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Reduced mind wandering in experienced meditators and associated EEG correlates
Tracy Brandmeyer1*, Arnaud Delorme1,2,3
Abstract
One outstanding question in the contemplative science literature relates to the direct impact of meditation experience on the
monitoring of internal states and its respective correspondence with neural activity. In particular, to what extent does meditation
influence the awareness, duration and frequency of the tendency of the mind to wander. To assess the relation between mind
wandering and meditation, we tested 2 groups of meditators, one with a moderate level of experience (non-expert) and those who
are well advanced in their practice (expert). We designed a novel paradigm using self reports of internal mental states based on an
experiential sampling probe paradigm presented during ~1hour of seated concentration meditation to gain insight into the dynamic
measures of electroencephalography (EEG) during absorption in meditation as compared to reported mind wandering episodes. Our
results show that expert meditation practitioners report a greater depth and frequency of sustained meditation, whereas non-expert
practitioners report a greater depth and frequency of mind wandering episodes. This is one of the first direct behavioral indices of
meditation expertise and its associated impact on the reduced frequency of mind wandering, with corresponding EEG activations
showing increased frontal midline theta and somatosensory alpha rhythms during meditation as compared to mind wandering in
expert practitioners . Frontal midline theta and somatosensory alpha rhythms are often observed during executive functioning,
cognitive control and the active monitoring of sensory information. Our study thus provides additional new evidence to support the
hypothesis that the maintenance of both internal and external orientations of attention may be maintained by similar neural
mechanisms, and that these mechanisms may be modulated by meditation training.
keywords: mind wandering, meditation, fm theta, alpha, cognitive control, top-down processing

1. Introduction
One of the most unique human attributes is our capacity for
a vastly complex inner landscape, and our ability to recall,
generate and then manifest insight based on experience and
predict out into the future. While an elaborate internal
dialogue is fundamental to our human experience, this
ongoing narrative can surface unknowingly and at
inopportune points in time. The later phenomena is
commonly referred to as mind wandering or task-unrelated
thought and is the experience of thoughts involuntarily
drifting to topics unrelated to the task at hand, often
occurring under conditions where external demands on our
attention are low (Smallwood et al., 2006). In a seminal
study by Killingsworth et al. (2010) participants reported
being engaged in task-unrelated thought during almost half
of their waking hours. While research has demonstrated that
mind wandering is essential for creativity and memory
consolidation (Baird et al., 2012), under less desirable
circumstances excessive mind wandering is associated with
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problems in learning, rumination, anxiety, and depression
(Poerio et al., 2013; Smallwood et al., 2007). Given the
pervasive and complex nature of mind wandering, exploring
the neural dynamics underlying mind wandering is a crucial
and necessary step towards understanding how the brain
produces what William James first referred to as the ‘stream
of consciousness’ (James, 1890).
Research in functional magnetic resonance imaging (fMRI)
has begun to identify the neural networks largely contributing
to mind wandering and the generation and maintenance of
self-referential thought processes. The default mode network
(DMN), comprised of the medial prefrontal cortex, posterior
cingulate cortex (pCC), superior and inferior frontal gyri,
medial and lateral temporal lobes and the posterior portion of
the inferior parietal lobule (pIPL), show consistent activations
during both probe-caught and self-reported episodes of mind
wandering. These episodes typically involve thinking about
oneself, others, remembering the past, and planning for the
future (Buckner et al., 2008, Gusnard et al., 2001, Raichle et
al., 2001). Mind wandering has also been linked to
activations in the frontal parietal control network, a network
comprised mainly of the anterior cingulate cortex (ACC),
medial prefrontal cortex (mPFC), amygdala, posterior
cingulate (PCC) and the insula (Spreng et al., 2013). The
frontoparietal control network has been proposed to
modulate top-down mechanisms involved in sustaining both
endogenous and exogenous forms of attention allocation
(Spreng et al., 2013). Spreng et al. (2013) suggest that
goal-directed cognition is facilitated by the frontoparietal
control network, which functions as a gatekeeping system by
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moderating the dynamic balance between activations in the
DMN and the dorsal attention network (DAN). It might also
facilitate alternative or competing goal representations while
maintaining directed attention to an external task (Spreng et
al., 2012). Concurrent activations in both the DMN and core
regions of the executive functioning network (dorsolateral
mPFC, ACC), networks that have traditionally been
considered to be ‘anti-correlated’ and thought to compete for
cognitive resources, were also shown to co-activate during
mind wandering episodes in which subjects reported being
unaware of their mind wandering (Christoff et al., 2009).
Interestingly, emphasis on the flexible monitoring of ongoing
experience during meditation is thought to responsible for
the increased functional connectivity in DMN activations
observed in expert meditation practitioners trained in
internally guided forms of sustained attention (Tang et al.,
2015 , Jang et al., 2011). Taken together these findings
support the notion that both internally and externally directed
forms of cognitive activity may recruit similar regions of the
executive network.

