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Source-space EEG neurofeedback links subjective experience with brain
activity during eﬀortless awareness meditation
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Background: Meditation is increasingly showing beneﬁcial eﬀects for psychiatric disorders. However, learning
to meditate is not straightforward as there are no easily discernible outward signs of performance and thus no
direct feedback is possible. As meditation has been found to correlate with posterior cingulate cortex (PCC)
activity, we tested whether source-space EEG neurofeedback from the PCC followed the subjective experience of
eﬀortless awareness (a major component of meditation), and whether participants could volitionally control the
signal.
Methods: Sixteen novice meditators and sixteen experienced meditators participated in the study. Novice
meditators were brieﬂy trained to perform a basic meditation practice to induce the subjective experience of
eﬀortless awareness in a progressively more challenging neurofeedback test-battery. Experienced meditators
performed a self-selected meditation practice to induce this state in the same test-battery. Neurofeedback was
provided based on gamma-band (40–57 Hz) PCC activity extracted using a beamformer algorithm. Associations
between PCC activity and the subjective experience of eﬀortless awareness were assessed by verbal probes.
Results: Both groups reported that decreased PCC activity corresponded with eﬀortless awareness (P < 0.0025
for each group), with high median conﬁdence ratings (novices: 8 on a 0–10 Likert scale; experienced: 9). Both
groups showed high moment-to-moment median correspondence ratings between PCC activity and subjective
experience of eﬀortless awareness (novices: 8, experienced: 9). Both groups were able to volitionally control the
PCC signal in the direction associated with eﬀortless awareness by practicing eﬀortless awareness meditation
(novices: median % of time = 77.97, P = 0.001; experienced: 89.83, P < 0.0005).
Conclusions: These ﬁndings support the feasibility of using EEG neurofeedback to link an objective measure of
brain activity with the subjective experience of eﬀortless awareness, and suggest potential utility of this
paradigm as a tool for meditation training.

Introduction
Mindfulness meditation programs have beneﬁcial eﬀects on a
number of psychiatric conditions. For example, mindfulness has been
shown to have similar treatment-related eﬀect sizes for anxiety and
depression as antidepressants, but without the associated toxicities (for a
recent review and meta-analysis see Goyal et al., 2014). However,
learning to meditate may not be straightforward. Unlike activities such
as yoga or football, no immediate feedback to students is possible in

⁎

meditation as there are no easily discernible outward signs of performance. In addition, a teacher's feedback may be biased. Bias may come
from the teacher's ability to interpret students' verbal descriptions, which
may be further inﬂuenced by several factors, including the ability of a
student to describe internal states (Van Lutterveld and Brewer, 2015).
Real-time neurofeedback based on signals that are associated with
eﬀective meditation practice may provide a possible solution to this issue.
A recent study found that meditation is associated with decreased
activity in the default mode network (DMN) (Brewer et al., 2011). In
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experienced meditators (deﬁned as meditating ≥ 30 min per day for
at least 5 days per week over the past 5 years) were matched for age,
gender and handedness. The exclusion criteria for both novice meditators and experienced meditators were: (i) any neurological condition,
including head injury or head trauma, (ii) any serious psychiatric,
cognitive or medical disorder which could interfere with completion of
the study (anxiety and depressive disorders in remission were not
considered exclusion criteria), (iii) not being on a stable dose for the
last 6 months if using anxiolytic or antidepressant medication, (iv)
alcohol abuse, speciﬁed as drinking more than 14 alcoholic drinks per
week at any one time or more than 4 drinks at any one time for a male,
and drinking more than 7 alcoholic drinks per week at any one time or
more than 3 drinks at any one time for a female, and (v) illegal or
recreational drug use in the past 6 weeks. Additional exclusion criteria
for the novice meditators were (vi) practicing any meditation practice
or yoga, Tai Chi or Qigong in the last year or over 20 h ever in life,
attendance of a meditation or yoga retreat, and participation in any
meditation course. The demographics for both groups are shown in
Table 1. The participants were paid 30 dollars for their participation in
the study. The study was approved by the University of Massachusetts
Medical School Institutional Review Board and all the participants
were provided a fact sheet before participation in the study.

addition, mind-wandering and self-referential processes, which may be
considered the opposite of meditation, have been associated with
increased activity in this network (Mason et al., 2007; WhitﬁeldGabrieli et al., 2011). Building on these ﬁndings, a recent fMRI
neurofeedback study showed that activity in a major hub of the DMN,
the posterior cingulate cortex (PCC), correlated negatively with the
subjective experience of increased eﬀortless awareness, (which is a major
component of meditation and consists of the factors “concentration”,
“observing sensory experience”, “not ‘eﬀorting’” and “contentment”;
Garrison et al., 2013a) and positively with mind-wandering and selfreferential processes (Garrison et al., 2013a). These results illustrate that
activity in the PCC may provide an ideal target for neurofeedback
training during meditation, as information in either direction (increased
or decreased activity) relates to the quality of practice. However, fMRI is
expensive and impractical to use. Moreover, its temporal resolution is
relatively poor, making it challenging for participants to interpret the
feedback. In contrast, electroencephalography (EEG) is relatively inexpensive, portable and has excellent temporal resolution. Given the
recent advances in spatial source-estimation for targeting speciﬁc brain
regions, EEG neurofeedback from the PCC may provide a scalable
methodology to facilitate individuals in identifying and fostering speciﬁc
cognitive states associated with meditation practice. As electro- and
magnetoencephalographic studies have shown task-related gamma-band
power suppression in the PCC (Brookes et al., 2011; Jerbi et al., 2010;
Ossandon et al., 2011), and pilot testing showed that the best results
were found for low gamma (40–57 Hz) in a symptom–capture approach,
we will focus on this frequency band.
Based on the above reviewed fMRI ﬁndings, in this proof-ofconcept study we hypothesized that 1) local desynchronization of
PCC activity (decreased PCC activity), as presented via source-space
EEG real-time neurofeedback, would correspond with the subjective
experience of eﬀortless awareness, and that 2) the participants can
volitionally control the PCC feedback signal in the direction of
increased eﬀortless awareness. To test this prediction, novice meditators performed a basic meditation practice to induce the subjective
experience of eﬀortless awareness while being provided EEG real-time
neurofeedback in a double-blind, step-wise protocol. Furthermore,
neurofeedback was provided to experienced meditators who performed
a self-selected meditation practice to induce eﬀortless awareness as this
population has extensive practice in introspection related to the subtle
cognitive states of this state.

