3 frontiers

in Human Neuroscience

ORIGINAL RESEARCH
published: 30 April 2021
doi: 10.3389/fnhum.2021.628417

OPEN ACCESS

Edited by:

Chella Kamarajan,

SUNY Downstate Medical Center,
United States

Reviewed by:

Arun Sasidharan,

Centre for Consciousness Studies,
Department of Neurophysiology,
National Institute of Mental Health
and Neurosciences, India

Stefan Schmidt,

University of Freiburg Medical Center,
Germany

*Correspondence:
Jacob H. Young
Jacobhenryyoung@gmail.com

tORCID:
Joshua P Martin
orcid.org/0000-0002-5008-4535

Specialty section:

This article was submitted to
Cognitive Neuroscience,

a section of the journal

Frontiers in Human Neuroscience

Received: 11 November 2020
Accepted: 08 March 2021
Published: 30 April 2021

Citation:

Young JH, Arterberry ME and

Martin JP (2021) Contrasting
Electroencephalography-Derived
Entropy and Neural Oscillations With
Highly Skilled Meditators.

Front. Hum. Neurosci. 15:628417.
doi: 10.3389/fnhum.2021.628417

Check for
updates

Contrasting
Electroencephalography-Derived
Entropy and Neural Oscillations With
Highly Skilled Meditators

Jacob H. Young'2*, Martha E. Arterberry? and Joshua P. Martin 1

! Department of Biology, Colby College, Waterville, ME, United States, 2 Department of Psychology, Colby College,
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Meditation is an umbrella term for a number of mental training practices designed
to improve the monitoring and regulation of attention and emotion. Some forms of
meditation are now being used for clinical intervention. To accompany the increased
clinical interest in meditation, research investigating the neural basis of these practices
is needed. A central hypothesis of contemplative neuroscience is that meditative
states, which are unique on a phenomenological level, differ on a neurophysiological
level. To identify the electrophysiological correlates of meditation practice, the electrical
brain activity of highly skilled meditators engaging in one of six meditation styles
(shamatha, vipassana, zazen, dzogchen, tonglen, and visualization) was recorded.
A mind-wandering task served as a control. Lempel-Ziv complexity showed differences
in nonlinear brain dynamics (entropy) during meditation compared with mind wandering,
suggesting that meditation, regardless of practice, affects neural complexity. In contrast,
there were no differences in power spectra at six different frequency bands, likely due to
the fact that participants engaged in different meditation practices. Finally, exploratory
analyses suggest neurological differences among meditation practices. These findings
highlight the importance of studying the electroencephalography (EEG) correlates of
different meditative practices.

Keywords: meditation, electroencephalography, oscillations, power spectra, entropy, Lempel-Ziv

INTRODUCTION

Meditation is a catch-all term referring to a diverse collection of mental exercises (Cahn and Polich,
2006; Fox et al., 2016). Generally, meditation practices involve the intentional monitoring and
regulation of attention and emotion, which may be improved with regular practice (Lutz et al.,
2008, 2009; Slagter et al., 2011; Tang et al., 2015). Meditation practices are now being effectively
employed in a number of therapeutic domains (Rubia, 2009; Vellestad et al., 2012, Simkin and
Black, 2014; Eisendrath, 2016).

In recent years, there has been an increase in studies examining the neural basis for these
practices (Van Dam et al., 2018). Scientific interest in meditation grew in the late seventies, with
researchers examining the psychological and cognitive correlates, creating theories, proposing
clinical applications, and beginning neurological study (Andresen, 2000). The earliest studies
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exploring the neurological correlates of meditation were
conducted in Asia with advanced yogic meditators in India and
Zen meditators in Japan using electroencephalography (EEG;
Lutz et al., 2007).

Recently, there has been a movement within the field of
contemplative neuroscience to address the methodological and
theoretical issues facing the field (Cahn and Polich, 2006; Tang,
2012; Thomas and Cohen, 2014; Davidson and Kaszniak, 2015).
However, few studies have made direct comparisons between the
neurological correlates of different meditation practices. Instead,
they almost exclusively studied one technique (Lutz et al., 2004;
Holzel et al., 2011; Nolfe, 2012; Davidson and Kaszniak, 2015;
Fox et al, 2016). Emerging research suggests that meditation
practices that differ on a psychological level also differ on a
neurophysiological scale (Lutz et al., 2008; Travis and Shear,
2010; Tomasino et al, 2013; Fox et al., 2014, 2016; Lomas
et al., 2015). However, most comparative research on meditation
has been conducted through meta-analysis. This method is
limited because it compares studies with different methodologies,
inclusion criteria, and measurement tools. Additionally, a meta-
analysis of many small studies does not necessarily predict
the results of a single large study (Slavin, 1986). Furthermore,
meta-analysis allows researchers to cherry-pick studies and
disregard others, where possible (Stegenga, 2011). Therefore, an
experiment designed to differentiate multiple styles with the same
procedure would allow for a direct exploration of the potential
neurological signatures of different practices.

Despite the methodological issues in research investigating
the neurological correlates of meditation, preliminary findings
are already being used in products marketed toward consumers.
Some companies are marketing neurofeedback devices for EEG-
assisted meditation. Proponents of EEG-assisted meditation
assert that, if reproducible, EEG markers can be linked to specific
meditation practices; learning to generate similar signals could
aid in meditation practice (Brandmeyer and Delorme, 2013).
However, there have been no large-scale studies investigating
the neurological correlates of meditation styles. Moreover, the
increase in EEG-assisted meditation is concerning because
neurofeedback has been shown to have adverse effects when used
improperly (Hammond and Kirk, 2008).

While meditation, in general, has become the object of
increased scientific attention, this work is limited to a small
number of meditation practices while ignoring others (Lutz et al.,
2007; Fox et al., 2014; Matko and Sedlmeier, 2019). Practices that
involve visualization, compassion, and non-dual awareness are
rarely studied (Josipovic, 2014). The issues caused by the lack of
study and differentiation of disparate meditation practices are not
limited to scientific inquiry. Popular press articles also tout the
benefits of “meditation” without providing specifics on what type
of practices were used.

Meditation is an umbrella term encompassing a large number
of distinct mental exercises, which differ in phenomenological
character (Holzel et al.,, 2011; Vago and David, 2012; Nash and
Newberg, 2013; Dahl et al., 2015; Matko and Sedlmeier, 2019).
A concrete definition of meditation remains elusive because of
the vast number of cognitive processes it describes. For example,
reciting a word or phrase (mantra meditation), the progressive

relaxation of muscles (relaxation response), paying attention
to a specific object (concentration), paying attention to many
aspects of the present moment nonjudgmentally (mindfulness),
and movement-based practices (yoga, tai chi, and qi cong) are
all considered meditation in the scientific literature. Additionally,
some of these practices are single techniques, while others are
broad categories that include multiple practices (Ospina, 2007).
Additionally, meditation styles from disparate spiritual, religions,
and secular traditions have been conflated in the literature and
popular press (Awasthi, 2013).

Defining meditation practices is not straightforward. Many of
these practices developed within religious, spiritual, and ethical
contexts, and they have been appropriated for use in secular
or clinical settings. Scientific descriptions of meditation arising
in cognitive neuroscience or clinical psychology often omit the
context of meditation including beliefs, philosophical positions,
rules or guidelines for ethical behavior, cultural background,
and other factors considered necessary for effective meditation
practice (Dahl et al., 2015; Lutz et al., 2015). Additionally,
the procedure for a given meditation practice can differ
between traditions or within traditions across different teachers.
Furthermore, diverse meditation practices can lead to distinct
effects or states of consciousness. A meditative state describes
an altered sense of perception, cognitive process, or sense of self
that occurs during the course of meditation practice (Cahn and
Polich, 2006). It is possible that the same meditation technique
could lead to multiple states of consciousness or that different
meditation practices could lead to the same meditative states.
For example, a meditator attempting to reach a state without
discursive thinking might fail to do so during a given meditation
session, be successful for only part of a session, or fail to disrupt
discursive thinking entirely. Additionally, a meditator could use a
variety of techniques to reach this state of nonthinking that might
involve distinct cognitive and neural mechanisms. Complicating
matters further, meditators can develop altered traits, long-term
changes in cognition, or brain dynamics that persist outside
of meditation (Lutz et al., 2004). It is possible that meditative
states experienced during meditation are mitigated by the altered
traits of meditators. Thus, two meditators practicing the same
meditation technique might have very different experiences
because of their individual traits. It is also possible that a
meditator might achieve a state of consciousness without the
intentional use of a specific technique because of sustained
practice. The interaction between the context of meditation, the
specific meditation practices engaged in, and the trait effects of
each individual likely play a role in what state of consciousness
meditation produces. This logic is true of each of the meditation
practices described and outlined below.

In response to the issues outlined above, several classification
systems for meditation have been proposed (Nash and Newberg,
2013; Dahl et al,, 2015; Lutz et al,, 2015; Matko and Sedlmeier,
2019). One classification scheme dichotomizes meditation as
focused attention (FA) or open monitoring (OM). FA meditation
is used to increase the ability of a meditator to keep their mind
fixed on one object (e.g., a visible object, physical sensation,
or mental image) for increasing periods of time. This requires
the monitoring of external stimuli or thoughts that might
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take attention away from the target, disengaging from the
distraction, and returning attention to the intended target (Fox
et al., 2016). Contemplative traditions assert that engaging in
a curriculum that incorporates FA meditation reduces mind
wandering, increases the stability of attention, and reduces the
need to regulate attention through executive skills (Gyatso, 1995).
FA meditation is contrasted with OM, which involves turning
attention to the present moment and observing all aspects of
experiences with an attitude of equanimity (Fox et al., 2016).
The FA/OM dichotomy does not fully characterize differences
among practices, as illustrated by our descriptions below and in
the literature (e.g., Dahl et al.,, 2015; Lutz et al., 2015).

In the present study, participants engaged in one of six
meditation practices: shamatha, vipassana, zazen, dzogchen,
tonglen, and deity visualization. All of these practices meet the
minimum criteria for contemplative practices outlined by Bond
et al. (2009): they involve a defined technique, they include logic
relaxation, and they are in a self-induced state. In addition, they
meet many of the additional, but not required, features that
meditation practices may include, as outlined by Bond et al.
(2009). We take a scientific approach to the study of meditation,
and we use the FA/OM classification below to illustrate
differences among the practices, where possible; however, full
explication of the different classification schemes and how the
traditions differ from religious or cultural perspectives is beyond
the scope of this manuscript. The descriptions below give a
general overview of each meditation practice and contain sources
from both the scientific and traditional perspectives.

Shamatha is a set of practices used by nearly every school of
Buddhism. Shamatha is often translated as “calm abiding.” The
literal translation for shama is “peace.” Tha translates as “abide”
or “remain” (Ray, 2004). The term is used to describe a state
of mind rather than a practice of meditation. There are various
methods designed to achieve calm abiding, with most involving
focusing the mind on a single object of attention such as the
sensations of the breath or a specific object. This style requires the
meditator to develop two faculties: (a) the ability to pay attention
to the chosen object and (b) the capacity to notice when the
mind has disengaged from the attentional subject unconsciously
(Elliott et al., 2014). Generally, shamatha is classified as an FA
meditation because most of the time it involves focusing on a
single object (Zeidan et al., 2012). However, in some meditation
practices, chiefly those originating in Tibet, shamatha can be
used in a way that is more similar to OM than FA (Wallace,
1999). In the present study, practitioners of shamatha meditation
reported attention to the sensations of the breath as the object
of attention, also known as Anapanasati (Nanamoli, 2010). If
their mind wandered from the task, they brought attention
back to the breath.

