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Abstract

Sustained attention and working memory were improved in young adults after they engaged in a recently devel-
oped, closed-loop, digital meditation practice. Whether this type of meditation also has a sustained effect on dom-
inant resting-state networks is currently unknown. In this study, we examined the resting brain states before and
after a period of breath-focused, digital meditation training versus placebo using an electroencephalography
(EEG) microstate approach. We found topographical changes in postmeditation rest, compared with baseline
rest, selectively for participants who were actively involved in the meditation training and not in participants
who engaged with an active, expectancy-match, placebo control paradigm. Our results suggest a reorganization
of brain network connectivity after 6 weeks of intensive meditation training in brain areas, mainly including the
right insula, the superior temporal gyrus, the superior parietal lobule, and the superior frontal gyrus bilaterally.
These findings provide an opening for the development of a novel noninvasive treatment of neuropathological states
by low-cost, breath-focused, digital meditation practice, which can be monitored by the EEG microstate approach.

Keywords: attention; bodily self-consciousness; EEG microstates; EEG source localization; meditation training

Impact Statement

Breath-focused, digital meditation training leads to sustained changes of resting-state, brain network functional connectivity,
as assessed with electroencephalography microstates.

Introduction

M AINTAINING FOCUSED AND sustained attention to a cog-
nitive task, such as reading a book or listening to a talk,
becomes increasingly difficult due to the constant external and
internal distractions that prevent us from focusing on one thing
atatime (Gazzaley and Rosen, 2016). Often, we are doing sev-
eral things simultaneously, such as reading emails on the cell
phone while watching TV or running to catch a bus. Particu-
larly, the younger generation is increasingly involved in mul-
titasking activities (Rideout et al., 2010), which leads to the
question of whether this habit has positive or negative effects
on focused attention (Moisala et al., 2016).

While some studies reported positive consequences of
split attention (Yap and Wee Hun Lim, 2013) and task-

switching skills (Alzahabi and Becker, 2013), others dem-
onstrated increased distractibility (Loh and Kanai, 2016),
increased impulsivity (Minear et al., 2013), and dimin-
ished attention (Moisala et al., 2016; Ophir et al., 2009),
which has also been associated with a decrease in gray matter
volume in the anterior cingulate cortex (Loh and Kanai,
2016). A healthy adult can remain focused on a task for
some amount of time; however, someone suffering from a
mental health issue may struggle with sustaining atten-
tion to a specific goal due to continuous distraction of the
wandering mind and external environment (Smallwood and
Andrews-Hanna, 2013).

Ultimately, the inability to sustain attention can be associ-
ated with pathological conditions such as attention-deficit/
hyperactivity disorder, anxiety disorder, or depression. These
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neuropathological states might be possible to self-regulate by
practicing internally focused meditation and engaging self-
awareness on one’s breath and body sensations while letting
go of externally oriented thoughts and other distractions.
The positive therapeutic effects of meditation have been previ-
ously observed in improvement of self-awareness (Farb et al.,
2007; Vago and Silbersweig, 2012), emotion regulation (Hol-
zel et al., 2008), and metacognition (Kerr et al., 2013).
Recently, Ziegler and colleagues (2019) showed that using
digital, closed-loop meditation training improved focused at-
tention and working memory in healthy young adults (18-35
years old) and this improvement increased activity in posterior
temporoparietal areas and the medial prefrontal cortex
(MPFC). Mishra and colleagues (2020) confirmed previous re-
sults of the study by Ziegler and associates (2019) and further
demonstrated that the closed-loop, digital meditation practice
in adolescence with childhood neglect (10-18 years old) was
associated with significantly enhanced resting-state functional
connectivity between the dorsal anterior cingulate cortex and
cingulo-opercular network (CON), including the insula, thala-
mus, and anterior prefrontal cortex, and that this modulation
led to enhanced attention, reduced hyperactivity, and improve-
ments in school performance 1 year after the treatment.