Eﬀortless awareness
All the participants were ﬁrst taught the concept of eﬀortless
awareness. Eﬀortless awareness is a major component of meditation
practice and consists of the factors “concentration”, “observing sensory
experience”, “not ‘eﬀorting’” and “contentment” (Garrison et al.,
2013a). Novice meditators were taught “noting practice” meditation,
which is theoretically thought to support and train eﬀortless awareness.
During noting practice, novices were instructed to silently label the
sensory experience that was most predominant from moment-tomoment (i.e. seeing, hearing, feeling or thinking) (Fronsdal, 2008).
Before the experiment, the novices performed a short noting practice
session (~ 30 s) in which they verbalized the noting practice out loud
to conﬁrm that the participants understood the instructions. Next, they
completed a short silent practice session (~ 30 s). The exact instructions for the noting practice and the practice session are provided in
Supplementary Text S1. To provide the novice meditators with the
highest temporal resolution of feedback, the novice meditators performed noting practice with their eyes open. The experienced meditators performed the meditation practice in which it was the easiest for
them to foster eﬀortless awareness. The exact instructions for the
experienced meditators are provided in Supplementary Text S1. In
pilot experiments it was found that for experienced meditators who did
not regularly meditate with their eyes open, doing so interfered with
their sense of eﬀortless awareness. For this reason, the experienced

Methods and materials
Participants
Sixteen novice meditators (deﬁned as having no meditation practice
in the previous year and < 20 entire lifetime hours) and 16

Table 1
Demographics. Differences in gender were tested using the chi-square test. As the assumptions of the chi-square test did not hold for work status, marital status and race, these variables
were tested using Fisher's exact tests. Highest completed level of education was tested using the Mann–Whitney test. Differences in age were tested using an independent samples t-test
after testing for normality.

Gender (male/female)
Age (mean with standard deviation in parentheses)
Handedness (right/non-right)
Highest level of completed education (college or university/graduate school)
Work status (full-time/part-time/homemaker/retired/unemployed)
Marital status (never married/married/living in permanent relationship/divorced)
Race (White/African American/Asian)
Meditation practice (Theravada/Vajrayana/Zen/Theravada, Zen and Vajrayana/Vedanta and Mindfulness/Zen and
Catholic Contemplative/Theravada, Zen and Mindfulness)
Lifetime meditation practice hours (median, range)

118

Novice
(N = 16)

Experienced
(N = 16)

11/5
51 (14)
13/3
6/10
9/3/1/2/1
1/11/2/2
13/1/2

10/6
53 (12)
13/3
1/15
11/3/0/2/0
2/9/4/1
16/0/0
5/6/1/1/1/1/1
6164
(1527–50,978)

Test statistics

−

0.139
0.521
0.000
88.000
2.276
1.681
2.865

P

0.710
0.606
1.000
0.035
0.926
0.706
0.226
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meditators were allowed to choose whether they meditated with either
eyes open or eyes closed (whichever they considered most eﬀortless).
Five out of sixteen experienced meditators meditated with eyes closed.
They were instructed to open their eyes periodically (approximately
every 5 s) during the visual neurofeedback runs to allow them to
correlate their subjective experience with the feedback (see below).
Neurofeedback
Technical setup
The participants sat in a quiet room and watched a ﬂat-panel
monitor with a viewing distance of 70 cm. Electroencephalography
data were recorded with a high-density EEG system using a cap with
128 active electrodes (BioSemi, Amsterdam, the Netherlands). For oﬀline horizontal electrooculography (EOG) assessment, two electrodes
were placed at the outer canthus of the left and right eye (HEOGL and
HEOGR, respectively. For oﬀ-line vertical EOG assessment two electrodes were placed infra- and supraorbitally at the right eye (VEOGI
and VEOGS, respectively). Signals were digitized on-line by a computer
at a rate of 2048 Hz.

Fig. 1. Example of a real-time feedback graph indicating PCC activity (40–57 Hz)
relative to baseline.

baseline was randomized across participants. Thus, for 50% of the
participants in each group, increases in PCC power relative to baseline
corresponded to the graph moving upward and decreases in PCC power
to the graph moving downward, while for the other 50% the direction
was inverted. The experiment was conducted in a double-blind design,
i.e. both the participants and the researchers running the experiment
were blind to the randomization.

Online data processing and source estimation
The real-time neurofeedback module applied an average reference
to the incoming EEG signal, after which the EEG was band-pass ﬁltered
between 40 and 57 Hz using a 2nd order inﬁnite impulse response
(IIR) Butterworth ﬁlter. This frequency band was chosen based on
electro- and magnetoencephalographic ﬁndings of task-related gammaband power suppression in the posterior cingulate cortex (PCC)
(Brookes et al., 2011; Jerbi et al., 2010; Ossandon et al., 2011) and
pilot testing. PCC activity (MNI coordinates − 6, − 60, 18) was
estimated using a spatial ﬁlter constructed in accordance with the
linearly constrained minimum variance (LCMV) beamformer technique (Greenblatt et al., 2005; Sekihara et al., 2001) by means of EMSE
suite (Source Signal Imaging, La Mesa, CA, USA) and neurofeedback
was provided using an in-house developed software. Beamformers have
been successfully used in previous EEG studies assessing brain activity
in the PCC (Hoﬂe et al., 2013; Michels et al., 2013). The PCC
coordinates were deﬁned based on peak deactivation in our previous
study of meditation (Brewer et al., 2011) and real-time fMRI neurofeedback from these coordinates has been shown to correlate with the
subjective experience of eﬀortless awareness (Garrison et al., 2013a). A
realistic (average) head model with diﬀerent electrical conductivities
for skull, scalp and brain was employed (Salu et al., 1990). This
approach has been shown to improve source estimation compared to
similar spherical head models (Cuﬃn, 1996). Each second, PCC signal
power was calculated as the root mean square of the 40–57 Hz band
ﬁltered PCC activity by averaging within 1 s segments. Each eﬀortless
awareness task started with a 30-s baseline task (see task design and
experimental procedure below). During the eﬀortless awareness part of
each task, the PCC signal power in each segment was baseline corrected
by subtracting mean PCC activity during baseline and dividing by the
standard deviation during baseline. After this, segments were
smoothed by applying a half-Gaussian curve, multiplying the last data
point by 0.57, the preceding data point by 0.35 and the second to last
data point by 0.08. The feedback signal was visually presented as a bar
graph ﬁlling in from left to right with a new bar appearing each second.
Fig. 1 shows an example of a feedback graph. No online artifact
correction was implemented (e.g. eye movements). The paragraph
“task design and experimental procedure” lists the length of each run
on which the neurofeedback algorithm was applied (including the 30 s
baseline).

Task design and experimental procedure
Each run started with a 30-second baseline task during which the
participants viewed trait-adjectives and assessed if the words described
themselves (adapted from Kelley et al., 2002). Similar tasks that
require evaluation of self-related stimuli have been shown to engage
regions of the default mode network, including the PCC (Northoﬀ et al.,
2006). We have found that this task may provide a more consistent
baseline across runs within individual subjects during neurofeedback
compared to a resting-state baseline (Garrison et al., 2013b). After
completing the baseline task, the participants performed eﬀortless
awareness meditation in a series of progressively challenging stepwise
blocks designed to allow participants to “discover” how a given feedback graph representing PCC activity corresponded with their subjective experience of eﬀortless awareness in real-time (Garrison et al.,
2013a). The steps progressed as follows:
(i) Meditation without feedback (2 runs, 4 min each)
(ii) Meditation with oﬄine feedback (feedback graph shown oﬄine
after each run; 4 runs, 1.5 min each)
(iii) Meditation with real-time feedback (3 runs, 1.5 min each)
(iv) “Free-play,” in which the participants were allowed to experiment
with the real-time feedback graph using mental strategies of their
choosing (e.g. reliving past anxious moments, resting, mentally
subtracting numbers, diﬀerent types of meditation [experienced
meditators only]). The novices performed 2 free-play runs. As
several experienced meditators were curious to explore the
relationship between the feedback signal and the subtle eﬀects
of meditation, they were allowed to have more than 2 free-play
sessions (median 2.5, range 2–16). Free-play runs lasted up to
7 min each.
(v) Volitional manipulation of the feedback graph in the direction that
corresponded to eﬀortless awareness (i.e. participants attempted
to make the graph move in the direction that they considered to
corresponded to their experience of eﬀortless awareness) (3 runs,
1.5 min each). Individuals were not explicitly instructed to use a
particular strategy, but to draw on their previous experience.
(vi) Volitional manipulation of the feedback graph in the direction of
what the participant considered the opposite direction of eﬀortless