Vipassana is a Pali word. Vi is an adjective suggesting intensity,
and “passana” translates to “seeing.” Taken together, the word
is often translated to “special seeing” (Perdue, 2014). Vipassana
meditation was the precursor to the modern mindfulness
movement in western countries. It involves purposeful paying
attention to the present moment without judgment (Kabat-
Zinn, 2003). There are multiple traditions that practice vipassana
meditation, all employing a unique style. In the present study,

Vipassana meditators practiced in the style of S.N. Goenka. They
reported observing the sensations of the body nonjudgmentally
by systematically moving attention from head to feet (Hart, 2011;
Zeng et al., 2014).

Zazen literally translates to “seated meditation” (Brown and
Roshi, 1996). Therefore, as zazen refers to a posture, it is possible
that a Zen practitioner could be engaging in either maintaining
attention on the breath (FA) or open-awareness (OM) practice
during a zazen session. However, in its common usage, zazen
refers to the practices of Shikantaza during which a meditator
attempts to remain in the present moment (Fischer-Schreiber and
Schuhmacher, 1989). In the present study, all zazen participants
reported engaging in shikantaza, which means “nothing but
sitting” (Fischer-Schreiber and Schuhmacher, 1989). During
shikantaza practice, meditators attempted to pay attention to
every aspect of experience and view every phenomenon that
appears in consciousness as one totality.

Dzogchen translates as the “great perfection,” and it is a
collection of meditation techniques practiced by the Nyingma
school of Tibetan Buddhism (Van Schaik, 2004). Great perfection
refers to a state of recognizing the underlying nature of
the mind, the element of experience that is ever-present
and unchanging. Dzogchen is often referred to as non-
meditation because it can be completed instantaneously by
noticing the characteristics of consciousness itself (Van Schaik,
2004). Thus, dzogchen is categorized as a non-dual meditation,
falling outside the FA-OM classification structure. During
normal waking consciousness or FA/OM meditation, there is
a sense self (the subject of subjective experience). Dzogchen
practitioners assert that, on both philosophical and experiential
levels, there is no difference between subject and object, as
both appear inside a field of unbounded awareness. Non-
dual awareness, recognized by dzogchen practitioners during
non-meditation, is, therefore, awareness itself. To use the
often-cited analogy, awareness is like a mirror on which
everything appears (Gyatso, 2004). However, in the case of
consciousness, there is no separation between awareness and
the objects of awareness. In the current study, participants
engaged in Trekcho, often translated as “thoroughly cutting
through” (Trungpa, 2013). They reported looking at the
nature of their minds.

Tonglen is a visualization practice designed to increase one’s
capacity for compassion. In Tibetan, tong translates to “giving or
sending,” and len means “receiving or taking” (Drolma, 2019).
The practice involves visualizing a specific person, group of
people, or geographical area. Upon inhalation, one breathes in
his/her suffering while maintaining the aspiration that his/her
suffering will decrease. Upon exhalation, one imagines breathing
out and sending forth that which might reduce the suffering of
those visualized. In the present study, participants who engaged
in tonglen practice visualized a person who is suffering and
recognized that they wanted this individual to be happy. They
then wished the subject to be free of suffering and imagined
this suffering turning into a black smoke. The imagined smoke
was inhaled by the meditator who visualized its transformation
into white light that was exhaled. Upon exhaling, the meditator
wished the subject to find happiness (McKnight, 2012).
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Deity visualization involves visualizing oneself as a particular
being, with particular qualities such as compassion and wisdom
that the meditator hopes to embody. The purpose of the
practice is to see that these qualities are already intrinsic to
every person (Gyatrul, 1969). For example, Tara practitioners
visualize themselves as the female Tara deity while reciting a
mantra believed to embody the characteristics of compassion and
emptiness. The practice is divided into two stages—generation
and completion. During the generation stage, meditators imagine
themselves as a particular deity while noticing that the image
appearing in their minds is like a mirage (Ray, 2002). There are
two variations of the completion stage: the path of method and
the path of liberation (Kongtrul, 2002). Here, we focus on the
path of liberation because that was the method used in the current
study. In the path of liberation, meditators attempt to realize the
empty nature of reality by experiencing the dissolution of the
image they have been visualizing. The goal of the practice is to
see how everything is similar to an illusion and that all things
have a sense of solidity only by virtue of our having labeled them.
During visualization, meditators completed both the perfection
stage and the compilation stages, and all visualized the deity Tara
(Chodron, 2013).

A goal of many meditation practices is to reduce distraction
and mind wandering, and there are neurological correlates
suggesting this might be achieved. Research utilizing functional
MRI (fMRI) shows distinct forms of meditation activating
different brain regions, many of which are implicated in
attentional control. For example, compared with OM, FA
meditation is correlated with increased activity and connectivity
in the anterior cingulate cortex (Lazar et al, 2000; Manna
et al, 2010). Both FA and OM result in increased activity
in the insula during introspection compared with controls
(Farb et al., 2007). Researchers have also noted reductions in
default mode network (DMN) activity during both FA and OM
meditation, with less activation in the ventral medial prefrontal
cortex, precuneus, medial temporal lobe, and posterior cingulate
gyrus (Holzel et al., 2007; Brewer et al., 2011; Simon and
Engstrom, 2015; Lee et al, 2018). Thus, there is a growing
body of literature to suggest that different styles of meditation
are associated with distinct patterns of neuronal activation
and connectivity.

Many studies investigating the neural correlates of meditation
use EEG. EEG is a technique that monitors the activity of neurons
with an array of highly conductive sensors placed over the scalp.
These sensors measure the voltage produced by neurons (Henry,
2006). EEG oscillatory activity occurs when a large number of
postsynaptic potentials occur simultaneously (Kirschstein and
Kohling, 2009). A growing body of evidence suggests oscillations,
quantified as power spectra, are important for coordinating
information exchange between brain regions and promoting
neural plasticity (Engel et al., 2001; Varela et al., 2001; Buzsaki and
Draguhn, 2004; Fries, 2005). Oscillatory activity changes based on
states of consciousness (Davidson, 1976; Dietrich, 2003). During
meditative states achieved by highly experienced meditators,
changes in EEG oscillatory signatures have been reported (Lutz
et al., 2004). While the neuroelectric correlates of meditation
have not been fully explored, earlier research suggests that, in

general, meditative states produce increases in the power of theta
and alpha (for reviews, see Delmonte, 1984; Andresen, 2000;
Dietrich, 2003; Cahn and Polich, 2006; Fell et al., 2010; Lomas
etal., 2015).

Together, the previous findings on the neural correlates of
meditative states from EEG and fMRI studies provide converging
evidence that some meditative states are significantly different
from other states of consciousness at the level of the brain
(Davidson, 1976; Dunn et al., 1999; Dietrich, 2003; Lutz et al.,
2007). Additionally, there is a growing body of evidence
suggesting that different styles have unique effects on the EEG
signal (Dunn et al.,, 1999; Lutz et al., 2008; Travis and Shear,
2010; Tomasino et al., 2013; Fox et al., 2014, 2016; Lomas et al,,
2015). Dunn et al. (1999) examined the effects of concentration
meditation with the breath as the object (shamatha) compared
with a resting state. During meditation, they found a decrease in
average theta and increases in posterior alpha and posterior beta.
The researchers found significant differences between the EEG
signal produced by concentration meditation and mindfulness
meditation. However, this study used student volunteers who,
after training, had fewer than 100 h of lifetime practice. Saggar
et al. (2012), using a longitudinal design of 3 months with
waitlist controls, found that observing the sensations of the
breadth in shamatha meditation resulted in reduced alpha and
beta band power.

The style of vipassana as taught by S.N. Goenka has also
received some attention from neuroscience researchers. A group
of high-level meditators showed no difference in theta, alpha, or
beta bands but reported increases in occipital gamma (Cahn et al.,
2010). In contrast, vipassana meditators showed increases in the
delta, theta, and alpha bands (Kakumanu et al., 2018).

Zen meditation was the focus of early meditation research.
Kasamatsu and Hirai (1966) conducted a large study with Zen
priests. They found increased alpha amplitude during meditation
compared with a rest control condition. Murata et al. (1994)
reported increased frontal midline theta in advanced meditators
engaging in zazen, and a more recent study found decreased EEG
theta and beta power in the frontal region during Zen meditation
(Hauswald et al., 2015).

To our knowledge, the electrophysiological correlates of
dzogchen and visualization have each been explored in only
one study. Schoenberg et al. (2018) reported increased gamma-
band current density within brain regions associated with self-
referential processing such as the anterior cingulate cortex,
precuneus, and superior parietal lobule during essence-of-mind
practice. An increase in beta-band activity in the insula was
also reported. Amihai and Kozhevnikov (2014) demonstrated
reduced beta power during visualization compared with a rest
condition. To date, there has been no research on the neurological
correlates of tonglen.

Another way to explore neurological signatures of different
tasks is the use of nonlinear data analysis tools. New research in
brain dynamics suggests that the modulations in the variability of
neural signals are important for healthy cognition (Armbruster-
Geng et al,, 2016). In other words “complexity lies between order
and disorder” (Erra et al., 2016). Early evidence suggests that,
counterintuitively, variability is necessary for stable cognitive and
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behavioral outputs of the brains (Pinneo, 1966; Pakhomov and
Sudin, 2013).

A popular subset of these methods centers on entropy, “a
dimensionless quantity that is used for measuring uncertainty
about the state of a system but it can also imply physical qualities,
where high entropy is synonymous with high disorder” (Carhart-
Harris et al., 2014). Measures of entropy are becoming more
common in neuroscience including research with altered states
of consciousness such as sleep, anesthesia, and psychedelic states
(Cavanna et al., 2018).

The use of entropy in the current study was informed
by Robin Carhart-Harriss entropic brain theory based on
neuroimaging work with psychedelic drugs (Carhart-Harris et al.,
2014; Carhart-Harris, 2018). Carhart-Harris argues that measures
of brain entropy are useful because they allow researchers to
make qualitative observations based on the quantitative measure
of randomness as measured by neuroimaging techniques. For
example, a low-entropy brain signal is reported when the content
of consciousness is reduced [non-rapid eye movement (NREM)
sleep, anesthesia, or coma], and high-entropy brain signals have
been reported as phenomenologically rich (psychedelic drugs).
Lempel-Ziv complexity (LZc) is one approximation of entropy
(Lempel and Ziv, 1976). LZc provides a measure of entropy
by “counting the number of distinct patterns of activity in
the data. It can be thought of as being proportional to the
size of a computer file containing the data, after applying
a compression algorithm” (Schartner et al, 2015). We chose
this method because it has been used research on altered
states of consciousness such as awake, general anesthesia,
psychedelics, and mental health disorders including depression,
anxiety, and schizophrenia (Radhakrishnan and Gangadhar,
1998; Thomasson and Pezard, 1999; Gémez et al, 2006;
Ferndndez etal., 2011, 2013; Méndez et al., 2012; Bachmann et al.,
2015; Hudetz et al., 2016; Schartner et al., 2017a; Timmermann
etal., 2019).