in the distribution of the limited set of available cognitive
resources (Global workspace theory; Baars et al., 2005).
Interestingly, increased functional connectivity in networks
associated with both attention and executive functioning
(Hasenkamp & Barsalou 2012, Teper & Inzlicht, 2013) and in
the DMN (Jang et al., 2011) have been observed in
advanced meditation practitioners. However, a large body of
literature has accumulated over the last decade suggesting
that a suppression of DMN processing may reflect one of the
central neural processes involved in extensive meditation
practice, and that meditation leads to relatively reduced
DMN processing beyond that observed during other types of
cognitive tasks (Garrison et al., 2015). Taken together, these
findings could suggest that increased functional connectivity
may reduce BOLD activity reflecting an efficient use of
cognitive resources (Baars et al., 2005). However, several
additional studies have found reductions in functional
connectivity in experienced meditators (Berkovich-Ohana et
al., 2016) thus, more research is needed to clarify the role of
functional connectivity in meditation practice and beyond.

An intriguing finding emerging from the field of contemplative
neuroscience involves the mediating role of contemplative
and meditative practices on the neural mechanisms
underlying the exogenous top-down regulation of sustained
attention
and
sensory
perception.
An
electroencephalography (EEG) study by Braboszcz and
Delorme (2011) showed enhanced cortical processing of
sensory stimuli during a sustained breath awareness task
when compared to periods of time in which subjects reported
mind wandering. Known as the perceptual decoupling
hypothesis, the processing of sensory information seems
more superficial during periods of mind wandering (Schooler
et al., 2011). Mrazek et al. (2013) found that after two weeks
of mindfulness meditation training, participants who were
initially most prone to distraction showed improved verbal
GRE scores after meditation training in addition to enhanced
working memory capacity as measured by the OSPAN
working memory task. These changes were directly
mediated by reduced mind wandering as measured by
experience sampling using both probe-caught and selfreported mind wandering episodes during both the GRE and
OSPAN. In another study by Mrazek et al. (2012), eight
minutes of mindful breathing attenuated indirect performance
markers of mind-wandering during a sustained attention
task. In a set of studies by Zanesco et al. (2016) exploring
the effects of intense meditation training on mind wandering,
both groups of participants who took part in either a one
month insight meditation retreat, or a three month shamata
meditation retreat showed a reduced tendency of the mind to
wander as measured by reduced mindless reading and
reduced probe-caught mind wandering measured during a
reading task requiring ongoing error monitoring.

