focus on their breath. After a period of 30 to 90 s,
participants were presented with a bell sound and were required to open
their eyes and report with a keyboard whether they were 1) focusing on
their breath, 2) distracted by thoughts or 3) distracted by something else
(sound, discomfort or other) (see Fig. 1D for depiction). Regardless of
the answer to the first question, participants had to report in the two
following questions (scored on 7-point scales) their level of confidence
on the previous question (ranging from ‘not confident at all’ (1) to ‘com-
pletely confident’ (7)) and their level of drowsiness (from ‘completely
awake’ (1) to ‘falling asleep’ (7)). Then, some extra follow-up questions
(also on 7-point scales) were asked depending on the answer to the first
question. If participants answered ‘focusing on the breath’ in the first
question, they were asked an extra question about the level of atten-
tion to the breathing (from ‘only superficially’ (1) to ‘full attention’ (7)).
If participants answered ‘distracted by thoughts’ in the first question,
they were asked three extra questions about the level of engagement
in the thought (from ‘mostly observing’ (1) to ‘fully engaged’ (7)) and
the level of visual and auditory components in the thought (from ‘not
visual/auditory at all’ (1) to ‘completely visual/auditory’ (7)). Lastly, if
participants answered ‘distracted by something else’ in the first question,
they were asked in an extra question about what distracted them (three
options: external sound, feeling of pain discomfort or something else).
Participants performed a total of 40 trials in approximately 60 min.

2.3. EEG data acquisition

Electroencephalography (EEG) recordings were performed using a
Nexus-32 system and BioTrace software (V2018A1) (Mind Media, The
Netherlands). Continuous EEG was recorded with a 19-electrode cap
(plus two reference electrodes and one ground electrode) positioned ac-
cording to the 10-20 system (see Fig. 1A). Vertical (VEOG) and horizon-
tal (HEOG) eye movements were recorded by placing pre-gelled foam
electrodes (Kendall, Germany) above and below the left eye (VEOG) and
next to the left and right eye (HEOG) (sampling rate of 2048 Hz). Skin
abrasion and electrode paste (Nuprep) were used to reduce the electrode
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Fig. 1. Design, EEG parameter estimation and task. A) Depiction of EEG montage and design. 19-channels EEG was acquired during three experimental conditions
(rest, meditation and meditation with experience sampling) in a group of experienced meditators and a control group. B) Depiction of the pre-processing steps
including: Finite impulse response (FIR) filter, channel interpolation, Independent Component Analysis (ICA), epoching and Morlet wavelet transform. C) Estimation
of raw power, aperiodic fit (based on 1/f slope in log-log space), individual alpha power (IAP) and individual alpha frequency (IAF). D) Illustration of the meditation
condition with experience sampling task. Participants were asked to close their eyes and focus on their breath. At random intervals between 30 and 90 s participants
heard a bell sound and they were asked to report the location of their attentional focus (breathing, thoughts or something else). Then, several follow-up questions
were asked for a better characterization of their experience (confidence, drowsiness...etc.). Participants performed 40 trials in ~60 min. Only the 5 s before the bell

sound (epoch of interest; see gray area) were used for further EEG analysis.

impedances during the recordings. The EEG signal was amplified using
a unipolar amplifier with a sampling rate of 512 Hz. In the meditation
with experience sampling condition, EEG recordings were synchronized
to E-prime 2.0 using the Nexus trigger interface (Mind Media).

2.4. EEG analysis

Pre-processing was performed in MATLAB R2020b using custom
scripts and EEGLAB (version 2019) functions (Delorme & Makeig, 2004)
(see Fig. 1B for overview). EEG data were first filtered between 1 and
40 Hz (function pop_eegfiltnew). Then noisy electrodes were detected au-
tomatically (function clean channels) and interpolated (spherical inter-
polation implemented in function pop_interp). A mean of 1.40 channels
(SD = 1.20) were interpolated. Then EEG data were re-referenced to
the common average and independent component analysis (ICA) (func-
tion pop_runica) was performed. An automatic component rejection al-
gorithm (i.e. IClabel) was employed to discard components associated
with muscle activity, eye movements, heart activity or channel noise
(Pion-Tonachini et al., 2019). In addition, components with an absolute
correlation with EOG channels higher than 0.6 were also discarded. The
mean number of rejected components was 1.37 (SD = 1.01). Data was
then epoched in 5 second epochs (note that in the meditation condi-
tion with experience sampling these 5 s corresponded to the 5 s before
the bell sound; see Fig. 1D). Epochs with an absolute amplitude higher
than 100 4V were excluded (mean percentage of epochs rejected = 4.5%;
SD = 6.07). Note that for the experience sampling task (interrupted med-
itation), we obtained an average of 37.5 (SD = 3.73) clean trials per
participant. For the comparison of the uninterrupted meditation and

rest conditions, only the last 5 min of the uninterrupted meditation con-
dition were considered (originally 10 min long) to make the number of
epochs equal to the rest condition (5 min long).

The frequency spectrum between 2 and 30 Hz (0.5 Hz resolution)
of each epoch was obtained using Morlet wavelet transform with a
wave number of 6 cycles (as implemented in the function BOSC tf;
see Whitten et al., 2011). Note that EEG activity at higher and lower
frequencies were not initially included in the analysis to avoid noise
from different non-neural sources (Voytek et al., 2010, 2015a; Yuval-
Greenberg et al., 2008). Four parameters of interest were extracted
from the frequency spectrum of each electrode: power at each frequency
(without removal of 1/f trend), 1/f trend slope, individual alpha power
(IAP) (after removal of the 1/f trend) and individual alpha frequency
(IAF) (after removal of the 1/f trend) (see Fig. 1C for depiction).

Power at each frequency was extracted by squaring the real compo-
nent (amplitude) of the convolution between the EEG signal and a fam-
ily of wavelets. The 1/f slope of the spectrum was estimated by fitting
a straight line in log-log space to the EEG frequency spectrum (exclud-
ing the 7 — 14 Hz range containing the alpha peak) using the robustfit
function in MATLAB (for similar approaches see Caplan et al., 2015;
Kosciessa et al., 2020; Watrous et al., 2018; Whitten et al., 2011). Note
that throughout the manuscript we use the term ‘steeper’ when the 1/f
slope becomes more negative (higher exponent) and ‘flatter’ when the
1/f slope becomes more positive (lower exponent). The mean goodness
of fit (R?) for the 1/f line fits across electrodes, conditions and sub-
jects was 0.76 (SD = 0.24). In order to estimate individual alpha, a find
local maxima algorithm (function findpeaks in MATLAB R2020b) was
employed to find a peak between 7 and 14 Hz above the estimation
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of the 1/f trend. Then, the amplitude of this peak relative to the 1/f
trend (individual alpha power; IAP) and its frequency (individual alpha
frequency; IAF) was calculated.

The parameter estimation was performed in the average spectrum
(across epochs/trials) when comparing different conditions (i.e. med-
itation vs rest; mind wandering vs breath focus) and in an epoch by
epoch basis to assess correlations within subjects (i.e. relation between
drowsiness and each of the estimated parameters across different trials).

The average spectrum in the meditation with experience sampling
condition (last 5 s before the bell sound) was estimated by perform-
ing a weighted average of the spectrum of different epochs, so epochs
with a greater confidence rate had a greater weight in the average spec-
trum. The rationale behind this approach is to minimize the influence
of epochs in which subjects are not sure about their state (breath focus
or mind wandering) in the estimation of each EEG dependent variable
(Rodriguez-Larios and Alaerts, 2020). Note that the reported results did
not change qualitatively when averaging trials without considering con-
fidence reports (i.e. no weighting).