In the present study, we compared EEG of highly skilled
meditators while meditating and engaging in a mind-wandering
task. We used a mind-wandering task as a baseline control
because expert meditators have trained their minds to remain
in a meditative state at all times, making it difficult to achieve
a non-meditative baseline without an active task (Lutz et al.,
2004). Using a 16-channel system, we captured delta, theta,
alpha, betal, beta2, and beta3 across the two conditions within
the same participants during the initial 600 s of meditation.
We calculated entropy during the meditation and the mind-
wandering tasks using the LZc approximation (Lempel and
Ziv, 1976). We also compared power spectra at six different
frequency bands across the two tasks. For the entropy measure,
we predicted lower values during meditation compared with
mind wandering, similar to findings with other altered states.
Power spectrum differences, both global and local, are a standard
measure of EEG activity; however, which bands are activated
during meditation varies across studies; thus, we have no a priori
predictions for these measures (Cahn and Polich, 2006; Lomas
etal,, 2015; Schoenberg et al., 2018). Finally, exploratory analyses
investigated how the six practices of meditation compared with
each other neurophysiologically.

MATERIALS AND METHODS

Participants

Meditative communities were contacted in India, Nepal, and
the United States to assess interest in participating in the
study. Meditation instructors within the community selected
participants who had a high level of experience. Each community
provided a space to conduct the recordings, usually in the
area designated for meditation practice. Participants were not
compensated for their time. The study was approved by the
Colby College Institutional Review Board, and participants
provided written informed consent. Forty-two participants were
recruited. Fourteen participants were excluded due to a history
of traumatic brain injury, unusable recordings, or lack of
meditation experience or because they described their meditation
style as phenomenologically different from that of other
participants. Participants studied at least one of six practices—
zazen, dzogchen, shamatha, visualization, vipassana, and tonglen.
Participants in each meditative group had undergone instruction
in the same school of meditation. In some cases, participants
completed multiple recording sessions for different practices.
For these participants, we analyzed only their first meditation
recording. The resulting sample size was 28 participants
(seven shamatha, six zazen, six vipassana, five dzogchen, three
visualization, and one tonglen).

Participants had a mean age of 52.32 (SD = 15.74; 14 females),
an average of 21,934.64 h (SD = 20,186.46) of lifetime practice
with 7,308.50 (SD =10,177.70) of those hours completed while on
retreat. A day of retreat equaled 6 h or more of practice. All but
two were right-handed. See Supplementary Materials for more
demographic information.

Meditation Practices

All of the meditation methods involved intentional monitoring
of emotion regulation or attention, but the focus during
the meditations differed. Each participant participated in a
semi-structured interview to determine the phenomenological
character of their meditation style. This interview was used
to determine if individuals using a shared label for their
meditation practice were engaging in a similar cognitive process
during meditation. The interview was guided by a questionnaire
adapted from Lutz et al. (2007) and is included in the
Supplementary Materials.

Procedure
A verbal description of the study rationale and procedures was
presented followed by a period for questions. After written
informed consent was obtained, a questionnaire assessing
meditative experience, biographical information, and screening
for past neurological abnormalities was administered. Then, a
semi-structured interview determined if the phenomenological
character of each meditator’s unique style was similar to
that of the group.

EEG activity was recorded according to the International 10-
20 System with 16 channel Ultracortex Mark IV (OpenBCI,
New York, NY, United States), sampled at 250 Hz, referenced
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with linked earlobe sensors. A digital notch filter was applied to
the data at 50 Hz for data collected in India and Nepal and 60 Hz
for data in the United States to remove alternating current line
noise. Sixteen electrodes were placed (Fp1, Fp2, F3, F4, F7, F8, C3,
C4,T3,T4,T5, T6, P3, P4, O1, and O2) on the scalp. Impedances
levels were less than 10 kQ before recording to ensure electrodes
were in good contact with the scalp.

Participants sat in the same posture for both meditation
and mind-wandering tasks. We first collected an initial EEG
baseline consisting of one 80-s block. While sitting in their usual
meditation posture, participants were instructed not to engage in
any meditation technique and instead to think about their day
starting when they woke up. This condition emulated a mind-
wandering state to be contrasted with the purposeful, attentional
engagement in the present moment while in a meditative state
(Christoff et al., 2009; Smallwood and Schooler, 2006).

Following the baseline, participants were instructed to begin
meditation, which was recorded for 600 s from the beginning of
their meditation session. We did not ask what state they achieved
during this time. After recordings were completed, participants
were asked if the recording equipment had interfered with their
meditation practice. No participants indicated that the device had
interfered with their meditation.

Electrophysiological Analyses

EEG preprocessing was conducted in EEGLAB (Delorme and
Makeig, 2004) using a custom script that was implemented in
MATLAB (Math Works Inc., Natick, MA, United States). The
time series of raw data were visually inspected for artifacts.
Periods with non-local artifacts involving many electrodes were
identified visually and removed. A high pass filter at 0.5 Hz and a
low pass filter at 80 Hz were applied using finite impulse response
(FIR) filters (Rabiner and Gold, 1975). Eye movement artifacts
were removed using independent component analysis (ICA; Jung
et al., 2000).

To compare changes in EEG activity between meditation
and mind-wandering conditions, we first computed the power
spectral density during each condition for each channel using
the fast Fourier transform (FFT) in EEGLAB. In EEG power
spectra, like many physical signals, power scales with frequency;
i.e,, lower frequencies are present in higher power than high
frequencies. The power law scaling relationship for EEG signals is
represented by S(f) = 1/f, where S(f) is the power spectral density
and f is the frequency from 0 to oco. It is a parameter that can
be unique to the individual and can change with age (Voytek
et al,, 2015) and is influenced by external sources of noise in the
recording (Keshner, 1982). This so-called 1/f noise can distort
measurements of EEG power, especially at the lower frequencies
known to be influenced by meditative state (Demanuele et al.,
2007). For the present experiment, the varied ages of participants
and especially the varied conditions encountered recording at
the field sites led us to remove this source of variability from
our measures. To normalize the power spectra, we independently
fit the power spectrum for the meditation and mind-wandering
conditions for each participant with a polynomial of the form 1/f,
and we subtracted this trend from the raw power spectrum.

Statistical Plan

To compare measures of entropy and normalized power spectra
in the meditation and mind-wandering conditions, we used SPSS
v. 24 to conduct repeated-measures ANOVAs. Our measure of
entropy was based on LZc. We calculated the LZc in python
with a script provided by Schartner et al. (2015). For the entropy
analyses, a post-hoc statistical power analysis was conducted
for our repeated-measures ANOVAs with two groups and two
measures (alpha = 0.05 and power = 0.95). For a moderate effect
size (Cohen’s f = 0.44), a sample size of N = 14 resulted in a 0.86
actual power (using GPower 3.1.9). Cohen’s f was determined
from our obtained partial 52 (0.16; see the section “Entropy”)
using the following conversion: Cohen’s f = square root of [%/(1 -
#%)] (with one factor partial n* = y?). For the analyses of power
spectra, the largest obtained partial 7> = 0.10 (Cohen’s f = 0.33;
see Table 1). Power analysis using the same parameters as for the
entropy analysis revealed that a sample size of N = 22 resulted in
0.84 actual power.

RESULTS
Entropy

To test for differences in global entropy during meditation and
mind wandering as measured by LZc, we conducted a one-way
ANOVA with state (meditation, mind wandering) as a within
factor. The analyses revealed a significant main effect for state
(F (1, 27) = 5.24, p = 0.030, partial n* = 0.16). LZc scores
were lower during meditation (M = 0.84, SD = 0.11) than
during mind wandering (M = 0.88, SD = 0.10). Neither entropy
measures were significantly correlated with age: rs = 0.23 and
0.35, ps = 0.240 and 0.068.

Power Spectra by Frequency Band

We averaged the power spectra across all channels and created
the following frequency bands: delta (1-4 Hz), theta (4-8 Hz),
alpha (8-12.5 Hz), betal (12.5-16 Hz), beta2 (16.5-20 Hz), and
beta3 (20.5-28 Hz). One-way ANOVAs for each band compared
power spectra across meditation and mind-wandering sessions.
All analyses showed no significant differences (mean, standard
deviation, p-value, and effect size in Table 1). We found small
effect sizes for delta, theta, beta2, and beta3; and we found
medium effect sizes for alpha and betal. The reason for the lack of

TABLE 1 | Mean (and standard deviation) power spectra as a function of
frequency band and state.

Band Mind wandering Meditation p? Partial 2
Delta 0.58 (0.47) 0.66 (0.34) 0.430 0.02
Theta —1.27 (1.13) —1.51(0.87) 0.197 0.06
Alpha 0.95 (1.22) 1.25 (1.00) 0.094 0.10
Betal —0.30 (0.96) 0.50 (0.80) 0.095 0.10
Beta2 0.07 (0.29) 0.03 (0.26) 0.611 0.01
Beta3 —0.15(0.23) -0.12(0.18) 0.482 0.02

ap Values represent tests for differences between the two state conditions.
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significant differences could be due to the variability introduced
by the fact that the participants engaged in different meditative
practices. We explore the possibility that different practices show
different neurophysiological profiles in the next section.

Exploratory Analyses by Practice

Because we did not have enough participants in each practice for
sufficient statistical power, we highlight descriptive differences
across practices. First, we looked at differences between
the practices at each frequency band (Figure 1). Significant
differences in power between conditions at each site were
determined by a two-tailed f-test implemented in EEGLAB,
corrected for multiple comparisons by the false discovery rate
(FDR) procedure (Benjamini and Yekutieli, 2001; p < 0.05).
Participants who engaged in tonglen and zazen showed the
largest significant increases in alpha power across the majority of
electrodes in all regions.

The preliminary analysis also shows notable differences
between groups in the power spectrum for some meditation
practices that are not revealed in Figure 1. Figure 2 demonstrates
these differences using data not separated into the frequency
bands. Of note is the large variability present in the dzogchen
(Figure 2A), shamatha (Figure 2B), and visualization groups
(Figure 2C). In contrast, tonglen (Figure 2D), vipassana
(Figure 2E), and zazen (Figure 2F) meditators had qualitatively
lower levels of within-group variability. The findings shown in
Figure 2 may be of value to future researchers studying one or
more of these meditation styles.

DISCUSSION

The purpose of this study was to examine the neurophysiological
responses by highly skilled meditators while meditating and while
engaging in a mind-wandering task. We used two measures,
entropy and power spectra, at six different frequency bands. As
predicted, we found a difference in entropy, with lower amounts
of entropy during meditation compared with mind wandering.
This finding contrasts with that of Vivot et al. (2020), who found
increased entropy of band-specific oscillations during three styles
of meditation—Himalayan Yoga (FA), Vipassana (OM), and Isha
Shoonya Yoga (non-dual). One reason for the difference in
findings is that Vivot et al. (2020) calculated entropy based on
specific frequency bands rather across all bands, as we did here.
Reduced complexity during meditation has been reported in one
study investigating Sahaja Yoga meditation, a style characterized
by lack of thoughts (Aftanas and Golocheikine, 2002).