In a study using magnetoencephalographic (MEG) recording
of the SI finger representation, Kerr et al. (2011) found that
experienced meditators showed an enhanced alpha power
modulation in response to a cue, and may reflect enhanced
filtering of inputs to primary sensory cortex. They also found
that experienced meditators demonstrated modified alpha
rhythm properties and an increase in non-localized tonic
alpha power when compared to a control group. This is most
likely due to the emphasis on somatic attention training in
mindfulness meditation techniques in which individuals train
to develop metacognition, a process in which one directs
their attention, moment-by-moment, to an overall
somatosensory awareness of physical sensations, feelings,
and thoughts (Segal et al., 2004; Cahn et al., 2006).
Whitmarsh et al. (2014) investigated participants
metacognitive ability to report on their attentional focus, and
found that contralateral somatosensory alpha depression
correlated with higher reported attentional focus to either
their left or right hand respectively. Baird et al. (2014) found
that a 2-week meditation program lead to significantly
enhanced metacognitive ability for memory, but not for
perceptual decisions, suggesting that while meditation
training can enhance certain elements of introspective
acuity, such improvements may not translate equally to all
cognitive domains. Sze et al. (2010) found that body
awareness was associated with greater subjective emotional
experience and awareness of the heart during exposure to
emotionally provocative stimuli in vipassana meditators,
when compared to expert dancers, and controls. Given that
top-down attentional modulations of cortical excitability have
been repeatedly shown to result in better discrimination and
performance accuracy, the above mentioned research
findings provide further support for both the enhancement of
metacognitive accuracy via the direct monitoring of current
mental states resulting from long term meditation practice, in
addition to possible changes in the supporting neural
structures underlying sustained attention processes.

Arguably the cornerstones of most contemplative practices,
the training and development of sustained attention (Slagter
et al., 2007), the flexible monitoring of sensory experience
(Kerr et al., 2011, Tang et al., 2015) and the cultivation of
metacognitive awareness via active monitoring of mental
states (Baird et al. 2014) may facilitate increased efficiency
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Given that subjects are generally unaware of mind
wandering at the moment it occurs and the direct
measurement challenge that it poses in identifying the
underlying mechanisms involved in attentional lapses, the
development of nuanced neuroimaging studies is necessary
in order to extend our scientific understanding of these
temporally fluctuating mental states and phenomena in
experimental settings. One outstanding question in the
contemplative science literature relates to the direct impact
of meditation experience on the monitoring of mind
wandering and the degree to which practice influences the
meta-cognitive awareness, duration and frequency of mind
wandering events and their ongoing mental activity. Thus,
we designed a novel paradigm based on experience
sampling probe presentations to gain insight into the
dynamic measures of EEG by comparing the degree
(subjects responded on a scale from 0-3) of self-reported
absorption experienced during meditation with the selfreported absorption experienced during mind wandering. To
assess the relation between mind wandering and meditation,
we tested 2 groups of meditators, one with a moderate level
of experience and one with an advanced practice level. The
central question in this investigation is to test if the level of
meditation proficiency enhances the capacity for sustained
attention, the awareness of and accuracy of self-report, and
the metacognitive labeling of mental states. Our goal was
also to contrast the neural dynamics of mind wandering and
meditation, as well as an overall correlation between the
EEG data and the first person behavioral data in this context.

2. Methods and materials
2.1. Participants
The study was conducted at the Meditation Research
Institute (MRI) in Rishikesh, India. Twenty-five meditators
from the Himalayan Yoga tradition participated in this study.
After data collection, one participant reported that they did
not fully understand the task instructions and was excluded
from the analyses. Thus, 24 participants were assigned to
one of two groups based on experience and hours of daily
practice. Individuals who had engaged in a daily meditation
practice for a minimum of 2 hours daily, for 1 year or longer
were considered expert practitioners (3 females; 14.8 weekly
hours with SD of 1.6 hours; mean age of 39.3 with SD of
12.0). Participants who were trained and familiar with the
techniques, but who reported irregular practice (10 females;
3.2 mean weekly hours with SD of 3.1 hours; mean age of
45.0 with SD of 14.8) were considered non-expert
practitioners. All participants provided written consent to
participate in the study and completed an extensive list of
questions
regarding
their
meditation
background.
Participants stated that they were not taking any medications
that could potentially affect their concentration. The study
received ethical approval from both the ethics committee of
the Meditation Research Institute in India, and from the
Comite de Protection des Personnes in France. Participants
were all volunteers and were not compensated.