Randomization and blinding
To avoid bias, the direction of the graph (upward/downward)
corresponding to increased or decreased power in the PCC relative to
119
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the data was downsampled to 1024 Hz and the bandpass ﬁlter was
applied. For each channel, the detection threshold was set at 2 standard
deviations from the mean, and the number of data values exceeding the
threshold was calculated per segment of 1 s.

awareness (3 runs, 1.5 min each). Individuals were not explicitly
instructed to use a particular strategy, but to draw on their
previous experience.
Association between PCC activity and eﬀortless awareness

Eye blinks
Eye blinks were detected by creating a bipolar vertical EOG channel
by subtracting activity in the infraorbitally placed electrode from the
superorbitally placed electrode. The channel was 0.5 Hz high-pass
ﬁltered to remove DC oﬀsets. A threshold of 80 μV was used to identify
blinks in each segment of 1 s (Qian et al., 2012).

We tested whether there was an association between eﬀortless
awareness and PCC activity in two ways: 1) the direction of the graph
that participants reported as corresponding to eﬀortless awareness was
assessed and 2) the moment-to-moment correspondence between the
graph and the subjective experience of eﬀortless awareness was
assessed. These approaches were performed in the following two ways:
Association between eﬀortless awareness and direction of PCC
activity

Horizontal eye movements
Horizontal eye movements were detected by creating a bipolar
horizontal EOG channel by subtracting activity in the electrode placed
at the outer canthus of the left eye from the electrode placed at the
outer canthus of the right eye. The channel was 0.5 Hz high-pass
ﬁltered to remove DC oﬀsets. Thresholds of − 40 and 40 μV were
used to determine horizontal eye movements in each segment (Qian
et al., 2012), with the requirement that for the following 40 ms data
values had to exceed the threshold value (Salari and Rose, 2013).

The participants were asked after each step of the experiment which
direction of the graph (upward/downward) corresponded with their
subjective experience of eﬀortless awareness across all completed runs,
and how conﬁdent they were about this assessment (11-point Likert
scale). Exact wording of the questions is provided in Supplementary
Text S2.
Moment-to-moment correspondence between eﬀortless awareness
and PCC activity

Microsaccades
Microsaccades were detected as recently recommended (Keren
et al., 2010; Salari and Rose, 2013). A “radial” REOG channel was
calculated as the average of all EOG channels referenced to Pz:
REOG = (HEOGR + HEOGL + VEOGS + VEOGI) / 4 − Pz. The REOG
channel was bandpass ﬁltered with an 8th order Butterworth IIR ﬁlter
(30–100 Hz). The detection threshold was set at 2 standard deviations
from the mean, and the number of data values exceeding the threshold
was calculated per segment.

The participants were asked after each of the three real-time
feedback runs (step iii) how well the feedback graph corresponded
with their subjective experience of eﬀortless awareness and its opposite
(e.g. being caught up in experience) during each run on an 11-point
Likert scale. The participants were also asked which direction of the
graph (upward or downward) corresponded with their subjective
experience of eﬀortless awareness. Exact wording of the questions is
provided in Supplementary Text S2.

Correlation source-estimation techniques
Volitional control in the direction of eﬀortless awareness runs
As an independent veriﬁcation of our EEG source-estimation, we
also computed an oﬀ-line independent estimate of source-estimated
PCC activity using a diﬀerent method. Speciﬁcally, we estimated the
PCC activity using the low-resolution brain electromagnetic tomography (LORETA) approach and then correlated this signal with the
beamformer estimates that were generated in real time (PascualMarqui, 1999; Pascual-Marqui et al., 1994). We used LORETA as it
has been successfully used in EEG studies to assess brain activity in the
PCC (e.g.Frei et al., 2001; Gianotti et al., 2008; Laufs et al., 2003;
Neuner et al., 2014; Vanneste et al., 2010). The LORETA PCC time
series were calculated using the BrainVision Analyzer software suite
(BrainProducts, Munich, Germany). LORETA calculates an estimated
solution of the inverse problem based on the assumption that the
smoothest of all possible activities is the most plausible one (PascualMarqui et al., 1994). LORETA uses a three-shell spherical head model
registered to a standardized stereotactic space (Talairach and
Tournoux, 1988) available as a digitized MRI from the Brain Imaging
Centre (Montreal Neurological Institute, MNI305, Canada) (Collins,
1994; Collins et al., 1994; Evans et al., 1992a, 1992b; Towle et al.,
1993). First, as with the beamformer calculation, an average reference
was applied to the recorded data for the real-time neurofeedback runs
(step iii) and the data were band-pass ﬁltered between 40 and 57 Hz
using a 2nd order IIR Butterworth ﬁlter. Hereafter, electrical activity in
the PCC (MNI coordinates − 6, − 60, 18, identical to those used by
the neurofeedback module) was calculated using the LORETA algorithm as squared magnitude (i.e. power) of the computed current
density. The beamformer time series were calculated identically to
during neurofeedback (described in “online data processing and source
estimation” paragraph). The LORETA time series were averaged over
consecutive 1 s bins, identical to the beamformer time series.

As the individuals were not explicitly instructed to use a particular
strategy to make the graph move in the direction they associated with
eﬀortless awareness, the participants were asked what strategy they
used after each run.
Eyes open versus eyes closed analysis
As 5 out of 16 experienced meditators practiced eﬀortless awareness with their eyes closed and 11 with their eyes open, we assessed the
diﬀerences between these groups for all behavioral measures.
Confounders
As gamma-band activity has been associated with non-neuronal
artifacts such as muscular activity and eye-movements (Whitham et al.,
2007; Yuval-Greenberg et al., 2008), we assessed the inﬂuence of
muscle contraction during eﬀortless awareness practice in the temporalis muscle, eye blinks, horizontal eye movements and microsaccades
on the PCC neurofeedback signal for both the real-time feedback runs
(step iii) and volitional manipulation in the direction of eﬀortless
awareness runs (step v). In short, time series were calculated for each
of these confounders and correlated with the time series from the PCC
for the real-time neurofeedback (step iii) runs.
Muscle contraction
Muscle activity was detected by applying a 70–80 Hz 8th order
bandpass ﬁlter to electrodes T7 and T8 as recently recommended
(Salari and Rose, 2013). Identical to the neurofeedback module, an
average reference was applied to the T7 and T8 time series, after which
120
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experience of eﬀortless awareness before the start of step (v) were
excluded from this analysis (N = 1 for each group). As individuals were
not explicitly instructed to use a particular strategy, data was analyzed
separately for runs in which a noting practice/eﬀortless awareness
meditation approach was used versus alternative approaches. The
percentage of time that PCC activity was reduced compared to baseline
was tested against random chance (i.e. 50%) using one-sample
Wilcoxon signed rank tests. The diﬀerences between groups were
calculated using a Mann–Whitney U test.