While complexity analysis is relatively new in the field
of contemplative neuroscience, there is a wealth of research
on entropy during other altered states of consciousness. For
example, entropy decreases during general anesthesia (Bruhn
et al,, 2000; Zhang et al., 2001; Schartner et al., 2015), vegetative
state (Burioka et al., 2005; Sara and Pistoia, 2010; Gosseries
et al.,, 2011; Wu et al,, 2011, Schartner et al., 2017b), and sleep
in both humans and animals (Hudetz et al., 2016). In addition,
entropy increases with serotonergic psychedelics such as N,N-
dimethyltryptamine (Timmermann et al., 2019), lysergic acid

diethylamide, psilocybin, and ketamine (Tagliazucchi et al., 2014;
Schartner et al., 2017a). Finally, entropy is decreased in certain
neurological conditions such as epilepsy (Radhakrishnan and
Gangadhar, 1998), Alzheimer’s disease (Gomez et al., 2006),
attention deficit/hyperactivity disorder (ADHD; Ferndndez et al.,
2009, and depression (Pezard et al., 1996; Li et al., 2008; Akar
et al., 2015; Bachmann et al,, 2015). The level of complexity
normalizes with pharmacological treatment (Méndez et al,
2012), repetitive transcranial magnetic stimulation (Lebiecka
et al., 2018), and electroconvulsive therapy (Thomasson and
Pezard, 1999). Measures of complexity are also abnormally high
in patients with schizophrenia (Li et al., 2008; Ferndndez et al,,
2011; Fernandez et al., 2013).

It is believed that low complexity in the brain reflects a smaller
number of possible configurations, or conscious awareness
with less experienced content (Schartner et al, 2017a; Vivot
et al, 2020). Similarly, high-entropy states may be rich in
phenomenological content (Tagliazucchi et al., 2014; Carhart-
Harris, 2018; Cavanna et al., 2018; Vivot et al., 2020). We
found significantly reduced complexity during meditation. Most
practices included in this study explicitly involve the reduction in
the number of sensory modalities in focus. Shamatha, tonglen,
vipassana, and visualization all involve focusing on one or
more sensory modality at the exclusion of others. Attention is
directed to specific senses in shamatha (sensation of breath),
vipassana (sensations of the full body), tonglen (imagined
imagery and emotion), and visualization (imagined imagery).
Dzogchen participants focused on the substrate of awareness
without explicitly excluding any appearances in awareness. Our
results suggest that limiting attention to sensory modalities is
associated with decreased levels of complexity in the EEG signal.

In contrast to entropy, we found no difference in power
spectra between meditation and mind wandering. The findings
are mixed regarding whether differences should be found in
each band as a function of meditating or not (Delmonte, 1984;
Andresen, 2000; Dietrich, 2003; Cahn and Polich, 2006; Fell et al.,
2010; Lomas et al., 2015). For example, delta effects are rarely
reported in the meditation literature (Cahn et al., 2010), and
our small effect size is consistent with this finding. One study
reported increased 2- to 4-Hz power in response to oddball
stimuli in meditators compared with controls (Cahn et al., 2013).
Delta has been studied extensively during sleep and has been
linked to a number of processes including neuronal plasticity
(Steriade and Timofeev, 2003). Delta is involved in a wide range
of cognitive processes, many of which involve motivation and the
brain reward system (Knyazev, 2007).

Theta oscillations have been implicated in learning tasks
during event-related potential (ERP) and continuous recording
conditions. Increases in theta activity have been found in working
memory (Raghavachari et al., 2001; Jacobs et al., 2006; Hsieh
etal., 2011), recall (Grunwald et al., 1999; Sederberg et al., 2003),
and spatial memory and navigation (Kahana et al., 1999; Aratjo
et al., 2002; Caplan et al., 2003; Watrous et al., 2011). Decreased
theta is associated with difficulty in episodic retrieval (Addante
et al., 2011). Increases in theta power have been reported
in the meditation literature for both FA and OM (Aftanas
and Golocheikine, 2001, 2002; Baijal and Srinivasan, 2010;
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FIGURE 1 | Mean differences in power from meditation and mind-wandering conditions for each of the six meditation groups. Fields with a white circle were
significant at the 0.05 level after false discovery rate (FDR) correction for recording sites, frequency bands, and conditions. Sh, shamatha; Va, vipassana; Ze, zazen;
Dz, dzogchen; Ta, tonglen; and Vi, visualization.

Pasquini et al., 2015; Banquet, 1973; Jacobs and Lubar, 1989; Pan ~ 2010). In some cases, increases in theta power were correlated
et al., 1994), and increased theta has become a key feature of with meditation experience (Lee et al., 2018). In contrast to this
meditation (Lagopoulos et al., 2009; Fell et al., 2010; Josipovic, previous work, we found no effect of meditation on theta.

Frontiers in Human Neuroscience | www.frontiersin.org 8 April 2021 | Volume 15 | Article 628417


https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/human-neuroscience#articles

Young et al.

EEG and Meditation

A Group dz

(Meditation - Rest)

Mean Difference in Power

Mean Difference in Power
(Meditation - Rest)

(Meditation - Rest)

Mean Difference in Power

Mean Difference in Power
(Meditation - Rest)

5 10 15 20 25 30 5 10 15 20 25 30 5
Frequency (Hz)

Mean Difference in Power
(Meditation - Rest)

10 15 20 25 30 5 10 15 20 25 30
Frequency (Hz) Frequency (Hz)

(Meditation - Rest)

Mean Difference in Power

W/,
3 ;/vél"\ﬂ*l’ R

Mean Difference in Power
(Meditation - Rest)
IS

(Meditation - Rest)

Mean Difference in Power

5 10 15 20 25 30 5 10 15 20 25 30 5

Frequency (Hz) Frequency (Hz)

FIGURE 2 | Continued

10 15 20 25 30 5 10 15 20 25 30
Frequency (Hz) Frequency (Hz)

Frontiers in Human Neuroscience | www.frontiersin.org 9

April 2021 | Volume 15 | Article 628417


https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/human-neuroscience#articles

EEG and Meditation

Group vi

5 200 25 30

0

15 20 25 30

10

20 25 30

Frequency (Hz)

Frequency (Hz)

Frequency (Hz)

Frequency (Hz)

Group ta

Hz)

(

Frequency

Hz)

(

Frequency

)

Hz,

Frequency (|

(Hz)

Frequency

April 2021 | Volume 15 | Article 628417

10

w o R.a w o _.w w o :.u w o Rw
(150 - uoneypsy) (150 - uoneyps|y) (1s0y - uoneypapy) (1s9y - uoneypapy)
Jamod Ul 8ausiaiq uesiy Jamod Ul 8ausiaiq uesiy Jamod Ul 8ausiBiq ues|y JaMOd Ul 8ausIBIq Ues|y

© [a]

0 =) ) © =) ©

(1s9y - uoneypajy)
JaMOd Ul 8duBJBliq Ues

(1sy - uoneypa|y)
JaMOd Ul 8duBIaliQ Ues|

(1s9y - :c__m:ﬁms:
JaMOd Ul 8duBayiq Ues|y

(1s9y - co_amﬂ_uw._zv
JaMOd Ul 8oualayiq ues|y

Young et al.

FIGURE 2 | Continued

Frontiers in Human Neuroscience | www.frontiersin.org


https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/human-neuroscience#articles

Young et al. EEG and Meditation

E Group va

Mean Difference in Power
(Meditation - Rest)

Mean Difference in Power
(Meditation - Rest)

Mean Difference in Power
(Meditation - Rest)

Mean Difference in Power
(Meditation - Rest)

5 10 15 20 25 30 5 10 15 20 25 30 5 10 15 20 25 30 5 10 15 20 25 30
Frequency (Hz) Frequency (Hz) Frequency (Hz) Frequency (Hz)

F Group ze

Mean Difference in Power
(Meditation - Rest)

Mean Difference in Power
(Meditation - Rest)

Mean Difference in Power
(Meditation - Rest)

Mean Difference in Power
(Meditation - Rest)

5 10 15 20 25 30 5 10 15 20 25 30 5 10 15 20 25 30 5 10 15 20 25 30
Frequency (Hz) Frequency (Hz) Frequency (Hz) Frequency (Hz)
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There is no agreed-upon explanation of the function of
alpha (Bazanova and Vernon, 2014); however, increased alpha
in frontal areas has been found in mindfulness meditation
(Takahashi et al., 2005) and in posterior regions (Lagopoulos
et al, 2009). Advanced meditators in the Satyananda Yoga
practice had higher levels of alpha than had novice practitioners
(Thomas et al., 2014). Similarly, zazen and vipassana practitioners
showed increases in alpha during meditation (Kasamatsu and
Hirai, 1966; Braboszcz et al., 2017). We too found a moderate
effect size for alpha across the meditation and mind-wandering
conditions, albeit the overall difference was not significant.

Beta oscillations have been linked to the sensorimotor
cortex, specifically when sensory motor activity is actively being
maintained (Engel et al., 2001; Brovelli et al., 2004). We chose
to separate the beta band into three distinct groups after
Hinterberger et al. (2014). Increased betal has been linked to
meditative states. Dunn et al. (1999) found increased betal
in 10 of 19 recording sites across a number of brain regions
when concentration meditation was compared with a relaxation
baseline. Moreover, more mean betal activity was found during
mindfulness meditation in 14 of 19 recording locations as
compared with the same relaxation condition (Dunn et al., 1999).
Other studies found increased beta (defined as 13-30 Hz) during
mindfulness meditation compared with a control state (Ahani
et al., 2014; Schoenberg et al., 2018). In contrast, Amihai and
Kozhevnikov (2014) found decreased beta2 power during the
compilation stage of a visualization meditation, and a third study
found both an increase in beta2 (6 of the 19 sites) and a decrease
(4 of the 19 sites) when comparing concentration meditation
with a relaxation baseline. Beta3 activity was suppressed during
shamatha meditation with breath as the object of focus (Saggar
et al, 2012). Studies with vipassana meditation found no
change in beta-band activity (Cahn et al, 2010). Our effect
sizes show an effect for betal but not for beta2 and beta3,
highlighting the need for more research to understand how beta
is affected by meditation.

Given that power spectra tap different processes in different
frequency bands, it is no wonder we did not find differences in
power spectra in our sample. Our participants engaged in one
of six practices, and the variability in neurological response as a
function of practice may have precluded our ability to see any
overarching trends. In light of these findings, we engaged in
exploratory analyses to see potential areas of difference, which
may guide future research. These analyses suggest that different
meditation practices may have different neurological signatures,
particularly in terms of power spectrum bands.

Consistent with Lutz et al. (2015), we argue that providing
succinct descriptions of practices under study should always
be included in investigations. Most meditation research lacks
clear descriptions of the practice being studied (Ospina,
2007; Davidson and Kaszniak, 2015). For example, zazen
meditation is often classified as OM, ignoring the multiplicity
of psychological practices that can be used during zazen (Faber
et al, 2015). Initial zazen training includes engaging in a
concentrative practice focusing on the breath (FA), while later
training incorporates open-awareness practice (OM) during
seated meditation. Without an accurate description of the

precise practices requested of participants, it is possible that
when asked to perform zazen, participants in the same study
are engaging in different mental exercises. The same logic
is true of other practices such as shamatha, vipassana, and
visualization. In the present study, multiple participants appeared
to share practices based on survey answers, but first-person
descriptions revealed very distinct meditation methodologies.
For example, many participants listed “Burmese vipassana” as
their meditation style on the questionnaire. However, during the
interview about their practice, it was clear that this technique
could be implemented using one of two different meditation
practices. The first was in the lineage of Mahasi Sayadaw, which
involves noting ongoing changes in all sensory domains. The
second was in the lineage of Sayagyi U Ba Khin popularized
by S.N. Goenka, and meditators focused exclusively on body
sensations. Thus, if accurate phenomenological descriptions
are not included along with experimental findings, future
researchers cannot confidently make comparisons between
the results of separate studies that focus on the same
style of meditation.