2.2. Experimental paradigm and Procedure
All participants were asked to meditate continuously
throughout the experiment in their usual seated meditation
position (either seated on the floor, or in a chair). Meditators
were all practitioners of the Himalayan Yoga tradition. Once
subjects were comfortably seated in their meditative posture,
they were instructed to begin their meditation. They all
began with an initial body scan as they relaxed into their
seated posture, and then started to mentally recite their
mantra, which is a word or sentence assigned to them by
their meditation teacher - if deeper levels of meditation or
stillness are obtained, mantra repetitions are often ceased.
Mantras are derived from Sanskrit root words and syllables,
whose resonance is thought to induce stability of the mind
without the need for an overly intense focus.
Experience sampling probes were presented at random
intervals ranging from 30 seconds to 90 seconds throughout
the duration of the experiment. Probes, in the form of prerecorded vocalized questions, were presented on two
freestanding speakers, and were reported as clearly audible
by all subjects. Each experience sampling probe series
consisted of three questions, which were presented in the
same order throughout the experiment and are described in
detail below. Subjects responded on a small customized
numeric USB keypad resting on their right thigh, to enable
their right hand to comfortably rest without having to move or
open their eyes. The time range of the experiment lasted
from 45 minutes to 1 hour 30 minutes, as some subjects
were willing and able to sit comfortably for longer periods of
time. The minimum number of probes that participants
received was 30. The entire experiment was programed and
automated using the Matlab psychophysics toolbox. All
participants completed a 5 minute training block prior to
performing the experiment.
Experience sampling probes consisted of three questions
that followed sequentially (Figure 1); the first question was
Q1: “Please rate the depth of your meditation”, for which
participants evaluated the subjective depth of their
‘meditative state’ for the moments immediately preceding the
first probe, on a scale from 0 (not meditating at all) to 3
(deep meditative state) by pressing the corresponding key
on the keypad. After their response was registered, the
second question Q2: “Please rate the depth of your mind
wandering” automatically followed. Participants evaluated
the subjective depth of their ‘mind wandering’ for the period
of time which immediately preceded the first probe, on a
scale from 0 (not mind wandering at all) to 3 (immersed in
their thoughts). The last question was Q3: “Please rate how
tired you are”, where participants were asked to rate the
subjective depth of their drowsiness at the time of the first
question, from 0 (not drowsy at all) to 3 (very drowsy). All
responses pertained to the evaluations of the same time
period immediately preceding the first probe. Participants
were then instructed to resume their meditation with the
prompt: “You may now resume your meditation”.
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Figure 1. Timeline of Experimental design. Pseudo Random
probes (randomly interspaced between 30 and 90 seconds)
prompted subjects to respond via key press by subjectively
evaluating the depth of their experience on a scale from 0-3
to three questions: Q1 for “Please rate the depth of your
meditation”; Q2 for “Please rate the depth of your mind
wandering”; Q3 for “Please rate how tired you are”. The
letter R on the timeline corresponds to the instruction “You
may now resume your meditation”.

2.3. Data acquisition
We collected data using a 64 channels Biosemi system and
a Biosemi 10-20 head cap montage at 2048 Hz sampling
rate. All electrodes were kept within an offset of 15 using the
Biosemi ActiView data acquisition system for measuring
impedance. Respiration, heart rate (ECG/HRV) and galvanic
skin response (GSR) were also recorded, but results from
this data will not be reported here.
Data processing was done using Matlab (The Matworks,
Inc.) and EEGLAB software (Delorme and Makeig, 2004).
The raw EEG data was average referenced and downsampled from 2048 Hz to 256 Hz. A high-pass filter at 2 Hz
using a infinite impulse response filter (IIR; transition
bandwidth of 0.7 Hz and order of 6) was applied, and the
data was then average referenced again. The high pass filter
was necessary to obtain high quality ICA decompositions on