Overall, the studies by Ziegler and colleagues (2019) and
Mishra and colleagues (2020) demonstrated that internally
focused meditation seems to have an important effect on ex-
ternally oriented behavior, cognition, and underlying brain
networks related to the self. Cognitive neuroscience has
been examining consciousness associated with the subject
(i.e., the self of the conscious experience) and its related mul-
tisensory processing of bodily signals (Blanke, 2012; Blanke
et al., 2015). Notably, recent research highlights two forms
of the self (i.e., the bodily self and the autobiographical
self), which are based on an integrated neural system that
combines and interacts with both the internal and external
multisensory processing (Bréchet et al., 2018; Grivaz et al.,
2017; Park and Blanke, 2019). Not only does the bodily
self fundamentally influence the autobiographical self (Bré-
chet et al., 2019, 2020b) but it also seems possible to manip-
ulate and capture the self-related nature of brief conscious
thoughts, whether they are internally or externally oriented
(Bréchet et al., 2019). It is known that during rest, the
brain dynamically organizes its activity in large-scale neuro-
nal networks (Bassett and Sporns, 2017).

In functional magnetic resonance imaging (fMRI), these
resting-state networks are characterized by the correlated
blood oxygen level dependent activity of distributed brain
areas (Biswal et al.,, 1995). In electroencephalography
(EEG), such networks can be captured by microstates, repre-
senting short-lasting states of nonlagged synchronized activ-
ity of large-scale brain networks (Koenig and Valdes-Sosa,
2018; Michel and Koenig, 2018). Both, fMRI and EEG
have reliably identified a few distinct network patterns and
have related them to different cognitive functions, such as in-
ternal mentation, external attention, memory, and sensory
processing (Britz et al., 2010; Panda et al., 2016).

Based on results of studies by Ziegler and associates
(2019) and Mishra and associates (2020) and previous stud-
ies on EEG microstate changes in meditators (Faber et al.,
2017; Panda et al., 2016), in this study, we first hypothesized
that EEG resting-state networks that are related to the self
can be modulated by intense meditation training. Second,
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we hypothesized that this effect of focused attention medita-
tion on EEG resting-state networks would include brain areas
such as the medial prefrontal, insular, and posterior parietal
cortex, similar to previous studies (Bréchet et al., 2019;
Panda et al., 2016). To examine the effects of internally
self-focused meditation, we analyzed the resting-state 64-
channel EEG of the participants reported by Ziegler and as-
sociates (2019). We used the EEG microstate approach to
capture resting-state network dynamics before and after the
meditation training and compared them with changes before
and after placebo sessions.

EEG microstates, first described by Lehmann and colleagues
(1987), are characterized by scalp potential maps that remain
stable for short subsecond periods. Only a few prototypical
map configurations dominate resting-state activity (Koenig
et al., 2002). They can be obtained through k-means cluster
analysis or other pattern recognition approaches (Pascual-
Marqui et al., 1995). The optimal number of microstates
may depend on the given dataset; however, four dominant
maps (labeled A, B, C, and D, presently) are usually observed
in resting-state EEG data (Michel and Koenig, 2018).

Numerous studies have shown that these most dominant
EEG microstate maps are highly reproducible within and be-
tween participants (da Cruz et al., 2020; Khanna et al., 2014;
Koenig et al., 2002; Liu et al., 2020; Tomescu et al., 2018;
Zanesco et al., 2020) and are essentially independent of the
functional state of the brain (Bréchet et al., 2020a; Brodbeck
et al., 2012; Stefan et al., 2018). However, the temporal dy-
namics of these microstates and their occurrence, duration,
appearance, and sequence are highly sensitive to the trait
and the momentary state of the brain. For example, altered
states of consciousness (e.g., sleep, disorders of conscious-
ness, anesthesia, hypnosis, and meditation) influence the
temporal dynamics of microstates (Bréchet et al., 2020a;
Brodbeck et al., 2012; Faber et al., 2017; Katayama et al.,
2007; Panda et al., 2016; Shi et al., 2020; Stefan et al.,
2018). Notably, it has also been demonstrated that instructed
mentation influences the temporal dynamics of specific EEG
microstates (Bréchet et al., 2019; Croce et al., 2018b; Milz
et al., 2016; Seitzman et al., 2017).