2.5. Statistical analysis

A cluster-based permutation statistical method (Maris and Oosten-
veld, 2007) was adopted to assess the significance of condition-related
differences and trial by trial correlations in each EEG dependent vari-
able. This statistical method controls for the type I error rate arising from
multiple comparisons using a non-parametric Montecarlo randomiza-
tion. First, cluster-level test statistics are estimated in the original data
(comparing subjects between conditions or correlations against zero)
and in several shuffled versions of the data (i.e. 10,000 random par-
titions). Cluster-level test-statistics are defined as the sum of t-values
with the same sign across adjacent electrodes and/or frequencies that
are above a specified threshold (i.e. 97.5th quantile of a T-distribution).
Then, the cluster-level statistics from the original data and the null dis-
tribution emerging from the random partitions are compared. Cluster-
corrected p-values are defined as the proportion of random partitions
whose cluster-level test statistic exceeded the one obtained in the orig-
inal (non-shuffled) data. Significance level for the cluster permutation
test was set to 0.025 (corresponding to a false alarm rate of 0.05 in
a two-sided test) (Maris and Oostenveld, 2007). Paired-samples t-test
was chosen as the test statistic to compare conditions (meditation vs
rest and mind wandering vs breath focus), independent samples t-test
was used to compare condition-related differences (% change) between
groups (meditators vs controls). For trial by trial correlations (relation
between drowsiness in each dependent variable), Pearson r-values were
estimated per subject and one sample t-test was used to assess the signifi-
cance of the obtained r-values at group level. In addition to the obtained
cluster statistics, effect size is reported across electrodes and/or frequen-
cies through Cohen’s d estimate (Nakagawa and Cuthill, 2009). In order
to assess the robustness of our results, a Repeated Measures ANOVA
(SPSS implementation) was also performed with Condition/Electrodes
as within subject factors and Group as a between subject factor. The
Greenhouse-Geisser method was used to correct for the lack of spheric-
ity. Note that this later analysis was only performed for IAF, IAP and 1/f
slope estimates.

For the behavioural data, we decided to perform non-parametric
tests that do not assume normality. Specifically, Wilcoxon rank sum test
was employed to compare scores between groups and Wilcoxon signed
rank test was used to compare scores within subjects (both implemented
in MATLAB R2020b).

3. Results
3.1. Self-reports during meditation with experience sampling

On average, participants reported to be focusing on their breath in
63.69% of the trials (SD = 16.07), distracted by thoughts in 23.57%
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of the trials (SD = 11.88) and distracted by something else in 14.62%
of the trials (SD = 8.97). For the statistical analysis we focused
on ‘breath focus’ and ‘distracted by thoughts’ (i.e. mind wandering)
trials.

Wilcoxon signed rank tests showed that, relative to the control
group, meditators reported a significantly higher proportion of ‘breath
focus’ trials (z-value = 4.46; p <0.001) (see top panel Fig. 2A) and
a significantly lower proportion of ‘distracted by thoughts’ trials (z-
value = —3.01; p = 0.0026) (see top panel of Fig. 2B). In addition,
Wilcoxon rank sum tests revealed that the meditators group (relative
to controls) reported a significantly higher mean level of attention in
breath focus trials (z-value = 3.40, p < 0.001) (Fig. 2A bottom panel)
and a lower mean level of engagement in mind wandering trials (z-
value = —1.87, p = 0.06) (non-significant) (Fig. 2B bottom panel). Gen-
erally, reports of drowsiness were low in both meditators (mean = 1.92;
SD = 1.02) and controls (mean = 2.14; SD = 1.08) and no significant
differences between groups were evident (z-value = —1.4315, p = 0.15).
Also, no significant group differences were revealed for ratings of confi-
dence (z-value = 0.82, p = 0.40), visualization (z-value = 0.08, p = 0.93)
or auditory components of mind wandering episodes (z-value = 1.35,
p=0.17).

3.2. EEG spectral modulations during meditation relative to rest

We used cluster permutations statistics (see statistical analysis) to
compare each of our EEG dependent variables (power at each frequency,
1/f slope, IAP and IAF; see Fig. 1C) between conditions (meditation
vs rest; paired samples t-test) and condition-related modulations (%
change) between groups (meditators vs controls; independent samples
t-test). In addition, we assessed the robustness of our results by perform-
ing a Repeated Measures ANOVA with IAF, IAP and 1/f slope estimates
(see Supplementary materials).

Raw power. Experienced meditators showed a significant power de-
crease in the alpha/beta range (9 - 30 Hz; widespread across electrodes)
during meditation relative to rest (tyuser = —881.37; Petuster < 0.001;
d _ 0.70) (see Fig. 3D). In contrast, the control group showed a non-
significant high-beta (21 - 30 Hz) power increase in fronto-central elec-
trodes during meditation (tyser = 91.86; Pejuster = 0.084; d _ 0.51) (see
Fig. 3E). A comparison of meditation-related changes between groups
revealed that meditators showed a significantly more pronounced
power decrease in the alpha/beta range (9-30 Hz) (tyuser = —666.56;
Peluster = 0.004; d _ 0.52) than controls (see Fig. 3F).

Individual alpha power and frequency. Experienced meditators showed
significant decrease in IAF in frontal electrodes (tquser = —5.42;
Peluster = 0.021; d _ 0.71) and significant decrease in IAP in parietal
electrodes (tyuster = —14.89; Pejuster= 0.010; d _ 0.56) during medita-
tion relative to rest (see left and middle panels in Fig. 3G). Instead,
the control group showed a non-significant IAF increase in central elec-
trodes (tuuster = 4-42; Peluster = 0.039; d _ 0.48) during meditation
(see left and middle panels in Fig. 3H). A comparison of meditation-
related changes between groups revealed non-significant differences in
IAP (topuster = —2-29; Pejuster = 0.072; d _ 0.42) and IAF (tqyger = —2.49;
Peluster1 = 0-093; tojustera = —2-47; Pelusterz= 0.096; d _ 0.70) (see left and
middle panels in Fig. 3I).

1/f slope. Experienced meditators showed a non-significant increase
in the steepness of the 1/f slope (i.e. more negative values) during
meditation relative to rest (tyyusier = —4-23; Petuster = 0.057; d — 0.45)
(see right panel in Fig. 3G). On the contrary, controls showed a non-
significant flattening (more positive values) of the 1/f slope during med-
itation relative to rest (tyuger = 2.54; Petuster = 0-10; d — 0.47) (see right
panel in Fig. 3H). Hence, groups differed significantly in meditation-
related changes in the 1/f slope (i.e. steeper during meditation relative
to rest for meditators and flatter during meditation relative to rest for
novices) (touster = —7-76; Peluster = 0.016; d _ 0.85) (see right panel in
Fig. 3I). Note that the results were qualitatively similar when estimating
the 1/f slope in broader frequency ranges (i.e., 2-35 Hz, 2-40 Hz).
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Fig. 2. Self-reports during meditation with experience sampling. Individual data points and probability density distributions depicting the percentage of breath focus
trials (A, top panel), the percentage of mind wandering trials (B, top panel), the mean level of attention in breath focus trials (A, bottom panel) and the mean level of
engagement in mind wandering trials (B, bottom panel) for meditators (red) and control (blue) groups. Asterisks indicate significance (i.e. p<0.05) and ‘x’ indicates

statistical tendency (p<0.1).

In summary, experienced meditators and controls differed signifi-
cantly in meditation-related EEG spectral changes. Specifically, only ex-
perienced meditators showed reduced power in the alpha/beta band,
reduced individual alpha power/frequency, and a steeper 1/f slope dur-
ing meditation relative to rest. However, group differences in condition-
related modulations only reached statistical significance for the 1/f
slope estimate. Note that Repeated Measures ANOVA showed a qual-
itatively similar pattern of results (see Supplementary Figure 1&2).