some subjects (see below) and, even though it was not
necessary for all subjects, we opted to use the same high
pass filter settings for all subjects to ensure that all data
were processed uniformly. Data were then segmented into
10 second-epochs, ranging from -10.05 seconds to -.05
seconds prior to the onset of question Q1 in the experience
sampling probe series. Bad electrodes (0 to 20 per subject,
average of 6 per subject) and bad epochs containing
paroxysmal activity were manually removed. Extended
Infomax Independent Component Analysis (ICA) was then
used to identify ocular and muscle artifacts (Delorme et al.,
2007). ICA components for eye blink, lateral eye movements
and temporal muscle noise were identified and subtracted
from the data by the visual inspection of both the component
scalp topographies and power spectrum distributions.
Between 1 and 5 artifactual components were removed for
each subject. After artifact rejection, between 21 to 64 clean
data epochs (mean of 38.1; SD of 12.6) were included in
subsequent analyses for each subject.

2.4. EEG Time Frequency Analysis and Statistics
We applied a Welch-like analysis on the 10s long epochs
(Welch, 1967). The difference with the Welch method its
implementation of wavelets instead of the fast fourier
transform (FFT). We used a Morlet wavelet decomposition
with 200 linearly-spaced time windows and a series of 100
log-spaced frequencies that range from 1 to 128 Hz. The
wavelet used to measure the amount of data in each
successive, overlapping time window has a 3-cycle wavelet
at the lowest frequency. The number of cycles in the
wavelets used for higher frequencies increase linearly,
reaching 60 cycles at its highest frequency of 128 Hz.

Table 1. Average response for non-expert (NE) and expert (E) meditators on the 3-question experiential probes series pertaining to
meditation (Q1: Med), mind wandering (Q2: mind wandering) and drowsiness (Q3).
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Figure 2. Evolution of the responses to experiential probes throughout the experiment for the three questions pertaining to
meditation depth, mind wandering, and sleepiness. Only the first 20 probes for each subject are shown. Thick lines indicate mean
response on each probe for the two groups of participants. Dashed lines indicate linear regressions. Significative results are
reported in the text.
Parametric statistics for behavioral results were performed in
Excel, Statistica, and Matlab using paired t-test, unpaired ttest with unpooled variance estimates, and linear regression.
For EEG data, statistics were conducted on topographic and
time-frequency maps using two-tailed paired or unpaired
statistics. For the EEG data, correction for multiple
comparisons was performed using the cluster method
developed by Maris and Oostenveld (2007). Channel
topographies for this clustering method were established by
setting the number of channel neighbors to 4.5 (Maris and
Oostenveld, 2007). We also used False Discovery Rate
(Benjamini and Yekutieli, 2001) to correct for multiple
comparisons and obtained similar results as compared to the
cluster method.

3. Results
3.1. Behavioral Data
Expert practitioners reported a significantly lower depth of
mind wandering than non-expert practitioners (mean 1.14 vs
1.59; p=0.03). Expert practitioners also reported a greater
depth of meditation than non-experts, although this effect
failed to reach significance (mean 1.85 vs 1.39; degree of
freedom (df) of 11; p=0.06). When taking the rating
difference between the two questions (Q1 minus Q2), the
difference between expert and non-expert practitioners was
even larger (mean -0.20 vs 0.71; p=0.0084). There was no
difference in terms of alertness between expert and nonexpert participants and all participants were relatively alert
as reflected by the low tiredness ratings (mean 0.69 vs 0.73;
ns). No significant correlations were observed between
2
meditation and mind wandering (r =0.05; ns) or between
2
meditation depth and drowsiness (r =0.02; ns) when all
participants were pooled together. When considering the two
groups of participants, such correlation were again low and
not significant. However, a strong positive correlation was
observed between mind wandering and drowsiness across
2
all participants (r =0.31; p=0.004), with positive correlations
observed for both groups of subjects, and reaching
2
significance for expert practitioners (r =0.66; p=0.0013) but