Control region analysis
To establish the spatial speciﬁcity of the PCC signal, we analyzed
the correlation between PCC activity with ROIs in the right lateral
occipital cortex and left supplementary motor area oﬀ-line. These
regions were chosen as the meta-analysis showed that activity in these
areas does not correlate with a variety of meditation practices and
techniques (Tomasino et al., 2012). The MNI coordinates of the right
lateral occipital cortex were based on an EEG gamma-band neurofeedback training study in this structure (34, − 73, − 8) (Salari and
Rose, 2013) and the coordinates of the left supplementary motor area
were based on an MEG study investigating memory encoding (Park
et al., 2014). Control region time series (40–57 Hz) were extracted
using an identical procedure to the real-time PCC time series. The
correlations between the PCC time series and the control regions were
calculated for the eﬀortless awareness part of the real-time neurofeedback runs for both the real-time feedback runs (step iii) and volitional
manipulation in the direction of eﬀortless awareness runs (step v).

Volitional control in the opposite direction of eﬀortless awareness
We next tested whether individuals could volitionally control the
signal in the opposite direction of eﬀortless awareness. First the
percentage of time that the feedback signal showed decreased PCC
activity versus baseline was calculated for each of the three volitional
manipulation runs in the direction of eﬀortless awareness runs (step
vi). The subjects who chose increased PCC activity to be associated with
subjective experience of eﬀortless awareness before the start of step (vi)
were excluded from this analysis (N = 1 for each group). The percentage of time that PCC activity was reduced compared to baseline was
tested against random chance (i.e. 50%) using one-sample Wilcoxon
signed rank tests. The diﬀerences between groups were calculated
using a Mann–Whitney U test.

Frequency-band control analysis
To assess the speciﬁcity of the 40–57 Hz frequency band for PCC
feedback, we analyzed the correlation between the PCC activity in this
frequency band with the PCC time series in 4 other frequency bands
oﬀ-line (delta 1–4 Hz, theta 4–8 Hz, alpha 8–13 Hz, and beta 13–
30 Hz). The time series were extracted using an identical procedure to
the real-time PCC time series. The correlations between PCC time
series and the control frequency time series were calculated for the
eﬀortless awareness part of the real-time neurofeedback runs.

Eyes open versus eyes closed
Diﬀerences in the number of experienced meditators practicing
eﬀortless awareness with eyes closed versus eyes open who chose
decreased PCC activity as corresponding with eﬀortless awareness were
tested using chi-square tests for each step of the experiment and
diﬀerences in conﬁdence ratings between these two groups were tested
using Mann–Whitney tests for each step of the experiment. The
diﬀerences in moment-to-moment correspondence ratings between
eﬀortless awareness and PCC activity were tested for all real-time
neurofeedback runs (step iii) for which the participants chose eﬀortless
awareness to correspond to decreased PCC activity using a Mann–
Whitney test. The diﬀerences in percentage of time that both groups
were able to volitionally decrease PCC activity relative to baseline were
tested using a Mann–Whitney test for the volitional control in the
direction of eﬀortless awareness (step v) runs. The diﬀerences in the
percentage of time that the participants were able to volitionally
increase PCC activity relative to baseline for the volitional control in
the opposite direction of eﬀortless awareness (step vi) were tested in
the same way. Bonferroni correction was used to correct for multiple
comparisons.

Statistical analysis
Statistical analyses were performed using SPSS (version 22.0; SPSS
Inc, Chicago, IL, USA) and statistical signiﬁcance was set at P < 0.05.
Association between eﬀortless awareness and PCC activity
One-sample chi-square tests were performed for each step of the
experiment to compare the number of participants choosing decreased
PCC activity versus increased PCC activity as corresponding with
eﬀortless awareness. Bonferroni correction was used to correct for
multiple comparisons. The diﬀerences between groups were assessed
using a general estimating equation logistic regression model. The
diﬀerences in conﬁdence ratings across groups were assessed using
repeated measures ANOVA. The conﬁdence ratings were square root
transformed to attain normality and homoscedasticity.

Confounders
We used Kendall's tau-b to assess the relation between the
confounder time series and PCC time series for the real-time neurofeedback (step iii) and the volitional manipulation in the direction of
eﬀortless awareness run (step v). The two time series were considered
to be signiﬁcantly associated for a given participant when at least 2 out
of their 3 runs showed a signiﬁcant positive correlation (uncorrected
for multiple comparisons).

Moment-to-moment correspondence between eﬀortless awareness
and PCC activity
The association between the feedback signal and the moment-tomoment subjective experience was investigated by assessing the
median rating across all real-time neurofeedback runs (step iii) in
which the participants chose eﬀortless awareness to correspond to
decreased PCC activity. In the same way, the median rating across all
runs in which the participants chose eﬀortless awareness to correspond
to increased PCC activity per group was assessed. The diﬀerences
between groups for runs in which the participants chose eﬀortless
awareness to correspond to decreased PCC activity were tested using a
repeated-measures ANOVA.

Relations between source-estimation techniques
The relation between the beamformer PCC time series and LORETA
estimated time series was assessed for the real-time neurofeedback
runs (step iii) and volitional manipulation in the direction of eﬀortless
awareness runs (step v) using Kendall's tau-b. The percentage of runs
was assessed for which a signiﬁcant correlation was observed.

Volitional control in the direction of eﬀortless awareness
We next tested whether individuals could volitionally control the
signal in the direction of eﬀortless awareness. First the percentage of
time that the feedback signal showed decreased PCC activity versus
baseline was calculated for each of the three volitional manipulation
runs in the direction of eﬀortless awareness runs (step v). The subjects
who chose increased PCC activity to be associated with subjective

Control region analysis
The relation between the beamformer PCC time series and the
estimated time series in the control regions was assessed for the realtime neurofeedback runs (step iii) and volitional manipulation in the
direction of eﬀortless awareness runs (step v) using Kendall's tau-b.
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as well as for two experienced meditators for the free-play runs as this
assessment was not made for these participants.
The conﬁdence ratings were high. At the end of the experiment, the
median conﬁdence level for novice meditators who chose decreased
PCC activity to be associated with eﬀortless awareness was 8
(range = 6–10) and for experienced meditators 9 (range = 3–10).
Fig. 2 shows the results for each step of the experiment. No signiﬁcant
diﬀerences in conﬁdence ratings across groups were observed (F(1,26)
= 3.578, P = 0.070) and no signiﬁcant interaction between the group
and the step of the experiment was observed (F(1,26) = 0.202;
P = 0.937).

Median correlation coeﬃcients were assessed per group. In addition,
the correlation between the electrode weights of the PCC beamformer
and the control region beamformers was calculated using Kendall's taub.
Frequency-band control analysis
The relation between the 40–57 Hz PCC time series and the delta
(1–4 Hz), theta (4–8 Hz), alpha (8–13 Hz) and beta (13–30 Hz) PCC
time series was investigated for the real-time neurofeedback runs (step
iii) using Kendall's tau-b. The number of signiﬁcant correlations per
group per frequency band was assessed.