3.3. EEG spectral modulations during mind wandering relative to breath
focus

We used the same cluster permutation procedure to compare each of
our EEG dependent variables (power at each frequency, 1/f slope, IAP
and IAF; see Fig. 1C) between mind wandering and breath focus peri-
ods identified during the meditation with experience sampling condition
(see Fig. 1D). Like in the previous section, we also compared condition-
related changes in each of our dependent variables between meditators
and the control group. In addition, we assessed the robustness of our
results by performing a Repeated Measures ANOVA with IAF, IAP and
1/f slope estimates (see Supplementary Materials).

Raw power. Experienced meditators showed a non-significant de-
crease in theta band power (3 - 6 Hz) in frontal electrodes during mind
wandering relative to breath focus (tyuser = 67-72; Deluster = 0-078;
d _ 0.68) (see Fig. 4D). In contrast, controls showed a significant in-
crease in alpha/beta (10.5 - 25 Hz) power during mind wandering
across electrodes (touser = 485.32; Pejuster = 0.0064; d _ 0.62) (see
Fig. 4E). Significant differences between groups in mind wandering-
related changes were found in both theta and alpha/beta bands (3-25 Hz
range) (teuster = —1192.99; Pejysier = 0.0017; d _ 0.84) (see Fig. 4F).

Individual alpha power and frequency. Only the control group showed
a significant increase of IAP in frontal electrodes during mind wandering
relative to breath focus (tuyster = 9-03; Dejuster = 0-019; d _ 0.44) (see
left panel in Fig. 4H). However, group differences in mind wandering-

related IAP modulations did not reach statistical significance (pgjyster >
0.1).

1/f slope. Experienced meditators showed a non-significant flatten-
ing (more positive value) of the 1/f slope in a left frontal electrode
in mind wandering relative to breath focus conditions (tqjger = 2.62;
Peluster = 0.097; d _ 0.49) (see right panel in Fig. 4G) while no
differences were found in controls (p¢user > 0.1). A non-significant
group difference was also found in the same electrode (tguser = 2-56;
Peluster = 0.092; d _ 0.68) (see right panel in Fig. 4I).

In summary, experienced meditators and controls differed signifi-
cantly in mind wandering-related EEG spectral changes. Specifically,
controls (but not meditators) showed a significant increase in IAP and
alpha/beta power during mind wandering relative to breath focus. Note
that Repeated Measures ANOVA showed a qualitatively similar pattern
of results for IAP modulations (see Supplementary Figure 3).

3.4. EEG spectral modulations associated with drowsiness

In addition to condition-related differences, we assessed the relation-
ship between trial-by-trial variations in each of our dependent variables
and trial-by-trial variations in self-reported drowsiness during medita-
tion practice. For this purpose, Spearman rank order correlations were
estimated for each of the dependent variables (power at each frequency,
1/f slope, IAP and IAF; see Fig. 1C) per electrode and subject. Then, we
assessed the significance of these correlations at group level using the
described cluster permutation test (Maris and Oostenveld, 2007) against
zero (one sample t-test). In addition, we assessed potential group differ-
ences in the obtained correlations using the same cluster permutation
test. We also performed a Repeated Measures ANOVA with IAF, IAP and
1/f slope estimates in order to assess the robustness of the results (see
Supplementary materials).

Raw power. Drowsiness was positively correlated to theta/low-alpha
band power (3 - 8 Hz) in both experienced meditators (tsier = 138.10;
Peluster = 0.059; d _ 0.80) (see Fig. 5D) and controls (t.yser = 399.10;



J. Rodriguez-Larios, E.A. Bracho Montes de Oca and K. Alaerts Neurolmage 245 (2021) 118669

Meditators Controls Group difference
4 4 ;
g A —— Meditation s B — Meditation C Meditators s g
o ——Rest —Rest ——Controls ° %
N 2 28
s S c
] ]
3 58
a g g
a e
k) kel
£ 5
c c
< <
g g
5 s
o o
5 5
g g
4 8
o o

3 6 9 12 15 18 21 24 27 30 3 6 9 12 15 18 21 24 27 30 3 6 9 12 15 18 21 24 27 30
Frequency(Hz) Frequency(Hz) Frequency(Hz)
1/f slope 1/f slope

G IAP IAF H AP IAF I AP IAF

5 0 5 5 0 5 -5 0 5

t-value (Meditation-Rest)

1/f slope

t-value (Meditation-Rest) t-value (Meditators-Controls)

Fig. 3. EEG spectral modulations associated to the uninterrupted meditation in meditators and control groups. A-B) Average power spectrum (solid line) and standard
deviation (shaded) in the 2-30 Hz range (across electrodes) during meditation (red) and rest (blue) in meditators (A) and the control (B) group. The power spectrum
was z-scored (relative power) for visualization purposes. C) Mean power change (solid line) and standard deviation (shaded) in the 2-30 Hz frequency range (%
change from rest; across electrodes) in meditators (black) and controls (orange). D-E) Matrix depicting the t-values resulting from comparing power at each frequency
(x-axis; 2-30 Hz) and electrode (y-axis) between conditions (meditation vs rest) in the meditators (D) and control (E) group. The colours code for the direction of
the differences between conditions (yellow = higher in meditation; blue = higher in rest). F) Matrix of t-values resulting from comparing power at each frequency
(x-axis; 2-30 Hz) and electrode (y-axis) between groups during meditation. The colours code for the direction of the differences between groups (yellow = higher
in meditators; blue = higher in controls). In all matrices, solid contours indicate significance at p<0.025 while dotted contours indicate statistical tendency (p<0.1).
G-I) Topographical plots depicting differences in individual alpha power (IAP), individual alpha frequency (IAF) and the slope of the 1/f trend between conditions in
each group (panel G for meditators and panel H for controls) and between groups (panel I). The colours code for the direction of the differences is the same as in the
t-value matrices. Asterisks indicate statistical significance at p<0.025 whilst the symbol ‘x’ indicates non-significant differences (p-values between 0.025 and 0.1).

Peluster = 0.016; d _ 1.09) (see Fig. 5E). However, this correlation was
statistically significant in controls only. No significant differences were
found between groups (pejyster > 0.1).

Individual alpha power and frequency. Drowsiness was negatively
correlated to IAF in both experienced meditators (tiuser = —14.74;
Peluster = 0.004; d _ 0.69) (see middle panel in Fig. 5G) and con-
trols (touster = —15-98; Peuster = 0-006; d _ 0.65) (see middle panel in
Fig. 5H). No other differences were found.

1/f slope. A steeper 1/f slope was associated with increased drowsi-
ness in controls (tyuser = —5.19; Pejuster = 0.04; d _ 0.58) although this
correlation did not reach statistical significance according to the chosen
a level (i.e. p<0.025) (see Fig. S5H right panel). No correlations were
found in meditators and no differences were identified between groups
(pcluster > 0.1).

In summary, drowsiness during meditation practice was significantly
associated with reduced individual alpha peak frequency in both medi-
tators and controls. In line with these results, a main effect of condition
in IAF was identified through Repeated Measures ANOVA (see Supple-
mentary Figure 4). In addition, increases in theta/alpha power were
also associated with drowsiness, although this comparison only reached
statistical significance in the control group.

4. Discussion

This study assessed whether the EEG correlates of meditative states
and mind wandering differ significantly between experienced medi-

tators and novices. We compared meditation/mind wandering-related
EEG spectral modulations between a group of experienced meditators
and a control group without any meditation experience. Our results
show that group differences in the experience of meditation (i.e. re-
duced mind wandering frequency / engagement and greater focus in ex-
perienced practitioners) are accompanied by group differences in medi-
tation/mind wandering-related EEG spectral modulations. On the one
hand, meditators (but not controls) showed a power decrease in al-
pha/beta band power, a decrease in individual alpha frequency and a
steeper 1/f slope during an uninterrupted breath focus meditation prac-
tice relative to rest. On the other hand, experience sampling during med-
itation revealed that controls (but not meditators) showed a significant
increase in alpha/beta power during mind wandering relative to periods
of breath focus.