2

not for non-expert practitioners (r =0.2; ns). Average subject
responses are summarized in table 1.
To test if responses to probes changed over time, we
compared the behavioral responses for the first 20 probes,
comprising at least 75% of the subjects (probes were
delivered at random intervals, thus subjects received a
varying number of probes - 3 subjects in each group had
less than 20 probes). As shown in Figure 2, although both
groups start at approximately the same meditation depth, the
group of expert practitioners showed a highly significant
increase from 0.034 to 0.058 points in the depth of their
meditation over time, p=0.0000002; r2=0.8 (the ranges
provided here indicate a 95% confidence (CI) interval, with
all statistics using parametric methods), as well as a
significant increase for non-expert practitioners, p=0.02;
r2=0.27 (increase from 0.003 to 0.026 points in meditation
depth per probe). No significant difference was observed in
the intercept between the two groups, with a 95% confidence
interval for a non-overlapping slope indicating a significant
difference between the two groups. A regression analysis
revealed a significant reduction over time for the mindwandering scale for the expert practitioners (p=0.02; r2=0.27
for experts, and p=ns; r2=0.02 for non-experts). The
decrease in mind wandering for experts was significantly
negative, with a slope CI of -0.033 to -0.003. The intercept
between the two groups did not differ significantly.
Interesting, for the sleep scale, the non-expert group
reported being more drowsy than the expert group at the
onset of the experiment, CI of 0.62 to 0.86 at the first probe
for the expert group and 0.37 to 0.61 for non-expert group
indicating that meditation experience could affect overall
subjective alertness level. Additionally, the expert group
reported a significantly reduced depth of drowsiness as the
experiment progressed, while the non-expert group report
significantly increasing drowsiness (slope CI of -0.034 to 0.012 for experts and 0.008 to 0.029 for non-experts). Both
regressions were highly significant, p=0.0004; r2=0.51 for
experts and p=0.002; r2=0.43 for non-experts.
While significant behavioral differences were observed
between experts and non-experts when considering mind
wandering, we observed large inter-subject variations. The
5
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relatively large variance across participants was most likely
due the subjective nature of the task. Participants were likely
to have rated the questions differently – with some
participants being biased towards providing high ratings, as
compared to others being biased towards providing low
ratings. This is consistent with the fact that we observed
larger differences between expert and non-expert
practitioners when we considered the normalized individual
ratings for both the meditation and mind wandering
responses, than when we considered absolute ratings.
Calculating the differences between the ratings of these two
questions effectively minimized the absolute response bias
participants may have had. Since a comparison of ratings
across participants is subject to a large amount of noise, we
adopted the strategy of splitting trials in two categories: trials
for which ratings on the meditation scale were larger
(considered meditation trials) than mind wandering, and vice
versa (mind wandering trials). Trials when the two ratings for
the two conditions were equal and were ignored. Two
subjects were excluded from this analyses because they
reported no behavioral trials for one of the two conditions

showed no such effect (mean of 42.7 trials for MED; mean of
57.3 trials for mind wandering; SE of 6.2, ns) as shown in
Figure 3. Group level statistics showed that non-expert
practitioners reported a significantly greater number of mind
wandering trials as compared to expert practitioners
(difference of 32.7; p=0.00038), and that expert practitioners
reported a significantly greater number of meditation trials as
compared to non-expert meditators (difference of 32.7;
p=0.00052).

3.2. EEG Activity time-locked to Experience-Sampling
Probes
Event-related spectral perturbation (ERSP) of the EEG
signal were assessed during the 10 seconds immediately
preceding probe onset (see Methods). Expert practitioners
showed significantly increased modulation of theta activity
(4-7hz) across the frontal cortex (p<.02 after correction for
multiple comparisons), as well as alpha activity (9-11hz)
primarily concentrated over the somatosensory cortex
(p<.02), during meditation trials as compared to mind
wandering trials. When the same analysis was conducted on
the non-expert meditation group, no significant differences
were observed (see discussion). No interaction were
observed between trial type and meditation expertise.
For each expert subject, we averaged the theta and alpha
power for the electrodes which showed significant
differences in both frequency bands (Figure 4). We observed
a positive correlation between theta difference between
meditation and mind wandering state and alpha power
difference between meditation and mind wandering state
2
(r =0.42; p=0.02) indicating that subject that had a larger
theta difference between conditions also had a larger alpha
difference. We did not observe correlations between
behavioral responses (responses averages for expert
subjects from Q1 to Q3 in table 1) and theta or alpha power
differences.