Moment-to-moment correspondence between eﬀortless awareness
and PCC activity

Results
Association between eﬀortless awareness and direction of PCC
activity

The novice meditators indicated that eﬀortless awareness was
associated with decreased PCC activity for 40 out of a total of 48 runs
(83.3%) and increased PCC activity for 8 runs (16.7%) of the real-time
neurofeedback runs (step iii). The median ratings of how well momentto-moment subjective experience corresponded with the feedback
signal for the former was 8 (range 4–10) and for the latter was 7
(range 4–8). The experienced meditators indicated that eﬀortless
awareness was associated with decreased PCC activity for 44 out of
48 runs (91.7%) and increased PCC activity for 4 runs (8.3%). Median
rating of how well subjective experience corresponded with the former
was 9 (range = 1–10) and for the latter 8 (range = 5–9). No signiﬁcant
diﬀerences between the groups in moment-to-moment subjective
ratings for the runs in which decreased PCC activity was chosen to
be associated with eﬀortless awareness was observed (F(1,21) = 0.556,
P = 0.464) Taken together, these results show that the neurofeedback
signal showed a strong moment-to-moment correspondence between
decreased PCC activity and eﬀortless awareness for the vast majority of
runs for both groups.

Data was missing for one novice meditator for both the oﬄine and
the real-time feedback runs. For the novice meditators, signiﬁcantly
more participants chose decreased versus increased PCC activity as
corresponding with eﬀortless awareness after each step in the experiment. For the experienced meditators, this was observed after the freeplay, the volitional manipulation in the direction of eﬀortless awareness, and the volitional manipulation in the opposite direction of
eﬀortless awareness steps. Table 2 shows the raw values, χ2 values and
associated P-values, while Fig. 2 provides a graphical representation of
these results. No signiﬁcant diﬀerence was observed between groups
(Wald χ2(1) = 0.130, P = 0.719) and no signiﬁcant interaction between
the group and the steps of the experiment was observed (Wald χ2(2)
= 2.103, P = 0.349). Taken together, these results show that both
groups associated eﬀortless awareness with decreased PCC activity
and that the number of participants making this assessment plateaued
after the free-play runs (step iv).

Volitional control in the direction of eﬀortless awareness

Conﬁdence ratings

One novice and one experienced meditator chose increased PCC
activity to be associated with subjective experience of eﬀortless
awareness before the start of the volitional control runs and were
subsequently excluded from this analysis. The novice meditators
practiced noting meditation to decrease PCC activity for 33 out of 45
runs (73.3%), and the experienced meditators practiced eﬀortless
meditation to decrease PCC activity for all runs (45 out of 45; 100%).
The novice meditators were able to volitionally move the graph in the
direction of eﬀortless awareness for the runs in which they performed
noting practice (Z = 471.500, P = 0.001, median % of time = 77.97,
range 0.00–100.00), while they were not able to volitionally move the
graph in the direction of eﬀortless awareness for the runs in which
noting practice was not performed (Z = 56.000, P = 0.182, median % of
time = 59.89, range 20.69–98.31). The experienced meditators were
able to move the graph in the direction of eﬀortless awareness
(Z = 1006.000,
P < 0.0005,
median
%
of
time = 89.83,
range = 20.34–100.00). No diﬀerence between the groups was found
for the runs for which a meditation approach was used (U = 622.500,
P = 0.224).

Conﬁdence ratings were missing for one novice meditator for the
oﬄine feedback, real-time feedback, and volitional manipulation runs
Table 2
Statistics for assessment of number of participants choosing decreased PCC activity
versus increased PCC activity to correspond with effortless awareness. ↓: Number of
participants choosing decreased PCC activity as corresponding with effortless awareness.
↑: Number of participants choosing increased PCC activity as corresponding with
effortless awareness. P-values are Bonferroni corrected.

Oﬀ-line
feedback
Real-time
feedback
Free-play
Volitional
manipulation in
direction of
eﬀortless
awareness
Volitional
manipulation in the
opposite
direction of
eﬀortless
awareness
a
⁎

Novice meditators

Experienced meditators

↓/↑

↓/↑

χ2
a

13/2

a

P (corrected)

8.067

14/1

11.267

15/1
15/1

12.250
12.250

<
<

χ2

P (corrected)

0.025

⁎

12/4

4.000

0.23

0.005

⁎

13/3

6.250

0.06

15/1
15/1

12.250
12.250

0.0025⁎
0.0025⁎

<
<

0.0025⁎
0.0025⁎

Volitional control in the opposite direction of eﬀortless awareness
15/1

12.250

<

0.0025⁎

15/1

12.250

<

0.0025⁎

One novice and one experienced meditator chose increased PCC
activity to be associated with subjective experience of eﬀortless
awareness before the start of the runs and were subsequently excluded
from this analysis. Both groups were not able to volitionally move the
graph in the opposite direction of eﬀortless awareness (i.e. increased
PCC activity, novice meditators: Z = 53.000, P = 0.691, median % of
time = 47.2, range 22.03–78.29); experienced meditators: Z = 61.000,
P = 0.955, median % of time = 42.78, range 9.21–100.00). No sig-

Missing data for one participant.
Signiﬁcant at P < 0.05.
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Fig. 2. (A) Percentage of novice meditators choosing decreased PCC activity to correlate with eﬀortless awareness. (B) Box plots for the conﬁdence ratings of novice meditators who
chose decreased PCC activity to correlate with eﬀortless awareness. (C) Percentage of experienced meditators choosing decreased PCC activity to correlate with eﬀortless awareness. (D)
Box plots for the conﬁdence ratings of experienced meditators choosing decreased PCC activity to correlate with eﬀortless awareness. *Signiﬁcantly more participants choosing decreased
PCC activity to correspond to eﬀortless awareness than increased PCC activity at P < 0.05. **Same at P < 0.0025. EA: eﬀortless awareness. †Missing data for one participant. ††Missing
data for two participants.

seven out of sixteen experienced meditators (44%) showed at least one
signiﬁcant association between any of the 5 confounders and the PCC
signal for the real-time neurofeedback (step iii) runs. Two novice
meditators (13%) and two experienced meditators (13%) showed at
least one signiﬁcant association between the confounders and the PCC
signal for the volitional manipulation runs. Table 3 shows the results
per confounder, while Supplementary Tables S8–S12 show the confounder results for each participant.

niﬁcant diﬀerence between the groups was observed (U = 108.000,
P = 0.852).
Eyes open versus eyes closed
No diﬀerences were observed between experienced meditators
practicing eﬀortless awareness with eyes open versus eyes closed in
number of experienced meditators choosing decreased PCC activity to
be associated with eﬀortless awareness for any of the steps of the
experiment and no diﬀerences in conﬁdence ratings were observed for
any of the steps of the experiment. No diﬀerences in correspondence
ratings were observed for the real-time feedback runs (step iii) and no
diﬀerences in ability to volitionally move the graph in the direction of
eﬀortless awareness as well as the ability to volitionally move the graph
in the opposite direction of eﬀortless awareness were observed.
Supplementary Data S3–S7 show corresponding data and associated
P-values for these analyses.