Our results are in line with other studies reporting a relative de-
crease in alpha power (Aftanas and Golocheikine, 2001; Amihai and
Kozhevnikov, 2014; Lehmann et al., 2012) and frequency (Aftanas and
Golocheikine, 2002; Irrmischer et al., 2018; Rodriguez-Larios et al.,
2020; Saggar et al., 2012; Takahashi et al., 2005; Yamamoto et al., 2006)
during meditation relative to rest. However, it is important to underline
that previous literature reviews have concluded that meditation is most
commonly associated with relative increases in alpha power when com-
pared to rest and other control conditions (Lee et al., 2018; Lomas et al.,
2015). In this way, it is possible that this inconsistency relates to the
fact that previous reviews included different meditation techniques (e.g.
mantra recitation, visualizations...etc.) that could have differential ef-
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Fig. 4. EEG spectral modulations associated to periods of mind wandering relative to periods breath focus in meditators and control groups. A-B) Average power
spectrum (solid line) and standard deviation (shaded) in the 2-30 Hz range across electrodes during mind wandering (red) and breath focus (blue) in meditators
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focus) in the meditators (D) and control (E) group. The colours code for the direction of the differences between conditions (yellow = higher during mind wandering;
blue = higher during breath focus). F) Matrix of t-values resulting from comparing power at each frequency (x-axis; 2-30 Hz) and electrode (y-axis) between groups
during mind wandering (relative to breath focus). The colours code for the direction of the differences between groups (yellow = higher in meditators; blue = higher
in controls). In all matrices, solid contours indicate significance at p<0.025 while dotted contours indicate statistical tendency (p<0.1). G-I) Topographical plots
depicting differences in individual alpha power (IAP), individual alpha frequency (IAF) and the slope of the 1/f trend between conditions in each group (panel G for
meditators and panel H for controls) and between groups (panel I). The colours code for the direction of the differences in each panel is the same as in the t-value
matrices. Asterisks indicate statistical significance at p<0.025 whilst the symbol ‘x’ indicates non-significant differences (p-values between 0.025 and 0.1).

fects on arousal levels (Britton et al., 2014) and/or included subjects mind wandering relative to breath focus adopted a self-caught experi-
without meditation experience (Lee et al., 2018; Lomas et al., 2015). ence sampling paradigm (i.e. participants are instructed to press a but-
Another possibility is that the lack of consensus in the literature is re- ton whenever they realize that they are mind wandering) (Braboszcz and
lated to the adopted analytical approach. Since previous studies esti- Delorme, 2011; van Son et al., 2019) instead of a probe-caught ex-
mated power in an a priori definition of the alpha band (i.e. ~8 — 13 Hz) perience sampling paradigm (i.e. participants are instructed to report
without peak detection nor control for the 1/f trend of the spectrum, whether they are mind wandering after they hear a bell sound). It is
we cannot rule out the possibility that their results are a mix of changes possible that self-caught and probe-caught mind wandering are associ-
in oscillatory power, frequency and/or the 1/f slope (Donoghue et al., ated with different EEG spectral modulations. In fact, periods of mind
2020, 2020). wandering identified in self-caught paradigms also include other compo-

Experience sampling during meditation practice revealed that non- nents such a meta-awareness and motor preparation that have been pre-
meditators showed a significant increase in alpha power during mind viously associated with alpha suppression (Deiber et al., 2012; van Driel
wandering in the context of meditation practice. Based on previous lit- et al., 2012). Another factor that could be contributing to the inconsis-
erature, we interpret the observed increase in alpha amplitude during tency of previous results is drowsiness. In this line, our previous study
mind wandering to be reflective of a temporary increase in inhibition suggests that lapses of attention that are accompanied by a relative de-
of sensory areas (Klimesch et al., 2007) that would result in decoupling crease in alpha power could be reflecting drowsiness and/or hypna-
from external stimuli (Baird et al., 2014; Smallwood et al., 2008). Al- gogic states rather than mind wandering per se (Rodriguez-Larios and
though our findings are in line with studies that associated mind wan- Alaerts, 2020). In support of this idea, the spectral profile identified
dering to a relative increase in alpha power in different cognitive tasks for mind wandering in Rodriguez-Larios & Alaerts (2020) looks quali-
(Boudewyn and Carter, 2018; Compton et al., 2019; Gouraud et al., tatively similar to the one that we associated with drowsiness during

2021; Groot et al., 2021; Jin et al., 2019, 2020), they directly contra- meditation practice in the current study (see Fig. SE this paper and
dict three previous studies that found the opposite pattern of results Fig. 2 in Rodriguez-Larios & Alaerts (2020)).

in the context of meditation practice (Braboszcz and Delorme, 2011; An important difference between studies assessing mind wandering
Rodriguez-Larios and Alaerts, 2020; van Son et al., 2019). There are sev- during cognitive tasks and meditation practice is that eyes are nor-
eral factors that could explain this inconsistency. On the one hand, two mally closed in the latter case only. Crucially, it has been recently
of the three previous studies that reported decreased alpha power during shown that eye closure affects alpha modulations during cognitive tasks
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0.025 and 0.1).

(ElShafei et al., 2021). Hence, it is possible that this is also the case
for mind wandering. In the light of previous literature (Boudewyn and
Carter, 2018; Compton et al., 2019; Gouraud et al., 2021; Groot et al.,
2021; Jin et al., 2019, 2020), our findings support the idea that mind
wandering is associated with alpha power increases with both eyes open
and eyes closed. Nonetheless, it is possible that the spatial and/or fre-
quency specificity of alpha power increases are different with eyes open
and eyes closed. Therefore, future studies are warranted to test whether
the EEG correlates of mind wandering and focused attention states (dur-
ing meditation and other cognitive tasks) are modulated by eye closure.

Our results show that the amplitude of alpha oscillations decrease
during meditation relative to rest in experienced meditators (but not in
novices) and during breath focus relative to mind wandering in novices
(but not in experienced meditators). On the one hand, we hypothesize
the alpha suppression during meditation relative to rest is less pro-
nounced in non-meditators because the frequency of mind wandering
for these participants is more similar in meditation and rest conditions.
In line with this interpretation, self-reports showed that mind wandering
during meditation is less frequent in experienced practitioners than in
novices. On the other hand, we speculate that alpha power increases dur-
ing mind wandering (relative to breath focus) is only present in novices
because in experienced practitioners mind wandering was not sustained
or intense enough to cause an alpha power increase (i.e. they quickly
disengaged from mind wandering episodes when they occurred). Self-

reports also support this hypothesis as they showed that the level of
mind wandering engagement was generally lower for experienced prac-
titioners than for novices. In this regard, it is important to note that
although we did not find significant group differences in sociodemo-
graphic factors such as age, gender or level of education, we cannot
completely rule out the possibility that groups differed in other factors
that we did not consider (e.g. intelligence, personality traits, stress lev-
els) and could have affected group differences in brain activity.