Discussion

Figure 3. Expert practitioners reported a greater number of
probed trials in which they were actively engaged in their
meditation as compared to mind wandering. They also
reported a greater number of probed trials in which they
were actively engaged in their meditation than non-expert
practitioners. Error bars indicate 95% confidence intervals
which was calculated by multiplying the standard error by
1.96.
Our behavioral analyses found that expert practitioners
reported significantly more meditation trials as compared to
mind wandering trials (mean of 75.4 trials for MED; mean of
24.6 trials for mind wandering; Standard Error (SE) of 4.4 in
both cases, p=0.00014), while non-expert practitioners

Our results provide some of the first evidence that meditation
expertise is associated with an attenuated frequency of mind
wandering. We observed that meditation expertise was
associated with a significantly greater depth of meditative
absorption, and a significantly reduced number of mind
wandering episodes throughout our experience sampling
paradigm. These findings suggest that meditation training
reduces the susceptibility of the the mind to wander,
subsequently leading to longer periods of meditative
absorption. Our findings provide supporting evidence that
increased theta activity over mid frontal theta regions and
alpha activity primarily focused over the somatosensory
cortex are markers of sustained and internally directed
attentional states cultivated via long term meditation practice
and are discussed below. Additionally, the modulations seen
in mid frontal theta and somatosensory alpha, both
traditionally markers of various types of executive functions,
add to an expanding body of literature suggesting that
6
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Figure 4. Event related Spectral Perturbation (ERSP) plots, and differential plots of significance in theta (4-7Hz) and alpha (92
11Hz) band activity for expert meditation practitioners. Power scale are expressed in µV /Hz. Black dots on the difference plots
indicate electrodes significant at p<0.02 after cluster correction for multiple comparisons.
meditation training may modulate some of the neural
mechanisms involved in cognitive control and attention
(Hozel et al., 2011; Mrazek et al., 2013; Slagter et al., 2011).
Our implementation of a probe-caught mind wandering
paradigm was based on previous findings which suggest that
this method is thought to reflect the actual frequency of mind
wandering episodes, where as mind wandering that is selfreported may reflect an individual’s metacognitive
awareness of mind wandering (Smallwood and Schooler,
2006). While meditation practice may increase the number
of self caught mind wandering episodes over time by
enhancing me tacognitive awareness of internal experience,
it may also be due to a reduced number of lapses of taskrelated attention following extensive training, limiting the
opportunities for practitioners to subsequently identify and
report mind wandering episodes. Thus, variations in reports
from both self and probe caught mind wandering paradigms
should be mutually considered in future studies. While our
research findings do suggest that over time meditation
practice may fundamentally reduce the frequency of
spontaneous thought, this may occur alongside the ability to
actively identify and disengage from mind wandering and
subsequently reorient attention. It may also be the case that
meditation practice facilitates the unification of various
attentional mechanisms so as to moderate mind wandering.
Future avenues of research on mind wandering and
meditation training should focus on disentangling whether
meditation increases the metacognitive awareness of mind
wandering and the subsequent reorientation of attention, if
meditation enhances a fundamental capacity of allocating
attentional resources, or if meditation facilitates an overall
reduction in the occurrence of mind wandering events as our
findings suggest.