PCC beamformer and LORETA correlation
For the novice meditators, 42 out of 48 runs (87.5%) showed a
signiﬁcant correlation between the beamformer and LORETA time
series for meditation with real-time neurofeedback (step iii) and 42 out
of 48 runs (87.5%) for volitional manipulation in the direction of
eﬀortless awareness (step v). For the experienced meditators, 38 out of
48 runs (79.2%) showed a signiﬁcant correlation for meditation with
real-time neurofeedback (step iii) and 37 out of 48 runs (77.1%) for
volitional manipulation in the direction of eﬀortless awareness (step v).
These results show that these source-estimation algorithms yield
convergent results. Table 4 shows the correlation coeﬃcients with
associated P-values for each run.

Confounders
Eye-movement related confounders could not be calculated for one
novice meditator and one experienced meditator due to ocular electrode malfunction. Six out of sixteen novice meditators (38%) and
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Table 3
Percentage of the participants showing a significant association between potential confounders and PCC activity, as determined by having at least 2 out of 3 runs having a significant
correlation (P < 0.05 uncorrected) between the confounder time series and the PCC time series for that participant.

Real-time feedback (step iii)
Volitional manipulation into direction of eﬀortless
awareness (step v)
a

Novice
Experienced
Novice
Experienced

Left temporalis
muscle

Right temporalis
muscle

Horizontal eyemovementsa

Eye blinksa

Microsaccadesa

25.0
25.0
6.3
12.5

31.3
25.0
0
6.3

6.7
6.7
6.7
0

6.7
0.0
0
0

26.7
6.7
0
0

Missing data for one participant in each group.

runs (33.3%) showed a signiﬁcant correlation between alpha (8–13 Hz)
and 40–57 Hz PCC time series (median − 0.001, range − 0.287–
0.358), and 19 runs (39.6%) showed a signiﬁcant correlation between
beta (13–30 Hz) and 40–57 Hz PCC time series (median 0.219, range
− 0.162–0.409). Supplementary Tables S15–S18 show the correlation coeﬃcients with associated P-values for each run.

Control region analysis
Right occipital cortex
For the meditation with real-time neurofeedback runs (step iii), 39
out of a total of 48 data sets (81.3%) showed a signiﬁcant correlation
for the novices (median correlation value of 0.339, range 0.184–0.666),
while 41 out of a total of 48 data sets (85.4%) showed a signiﬁcant
correlation for the experienced meditators (median correlation value of
0.340, range 0.177–0.712). For the volitional control in the direction of
eﬀortless awareness runs (step v), 41 out of a total of 48 data sets
(85.4%) showed a signiﬁcant correlation for novices (correlation value
of 0.345, range 0.176–0.672), while 39 out of a total of 48 data sets
(81.3%) showed a signiﬁcant correlation for experienced meditators
(median correlation value of 0.399, range 0.176–0.769).
Supplementary Table S13 shows the correlation coeﬃcients with
associated P-values for each run. The correlation between the electrode
weights of the PCC beamformer and the right occipital cortex beamformer was statistically signiﬁcant (P < 0.0005) with a moderate to
strong correlation value of 0.511.

Discussion
This is the ﬁrst study assessing the coupling between real-time
gamma-band EEG neurofeedback from the PCC and cognitive states
related to eﬀortless awareness, in novice and experienced meditators.
As hypothesized, both groups consistently and with high conﬁdence
indicated that decreased PCC activity corresponded to their subjective
experience of eﬀortless awareness. In addition, both groups showed
high ratings of moment-to-moment correspondence between the feedback signal and the eﬀortless awareness. Both groups were also able to
volitionally move the feedback signal in the direction of eﬀortless
awareness by performing the noting practice or eﬀortless awareness
meditation. These results demonstrate the feasibility of using real-time
EEG to link an objective measure of brain activity and subjective mind
states related to meditation.
The present ﬁndings build upon recent fMRI neurofeedback studies
showing that PCC activity correlated negatively with the subjective
experience of meditation (Garrison et al., 2013a, 2013b). Importantly,
the current study utilized multiple methods to minimize subjective
biases that may have yielded false positive results. These included the
use of double-blinding the participants and the research staﬀ and the
randomization of graph directionality. In the current study both the
novice and the experienced meditators were able to volitionally
decrease PCC activity, while in previous fMRI studies only the
experienced meditators were able to do so. Potential explanations
include that the fMRI setting, i.e. lying in a loud, conﬁned space, makes
it more diﬃcult for novice meditators to perﬁrn noting practice
meditation (and modulate PCC activity) than in a less conﬁned, silent
EEG room and that the noting practice performed by the novices in the
current study may be easier than the breath awareness practice
performed in the fMRI studies. Although experienced meditators had
higher ratings than novice meditators for the moment-to-moment
correspondence between the PCC signal and the subjective experience
of eﬀortless awareness, this ﬁnding suggests that even novice practitioners may beneﬁt from neurofeedback-assisted meditation.
Interestingly, both groups were not able to volitionally move the
feedback signal into the opposite direction of eﬀortless awareness.
These results ﬁt with earlier fMRI work by our group, in which it was
found that after a long period of eﬀortless awareness/meditation
practice individuals ﬁnd it diﬃcult to do the opposite, thus producing
variable results (Brewer et al., 2013).
The ability to volitionally decrease the feedback graph may be
considered, in part, as conﬁrming the high moment-to-moment correspondence ratings between subjective experience and the feedback graph.
That is, the high ratings indicate that the participants may be able to use
insights about how their experience relates to the graph to manipulate the
signal in real time (Garrison et al., 2013b). A cardinal diﬀerence between

Left supplementary motor area
For the meditation with real-time neurofeedback runs (step iii), 16
out of a total of 48 data sets (33.3%) showed a signiﬁcant correlation
for the novices (median correlation value of 0.264, range − 0.275–
0.433), while 10 out of a total of 48 data sets (20.8%) showed a
signiﬁcant correlation for the experienced meditators (median correlation value of 0.224, range − 0.420–0.685). For the volitional control
in the direction of eﬀortless awareness runs (step v), 7 out of a total of
48 data sets (14.6%) showed a signiﬁcant correlation for novices
(correlation value of 0.271, range 0.205–0.433), while 17 out of a
total of 48 data sets (35.4%) showed a signiﬁcant correlation for
experienced meditators (median correlation value of 0.261, range
0.182–0.514). Supplementary Table S14 shows the correlation coeﬃcients with associated P-values for each run. The correlation between
the electrode weights of the PCC beamformer and the left supplementary motor area beamformer was statistically signiﬁcant (P = 0.002)
with a weak correlation value of 0.188.
Frequency-band control analysis
For novices, 10 runs out of a total of 48 runs (20.8%) showed a
signiﬁcant correlation between delta (1–4 Hz) and 40–57 Hz PCC time
series (median 0.183, range − 0.188–0.341), 16 runs (33.3%) showed
a signiﬁcant correlation between theta (4–8 Hz) and 40–57 Hz PCC
time series (median 0.216, range − 0.239–0.455), 12 runs (25.0%)
showed a signiﬁcant correlation between alpha (8–13 Hz) and 40–
57 Hz PCC time series (median 0.177, range − 0.334–0.489), and 18
runs (37.5%) showed a signiﬁcant correlation between beta (13–30 Hz)
and 40–57 Hz PCC time series (median 0.248, range 0.148–0.379). For
the experienced meditators, 8 runs out of a total of 48 runs (16.7%)
showed a signiﬁcant correlation between delta (1–4 Hz) and 40–57 Hz
PCC time series (median 0.192, range − 0.313–0.329), 14 runs
(29.2%) showed a signiﬁcant correlation between theta (4–8 Hz) and
40–57 Hz PCC time series (median 0.177, range − 0.278–0.388), 16
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⁎⁎

⁎

P < 0.05.
P < 0.005.