In addition to the analysis of alpha oscillations, we assessed
meditation-related changes in the 1/f slope of the EEG spectrum and
found significant differences between meditators and novices. In fact,
the group difference in the 1/f slope was more robust (higher effect size
and lower p-value) than the one found in individual alpha power and
individual alpha frequency. Interestingly, while experienced meditators
showed a more negative (steeper) slope during meditation relative to
rest, controls presented the opposite pattern (flatter slope during med-
itation relative to rest). Previous literature suggests that a steeper 1/f
slope reflects greater synaptic inhibition (lower E:I ratio), and that this is
common in low cognitive load and/or low arousal states (Colombo et al.,
2019; Kosciessa et al., 2021; Lendner et al., 2020; Voytek et al., 2015b;
Waschke et al., 2021). In the light of previous literature, we hypothesize
that given their lack of experience with meditation practices, novices
found the meditation condition more cognitively demanding than rest
(which would result in a flatter slope and a higher E:I ratio) whilst the
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opposite was the case for experienced practitioners (which would result
in a steeper 1/f slope and lower E:I ratio). In this regard, it is important
to underline that a recent study also found reduced long range tempo-
ral correlations (a measure of complexity that is also associated with
reduced E:I ratio in the brain) during meditation relative to rest in ex-
perienced meditators (Irrmischer et al., 2018). Interestingly, this study
also found the opposite pattern of results in non-experienced practition-
ers (i.e. increased long range temporal correlations during meditation
relative to rest). Hence, we speculate that the here reported changes
in the 1/f slope and the previously reported modulations in long range
temporal correlations in relation to meditation (Irrmischer et al., 2018)
could be reflecting the same phenomena (i.e. modulations in cortical E:I
ratio).

Unlike meditation and mind wandering, the EEG spectral mod-
ulations associated with drowsiness did not differ significantly be-
tween meditators and non-meditators. In line with previous studies
(Broughton and Hasan, 1995; Cantero et al., 2002), drowsiness was as-
sociated with a decrease in individual alpha frequency (IAF) (see Fig. 5).
Note that the spectral modulations associated with drowsiness were
qualitatively different from those associated with mind wandering (i.e.
increased alpha power in controls only). Therefore, our results show that
mind wandering and drowsiness during meditation practice are two sep-
arate phenomena that can be disentangled through their EEG spectral
correlates.

To our knowledge, there are two main limitations of the study that
need to be addressed. The first limitation is related to the relatively low
number of EEG electrodes employed in this study (i.e. 19), which only
allowed us to draw conclusions about EEG spectral changes at a sen-
sor level. In this way, high-density EEG and source localization analysis
(Michel and Brunet, 2019; Samogin et al., 2019) is warranted in the
future to reveal the sources of the here reported EEG changes. Further-
more, source localization analysis might also allow to identify robust os-
cillatory activity in other bands in addition to alpha (i.e. spectral peaks
in the theta and beta bands) (Dasari et al., 2017; Grandchamp et al.,
2012). The second limitation is related to the use of experience sam-
pling paradigms to study mind wandering and meditative states. Expe-
rience sampling paradigms entail a trade-off between the length of the
inter-probe time interval and sufficient number of probes. Longer inter-
probe time intervals would allow to detect mind wandering and breath
focus states in a more naturalistic manner. In fact, it is possible that the
frequent interruption during meditation practice (every 30- 90 s) in our
study did not allow participants to fully immerse in breath focus or mind
wandering states. However, increasing the time interval between probes
(every few minutes) would have resulted in an even smaller number of
mind wandering epochs (already only ~23% were classified as mind
wandering in this study), rendering condition comparisons difficult. In
order to overcome this limitation, future studies could perform multiple
(mobile) EEG recording sessions in the same subjects (Reiser et al., 2020)
thereby allowing the identification of more naturalistic mind wandering
and breath focus states.

In summary, this study compared self-reports during meditation and
meditation-related EEG spectral modulations between a group of ex-
perienced meditators and a control group without previous medita-
tion experience. Self-reports revealed that meditators showed a greater
level of focus and reduced mind wandering frequency and engage-
ment than controls during meditation practice. In line with these re-
ports, the EEG spectral modulations associated with meditation (rela-
tive to rest) and mind wandering (during meditation) also differed sig-
nificantly between meditators and controls. While meditators (but not
controls) showed a decrease in alpha/beta band power, reduced indi-
vidual alpha frequency/amplitude and a steeper 1/f slope during med-
itation relative to rest, controls (but not meditators) showed a relative
increase in alpha/beta band power and individual alpha power dur-
ing mind wandering relative to breath focus. Based on these results,
we conclude that the subjective experience of meditation and mind-
wandering differs between experienced meditators and novices and that
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this is reflected in oscillatory and non-oscillatory components of brain
activity.

CRediT statement

Julio Rodriguez-Larios: Conceptualization, Methodology, Soft-
ware, Formal analysis, Data Curation, Writing — Original Draft, Visu-
alization, Supervision, Project Administration, Funding Acquisition. Ed-
uardo Bracho Montes de Oca: Investigation, Resources, Data Curation,
Project Administration. Kaat Alaerts: Conceptualization, Writing — Re-
view & Editing, Supervision, Funding Acquisition.

Declaration of Competing Interest
The authors declare no competing interests.
Acknowledgements

This work was supported by the Branco Weiss fellowship of the Soci-
ety in Science-ETH Zurich, Grants from the Flanders Fund for Scientific
Research (FWO G079017N and G046321N) and the European Varela
Awards (Mind & Life Europe). We also would like to thank all the vol-
unteers that participated in the study.

Data and code availability statement

Raw EEG data and MATLAB code will be publicly available in
the Open Science Framework webpage (see https://osf.io/3uszv/?view_
only=d41ddd2200e642cf9992a016cb739b90).

Supplementary materials

Supplementary material associated with this article can be found, in
the online version, at doi:10.1016/j.neuroimage.2021.118669.

References

Aftanas, L.I., Golocheikine, S.A., 2001. Human anterior and frontal midline theta
and lower alpha reflect emotionally positive state and internalized attention:
high-resolution EEG investigation of meditation. Neurosci. Lett. 310, 57-60.
doi:10.1016,/50304-3940(01)02094-8.

Aftanas, L.I, Golocheikine, S.A., 2002. Non-linear dynamic complexity of
the human EEG during meditation. Neurosci. Lett. 330 (2), 143-146.
doi:10.1016,/50304-3940(02)00745-0.

Amihai, I., Kozhevnikov, M., 2014. Arousal vs. relaxation: a comparison of the neurophys-
iological and cognitive correlates of Vajrayana and Theravada meditative practices.
PLoS ONE 9 (7), 102990. doi:10.1371/journal.pone.0102990.

Analayo, B., 2019. Adding historical depth to definitions of mindfulness. Curr. Opin. Psy-
chol. 28, 11-14. doi:10.1016/j.copsyc.2018.09.013.

Baird, B., Smallwood, J., Lutz, A., Schooler, J.W., 2014. The decoupled mind: mind-
wandering disrupts cortical phase-locking to perceptual events. J. Cogn. Neurosci.
26 (11), 2596-2607. doi:10.1162/jocn_a_00656.

Bonnefond, M., Jensen, O., 2012. Alpha oscillations serve to protect working mem-
ory maintenance against anticipated distracters. Curr. Biol. 22, 1969-1974.
doi:10.1016/j.cub.2012.08.029.

Boudewyn, M.A., Carter, C.S., 2018. I must have missed that: alpha-band oscil-
lations track attention to spoken language. Neuropsychologia 117, 148-155.
doi:10.1016/j.neuropsychologia.2018.05.024, Contents.

Braboszcz, C., Delorme, A., 2011. Lost in thoughts: neural markers of
low alertness during mind wandering. Neuroimage 54, 3040-3047.
doi:10.1016/j.neuroimage.2010.10.008.

Brandmeyer, T., Delorme, A., 2018. Reduced mind wandering in experienced med-
itators and associated EEG correlates. Exp. Brain Res. 236 (9), 2519-2528.
doi:10.1007/500221-016-4811-5.