Strengths

The within-participant comparison of EEG during meditation
and mind wandering across six practices is a strength of
this investigation. Because of the heterogeneity of meditation
practices, we identified that entropy is not practice specific.
In other words, during meditation, regardless of practice,
participants showed lower entropy than in the mind-wandering
task. Thus, entropy is affected by the practice of meditation
in general, and it is not tied to any specific activity, such as
FA or OM. Power spectra, in contrast, are likely affected by
the meditation practice, although our evidence is indirect and
based on null findings. The heterogeneity of practices may
have precluded our ability to identify any differences between
meditation and mind wandering across six frequency bands.

A second strength is our use of the mind-wandering task.
Participants were asked to “think about your day since the
moment you woke up this morning” to achieve baseline
conditions with less heterogeneity than the standard rest
condition and to prevent highly skilled meditators from
automatically engaging in meditation. Mind wandering is
characterized by self-directed thoughts of the past and future
(Smallwood et al., 2009; Smallwood and Schooler, 2015; Christoff
etal., 2009; Stawarczyk et al., 2011). Moreover, meditation is used
as a tool to decrease mind wandering and increase time in the
present moment. Some studies have suggested that meditation
alters the DMN (Pagnoni et al., 2008; Tei et al., 2009; Brewer
et al, 2011; Farb et al, 2007), which is implicated in mind
wandering. At the same time, any control task is open to
criticism when working with experienced meditators because
meditation has lasting effects outside of the actual session, a topic
we address below.

Limitations

One limitation of the study is sample sizes for the six practices.
Testing participants in three different countries where they
typically mediated (e.g., a monastery) still resulted in small
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number of participants per tradition. Thus, we were unable
to make cross-tradition comparisons beyond the exploratory
findings reported in the results section. We also were constrained
in our analyses by using a low-density (16-channel) electrode
array. For example, higher-density (256-channel) arrays allow
researchers to make inferences about source location of EEG
signals. Another limitation is the fact that we did not ask
participants whether they reached the targeted state during the
600 s of recording. Some studies collect EEG data only once
the participant has reached a meditative state. Our focus was on
the beginning phases of meditation, and it is possible that some
participants, but not all, reached their meditative state within
that time interval.

A challenge for this study and for the field generally
may be the fact that the majority of meditation research has
focused on power spectra. There is wide variation in the
power spectrum profile in the normal population and over
an individual’s lifetime (Haegens et al., 2014; Voytek et al,
2015; Hashemi et al., 2016; Parameshwaran and Thiagarajan,
2017). Also, there is no agreement on the range for different
frequency bands. For example, frequencies considered for delta
could begin between 0 and 2 Hz and end between 3.5
and 6 Hz. In addition, some studies do not report findings
for all frequency bands, potentially leading to bias toward
positive results (Newson and Thiagarajan, 2019). Relatedly,
power spectrum analysis is limited due to the lack of
specificity to underlying neuronal processes. For example, using
frequency band analysis for differentiating psychiatric disorders
is ineffective because there is too much overlap between disorders
(Newson and Thiagarajan, 2019). Power spectrum analysis
of different meditation styles is similarly limited. The power
spectrum of the EEG signal alone is similar to describing a
digital image using the color spectrum. This would give a
general idea of the content (more blue in the image could
mean the photo is of the sky or ocean). However, when studies
report the global power spectrum, the EEG signal loses spatial
and temporal dimensions. Similarly, the power spectrum lacks
temporal information, which is one of the main advantages of
EEG recording compared with other neuroimaging techniques
(Newson and Thiagarajan, 2019).

Thus, more sophisticated data analytical techniques are
needed to study the EEG correlates of meditation, such as
functional connectivity measures and analyses that explore the
temporal component of the EEG signal. In addition, data
repositories and processing pipelines should be created and
implemented to allow for standardization in the field and to allow
for comparisons of results across researchers. Additionally, the
potential difficulties in differentiating meditation practices based
on the power spectrum raise questions about the efficacy of EEG-
assisted meditation. We did not find many differences using a
16-channel system. Many devices for EEG-assisted meditation
have less than four recording locations. We suggest that the
efficacy of these devices be assessed.

Finally, the study of meditation presents unique
methodological challenges. Many meditation styles are
purported to have lasting psychological effects outside of
a meditation session. The distinction between neurological

or psychological changes that occur during meditation and
changes that persist over time has been called state and trait
effects, respectively (Cahn and Polich. 2006). Some studies
show trait differences between normative resting EEG spectra
and the baseline spectral profile of meditators (Lutz et al,
2004). Thus, a limitation of the present study is the absence
of a non-meditator control group. This limits our ability
to study the trait effects of meditation. However, finding a
matched control group for highly skilled meditators is very
difficult. People who accrue tens of thousands of hours of
meditation generally have different environmental factors
including diet, social interaction, and other psychological factors
such as lack of stress than potential non-meditator control
participants (Davidson, 2010). Because of these limiting factors,
a longitudinal study comparing the electrophysiological
and psychological correlates of meditation practices is
indispensable if we hope to increase our understanding of
both state and trait effects.

CONCLUSION

By comparing EEG activity in the same person while engaging
one of six meditation practices and while engaging in a mind-
wandering task, we found that meditation reduces neural
complexity regardless of meditation practice. In contrast, it is
likely that different practices affect power spectra in different
ways. Meditation describes a wide range of practices each with
a unique goal. Whether these different practices have distinct
effects in the brain remains an open question.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are publicly
available. This data can found here: https://github.com/
JacobHYoung/Contrasting- EEG-Derived-Entropy-and-Neural-
Oscillations- During- Six- Meditation- Practices.git.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by Colby College Institutional Review Board. The
patients/participants provided their written informed consent to
participate in this study.

AUTHOR CONTRIBUTIONS

JY and MA designed the study, performed the statistical analysis,
and revised the work in light of reviewers’ comments. JY collected
data, performed data preprocessing, and performed analysis
for extracting LZc scores. JY and JM performed analysis of

Frontiers in Human Neuroscience | www.frontiersin.org

April 2021 | Volume 15 | Article 628417


https://github.com/JacobHYoung/Contrasting-EEG-Derived-Entropy-and-Neural-Oscillations-During-Six-Meditation-Practices.git
https://github.com/JacobHYoung/Contrasting-EEG-Derived-Entropy-and-Neural-Oscillations-During-Six-Meditation-Practices.git
https://github.com/JacobHYoung/Contrasting-EEG-Derived-Entropy-and-Neural-Oscillations-During-Six-Meditation-Practices.git
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/human-neuroscience#articles

Young et al.

EEG and Meditation

oscillatory activity. JY wrote the first draft of the manuscript
and MA provided comments and editing assistance. All authors
contributed to the clarity and accuracy of the manuscript.

FUNDING

This research was supported by Compagna-Sennett fellowship
and Colby College Provost Fund for Student Projects
awarded to JY. This material is based upon work supported by
the National Science Foundation under Grant No. IIS-1704366
awarded to JM.

REFERENCES

Addante, R. J., Watrous, A. J., Yonelinas, A. P., Ekstrom, A. D., and Ranganath,
C. (2011). Prestimulus theta activity predicts correct source memory retrieval.
Proc. Natl. Acad. Sci.U.S.A. 108, 10702-10707. doi: 10.1073/pnas.1014528108

Aftanas, L. I, and Golocheikine, S. A. (2001). Human anterior and frontal
midline theta and lower alpha reflect emotionally positive state and internalized
attention: high-resolution EEG investigation of meditation. Neurosci. Lett. 310,
57-60. doi: 10.1016/S0304-3940(01)02094-8

Aftanas, L. I, and Golocheikine, S. A. (2002). Non-linear dynamic complexity of
the human EEG during meditation. Neurosci. Lett. 330, 143-146. doi: 10.1016/
S0304-3940(02)00745-0

Ahani, A., Wahbeh, H., Nezamfar, H., Miller, M., Erdogmus, D., and Oken, B.
(2014). Quantitative change of EEG and respiration signals during mindfulness
meditation. J. Neuroeng. Rehabil. 11:87. doi: 10.1186/1743-0003-11-87

Akar, S. A, Kara, S., Agambayev, S., and Bilgi¢, V. (2015). Nonlinear analysis
of EEGs of patients with major depression during different emotional states.
Comput. Biol. Med. 67, 49-60. doi: 10.1016/j.compbiomed.2015.09.019

Amihai, I, and Kozhevnikov, M. (2014). Arousal vs. relaxation: a comparison of
the neurophysiological and cognitive correlates of Vajrayana and Theravada
meditative practices. PLoS One 9:e102990. doi:

Andresen, J. (2000). Meditation meets behavioural medicine. The story of
experimental research on meditation. J. Conscious. Stud. 7, 17-74. doi: 10.1017/
CB09780511816789.020

Aratjo D. B. de, Baffa, O., and Wakai, R. T. (2002). Theta oscillations and human
navigation: a magnetoencephalography study. J. Cogn. Neurosci. 14, 70-78.
doi: 10.1162/089892902317205339

Armbruster-Geng, D. J., Ueltzhoffer, K., and Fiebach, C. J. (2016). Brain signal
variability differentially affects cognitive flexibility and cognitive stability.
J. Neurosci. 36, 3978-3987. doi: 10.1523/JNEUROSCI.2517-14.2016

Awasthi, B. (2013). Issues and perspectives in meditation research: in search for a
definition. Front. Psychol. 3:613. doi: 10.3389/fpsyg.2012.00613

Bachmann, M., Kalev, K., Suhhova, A., Lass, J., and Hinrikus, H. (2015). “Lempel
Ziv complexity of EEG in depression,” in Proceedings of the Anonymous 6th
European Conference of the International Federation for Medical and Biological
Engineerin, (Cham: Springer), 58-61. doi: 10.1007/978-3-319-11128-5_15

Baijal, S., and Srinivasan, N. (2010). Theta activity and meditative states: spectral
changes during concentrative meditation. Cogn. Process. 11, 31-38. doi: 10.
1007/s10339-009-0272-0

Banquet, J. (1973). Spectral analysis of the EEG in meditation. Electroencephalogr.
Clin. Neurophysiol. 35, 143-151. doi: 10.1016/0013-4694(73)90170-3

Bazanova, O. M., and Vernon, D. (2014). Interpreting EEG alpha activity. Neurosci.
Biobehav. Rev. 44, 94-110.

Benjamini, Y., and Yekutieli, D. (2001). The control of the false discovery rate in
multiple testing under dependency. Ann. Stat. 29, 1165-1188.

Bond, K., Ospina, M. B., Hooton, N., Bialy, L., Dryden, D. M., Buscemi, N,
etal. (2009). Defining a complex intervention: the development of demarcation
criteria for “Meditation.”. Psychol. Relig. Spiritual. 1, 129-137.

Braboszcz, C., Cahn, B. R, Levy, J., Fernandez, M., and Delorme, A. (2017).
Increased gamma brainwave amplitude compared to control in three different
meditation traditions. PLoS One 12:¢0170647. doi: 10.1371/journal.pone.
0170647

ACKNOWLEDGMENTS

We thank the long-time practitioners who participated in this
study; the communities who invited us to use their space for the
study; Ross Kempner for aiding in LZc data analysis.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fnhum.
2021.628417/full#supplementary- material

Brandmeyer, T., and Delorme, A. (2013). Meditation and neurofeedback. Front.
Psychol. 4:688. doi: 10.3389/fpsyg.2013.00688

Brewer, J. A., Worhunsky, P. D., Gray, J. R, Tang, Y., Weber, J., and Kober, H.
(2011). Meditation experience is associated with differences in default mode
network activity and connectivity. Proc. Natl. Acad. Sci.U.S.A. 108, 20254—
20259. doi: 10.1073/pnas.1112029108

Brovelli, A., Ding, M., Ledberg, A., Chen, Y., Nakamura, R., and Bressler,
S. L. (2004). Beta oscillations in a large-scale sensorimotor cortical network:
directional influences revealed by Granger causality. Proc. Natl. Acad. Sci.U.S.A.
101, 9849-9854. doi: 10.1073/pnas.0308538101

Brown, J. K. E., and Roshi, I. N. (1996). Dogen’s Pure Standards for the Zen
Community: A Translation of Eihei Shingi. Albany, NY: SUNY Press.