Experienced meditators

Novice meditators

A
B
C
D
E
F
G
H
I
J
K
L
M
N
O
P
AA
AB
AC
AD
AE
AF
AG
AH
AI
AJ
AK
AL
AM
AN
AO
AP

Subject

<

<
<

<
<
<

<
<

<
<
<
<
<
<
<
<

0.260
0.0005⁎⁎
0.0005⁎⁎
0.019⁎
0.002⁎⁎
0.0005⁎⁎
0.0005⁎⁎
0.0005⁎⁎
0.0005⁎⁎
0.0005⁎⁎
0.0005⁎⁎
0.0005⁎⁎
0.0005⁎⁎
0.004⁎⁎
0.080
0.016⁎
0.053
0.0005⁎⁎
0.0005⁎⁎
0.807
0.0005⁎⁎
0.0005⁎⁎
0.0005⁎⁎
0.005⁎
0.001⁎⁎
0.032⁎
0.002⁎⁎
0.0005⁎⁎
0.0005⁎⁎
0.605
0.070
0.0005⁎⁎
−

0.081
0.288
0.329
0.170
0.219
0.493
0.437
0.306
0.586
0.467
0.516
0.531
0.472
0.207
0.126
0.174
0.139
0.345
0.527
0.018
0.281
0.460
0.532
0.201
0.247
0.154
0.219
0.732
0.475
0.037
0.131
0.351
<

<
<
<
<

<
<

<
<

<
<

<

<
<
<

<

0.007⁎
0.011⁎
0.001⁎
0.036⁎
0.556
0.0005⁎⁎
0.003⁎
0.0005⁎⁎
0.0005⁎⁎
0.0005⁎⁎
0.010⁎
0.0005⁎⁎
0.001⁎
0.001⁎⁎
0.0005⁎⁎
0.0005⁎⁎
0.650
0.0005⁎⁎
0.0005⁎⁎
0.002⁎
0.003⁎
0.0005⁎⁎
0.0005⁎⁎
0.001⁎⁎
0.0005⁎⁎
0.0005⁎⁎
0.0005⁎⁎
0.0005⁎⁎
0.002⁎
0.105
0.407
0.0005⁎⁎
−

0.194
0.183
0.229
0.151
0.042
0.382
0.213
0.353
0.497
0.582
0.186
0.469
0.241
0.243
0.597
0.459
0.033
0.653
0.353
0.239
0.213
0.519
0.369
0.231
0.253
0.397
0.384
0.565
0.222
0.117
0.060
0.440
<
<
<

<

<
<
<

<
<

<
<

<
<
<
<
<
<

<
<
<
<
<
<
<

0.197
0.0005⁎⁎
0.0005⁎⁎
0.0005⁎⁎
0.0005⁎⁎
0.0005⁎⁎
0.0005⁎⁎
0.0005⁎⁎
0.001⁎⁎
0.0005⁎⁎
0.0005⁎⁎
0.0005⁎⁎
0.0005⁎⁎
0.0005⁎⁎
0.0005⁎⁎
0.002⁎⁎
0.105
0.0005⁎⁎
0.0005⁎⁎
0.887
0.0005⁎⁎
0.0005⁎⁎
0.910
0.0005⁎⁎
0.0005⁎⁎
0.0005⁎⁎
0.002⁎⁎
0.0005⁎⁎
0.028⁎
0.0005⁎⁎
0.0005⁎⁎
0.0005⁎⁎

P-value

P-value

<
<

MRTNF

VC

MRTNF
Cor. coeff

Run 2

Run 1

−

−

0.093
0.407
0.498
0.263
0.258
0.454
0.499
0.537
0.241
0.400
0.384
0.544
0.391
0.425
0.490
0.225
0.117
0.448
0.455
0.010
0.306
0.358
0.008
0.298
0.348
0.371
0.222
0.318
0.158
0.274
0.275
0.482

Cor. coeff

<

<
<

<
<

<

<
<

<

<
<

<

<

0.0005⁎⁎
0.001⁎⁎
0.0005⁎⁎
0.205
0.004⁎
0.0005⁎⁎
0.0005⁎⁎
0.712
0.038⁎
0.0005⁎⁎
0.001⁎
0.001⁎
0.0005⁎⁎
0.0005⁎⁎
0.001⁎
0.144
0.051
0.0005⁎⁎
0.217
0.043⁎
0.024⁎
0.0005⁎⁎
0.0005⁎⁎
0.042
0.212
0.0005⁎⁎
0.0005⁎⁎
0.009⁎
0.026⁎
0.031⁎
0.580
0.0005⁎⁎

P-value

VC

−

0.297
0.248
0.352
0.091
0.206
0.368
0.475
0.027
0.150
0.325
0.231
0.231
0.295
0.416
0.234
0.105
0.140
0.510
0.089
0.146
0.163
0.384
0.500
0.146
0.090
0.463
0.488
0.187
0.161
0.156
0.040
0.437

Cor. coeff

<
<

<
<
<

<

<
<
<

<
<

<
<
<
<

<
<

<

0.966
0.0005⁎⁎
0.005⁎
0.009⁎
0.190
0.002⁎⁎
0.0005⁎⁎
0.0005⁎⁎
0.075
0.006⁎
0.004⁎⁎
0.0005⁎⁎
0.0005⁎⁎
0.0005⁎⁎
0.0005⁎⁎
0.01⁎
0.470
0.0005⁎⁎
0.0005⁎⁎
0.005⁎
0.0005⁎⁎
0.0005⁎⁎
0.0005⁎⁎
0.050⁎
0.0005⁎⁎
0.013⁎
0.0005⁎⁎
0.0005⁎⁎
0.0005⁎⁎
0.117
0.0005⁎⁎
0.0005⁎⁎

P-value

MRTNF

Run 3

0.003
0.285
0.202
0.187
0.094
0.227
0.523
0.316
0.128
0.197
0.207
0.395
0.432
0.405
0.331
0.186
0.052
0.615
0.492
0.200
0.315
0.309
0.607
0.141
0.359
0.180
0.327
0.767
0.363
0.113
0.484
0.385

Cor. coeff

<

<

<
<
<
<
<
<

<

<

<
<
<

<
<
<

<
<
<

0.0005⁎⁎
0.0005⁎⁎
0.0005⁎⁎
0.023⁎
0.202
0.0005⁎⁎
0.0005⁎⁎
0.0005⁎⁎
0.027⁎
0.0005⁎⁎
0.0005⁎⁎
0.0005⁎⁎
0.448
0.0005⁎⁎
0.002⁎
0.004⁎
0.001⁎⁎
0.0005⁎⁎
0.012⁎
0.595
0.017⁎
0.0005⁎⁎
0.0005⁎⁎
0.0005⁎⁎
0.0005⁎⁎
0.0005⁎⁎
0.0005⁎⁎
0.001⁎⁎
0.0005⁎⁎
0.605
0.112
0.0005⁎⁎

P-value

VC

0.339
0.344
0.346
0.164
0.092
0.445
0.392
0.448
0.160
0.296
0.370
0.378
0.055
0.279
0.224
0.205
0.231
0.489
0.181
0.038
0.172
0.366
0.588
0.313
0.449
0.327
0.445
0.251
0.285
0.037
0.114
0.352