Britton, W.B., Lindahl, J.R., Cahn, B.R., Davis, J.H., Goldman, R.E., 2014. Awakening is
not a metaphor: the effects of Buddhist meditation practices on basic wakefulness.
Ann. N. Y. Acad. Sci. 1307 (1), 64. doi:10.1111/NYAS.12279.

Broughton, R., Hasan, J., 1995. Quantitative topographic electroencephalographic map-
ping during drowsiness and sleep onset. J. Clin. Neurophysiol. 12 (4), 372-386.
doi:10.1097,/00004691-199507000-00007.

Cantero, J.L., Atienza, M., Salas, R.M., 2002. Human alpha oscillations in wakefulness,
drowsiness period, and REM sleep: different electroencephalographic phenomena
within the alpha band. Neurophysiol. Clin. 32, 54-71. www.elsevier.fr/direct/nc-cn.

Caplan, J.B., Bottomley, M., Kang, P., Dixon, R.A., 2015. Distinguishing rhythmic from
non-rhythmic brain activity during rest in healthy neurocognitive aging. Neuroimage
112, 341-352. doi:10.1016/J.NEUROIMAGE.2015.03.001.


https://osf.io/3uszv/?view_only=d41ddd2200e642cf9992a016cb739b90
https://doi.org/10.1016/j.neuroimage.2021.118669
https://doi.org/10.1016/S0304-3940(01)02094-8
https://doi.org/10.1016/S0304-3940(02)00745-0
https://doi.org/10.1371/journal.pone.0102990
https://doi.org/10.1016/j.copsyc.2018.09.013
https://doi.org/10.1162/jocn_a_00656
https://doi.org/10.1016/j.cub.2012.08.029
https://doi.org/10.1016/j.neuropsychologia.2018.05.024
https://doi.org/10.1016/j.neuroimage.2010.10.008
https://doi.org/10.1007/s00221-016-4811-5
https://doi.org/10.1111/NYAS.12279
https://doi.org/10.1097/00004691-199507000-00007
http://www.elsevier.fr/direct/nc-cn
https://doi.org/10.1016/J.NEUROIMAGE.2015.03.001

J. Rodriguez-Larios, E.A. Bracho Montes de Oca and K. Alaerts

Colombo, M.A., Napolitani, M., Boly, M., Gosseries, O., Casarotto, S., Rosanova, M.,
Brichant, J.F., Boveroux, P., Rex, S., Laureys, S., Massimini, M., Chieregato, A.,
Sarasso, S., 2019. The spectral exponent of the resting EEG indexes the presence of
consciousness during unresponsiveness induced by propofol, xenon, and ketamine.
Neuroimage 189, 631-644. doi:10.1016/j.neuroimage.2019.01.024.

Compton, R.J., Gearinger, D., Wild, H., 2019. The wandering mind oscillates: EEG alpha
power is enhanced during moments of mind-wandering. Cogn., Affect., Behav. Neu-
rosci. 1-8. doi:10.3758/513415-019-00745-9.

Dasari, D., Shou, G., Ding, L., 2017. ICA-Derived EEG correlates to mental fatigue, effort,
and workload in a realistically simulated air traffic control task. Front. Neurosci. 11
(MAY), 297. doi:10.3389/fnins.2017.00297.

Deiber, M.P., Sallard, E., Ludwig, C., Ghezzi, C., Barral, J., Ibafiez, V., 2012. EEG alpha
activity reflects motor preparation rather than the mode of action selection. Front.
Integr. Neurosci. 6 (JULY 2012), 59. doi:10.3389/fnint.2012.00059.

Donoghue, T., Dominguez, J., Voytek, B., 2020a. Electrophysiological frequency band
ratio measures conflate periodic and aperiodic neural activity. eNeuro 7 (6).
doi:10.1523/ENEURO.0192-20.2020.

Donoghue, T., Haller, M., Peterson, E.J., Varma, P., Sebastian, P., Gao, R., Noto, T.,
Lara, A.H., Wallis, J.D., Knight, R.T., Shestyuk, A., Voytek, B., 2020b. Parameter-
izing neural power spectra into periodic and aperiodic components. Nat. Neurosci. 23
(December). doi:10.1038/541593-020-00744-x.

Donoghue, T., Schaworonkow, N., & Voytek, B. (2021). Methodological considerations for
studying neural oscillations. In PsyArXiv.

ElShafei, H.A., Orlemann, C., Haegens, S., 2021. The impact of eye closure
on anticipatory alpha activity in a tactile discrimination task. BioRxiv 2021.
doi:10.1101/2021.08.03.454920, 08.03.454920.

Gao, R., Peterson, E.J., Voytek, B., 2017. Inferring synaptic excitation/inhibition balance
from field potentials. Neuroimage doi:10.1016/j.neuroimage.2017.06.078.

Gouraud, J., Delorme, A., Berberian, B., 2021. Mind wandering influences EEG signal in
complex multimodal environments. Front. Neuroergon. 2, 625343. doi:10.3389/fn-
rg0.2021.625343.

Grandchamp, R., Braboszcz, C., Makeig, S., Delorme, A., 2012. Stability of ICA decompo-
sition across within-subject EEG datasets. In: Proceedings of the Annual International
Conference of the IEEE Engineering in Medicine and Biology Society, EMBS, pp. 6735—
6739. doi:10.1109/EMBC.2012.6347540.

Groot, J.M., Boayue, N.M., Csifcsdk, G., Boekel, W., Huster, R., Forstmann, B.U.,
Mittner, M., 2021. Probing the neural signature of mind wandering
with simultaneous fMRI-EEG and pupillometry. Neuroimage 224, 117412.
doi:10.1016/j.neuroimage.2020.117412.

Hanslmayr, S., Axmacher, N., Inman, C.S., 2019. Modulating human memory via entrain-
ment of brain oscillations. Trends Neurosci. 42 (7). doi:10.1016/j.tins.2019.04.004.

Hinterberger, T., Schmidt, S., Kamei, T., Walach, H., 2014. Decreased electrophysiological
activity represents the conscious state of emptiness in meditation. Front. Psychol. 5,
99. doi:10.3389/fpsyg.2014.00099.

Irrmischer, M., Simon, |., Houtman, J., Huibert, |., Mansvelder, D., Tremmel, M.,
Ott, U., Linkenkaer-Hansen, K., 2018. Controlling the temporal structure of brain
oscillations by focused attention meditation. Hum. Brain Mapp. 39, 1825-1838.
doi:10.1002/hbm.23971.

Jin, C.Y., Borst, J.P., van Vugt, M.K., 2019. Predicting task-general mind-wandering with
EEG. Cognit., Affect. Behav. Neurosci. 19 (4). doi:10.3758/513415-019-00707-1.
Jin, C.Y., Borst, J.P., Vugt, M.K.Van, 2020. Distinguishing vigilance decrement and low
task demands from mind-wandering: a machine learning analysis of EEG. Eur. J. Neu-

rosci. doi:10.1111/ejn.14863.

Kabat-Zinn, J. (1990). Full catastrophe living: using the wisdom of your body
and mind to face stress, pain, and illness. Delacorte. https://www.amazon.com/
Full-Catastrophe-Living-Revised-Illness/dp/0345536932

Kabat-Zinn, J., 2006. Mindfulness-based interventions in context: past, present, and future.
Clin. Psychol.: Sci. Pract. 10 (2), 144-156. doi:10.1093/clipsy.bpg016.

Klimesch, W., 1999. EEG alpha and theta oscillations reflect cognitive and mem-
ory performance: a rKlimesch, W. (1999). EEG alpha and theta oscillations re-
flect cognitive and memory performance: a review and analysis. Brain Res. Rev.
29 (2-3), 169-195. doi:10.1016/S016, Brain Research Reviews, 29(2-3), 169-195.
https://doi.org/10.1016/50165-0173(98)00056-3.