Bruhn, J., Ropcke, H., and Hoeft, A. (2000). Approximate entropy as an
electroencephalographic measure of anesthetic drug effect during desflurane
anesthesia. Anesthesiology 92, 715-726. doi: 10.1097/00000542-200003000-
00016

Burioka, N., Miyata, M., Cornélissen, G., Halberg, F., Takeshima, T., Kaplan, D. T.,
et al. (2005). Approximate entropy in the electroencephalogram during wake
and sleep. Clin. EEG Neurosci. 36, 21-24. doi: 10.1177/155005940503600106

Buzséki, G., and Draguhn, A. (2004). Neuronal oscillations in cortical networks.
Science 304, 1926-1929. doi: 10.1126/science.1099745

Cahn, B. R,, Delorme, A., and Polich, J. (2010). Occipital gamma activation during
Vipassana meditation. Cogn. Process. 11, 39-56. doi: 10.1007/s10339-009-
0352-1

Cahn, B. R, Delorme, A., and Polich, J. (2013). Event-related delta, theta, alpha and
gamma correlates to auditory oddball processing during Vipassana meditation.
Soc. Cogn. Affect. Neurosci. 8, 100-111. doi: 10.1093/scan/nss060

Cahn, B. R., and Polich, J. (2006). Meditation states and traits: EEG, ERP, and
neuroimaging studies. Psychol. Bull. 132, 180-211. doi: 10.1037/0033-2909.132.
2.180

Caplan, J. B., Madsen, J. R., Schulze-Bonhage, A., Aschenbrenner-Scheibe, R.,
Newman, E. L., and Kahana, M. J. (2003). Human 6 oscillations related to
sensorimotor integration and spatial learning. J. Neurosci. 23, 4726-4736.

Carhart-Harris, R. L. (2018). The entropic brain-revisited. Neuropharmacology 142,
167-178.

Carhart-Harris, R. L., Leech, R., Hellyer, P. J., Shanahan, M., Feilding, A.,
Tagliazucchi, E., et al. (2014). The entropic brain: a theory of conscious
states informed by neuroimaging research with psychedelic drugs. Front. Hum.
Neurosci. 8:20. doi: 10.3389/fnhum.2014.00020

Cavanna, F., Vilas, M. G., Palmucci, M., and Tagliazucchi, E. (2018). Dynamic
functional connectivity and brain metastability during altered states of
consciousness. Neuroimage 180, 383-395. doi: 10.1016/j.neuroimage.2017.
09.065

Chodron, T. (2013). How to Free Your Mind: The Practice of Tara the Liberator.
Boston, MA: Shambhala Publications.

Christoff, K., Gordon, A. M., Smallwood, J., Smith, R., and Schooler, J. W. (2009).
Experience sampling during fMRI reveals default network and executive system
contributions to mind wandering. Proc. Natl. Acad. Sci. U.S.A. 106, 8719-8724.
doi: 10.1073/pnas.0900234106

Dahl, C.J,, Lutz, A., and Davidson, R. J. (2015). Reconstructing and deconstructing
the self: cognitive mechanisms in meditation practice. Trends Cogn. Sci. (Regul
Ed) 19, 515-523. doi: 10.1016/j.tics.2015.07.001

Frontiers in Human Neuroscience | www.frontiersin.org

April 2021 | Volume 15 | Article 628417


https://www.frontiersin.org/articles/10.3389/fnhum.2021.628417/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnhum.2021.628417/full#supplementary-material
https://doi.org/10.1073/pnas.1014528108
https://doi.org/10.1016/S0304-3940(01)02094-8
https://doi.org/10.1016/S0304-3940(02)00745-0
https://doi.org/10.1016/S0304-3940(02)00745-0
https://doi.org/10.1186/1743-0003-11-87
https://doi.org/10.1016/j.compbiomed.2015.09.019
https://doi.org/10.1017/CBO9780511816789.020
https://doi.org/10.1017/CBO9780511816789.020
https://doi.org/10.1162/089892902317205339
https://doi.org/10.1523/JNEUROSCI.2517-14.2016
https://doi.org/10.3389/fpsyg.2012.00613
https://doi.org/10.1007/978-3-319-11128-5_15
https://doi.org/10.1007/s10339-009-0272-0
https://doi.org/10.1007/s10339-009-0272-0
https://doi.org/10.1016/0013-4694(73)90170-3
https://doi.org/10.1371/journal.pone.0170647
https://doi.org/10.1371/journal.pone.0170647
https://doi.org/10.3389/fpsyg.2013.00688
https://doi.org/10.1073/pnas.1112029108
https://doi.org/10.1073/pnas.0308538101
https://doi.org/10.1097/00000542-200003000-00016
https://doi.org/10.1097/00000542-200003000-00016
https://doi.org/10.1177/155005940503600106
https://doi.org/10.1126/science.1099745
https://doi.org/10.1007/s10339-009-0352-1
https://doi.org/10.1007/s10339-009-0352-1
https://doi.org/10.1093/scan/nss060
https://doi.org/10.1037/0033-2909.132.2.180
https://doi.org/10.1037/0033-2909.132.2.180
https://doi.org/10.3389/fnhum.2014.00020
https://doi.org/10.1016/j.neuroimage.2017.09.065
https://doi.org/10.1016/j.neuroimage.2017.09.065
https://doi.org/10.1073/pnas.0900234106
https://doi.org/10.1016/j.tics.2015.07.001
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/human-neuroscience#articles

Young et al.

EEG and Meditation

Davidson, J. M. (1976). The physiology of meditation and mystical states of
consciousness. Perspect. Biol. Med. 19, 345-380. doi: 10.1353/pbm.1976.0042
Davidson, R. J. (2010). Empirical explorations of mindfulness: conceptual and

methodological conundrums. Emotion 10, 8-11. doi: 10.1037/a0018480

Davidson, R. J., and Kaszniak, A. W. (2015). Conceptual and methodological issues
in research on mindfulness and meditation. Am. Psychol. 70:581. doi: 10.1037/
20039512

Delmonte, M. M. (1984). Electrocortical activity and related phenomena associated
with meditation practice: a literature review. Int. J. Neurosci. 24, 217-231.
doi: 10.3109/00207458409089810

Delorme, A., and Makeig, S. (2004). EEGLAB: an open source toolbox for analysis
of single-trial EEG dynamics including independent component analysis.
J. Neurosci. Methods 134, 9-21. doi: 10.1016/j.jneumeth.2003.10.009

Demanuele, C., James, C. J., and Sonuga-Barke, E. J. (2007). Distinguishing low
frequency oscillations within the 1/f spectral behaviour of electromagnetic brain
signals. Behav. Brain Funct. 3, 1-14. doi: 10.1186/1744-9081-3-62

Dietrich, A. (2003). Functional neuroanatomy of altered states of consciousness:
The transient hypofrontality hypothesis. Conscious Cogn. 12, 231-256. doi:
10.1016/S1053-8100(02)00046-6

Drolma, L. P. (2019). Love on Every Breath: Tonglen Meditation for Transforming
Pain into Joy. Novato, CA: New World Library.

Dunn, B. R., Hartigan, J. A., and Mikulas, W. L. (1999). Concentration and
mindfulness meditations: unique forms of consciousness? Appl. Psychophysiol.
Biofeedback 24, 147-165. doi: 10.1023/A:1023498629385

Eisendrath, S. J. (2016). “Mindfulness and acceptance: expanding the cognitive-
behavioral tradition,” in Mindfulness-Based Cognitive Therapy, ed. S. J.
Eisendrath (Cham: Springer International Publishing), doi: 10.1007/978-3-
319-29866-5

Elliott, J. C., Wallace, B. A., and Giesbrecht, B. (2014). A week-long meditation
retreat decouples behavioral measures of the alerting and executive attention
networks. Front. Hum. Neurosci. 8:69. doi: 10.3389/fnhum.2014.00069

Engel, A. K., Fries, P., and Singer, W. (2001). Dynamic predictions: oscillations
and synchrony in top-down processing. Nat. Rev. Neurosci. 2, 704-716. doi:
10.1038/35094565

Erra, R. G., Mateos, D. M., Wennberg, R., and Velazquez, J. P. (2016). Statistical
mechanics of consciousness: maximization of information content of network
is associated with conscious awareness. Phys. Rev. E 94, 052402. doi: 10.1103/
PhysRevE.94.052402

Faber, P. L., Lehmann, D., Gianotti, L. R, Milz, P., Pascual-Marqui, R. D., Held,
M., et al. (2015). Zazen meditation and no-task resting EEG compared with
LORETA intracortical source localization. Cogn. Process. 16, 87-96. doi: 10.
1007/s10339-014-0637-x

Farb, N. A,, Segal, Z. V., Mayberg, H., Bean, J., McKeon, D., Fatima, Z., et al.
(2007). Attending to the present: mindfulness meditation reveals distinct neural
modes of self-reference. Soc. Cogn. Affect. Neurosci. 2, 313-322. doi: 10.1093/
scan/nsm030

Fell, J., Axmacher, N., and Haupt, S. (2010). From alpha to gamma:
electrophysiological correlates of meditation-related states of consciousness.
Med. Hypotheses 75, 218-224. doi: 10.1016/j.mehy.2010.02.025

Fernandez, A., Gémez, C., Hornero, R., and Lopez-Ibor, J. J. (2013). Complexity
and schizophrenia. Prog. NeuroPsychopharmacol. Biol. Psychiatry 45, 267-276.
doi: 10.1016/j.pnpbp.2012.03.015

Fernandez, A., Lopez-Ibor, M., Turrero, A., Santos, J., Morén, M., Hornero, R.,
et al. (2011). Lempel-Ziv complexity in schizophrenia: a MEG study. Clin.
Neurophysiol. 122, 2227-2235. doi: 10.1016/j.clinph.2011.04.011

Fernandez, A., Quintero, J., Hornero, R., Zuluaga, P., Navas, M., Gémez, C,,
et al. (2009). Complexity analysis of spontaneous brain activity in attention-
deficit/hyperactivity disorder: diagnostic implications. Biol. Psychiatry 65, 571~
577. doi: 10.1016/j.biopsych.2008.10.046

Fischer-Schreiber, S., and Schuhmacher, G. (1989). The Encyclopedia of Eastern
Philosophy and Religion Buddhism, Hinduism, Taoism, Zen. Boston, MA:
Shambhala.

Fox, K. C,, Dixon, M. L., Nijeboer, S., Girn, M., Floman, J. L., Lifshitz, M., et al.
(2016). Functional neuroanatomy of meditation: a review and meta-analysis
of 78 functional neuroimaging investigations. Neurosci. Biobehav. Rev. 65,
208-228. doi: 10.1016/j.neubiorev.2016.03.021

Fox, K. C. R., Nijeboer, S., Dixon, M. L., Floman, J. L., Ellamil, M., Rumak,
S. P, et al. (2014). Is meditation associated with altered brain structure?