Methods
Participants

The study included 23 participants (18-35 years old) who
performed the meditation condition and 20 participants (19—
32 years old) who were assigned to the placebo condition.
Details of the participant recruitment and inclusion criteria
are given by Ziegler and colleagues (2019). All participants
gave informed consent to participate in the study according
to procedures approved by the Committee for Human Research
at the University of California San Francisco (IRB 16-18680).

Training programs

The MediTrain program requested the participants to at-
tend to the sensations of their breath in a quiet location
with headphones on and eyes closed. Initially, they received
detailed instructions about how to engage in the treatment
and use the iPad, and participants listened to a short lesson
about mindful breathing practices. While focusing on their
breath, they were asked to monitor the quality of their
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attention and to acknowledge any distracting thoughts. The
length of the initial treatment trial was set at 20 sec, after
which participants were asked to report whether their atten-
tion remained on their breathing throughout the trial or
whether they experienced moments of mind wandering.
Depending on this report, the duration of the next trial was
either increased or decreased, thereby individually adapting
the training to each participant’s ability to self-regulate inter-
nal attention. The participants gradually increased the
amount of time each day that they successfully sustained
their attention to their breath without distractions, averaging
20 sec on the first day and progressing to an average of 6 min
after 25 days of training. More details about the MediTrain
program can be found in the study by Ziegler and associates
(2019). The placebo condition consisted of a set of three
commercially available apps (i.e., foreign language learning,
logic games, and Thai Chi apps) that were selected a priori
based on matching the expectation of improvement with
that of the MediTrain program [see Experiment 1 in the
study by Ziegler et al. (2019)]. All participants were
instructed to spend ~10min with each placebo app each
training day (5 days/week for 6 weeks).

EEG recordings and analysis

EEG was recorded with an active two-head cap (Cortech
Solutions) with a BioSemiActiveTwo 64-channel EEG ac-
quisition system. Signals were amplified and digitized at
1024 Hz with a 16-bit resolution. Antialiasing filters were
used and data were band-pass filtered between 0.01 and
100 Hz during data acquisition.

EEG preprocessing. All EEG analyses were performed
using the freely available academic software, Cartool (Brunet
etal., 2011). Continuous segments of 3-min eyes-closed EEG
were analyzed. The data were first downsampled to 256 Hz
using a cascaded integrator—comb filter and band-pass filtered
between 1 and 40 Hz (second-order Butterworth, 12 db/oc-
tave roll-off). Data were then carefully visually inspected
and bad electrodes and artifactual segments (eye blinks and
muscle artifacts, etc.) were marked. Bad electrodes were in-
terpolated using a spherical spline interpolation method.

k-Means cluster analysis. Using an automatic detection
algorithm, all global field power (GFP) peaks of artifact-
free periods were marked. Data at these time points were
concatenated and subjected to an adapted k-means cluster
analysis (Pascual-Marqui et al., 1995) for each participant
and each recording. The polarity of the maps was ignored.
To determine the optimal number of clusters for each partic-
ipant, six criteria were used to independently evaluate the
quality of each clustering. They were then merged to derive
a single synthetic metacriterion (Bréchet et al., 2019). The op-
timal number of clusters ranged between 4 and 10. These
cluster maps of each participant were then exposed to a sec-
ond k-means cluster analysis across participants. For this
group clustering, we deliberately fixed the number of clusters
to the four most dominant maps in terms of global explained
variance (GEV) to compare the microstates between the dif-
ferent conditions in our cohort and with the microstate maps
of previous studies. The GEV is the sum of the explained var-
iances weighted by the GFP at each moment in time.
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Spatial correlation analysis. To compare the microstate
maps between conditions, the following analysis was per-
formed: the four microstate maps of each condition were
back-fitted to the original EEG of each participant by calcu-
lating the spatial correlation between the microstate maps
and the GFP-normalized map at each data point (ignoring po-
larity). Each time point was then labeled with the microstate
map with the highest correlation. All time points with the
same maps were then averaged by ignoring polarity, result-
ing in four mean maps per participant representing the four
microstates. These mean maps of one condition were then
correlated with the mean maps of all participants of another
condition and the correlation coefficients were averaged after
Fisher z-transformation.