Klimesch, W., Sauseng, P., Hanslmayr, S., 2007. EEG alpha oscillations: the inhibition-
timing hypothesis. Brain Res. 53, 63-88. doi:10.1016/j.brainresrev.2006.06.003.
Kosciessa, J.Q., Grandy, T.H., Garrett, D.D., Werkle-Bergner, M., 2020. Single-trial char-
acterization of neural rhythms: potential and challenges. Neuroimage 206, 116331.

doi:10.1016/j.neuroimage.2019.116331.

Kosciessa, J.Q., Lindenberger, U., Garrett, D.D., 2021. Thalamocortical excitability mod-
ulation guides human perception under uncertainty. Nat. Commun. 12 (1), 2430.
doi:10.1038/s41467-021-22511-7.

Krishnamurti, J. (2002). Meditations. Shambala. https://books.google.es/books?hl=fr&lr=
&id=XCXSFrKJIBAC&oi=fnd&pg=PT7&dq=krishnamurti+1969+meditation&ots=
kH782agDSL&sig=WVr6PIVKXpJjXmflhlHzA2-Stjl#v=onepage&q=krishnamurti
1969 meditation&f=false

Lee, D.J., Kulubya, E., Goldin, P., Goodarzi, A., Girgis, F., 2018. Review of
the neural oscillations underlying meditation. Front. Neurosci. 12, 178.
doi:10.3389/fnins.2018.00178.

Lehmann, D., Faber, P.L., Tei, S., Pascual-Marqui, R.D., Milz, P., Kochi, K., 2012. Re-
duced functional connectivity between cortical sources in five meditation traditions
detected with lagged coherence using EEG tomography. Neuroimage 60 (2), 1574-
1586. doi:10.1016/j.neuroimage.2012.01.042.

Lendner, J.D., Helfrich, R.F., Mander, B.A., Romundstad, L., Lin, J.J., Walker, M.P., Lars-
son, P.G., Knight, R.T., 2020. An electrophysiological marker of arousal level in hu-
mans. Elife 9, 1-29. doi:10.7554/¢eLife.55092.

10

Neurolmage 245 (2021) 118669

Lomas, T., Ivtzan, I, Fu, C.H.Y., 2015. A systematic review of the neurophysiol-
ogy of mindfulness on EEG oscillations. Neurosci. Biobehav. Rev. 57, 401-410.
doi:10.1016/j.neubiorev.2015.09.018.

Lutz, A., Jha, A.P., Dunne, J.D., Saron, C.D., Lifshitz, M., Pinger, L., Flook, L., Thomp-
son, E., & Dahl, C. (2015). Investigating the phenomenological matrix of mindfulness-
related practices from a neurocognitive perspective. 70(7), 632-658. https://doi.org/
10.1037/a0039585

Maris, E., Oostenveld, R., 2007. Nonparametric statistical testing of EEG- and MEG-data.
J. Neurosci. Methods 164 (1), 177-190. doi:10.1016/J.JNEUMETH.2007.03.024.

Matko, K., Sedlmeier, P., 2019. What is meditation? Proposing an empirically derived
classification system. Front. Psychol 10, 2276. doi:10.3389/fpsyg.2019.02276.

Michel, C.M., Brunet, D., 2019. EEG source imaging: a practical review of the analysis
steps. Front. Neurol. 10 (APR), 325. doi:10.3389/fneur.2019.00325.

Mrazek, M., Franklin, M., Tarchin Phillips, D., Benjamin, B., Schooler, J., 2013. Mindful-
ness training improves working memory capacity and GRE performance while reduc-
ing mind wandering. Psychol. Sci. 24 (5), 776-781. d0i:10.1177/0956797612459659.

Mrazek, M., Smallwood, J., Schooler, J., 2012. Mindfulness and mind-wandering:
finding convergence through opposing constructs. Emotion 12 (3), 442-448.
doi:10.1037/20026678.

Nakagawa, S., Cuthill, L.C., 2009. Effect size, confidence interval and statisti-
cal significance: a practical guide for biologists. Biol. Rev. 84 (3), 515.
doi:10.1111/j.1469-185X.2009.00083.x.

Pagnoni, G., Cekic, M., & Guo, Y. (2008). “Thinking about not-thinking’”: neural corre-
lates of conceptual processing during zen meditation. https://doi.org/ 10.1371/jour-
nal.pone.0003083

Petitmengin, C., Van Beek, M., Bitbol, M., Nissou, J.-.M., Roepstorff, A., 2017. What is
it like to meditate? Methods and issues for a micro-phenomenological description of
meditative experience. J. Conscious. Stud. Vol. 24.

Pion-Tonachini, L., Kreutz-Delgado, K., Makeig, S., 2019. ICLabel: an automated electroen-
cephalographic independent component classifier, dataset, and website. Neuroimage
198, 181-197. doi:10.1016/j.neuroimage.2019.05.026.

Reiser, J.E., Wascher, E., Rinkenauer, G., Arnau, S., 2020. Cognitive-motor interference in
the wild: assessing the effects of movement complexity on task switching using mobile
EEG. Eur. J. Neurosci. doi:10.1111/ejn.14959.

Rodriguez-Larios, J., Faber, P., Achermann, P., Tei, S., Alaerts, K., 2020. From thought-
less awareness to effortful cognition: alpha - theta cross-frequency dynamics in ex-
perienced meditators during meditation, rest and arithmetic. Sci. Rep. 10 (1), 5419.
doi:10.1038/541598-020-62392-2.

Rodriguez-Larios, J., Alaerts, K., 2020. EEG alpha-theta dynamics during mind wander-
ing in the context of breath focus meditation: an experience sampling approach with
novice meditation practitioners. Eur. J. Neurosci. 1-14. doi:10.1111/ejn.15073, May.

Saggar, M., King, B.G., Zanesco, A.P., MacLean, K.A., Aichele, S.R., Jacobs, T.L., Brid-
well, D.A., Shaver, P.R., Rosenberg, E.L., Sahdra, B.K., Ferrer, E., Tang, A.C., Man-
gun, G.R., Wallace, B.A., Miikkulainen, R., Saron, C.D., 2012. Intensive training in-
duces longitudinal changes in meditation state-related EEG oscillatory activity. Front.
Hum. Neurosci. 6, 256. doi:10.3389/fnhum.2012.00256.

Samogin, J., Liu, Q., Marino, M., Wenderoth, N., Mantini, D., 2019. Shared and
connection-specific intrinsic interactions in the default mode network. Neuroimage
200 (December 2018), 474-481. doi:10.1016/j.neuroimage.2019.07.007.

Smallwood, J., Beach, E., Schooler, J.W., Handy, T.C., 2008. Going AWOL in the brain:
mind wandering reduces cortical analysis of external events. J. Cogn. Neurosci. 20
(3), 458-469. http://www.mitpressjournals.org/doi/pdf/10.1162/jocn.2008.20037.

Takahashi, T., Murata, T., Hamada, T., Omori, M., Kosaka, H., Kikuchi, M., Yoshida, H.,
Wada, Y., 2005. Changes in EEG and autonomic nervous activity during meditation
and their association with personality traits. Int. J. Psychophysiol. 55 (2), 199-207.
doi:10.1016/j.ijpsycho.2004.07.004.

Vago, D.R., Zeidan, F., 2016. The brain on silent: mind wandering, mindful aware-
ness, and states of mental tranquility. Ann. N. Y. Acad. Sci. 1373 (1), 96-113.
doi:10.1111/nyas.13171.

van Driel, J., Richard Ridderinkhof, K., Cohen, M.X., 2012. Not all errors are alike: theta
and alpha EEG dynamics relate to differences in error-processing dynamics. J. Neu-
rosci. 32 (47), 16795-16806. doi:10.1523/JNEUROSCI.0802-12.2012.

van Son, D., De Blasio, F.M., Fogarty, J.S., Angelidis, A., Barry, R.J., Putman, P., 2019.
Frontal EEG theta/beta ratio during mind wandering episodes. Biol. Psychol. 140,
19-27. doi:10.1016/j.biopsycho.2018.11.003.