A systematic review and meta-analysis of morphometric neuroimaging in
meditation practitioners. Neurosci. Biobehav. Rev. 43, 48-73.

Fries, P. (2005). A mechanism for cognitive dynamics: neuronal communication
through neuronal coherence. Trends Cogn. Sci. (Regul Ed) 9, 474-480. doi:
10.1016/j.tics.2005.08.011

Gémez, C., Hornero, R., Abasolo, D., Ferndndez, A., and Lépez, M. (2006).
Complexity analysis of the magnetoencephalogram background activity in
Alzheimer’s disease patients. Med. Eng. Phys. 28, 851-859. doi: 10.1016/j.
medengphy.2006.01.003

Gosseries, O., Schnakers, C., Ledoux, D., Vanhaudenhuyse, A., Bruno, M.,
Demertzi, A., et al. (2011). Automated EEG entropy measurements in coma,
vegetative state/unresponsive wakefulness syndrome and minimally conscious
state. Funct. Neurol. 26:25.

Grunwald, M., Weiss, T., Krause, W., Beyer, L., Rost, R., Gutberlet, I, et al. (1999).
Power of theta waves in the EEG of human subjects increases during recall of
haptic information. Neurosci. Lett. 260, 189-192. doi: 10.1016/S0304-3940(98)
00990-2

Gyatrul, R. (1969). Generating the Deity. Snow Lion Publications.

Gyatso, T. (1995). The world of Tibetan Buddhism: An Overview of Its philosophy
and Practice. New York, NY: Simon and Schuster.

Gyatso, T. (2004). Dzogchen: The Heart Essence Of the Great Perfection. Ithaca, NY:
Snow Lion Publication.

Haegens, S., Cousijn, H., Wallis, G., Harrison, P. J., and Nobre, A. C. (2014). Inter-
and intra-individual variability in alpha peak frequency. Neuroimage 92, 46-55.
doi: 10.1016/j.neuroimage.2014.01.049

Hammond, D. C., and Kirk, L. (2008). First, do no harm: adverse effects and
the need for practice standards in neurofeedback. J. Neurother. 12, 79-88.
doi: 10.1080/10874200802219947

Hart, W. (2011). The Art of Living: Vipassana Meditation as Taught by SN Goenka.
Onalaska, WA: Pariyatti.

Hashemi, A., Pino, L. J., Moffat, G., Mathewson, K. J., Aimone, C., Bennett, P. J.,
et al. (2016). Characterizing population EEG dynamics throughout adulthood.
ENeuro 3, 1-13. doi: 10.1523/ENEURO.0275-16.2016

Hauswald, A., Ubelacker, T., Leske, S., and Weisz, N. (2015). What it means to be
Zen: marked modulations of local and interareal synchronization during open
monitoring meditation. Neuroimage 108, 265-273. doi: 10.1016/j.neuroimage.
2014.12.065

Henry, J. C. (2006). Electroencephalography: basic principles, clinical applications,
and related fields. Neurology 67:2092. doi: 10.1212/01.wnl.0000243257.855
92.9a

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

Holzel, B. K., Lazar, S. W., Gard, T., Schuman-Olivier, Z., Vago, D. R., and Ott,
U. (2011). How does mindfulness meditation work? proposing mechanisms
of action from a conceptual and neural perspective. Perspect. Psychol. Sci. 6,
537-559. doi: 10.1177/1745691611419671

Holzel, B. K., Ott, U.,, Hempel, H., Hackl, A., Wolf, K., Stark, R,, et al. (2007).
Differential engagement of anterior cingulate and adjacent medial frontal cortex
in adept meditators and non-meditators. Neurosci. Lett. 421, 16-21. doi: 10.
1016/j.neulet.2007.04.074

Hsieh, L., Ekstrom, A. D., and Ranganath, C. (2011). Neural oscillations associated
with item and temporal order maintenance in working memory. J. Neurosci. 31,
10803-10810. doi: 10.1523/JNEUROSCI.0828-11.2011

Hudetz, A. G., Liu, X,, Pillay, S., Boly, M., and Tononi, G. (2016). Propofol
anesthesia reduces Lempel-Ziv complexity of spontaneous brain activity in rats.
Neurosci. Lett. 628, 132-135. doi: 10.1016/j.neulet.2016.06.017

Jacobs, G. D., and Lubar, J. F. (1989). Spectral analysis of the central nervous system
effects of the relaxation response elicited by autogenic training. Behav. Med. 15,
125-132. doi: 10.1080/08964289.1989.9934575

Jacobs, J., Hwang, G., Curran, T., and Kahana, M. J. (2006). EEG oscillations
and recognition memory: theta correlates of memory retrieval and
decision making. Neuroimage 32, 978-987. doi: 10.1016/j.neuroimage.2006.
02.018

Josipovic, Z. (2010). Duality and nonduality in meditation research. Conscious
Cogn. 19, 1119-1121.

Josipovic, Z. (2014). Neural correlates of nondual awareness in meditation. Ann.
N. Y. Acad. Sci. 1307, 9-18. doi: 10.1111/nyas.12261

Frontiers in Human Neuroscience | www.frontiersin.org

April 2021 | Volume 15 | Article 628417


https://doi.org/10.1353/pbm.1976.0042
https://doi.org/10.1037/a0018480
https://doi.org/10.1037/a0039512
https://doi.org/10.1037/a0039512
https://doi.org/10.3109/00207458409089810
https://doi.org/10.1016/j.jneumeth.2003.10.009
https://doi.org/10.1186/1744-9081-3-62
https://doi.org/10.1016/S1053-8100(02)00046-6
https://doi.org/10.1016/S1053-8100(02)00046-6
https://doi.org/10.1023/A:1023498629385
https://doi.org/10.1007/978-3-319-29866-5
https://doi.org/10.1007/978-3-319-29866-5
https://doi.org/10.3389/fnhum.2014.00069
https://doi.org/10.1038/35094565
https://doi.org/10.1038/35094565
https://doi.org/10.1103/PhysRevE.94.052402
https://doi.org/10.1103/PhysRevE.94.052402
https://doi.org/10.1007/s10339-014-0637-x
https://doi.org/10.1007/s10339-014-0637-x
https://doi.org/10.1093/scan/nsm030
https://doi.org/10.1093/scan/nsm030
https://doi.org/10.1016/j.mehy.2010.02.025
https://doi.org/10.1016/j.pnpbp.2012.03.015
https://doi.org/10.1016/j.clinph.2011.04.011
https://doi.org/10.1016/j.biopsych.2008.10.046
https://doi.org/10.1016/j.neubiorev.2016.03.021
https://doi.org/10.1016/j.tics.2005.08.011
https://doi.org/10.1016/j.tics.2005.08.011
https://doi.org/10.1016/j.medengphy.2006.01.003
https://doi.org/10.1016/j.medengphy.2006.01.003
https://doi.org/10.1016/S0304-3940(98)00990-2
https://doi.org/10.1016/S0304-3940(98)00990-2
https://doi.org/10.1016/j.neuroimage.2014.01.049
https://doi.org/10.1080/10874200802219947
https://doi.org/10.1523/ENEURO.0275-16.2016
https://doi.org/10.1016/j.neuroimage.2014.12.065
https://doi.org/10.1016/j.neuroimage.2014.12.065
https://doi.org/10.1212/01.wnl.0000243257.85592.9a
https://doi.org/10.1212/01.wnl.0000243257.85592.9a
https://doi.org/10.3389/fpsyg.2014.00099
https://doi.org/10.1177/1745691611419671
https://doi.org/10.1016/j.neulet.2007.04.074
https://doi.org/10.1016/j.neulet.2007.04.074
https://doi.org/10.1523/JNEUROSCI.0828-11.2011
https://doi.org/10.1016/j.neulet.2016.06.017
https://doi.org/10.1080/08964289.1989.9934575
https://doi.org/10.1016/j.neuroimage.2006.02.018
https://doi.org/10.1016/j.neuroimage.2006.02.018
https://doi.org/10.1111/nyas.12261
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/human-neuroscience#articles

Young et al.

EEG and Meditation

Jung, T., Makeig, S., Humphries, C., Lee, T., Mckeown, M. J., Iragui, V., et al.
(2000). Removing electroencephalographic artifacts by blind source separation.
Psychophysiology 37, 163-178. doi: 10.1111/1469-8986.3720163

Kabat-Zinn, J. (2003). Mindfulness—based interventions in context: past, present,
and future. Clin. Psychol. 10, 144-156. doi: 10.1093/clipsy.bpg016

Kahana, M. J., Sekuler, R., Caplan, J. B., Kirschen, M., and Madsen, J. R.
(1999). Human theta oscillations exhibit task dependence during virtual maze
navigation. Nature 399, 781-784. doi: 10.1038/21645

Kakumanu, R. J., Nair, A. K., Venugopal, R., Sasidharan, A., Ghosh, P. K,
John, J. P., et al. (2018). Dissociating meditation proficiency and experience
dependent EEG changes during traditional Vipassana meditation practice. Biol.
Psychol. 135, 65-75. doi: 10.1016/j.biopsycho.2018.03.004

Kasamatsu, A., and Hirai, T. (1966). An electroencephalographic study on the Zen
meditation (Zazen). Psychiatry Clin. Neurosci. 20, 315-336. doi: 10.1111/.1440-
1819.1966.tb02646.x

Keshner, M. S. (1982). 1/f Noise. Proc. IEEE 70, 212-218. doi: 10.1109/PROC.1982.
12282

Kirschstein, T., and Kohling, R. (2009). What is the source of the EEG? Clin. EEG
Neurosci. 40, 146-149. doi: 10.1177/155005940904000305

Knyazev, G. G. (2007). Motivation, emotion, and their inhibitory control mirrored
in brain oscillations. Neurosci. Biobehav. Rev. 31, 377-395. doi: 10.1016/].
neubiorev.2006.10.004

Kongtrul, J. (2002). Creation and Completion: Essential Points of Tantric
Meditation. New York, NY: Simon and Schuster.

Lagopoulos, J., Xu, J., Rasmussen, L, Vik, A., Malhi, G. S., Eliassen, C. F., et al.
(2009). Increased theta and alpha EEG activity during nondirective meditation.
J. Alternat. Complement. Med. 15, 1187-1192. doi: 10.1089/acm.2009.
0113

Lazar, S. W, Bush, G., Gollub, R. L., Fricchione, G. L., Khalsa, G., and Benson, H.
(2000). Functional brain mapping of the relaxation response and meditation.
Neuroreport 11, 1581-1585. doi: 10.1097/00001756-200005150-00042

Lebiecka, K., Zuchowicz, U., Wozniak-Kwasniewska, A., Szekely, D., Olejarczyk,
E., and David, O. (2018). Complexity analysis of EEG data in persons with
depression subjected to transcranial magnetic stimulation. Front. Physiol.
9:1385. doi: 10.3389/fphys.2018.01385

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

Lempel, A., and Ziv, J. (1976). On the complexity of finite sequences. IEEE Trans.
Information Theory 22, 75-81. doi: 10.1109/TIT.1976.1055501

Li, Y., Tong, S., Liu, D., Gai, Y., Wang, X., Wang, J., et al. (2008). Abnormal EEG
complexity in patients with schizophrenia and depression. Clin. Neurophysiol.
119, 1232-1241. doi: 10.1016/j.clinph.2008.01.104

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

Lutz, A., Dunne, J. D., and Davidson, R. J. (2007). “Meditation and the
neuroscience of consciousness,” in Cambridge Handbook of Consciousness,
eds P. D. Zelazo, M. Moscovitch, and E. Thompson (Cambridge: Cambridge
University Press), 499-555. doi: 10.1017/CB09780511816789.020

Lutz, A., Greischar, L. L., Rawlings, N. B., Ricard, M., and Davidson, R. J. (2004).
Long-term meditators self-induce high-amplitude gamma synchrony during
mental practice. Proc. Natl. Acad. Sci. U.S.A. 101, 16369-16373.