Source localization. The approach described by Bréchet
and associates (2019) was used for determining the sources
underlying each microstate. A distributed linear inverse solu-
tion (LAURA) (Grave de Peralta Menendez et al., 2004) was
calculated using the average brain of the Montreal Neurolog-
ical Institute as the head model and restricting the solution
space to the gray matter using the LSMAC approach with
5016 solution points (Birot et al., 2014; Brunet et al., 2011).
A standardization across time was applied for each solution
point to eliminate activation biases (Michel and Brunet,
2019). The estimated current densities of each participant
were then averaged across all time points that were attributed
to a given microstate in each condition. A randomization test
was used to statistically evaluate whether the sources of the
microstates differed between conditions. Similar to the con-
junction analysis suggested for fMRI data (Friston et al.,
1999), we first thresholded each source map to the solution
points that were above the 90th percentile of activation in
the mean map across all participants (Bréchet et al., 2020a).

Results

Based on previous studies that examined EEG microstates
(Khanna et al., 2014; Koenig et al., 2002; Liu et al., 2020;
Tomescu et al., 2018; Zanesco et al., 2020), we hypothesized
that the meditation training would not alter the dominant mi-
crostates in terms of their spatial distribution over the scalp,
but would rather influence their temporal dynamics. We thus
first evaluated whether similar microstates were present in all
four conditions (i.e., before and after the placebo as well as
before and after the meditation training). To do so, we ap-
plied the k-means spatial clustering separately for the four
conditions and compared the resulting microstate maps.

Figure 1 illustrates the four microstate maps for each con-
dition and shows that three of the four conditions (preplacebo,
postplacebo, and premeditation) were characterized by highly
similar maps. Comparing them with the maps described in the
literature reveals that the first three maps replicate the canon-
ical microstates usually labeled as A, B, and C. The fourth mi-
crostate map is less consistent in the literature. The maps
observed in the preplacebo, postplacebo, and premeditation
conditions not only resemble microstate D in studies by Brod-
beck and associates (2012), Gschwind and associates (2016),
and Seitzman and associates (2017) but were also similar to
maps previously described in studies that used more than
four cluster maps (Bréchet et al., 2019; Custo et al., 2017;
D’Croz-Baron et al., 2019; Zanesco et al., 2020).
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Microstate 1

Placebo Pre “

Placebo Post \. ‘
Meditation Pre ‘ ‘

FIG. 1. The four dominant
microstate topographies
resulting from the k-means
clustering of each condition
(pre- and postplacebo, pre-
and postmeditation). The mi-
crostates are ordered accord-
ing to their topographic
similarity. Note similar top-
ographies in the pre- and
postplacebo and the premed-
itation conditions and the
difference of maps (particu-
larly maps 3 and 4) in the
postmeditation condition.
Color images are available
online.

Meditation Post

The crucial observation from the cluster analysis was that
maps 3 and 4 showed a distinct topography in postmeditation
compared with all other conditions. To verify this observa-
tion, we calculated the spatial correlation of the strength-
normalized maps of each microstate between pre- and
postplacebo and between pre- and postmeditation. Remark-
ably, we found that the differences in correlations between
premeditation and postmeditation were significantly lower
than differences between the preplacebo and postplacebo
conditions [microstate 1: #(38)=6.59, <0.0001, 95%
CI=-0.03 to —0.01, 172=0.53; microstate 2: #(38)=12.09,
<0.0001, 95% CI=—-0.06 to —0.04, 112=0.79; microstate 3:
1(38)=25.89, <0.0001, 95% CI=—0.15 to —0.13, *=0.94;
and microstate 4: #(38)=54.92, <0.0001, 95% CI=-0.53
to —0.49, n*=0.98] (Fig. 2).