Cor. coeff

(+)
(+)

(+)
(+)
(+)
(+)
(+)
(+)
(+)
(+)
(+)

(+)
(+)

(+)
(+)
(+)
(+)
(+)
(+)
(+)
(+)
(+)
(+)
(+)
(+)
(+)
(+)
(+)

MRTNF

(+)

(+)
(+)
(+)
(+)
(+)
(+)
(+)
(+)
(+)
(+)
(+)
(+)

(+)
(+)
(+)
(+)
(+)
(+)
(+)
(+)
(+)
(+)
(+)

(+)
(+)
(+)
(+)

VC

Table 4
Correlation coefficients between LORETA and beamformer source localization algorithms with associated P-values for each meditation with real-time neurofeedback run (step iii) and volitional manipulation in the direction of eﬀortless awareness
run (step v). The last column indicates whether at least 2 out of 3 runs for a participant showed a signiﬁcant positive (+) or negative (−) correlation in the same direction. MRTNF: meditation with real-time neurofeedback. VC: volitional
manipulation in the direction of eﬀortless awareness.
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the 40–57 Hz frequency band on one hand and the delta, theta, alpha,
and beta frequency bands on the other hand for a substantial number
of participants (16.7%–39.6%). This ﬁnding highlights the limitation in
frequency-band speciﬁcity of the 40–57 Hz frequency band. It should
also be noted that neurofeedback studies usually employ more than a
single neurofeedback session to successfully regulate brain activity
(Arns et al., 2009; Tan et al., 2009). However, as we have found
previously, when the cognitive paradigm is closely neurophenomenologically linked to brain activity, and the neurofeedback is not used as a
training per se, a single session “regulation” is possible (i.e. the
cognitive task produces the corresponding change in brain activity;
Garrison et al., 2013b). Also, traditional or cultural meditation
practices typically involve contextual components, such as intentions
for practice, ethical consideration, background conceptual beliefs, and
the support of a community, among others. Thus the interpretation of
our results remains limited to that of eﬀortless awareness practice in a
decontextualized research setting (Garrison et al., 2013b). In our
previous work, we have demonstrated a close neurophenomenological
link speciﬁcally between eﬀortless awareness and PCC deactivation
(Garrison et al., 2013a). In particular, Garrison et al., (2013a) demonstrated that the eﬀortless aspect of attention could be separated from
attention itself. Additionally, we extended these ﬁndings, speciﬁcally
showing that it is not just attention that produces this result (Garrison
et al., 2015). This study utilized a control condition that deactivates the
PCC, and found that meditation in fact deactivates PCC/precuneus
activity relative to this active condition. Further, we have found speciﬁc
instances where individuals try to “pay attention harder” (direct quote
from fMRI neurofeedback participant), which paradoxically increases
PCC activity (Brewer and Garrison, 2014; Brewer et al., 2013). Based
on these ﬁndings, we attempted to speciﬁcally focus on the eﬀortless
aspect of meditation in experts, and train novices in a practice that
would be least eﬀortful. However, despite these, and our previous
ﬁndings, it is still possible that another linked cognitive process could
be producing these results. It should also be noted that meditative
practices may vary in how much they emphasize aspects that deﬁne
eﬀortless awareness (concentration, observing sensory experience, not
‘eﬀorting’ and contentment). As such, the present results should be
interpreted within the framework of the speciﬁc instructions of the
present study.
In sum, beamformer source-estimated PCC activity tracked eﬀortless awareness in both the novice and experienced meditators.
Moreover, both groups were able to move the signal in the direction
of eﬀortless awareness. These ﬁndings highlight the potential utility for
mechanistically based neurofeedback training programs. In light of the
growing clinical utility of mindfulness based approaches for psychiatric
disorders, the development and reﬁnement of neurofeedback tools may
improve treatment of these disabling and costly illnesses (Bowen et al.,
2014; Brewer et al., 2011; Goyal et al., 2014; Kuyken et al., 2015).
Future studies could focus on investigating the usefulness of 40–57 Hz
PCC neurofeedback to aid eﬀortless awareness practice.

the fMRI studies and the current EEG study is the excellent temporal
resolution of EEG. The fMRI BOLD signal peaks approximately 4–6 s
after event onset (Buckner, 1998), whereas EEG allows for more
temporally speciﬁc neurofeedback. However, a concern with EEG source
estimation is its spatial resolution. A high number ( > 100) of electrodes
have been shown to improve the results (Michel et al., 2004). Thus, to
minimize source estimation errors, we used a high-density 128-electrode
set. To further aid source estimation, we used a realistic (average) head
model with diﬀerent electrical conductivities for skull, scalp and brain.
This approach has been shown to improve source estimation compared to
similar spherical head models (Cuﬃn, 1996). In addition, for spatial
ﬁltering we used a beamformer approach which has recently been shown
to greatly reduce the eﬀect of muscular and ocular artifacts in the gamma
band (Hipp and Siegel, 2013). Recently, beamformer source-estimated
EEG gamma band activity has been shown to co-localize with fMRI BOLD
activity, showing that beamformers can provide spatially speciﬁc estimates of local cortical high-frequency signals (Smith et al., 2014). To
further verify the signal estimates from the beamformer algorithm, the
analysis was rerun oﬄine using an independent source-localization
approach (LORETA). For the vast majority of runs, signiﬁcant correlations
were observed between the two approaches, showing that both methods
yielded convergent results. In line with this, we observed that only a
minority of the runs showed signiﬁcant correlations between time series
from the PCC and the left superior motor area control region. However,
for the right occipital cortex control region the vast majority of runs
showed signiﬁcant correlation values with PCC time series. A potential
explanation for these diﬀerent ﬁndings is that the weighting of the right
occipital cortex beamformer and the PCC beamformer showed a moderate
to strong correlation, while the left superior motor area beamformer and
the PCC beamformer hardly do. Although the median correlation values
between for the right occipital cortex control region analysis were only
weak to moderate, these ﬁndings point to a limitation in spatial speciﬁcity
of beamformers for at least some brain regions.
A concern with gamma-band EEG activity is that it has been
associated with non-neuronal artifacts including muscular activity
and eye movements (Whitham et al., 2007; Yuval-Greenberg et al.,
2008). For this reason, we speciﬁcally assessed the inﬂuence of
temporalis muscle activity, eye blinks, horizontal eye movements,
and microsaccades on the PCC gamma-band neurofeedback signal.
For the real-time neurofeedback runs approximately 40% of participants showed at least one signiﬁcant association between any of the
confounders and the PCC signal, primarily with temporalis muscle
activity. However, this dropped to low levels (13%) for the volitional
control runs. Ideally, the eﬀects of non-neuronal artifacts would be
removed in real-time. Several techniques exist to minimize or remove
non-neuronal artifacts from EEG, including independent component
analysis (ICA) and a Laplacian montage approach (Makeig et al., 1996;
Nunez and Pilgreen, 1991). However, these techniques have their own
limitations. For example, ICA is currently not available for real-time
implementation in EEG and Laplacian montages are ineﬀective in
targeting non-superﬁcial sources like the PCC (Fitzgibbon et al., 2013).
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