Our EEG findings indicate that the mid frontal theta and
somatosensory alpha rhythms, often observed during
executive functioning tasks and cognitive control (Cavanagh
& Frank, 2014, Cavanagh & Shackman, 2015), can also be
seen during internally guided states of focus such as
meditation, and are consistent with previous research
(Aftanas and Golocheikine, 2001, Kerr et al., 2012). It may
also suggest a functional relationship between the sources
contributing to our observed mid frontal theta activity and the
broader frontoparietal control network involved in
maintaining top-down representations of goal states
involved in cognitive control, learning and directed attention
(deBettencourt et al., 2015, Spreng et al., 2012; Cavanagh &
Frank, 2014). While we can not rule out the possibility that
novice meditators were also engaged in meditative practices
that may have had similar EEG activations, it may be the
case that with experience comes the ability to better
evaluate and accurately report ongoing mental activity (Baird
et al., 2014). Thus, our corresponding EEG and behavioral
findings in expert practitioners provide evidence for
enhanced metacognitive accuracy in reporting as a result of
long term meditation practice.
The role of theta in meditation practice and the cultivation of
top-down control via the enhancement of monitoring and
possibly enhanced conflict detection falls in line with the
established literature regarding its specific role in learning
(Swick and Turken, 2002; Haegens, et al., 2010). Cavanagh
& Frank (2014) have suggested that cortical theta-band
oscillations may serve as a candidate mechanism by which
neurons communicate top-down control over long range and
broad networks. Mid frontal theta has been proposed to
function as a temporal template for organizing mid frontal
neuronal processes and theta-band phase dynamic may
7
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entrain disparate neural systems when cognitive control is
needed (Cavanagh & Frank, 2014). This is supported by
findings suggesting that cortical and subcortical areas are
interconnected via the cingulate cortex (Morecraft and Tanji,
2009, Bollimunta et al., 2009). Our study thus provides new
evidence to support the claims posited by Spreng et al.
(2012) that the maintenance of both internal and external
orientations of focus may be maintained by similar neural
mechanisms, and our findings suggest that meditation
training may target the neural substrates underlying these
oscillations.
The observed increase of alpha activity in our expert
meditation group support it putative role in the processing
and integration of somatosensory information (Kerr et al.,
2012; Whitmarsh et al., 2014), as its role of mediation in
cognitive entrainment. Somatosensory alpha modulation has
been established in the facilitation of working memory
performance, with mindfulness meditation practitioners
showing an enhanced ability to modulate alpha power in
sensory neocortex in response to a cue (Kerr et al., 2012).
Kerr et al 2012 suggests that mindfulness meditation
enhances top-down modulation of alpha by facilitating
precise alterations in timing and efficacy of the
somatosensory cortex thalamocortical inputs. Thus our
findings of enhanced alpha activity support these respective
findings and are consistent with the hypothesis that cortical
mechanisms underlying somatosensory perception may be
modulated by meditation training. Furthermore, our findings
provide further support for theories that an enhanced
integration of sensory information and attention can be
learned and modulated via top-down processes.
Cognitive control is one of the most essential sets of
cognitive functions for our interactions with the external
world, with individual differences in these cognitive functions
predicting success across academic and professional
domains (Hirsh and Inzlicht, 2010). Research is beginning to
confirm that impaired cognitive control in the hallmark of
clinical disorders such as ADHD, obsessive compulsive
disorder, and schizophrenia (Kaser et al., 2013; Yordanova
et al., 2013; Mazaheri et al., 2014). Our findings suggest that
contemplative practices and techniques may be useful in
treating an increasingly wide array of medical and mental
disorders through training and exercising the neural circuitry
underlying the top-down regulation of executive functions
and somatosensory processing. Furthermore, they provide
support for the development of cognitive protocols and brain
computer interfaces that aim to modulate these neural
networks and their underlying cortical and subcortical
structures.
Our behavioral results are one of the first to show that an
attenuated frequency of mind wandering can be considered
a direct marker of meditation expertise. Furthermore, the
corresponding behavioral and EEG findings in our expert
practitioner group provides evidence for enhanced
metacognitive accuracy in reporting as a result of long term
meditation practice. Finally, the increased mid frontal theta
and alpha rhythms observed during meditative absorption
provides direct evidence to support the hypothesis that the

maintenance of both internal and external orientations of
focus may be maintained by similar neural mechanisms.
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