Given this result, we rejected our a priori hypothesis that
the topography of the four canonical microstate maps is sim-
ilar across conditions, as commonly observed in the literature
(Michel and Koenig, 2018). While the EEG maps were highly
similar before and after placebo, they were different after the
meditation training. This result prevented us from comparing
the temporal dynamics of the microstates between conditions
since this would require that the microstates have the same to-
pography (Grieder et al., 2016). However, we evaluated how
much of the data these four microstates explained in each con-
dition. For this, we calculated the GEV for each microstate
and each participant and condition (Fig. 3). The result
shows that in the three nonmeditation conditions (i.e., prepla-
cebo, postplacebo, and premeditation), the GEV was very
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Microstate 4
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FIG. 2. Mean spatial correlation of the four microstate
maps between pre- and postplacebo and pre- and postmedi-
tation. The means and standard errors were obtained by cor-
relating the mean maps of each participant in one condition
with the mean maps of all participants in the other condition
and averaging the correlation values after z-transformation.
**p<0.001; ***p <0.0001. Color images are available online.
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similar and the four microstates together explained around
70% of the data in all conditions (preplacebo: 68.5%, postpla-
cebo: 68.5%, and premeditation: 67.2%). In addition, micro-
state 3 dominated in all three conditions, explaining alone
more than 30% of the data (preplacebo: 36.1%, postplacebo:
42.0%, and premeditation: 32.9%). This result confirms
many previous studies showing the dominance of microstate
C in the eyes-closed EEG (Michel and Koenig, 2018). How-
ever, this dominance was not observed in the postmeditation
condition. Interestingly, in the postmeditation group, variance
of data is equally well explained by both microstates 3 and 4
(microstate 3: 26.8%, microstate 4: 20.8%, and GEV of all mi-
crostates: 67.6%).

We then wanted to determine the sources generating these
EEG microstate maps. For this, we converted the data to the
source space (Michel et al., 2004) by calculating a distrib-
uted linear inverse solution [LAURA; Grave de Peralta
Menendez et al. (2004)] using a gray matter restricted solu-
tion space of 5016 solution points in the Montreal Neurolog-
ical Institute brain template (Michel and Brunet, 2019). Each
data point of the original EEG of each participant was local-
ized, normalized over time, and then averaged over all data
points that were labeled with a given microstate map (Bré-

0)-
(e

Placebo Post

FIG. 3. GEV of each of the
four EEG microstate maps in
the four experimental condi-
tions (pre- and postplacebo
and pre- and postmeditation).
The four microstates together
explained around 70% of the
data in each of the four con-
ditions (preplacebo: 68.5%,
postplacebo: 68.5%, premed-
itation: 67.2%, and postme-
ditation: 67.6%). EEG,
electroencephalography;
GEV, global explained vari-
ance. Color images are
available online.
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chet et al., 2019). Supplementary Figures S1 to S4 illustrate
the result of this analysis, displaying only voxels that were
above the 0.9 percentile of the mean across all solution
points. The figures show that the source maps of each micro-
state were very similar across the three nonmeditation condi-
tions, supporting the finding of similar topographies on the
scalp level.

In Figure 4, we depict the main brain sources of micro-
states 3 and 4 that showed a distinct topography in the post-
meditation condition compared with all other conditions.
Microstate 3 in the postmeditation condition was dominated
by activity in the superior frontal gyrus (Brodmann areas,
BA10 and BA11), the superior temporal gyrus (BA22), the
insula (BA13), and the left inferior parietal lobule (BA40).
The sources of microstate 4 in the postmeditation condition
were mainly found in the superior frontal gyrus (BA10 and
BA11), the superior temporal gyrus (BA22), the insula
(BA13), and the right superior parietal lobule, particularly
in the precuneus (BA7).