Voytek, B., Kramer, M.A., Case, J., Lepage, K.Q., Tempesta, Z.R., Knight, R.T., Gazzaley, A.,
2015a. Age-related changes in 1/f neural electrophysiological noise. J. Neurosci. 35
(38). doi:10.1523/JNEUROSCIL.2332-14.2015.

Voytek, B., Kramer, M.A., Case, J., Lepage, K.Q., Tempesta, Z.R., Knight, R.T., Gazzaley, A.,
2015b. Age-related changes in 1/f neural electrophysiological noise. J. Neurosci. 35
(38). doi:10.1523/JNEUROSCI.2332-14.2015.

Voytek, B., Secundo, L., Bidet-Caulet, A., Scabini, D., Stiver, S.I,, Gean, A.D., Man-
ley, G.T., Knight, R.T., 2010. Hemicraniectomy: a new model for human electrophys-
iology with high spatio-temporal resolution. J. Cogn. Neurosci. 22 (11), 2491-2502.
doi:10.1162/jocn.2009.21384.

Waschke, L., Donoghue, T., Fiedler, L., Smith, S., Garrett, D.D., Voytek, B., Obleser, J.,
2021. Modality-specific tracking of attention and sensory statistics in the human
electrophysiological spectral exponent. BioRxiv doi:10.1101/2021.01.13.426522,
2021.01.13.426522.

Watrous, A.J., Miller, J., Qasim, S.E., Fried, 1., Jacobs, J., 2018. Phase-tuned neuronal
firing encodes human contextual representations for navigational goals. Elife 7, 1-16.

Whitten, T.A., Hughes, A.M., Dickson, C.T., Caplan, J.B., 2011. A better os-
cillation detection method robustly extracts EEG rhythms across brain state
changes: the human alpha rhythm as a test case. Neuroimage 54 (2), 860-874.
doi:10.1016/j.neuroimage.2010.08.064.


https://doi.org/10.1016/j.neuroimage.2019.01.024
https://doi.org/10.3758/s13415-019-00745-9
https://doi.org/10.3389/fnins.2017.00297
https://doi.org/10.3389/fnint.2012.00059
https://doi.org/10.1523/ENEURO.0192-20.2020
https://doi.org/10.1038/s41593-020-00744-x
https://doi.org/10.1101/2021.08.03.454920
https://doi.org/10.1016/j.neuroimage.2017.06.078
https://doi.org/10.3389/fnrgo.2021.625343
https://doi.org/10.1109/EMBC.2012.6347540
https://doi.org/10.1016/j.neuroimage.2020.117412
https://doi.org/10.1016/j.tins.2019.04.004
https://doi.org/10.3389/fpsyg.2014.00099
https://doi.org/10.1002/hbm.23971
https://doi.org/10.3758/s13415-019-00707-1
https://doi.org/10.1111/ejn.14863
https://www.amazon.com/Full-Catastrophe-Living-Revised-Illness/dp/0345536932
https://doi.org/10.1093/clipsy.bpg016
https://doi.org/10.1016/S016
https://doi.org/10.1016/j.brainresrev.2006.06.003
https://doi.org/10.1016/j.neuroimage.2019.116331
https://doi.org/10.1038/s41467-021-22511-7
https://doi.org/10.3389/fnins.2018.00178
https://doi.org/10.1016/j.neuroimage.2012.01.042
https://doi.org/10.7554/eLife.55092
https://doi.org/10.1016/j.neubiorev.2015.09.018
https://doi.org/10.1016/J.JNEUMETH.2007.03.024
https://doi.org/10.3389/fpsyg.2019.02276
https://doi.org/10.3389/fneur.2019.00325
https://doi.org/10.1177/0956797612459659
https://doi.org/10.1037/a0026678
https://doi.org/10.1111/j.1469-185X.2009.00083.x
http://refhub.elsevier.com/S1053-8119(21)00942-3/sbref0050
http://refhub.elsevier.com/S1053-8119(21)00942-3/sbref0050
http://refhub.elsevier.com/S1053-8119(21)00942-3/sbref0050
http://refhub.elsevier.com/S1053-8119(21)00942-3/sbref0050
http://refhub.elsevier.com/S1053-8119(21)00942-3/sbref0050
http://refhub.elsevier.com/S1053-8119(21)00942-3/sbref0050
https://doi.org/10.1016/j.neuroimage.2019.05.026
https://doi.org/10.1111/ejn.14959
https://doi.org/10.1038/s41598-020-62392-2
https://doi.org/10.1111/ejn.15073
https://doi.org/10.3389/fnhum.2012.00256
https://doi.org/10.1016/j.neuroimage.2019.07.007
http://www.mitpressjournals.org/doi/pdf/10.1162/jocn.2008.20037
https://doi.org/10.1016/j.ijpsycho.2004.07.004
https://doi.org/10.1111/nyas.13171
https://doi.org/10.1523/JNEUROSCI.0802-12.2012
https://doi.org/10.1016/j.biopsycho.2018.11.003
https://doi.org/10.1523/JNEUROSCI.2332-14.2015
https://doi.org/10.1523/JNEUROSCI.2332-14.2015
https://doi.org/10.1162/jocn.2009.21384
https://doi.org/10.1101/2021.01.13.426522
http://refhub.elsevier.com/S1053-8119(21)00942-3/sbref0066
http://refhub.elsevier.com/S1053-8119(21)00942-3/sbref0066
http://refhub.elsevier.com/S1053-8119(21)00942-3/sbref0066
http://refhub.elsevier.com/S1053-8119(21)00942-3/sbref0066
http://refhub.elsevier.com/S1053-8119(21)00942-3/sbref0066
http://refhub.elsevier.com/S1053-8119(21)00942-3/sbref0066
https://doi.org/10.1016/j.neuroimage.2010.08.064

J. Rodriguez-Larios, E.A. Bracho Montes de Oca and K. Alaerts

Yamamoto, S., Kitamura, Y., Yamada, N., Nakashima, Y., Kuroda, S., 2006. Medial
profrontal cortex and anterior cingulate cortex in the generation of alpha activity
induced by transcendental meditation: a magnetoencephalographic study. Acta Med.
Okayama 60 (51-58). http://escholarship.lib.okayama-u.ac.jp/amo/vol60/iss1/6.

11

Neurolmage 245 (2021) 118669

Yuval-Greenberg, S., Tomer, O., Keren, A.S., Nelken, 1., Deouell, L.Y., 2008. Transient in-
duced gamma-band response in EEG as a manifestation of miniature saccades. Neuron
58 (3), 429-441. doi:10.1016/j.neuron.2008.03.027.


http://escholarship.lib.okayama-u.ac.jp/amo/vol60/iss1/6
https://doi.org/10.1016/j.neuron.2008.03.027

	The EEG spectral properties of meditation and mind wandering differ between experienced meditators and novices
	1 Introduction
	2 Methods
	2.1 Participants
	2.2 Design and task
	2.3 EEG data acquisition
	2.4 EEG analysis
	2.5 Statistical analysis

	3 Results
	3.1 Self-reports during meditation with experience sampling
	3.2 EEG spectral modulations during meditation relative to rest
	3.3 EEG spectral modulations during mind wandering relative to breath focus
	3.4 EEG spectral modulations associated with drowsiness

	4 Discussion
	CRediT statement
	Declaration of Competing Interest
	Acknowledgements
	Data and code availability statement
	Supplementary materials
	References