To statistically test for differences in the source configura-
tion of the microstates between conditions, we performed
paired randomization tests for all voxels that were above the
0.9 percentile of the mean maps across all participants.
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FIG. 4. Source localization of microstates 3 and 4 derived by averaging all normalized source maps that were labeled with a
given microstate across participants in the postmeditation conditions. Only sources above the 0.9 percentile of the mean
across all solution points are shown. For detailed source maps of each condition, see Supplementary Figures S1-S4.

Color images are available online.

Figure 5 shows the comparison of the sources of the micro-
states 3 and 4 between pre- and postmeditation. For microstate
3, postmeditation showed increased activity bilaterally in the
insula and the left supramarginal gyrus (BA40). For micro-
state 4, increased activity was found in the superior frontal
gyrus (BA10) bilaterally. As expected, given the similarity
of the scalp maps, these tests did reveal only very few signif-
icant voxels for any of the microstates between the conditions
preplacebo and postplacebo. In addition, the spatial correla-
tion (in the inverse space) was very high (above 0.98 in all
comparisons). See Supplementary Figures S5 to S8 for a de-
tailed analysis of all conditions.

Discussion

EEG microstates may be sensitive to changes
of spontaneous mentation

In this study, we evaluated whether EEG microstates can be
modulated by intense meditation training. We indeed show
that the digital meditation training causally led to topograph-
ical changes, specifically in two microstates, and these new
postmeditation EEG microstates together explained nearly

A Microstate 3 pre vs. post-meditation

50% of the variance of the data. Interestingly, these two mi-
crostate topographies were associated with activity in the
insula, the supramarginal gyrus, and the superior frontal
gyrus, which are all known to be involved in self-related, mul-
tisensory conscious experiences. Several previous studies re-
lated EEG microstates to the ongoing mental activity and
showed that the temporal dynamics of EEG microstates may
be sensitive to instruction and changes in the content of spon-
taneous mentation. For example, Seitzman and colleagues
(2017) altered the temporal features of the four canonical mi-
crostates by instructing their participants to either mentally
subtract numbers or to spontaneously mind-wander. They
found a significant decrease in the occurrence and duration
of microstate C and an increase in microstate D during a men-
tal calculation, supporting the hypothesis that this state is re-
lated to the externally oriented attentional system. The study
by Milz and colleagues (2016) showed an increase in micro-
state A while visualizing and microstate B while verbalizing.
A recent meta-analysis on EEG microstates (Rieger, 2016)
showed that the default mode network (DMN)-related micro-
state C increased in occurrence in patients with schizophrenia,
who suffer from an exaggerated sense of self. Contrary to

Microstate 4 pre vs. post-meditation '

»

Superior frontal gyrus

(BA10)
Insula (BA13)
B pre > post
Supramarginal
s B pre < post
(BA4Q)

FIG. 5. Result of paired randomization tests ( p <0.01 Bonferroni corrected) between the sources of the microstates in the
pre- and postmeditation conditions (red areas indicate significantly greater activation in the precondition and blue areas in-
dicate significantly greater activation in the postcondition). Color images are available online.
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schizophrenia, a reduced occurrence of EEG microstate C has
been observed in dementia patients (Nishida et al., 2013).
Similarly, findings from fMRI studies show that DMN con-
nectivity increases in schizophrenic patients (Whitfield-
Gabrieli and Ford, 2012) and decreases in vegetative and
coma patients (Vanhaudenhuyse et al., 2010). Unlike in previ-
ous studies, our result prevented us from comparing the tem-
poral dynamics of microstates between conditions, which
would be only possible if the microstates would have had
the same topography (Grieder et al., 2016).

Postmeditation EEG microstates show different
topographies

Based on the previous literature, we here hypothesized
that the training will not change the topography of the proto-
typical microstate maps, but that the temporal dynamics of
some of the microstates, as particularly shown for partici-
pants exercising transcendental meditation (Faber et al.,
2017), and the temporal dynamics of the DMN may charac-
terize meditation-induced changes in consciousness, as
shown by Panda and associates (2016). Surprisingly, our
analysis did not confirm this hypothesis. Compared with a
placebo condition and compared with the premeditation rest-
ing EEG data, the microstates in the postmeditation EEG
data showed different topographies. In addition, the usually
observed dominance of microstate C was not present after
meditation, and notably, two microstate maps dominated
the EEG resting data. Changes in microstate topographies
between sessions or between groups have rarely been ob-
served. On the contrary, recent studies with repeated mea-
sures of the same participants showed high interindividual
stability and reliability (Khanna et al., 2014; Liu et al.,
2020). This observation was also made in the present study
between the pre- and postplacebo sessions, but not between
the premeditation and postmeditation sessions.

Modulation-specific topographical changes
in the resting-state EEG

Only a handful of EEG studies on microstates showed topo-
graphical changes after a specific modulation. Recently, a study
by Croce and associates (2018a) tested the effect of repeated
transcranial magnetic stimulation ('rTMS) on EEG microstates
and showed that stimulation over the intraparietal sulcus
(IPS), that is, the key node of the dorsal attention network
(DAN), and the angular gyrus, that is, the key node of the
DMN, changed the topography of EEG microstate C, while
stimulation over the temporal parietal junction (TPJ) as well
as sham stimulation showed no effect. The authors interpreted
this result of local inhibition through rTMS as a global reorga-
nization of brain activity of different brain areas. Furthermore,
the authors speculate that since the topography of the micro-
state C, which has been previously associated with the activity
in the CON, has been modified after inactivation of the essen-
tial nodes of DAN and DMN, the results provide indirect evi-
dence that DMN-DAN interactions are mediated by CON, the
higher-order control system (Sestieri et al., 2014).

Interestingly, a permanent brain lesion after stroke also led
to changes in EEG microstates (Zappasodi et al., 2017). In
this study, patients with a left hemisphere lesion inducing a lan-
guage impairment showed modulation of microstate C topog-
raphy, while patients with a right hemisphere lesion inducing
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neglect symptoms showed a change in the topography of mi-
crostate D. Another study by Grieder and associates (2016)
showed topographic alteration of microstate B, and particularly
microstate C, in patients with semantic dementia, which might
be due to network reorganization caused by brain atrophy and
cognitive deficits. A global reorganization of brain activity
might also explain the current findings: after 6 weeks of med-
itation training, the brain areas that generated the new EEG mi-
crostates 3 and 4 were mainly localized in the right insula, the
superior temporal gyrus, the superior parietal lobule, and the
superior frontal gyrus bilaterally. When statistically comparing
the sources of these microstates in postmeditation conditions
with the premeditation condition, increased activity in the su-
perior frontal gyrus bilaterally, the right insula, and the left
supramarginal gyrus was found after meditation.

Brain areas related to bodily self and autobiographical self
and their relationship with self-focused meditation

In line with the study by Ziegler and colleagues (2019), we
found activity in the superior and middle frontal gyri, which
are commonly associated with the DMN and DAN (Posner
and Petersen, 1990). Similar to our results, the study by Ziegler
and colleagues showed increased ERP activity in a widely dis-
tributed temporoparietal network, including the precuneus,
which is also considered a hub within the DMN. Interestingly,
a previous fMRI study by Ionta and associates (2011) demon-
strated that experimental manipulation using multisensory stim-
uli induced changes in clearly defined aspects of bodily self,
such as self-identification or self-location, and showed increased
activity at the left and right temporal parietal junction (TPJ) and
included the posterior part of the superior temporal gyrus, the pa-
rietal operculum, the posterior insula, and superior portion of the
supramarginal gyrus. Furthermore, recent evidence (Bréchet
et al., 2018) showed that both aspects of autobiographical self
and bodily self recruit the lateral parietal cortex and thus demon-
strated a fundamental link between both forms of the self and
multimodal, subjective conscious experiences.

A large number of studies revealed that the insular cortex
(INS) is recruited by mental processing such as interoceptive
awareness (Critchley et al., 2004), emotional feeling (John-
stone et al., 2006), self-recognition (Devue et al., 2007), self-
reflection (Modinos et al., 2009), and personal relevance
(Enzi et al., 2009). Interestingly, Mishra and colleagues
(2020) showed strong functional connectivity between ante-
rior cingulate cortex (ACC) and the insula/frontal opercular
region during adolescent development. Based on earlier
work, it has been suggested that self-referential processing
in the brain involves integration of information from multi-
ple cortical networks, including the INS, MPFC, and TPJ
(Blanke et al., 2015; Bréchet et al., 2018; Grivaz et al.,
2017). Particularly, the INS and medial regions of the cortex,
that is, the cortical midline structures, including the ventro-
medial prefrontal cortex, the ACC, and the posterior cingu-
late cortex, play a primary role in interoceptive signals
related to self-consciousness. The two subnetworks of the
proposed cortical system seem to overlap in the inferior pa-
rietal sulcus area (Park and Blanke, 2019).

Experience-dependent changes in the resting-state EEG

Murphy and associates (2018) aimed to identify characteris-
tics of EEG microstates as potential markers of offline memory
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processing. The authors hypothesized that a specific topogra-
phy related to navigation in a virtual maze would also reappear
during periods of post-task rest and sleep. The results confirm
their hypothesis of recurrence of task-related topography and
the source localization specified that this microstate was pro-
duced by activity in temporal and parietal regions, with maximal
cortical activity in the superior parietal cortex. This study is the
first one to use scalp EEG to demonstrate task-related activity
patterns during post-training rest. Interestingly, a recent study
by Bréchet and associates (2020a) found that two microstates
dominated during non-rapid eye movement (NREM) sleep
compared with the resting wake state. Using the source locali-
zation of these microstates, this study showed that short-lasting
synchronous activity of specific brain networks in frontal and
parietal regions changes systematically whether we dream or
not in the course of NREM sleep. Poskanzer and colleagues
(2020) studied the postencoding quiet rest after performing a
word-pairs memory task and found an increase in microstate
D, while microstate C decreased significantly. The authors
argue that offline periods are critical for memory consolidation
and that their study provides important insights into offline
brain processes using the EEG microstate approach.

Short- and long-term effects of meditation on key brain
networks captured with microstates

It could be argued that if EEG microstates are perceptive
of the level of consciousness, then they should be modulated
by changes in the state of mind. The study by Panda and col-
leagues (2016) recorded simultaneous EEG-fMRI while ex-
perienced participants meditated. This study showed that at
rest, the meditators exhibited increased duration and occur-
rence of DMN-related microstate C, which further increased
during meditation. Another study tested two phases of tran-
scendental meditation—transcending (i.e., self-awareness
becomes primary) and undirected (i.e., the mind becomes en-
gaged in an undirected stream of thoughts) mentation—that
were compared using EEG microstates. Compared with the
transcending mentation, undirected mentation was marked
by significantly higher coverage and occurrence of micro-
state C, while transcending meditation was characterized
by higher coverage and occurrence of microstate D. Interest-
ingly, light hypnosis was characterized by a decrease in mi-
crostate C, while deep hypnosis was associated with a
decrease in microstate D (Katayama et al., 2007).

Conclusion

In conclusion, this is the first study to show that breath-
focused, digital meditation practice leads to significant topo-
graphical changes in EEG microstates, which are visible dur-
ing a quiet rest period postmeditation training. These results
suggest the beneficial outcomes of 6 weeks of self-regulating
meditation training on topographical reorganization of func-
tional connectivity between brain structures in the fronto-
insular-parietal networks, which are related to the self and
attention. These results are valuable in opening new avenues
for development of novel noninvasive treatment of neuro-
pathological states such as anxiety, hyperactivity, or depres-
sion by low-cost, widely applicable, breath-focused, digital
meditation practice, which can be captured and monitored
by the EEG microstate approach.
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