Lutz, A., Slagter, H. A., Dunne, J. D., and Davidson, R. J. (2008). Attention
regulation and monitoring in meditation. Trends Cogn. Sci. (Regul Ed) 12,
163-169. doi: 10.1016/j.tics.2008.01.005

Lutz, A., Slagter, H. A., Rawlings, N. B, Francis, A. D., Greischar, L. L., and
Davidson, R. J. (2009). Mental training enhances attentional stability: neural
and behavioral evidence. J. Neurosci. 29, 13418-13427.

Lutz, A. P, Dunne, J. D, and Saron, C. D. (2015). Investigating the
phenomenological matrix of mindfulness-related practices from a
neurocognitive perspective. Am. Psychol. 70:632. doi: 10.1037/a0039585

Manna, A., Raffone, A., Perrucci, M. G., Nardo, D., Ferretti, A., Tartaro, A., et al.
(2010). Neural correlates of focused attention and cognitive monitoring in
meditation. Brain Res. Bull. 82, 46-56. doi: 10.1016/j.brainresbull.2010.03.001

Matko, K., and Sedlmeier, P. (2019). What is Meditation? Proposing an
Empirically-Derived Classification System. Front. Psychol. 10:2276. doi: 10.
3389/fpsyg.2019.02276

McKnight, D. (2012). Tonglen Meditation’s Effect on Levels of Compassion and
Self-compassion: A Pilot Study and Instructional Guide. Thesis Completed as
Part of the Upaya Buddhist Chaplaincy Training Program. Available online at:
https://www.upaya.org/uploads/pdfs/McKnightTonglenThesis.pdf

Méndez, M. A., Zuluaga, P., Hornero, R., Gémez, C., Escudero, J., Rodriguez-
Palancas, A., et al. (2012). Complexity analysis of spontaneous brain activity:
effects of depression and antidepressant treatment. J. Psychopharmacol. 26,
636-643. doi: 10.1177/0269881111408966

Murata, T., Koshino, Y., Omori, M., Murata, I, Nishio, M., Sakamoto, K., et al.
(1994). Quantitative EEG study on Zen meditation (zaZen). Psychiatry Clin.
Neurosci. 48, 881-890. doi: 10.1111/§.1440-1819.1994.tb03090.x

Nanamoli, B. (2010). Mindfulness of Breathing: Anapanasati. Kandy: Buddhist
Publication Society.

Nash, J. D., and Newberg, A. (2013). Toward a unifying taxonomy and definition
for meditation. Front. Psychol. 4:806. doi: 10.3389/fpsyg.2013.00806

Newson, J. J., and Thiagarajan, T. C. (2019). EEG frequency bands in psychiatric
disorders: a review of resting state studies. Front. Hum. Neurosci. 12:521. doi:
10.3389/fnhum.2018.00521

Nolfe, G. (2012). EEG and meditation. Clin. Neurophysiol. 123, 631-632. doi:
10.1016/j.clinph.2011.08.016

Ospina, M. (2007). Meditation Practices for Health state of the Research. Darby PA:
DIANE Publishing.

Pagnoni, G., Cekic, M., and Guo, Y. (2008). “Thinking about not-thinking”: neural
correlates of conceptual processing during Zen meditation. PLoS One 3:3083.
doi: 10.1371/journal.pone.0003083

Pakhomov, A., and Sudin, N. (2013). Thermodynamic view on decision-making
process: emotions as a potential power vector of realization of the choice. Cogn.
Neurodyn. 7, 449-463. doi: 10.1007/s11571-013-9249-x

Pan, W., Zhang, L., and Xia, Y. (1994). The difference in EEG theta waves between
concentrative and non-concentrative qigong states—a power spectrum and
topographic mapping study. J. Tradit. Chin. Med.= Chung i tsa chih ying wen
pan 14,212-218.

Parameshwaran, D., and Thiagarajan, T. C. (2017). Complexity of EEG reflects
socioeconomic context and geofootprint. bioRxiv[Preprint]. doi: 10.1101/
125872

Pasquini, H. A., Tanaka, G. K., Basile, L. F. H., Velasques, B., Lozano, M. D,
and Ribeiro, P. (2015). Electrophysiological correlates of long-term Soto Zen
meditation. BioMed. Res. Int. 2015:598496. doi: 10.1155/2015/598496

Perdue, D. E. (2014). The Course in Buddhist Reasoning and Debate: An Asian
Approach to Analytical Thinking Drawn from Indian and Tibetan Sources.
Boulder, CO: Shambhala Publicationsp.

Pezard, L., Nandrino, J., Renault, B., El Massioui, F., Allilaire, J., Miiller, J., et al.
(1996). Depression as a dynamical disease. Biol. Psychiatry 39, 991-999. doi:
10.1016/0006-3223(95)00307-X

Pinneo, L. R. (1966). On noise in the nervous system. Psychol. Rev. 73:242. doi:
10.1037/h0023240

Rabiner, L. R., and Gold, B. (1975). Theory and Application of Digital Signal
Processing. Englewood Cliffs, NJ: Prentice-Hall, Inc, 1975.777.

Radhakrishnan, N., and Gangadhar, B. N. (1998). Estimating regularity in epileptic
seizure time-series data. IEEE Eng. Med. Biol. Mag. 17, 89-94. doi: 10.1109/51.
677174

Raghavachari, S., Kahana, M. J., Rizzuto, D. S., Caplan, J. B., Kirschen, M. P.,
Bourgeois, B., et al. (2001). Gating of human theta oscillations by a working
memory task. . Neurosci. 21, 3175-3183. doi: 10.1523/J]NEUROSCI.21-09-
03175.2001

Ray, R. A. (2002). Secret of the Vajra World: The Tantric Buddhism of Tibet. Boston,
MA: Shambhala Publications.

Ray, R. A. (2004). In the Presence of Masters: Wisdom From 30 Contemporary
Tibetan Buddhist teachers. Boston, MA: Shambhala Publications.

Rubia, K. (2009). The neurobiology of meditation and its clinical effectiveness in
psychiatric disorders. Biol. Psychol. 82, 1-11. doi: 10.1016/j.biopsycho.2009.04.
003

Saggar, M., King, B. G., Zanesco, A. P., MacLean, K. A, Aichele, S. R., Jacobs,
T. L. etal. (2012). Intensive training induces longitudinal changes in meditation
state-related EEG oscillatory activity. Front. Hum. Neurosci. 6:256. doi: 10.3389/
fnhum.2012.00256

Sara, M., and Pistoia, F. (2010). Complexity loss in physiological time series of
patients in a vegetative state. Nonlinear Dyn. Psychol. Life Sci. 14:1.

Frontiers in Human Neuroscience | www.frontiersin.org

April 2021 | Volume 15 | Article 628417


https://doi.org/10.1111/1469-8986.3720163
https://doi.org/10.1093/clipsy.bpg016
https://doi.org/10.1038/21645
https://doi.org/10.1016/j.biopsycho.2018.03.004
https://doi.org/10.1111/j.1440-1819.1966.tb02646.x
https://doi.org/10.1111/j.1440-1819.1966.tb02646.x
https://doi.org/10.1109/PROC.1982.12282
https://doi.org/10.1109/PROC.1982.12282
https://doi.org/10.1177/155005940904000305
https://doi.org/10.1016/j.neubiorev.2006.10.004
https://doi.org/10.1016/j.neubiorev.2006.10.004
https://doi.org/10.1089/acm.2009.0113
https://doi.org/10.1089/acm.2009.0113
https://doi.org/10.1097/00001756-200005150-00042
https://doi.org/10.3389/fphys.2018.01385
https://doi.org/10.3389/fnins.2018.00178
https://doi.org/10.3389/fnins.2018.00178
https://doi.org/10.1109/TIT.1976.1055501
https://doi.org/10.1016/j.clinph.2008.01.104
https://doi.org/10.1016/j.neubiorev.2015.09.018
https://doi.org/10.1017/CBO9780511816789.020
https://doi.org/10.1016/j.tics.2008.01.005
https://doi.org/10.1037/a0039585
https://doi.org/10.1016/j.brainresbull.2010.03.001
https://doi.org/10.3389/fpsyg.2019.02276
https://doi.org/10.3389/fpsyg.2019.02276
https://www.upaya.org/uploads/pdfs/McKnightTonglenThesis.pdf
https://doi.org/10.1177/0269881111408966
https://doi.org/10.1111/j.1440-1819.1994.tb03090.x
https://doi.org/10.3389/fpsyg.2013.00806
https://doi.org/10.3389/fnhum.2018.00521
https://doi.org/10.3389/fnhum.2018.00521
https://doi.org/10.1016/j.clinph.2011.08.016
https://doi.org/10.1016/j.clinph.2011.08.016
https://doi.org/10.1371/journal.pone.0003083
https://doi.org/10.1007/s11571-013-9249-x
https://doi.org/10.1101/125872
https://doi.org/10.1101/125872
https://doi.org/10.1155/2015/598496
https://doi.org/10.1016/0006-3223(95)00307-X
https://doi.org/10.1016/0006-3223(95)00307-X
https://doi.org/10.1037/h0023240
https://doi.org/10.1037/h0023240
https://doi.org/10.1109/51.677174
https://doi.org/10.1109/51.677174
https://doi.org/10.1523/JNEUROSCI.21-09-03175.2001
https://doi.org/10.1523/JNEUROSCI.21-09-03175.2001
https://doi.org/10.1016/j.biopsycho.2009.04.003
https://doi.org/10.1016/j.biopsycho.2009.04.003
https://doi.org/10.3389/fnhum.2012.00256
https://doi.org/10.3389/fnhum.2012.00256
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/human-neuroscience#articles

Young et al.

EEG and Meditation

Schartner, M., Seth, A., Noirhomme, Q., Boly, M., Bruno, M., Laureys, S., et al.
(2015). Complexity of multi-dimensional spontaneous EEG decreases during
propofol induced general anaesthesia. PloS One 10:e0133532. doi: 10.1371/
journal.pone.0133532

Schartner, M. M., Carhart-Harris, R. L., Barrett, A. B, Seth, A. K, and
Muthukumaraswamy, S. D. (2017a). Increased spontaneous MEG signal
diversity for psychoactive doses of ketamine, LSD and psilocybin. Sci. Rep.
7:46421. doi: 10.1038/srep46421

Schartner, M. M., Pigorini, A., Gibbs, S. A., Arnulfo, G., Sarasso, S., Barnett, L.,
etal. (2017b). Global and local complexity of intracranial EEG decreases during
NREM sleep. Neuroscience of Consciousness 2017, niw022. doi: 10.1093/nc/
niw022

Schoenberg, P. L., Ruf, A., Churchill, J., Brown, D. P., and Brewer, J. A. (2018).
Mapping complex mind states: EEG neural substrates of meditative unified
compassionate awareness. Conscious Cogn. 57, 41-53. doi: 10.1016/j.concog.
2017.11.003

Sederberg, P. B., Kahana, M. J., Howard, M. W., Donner, E. J., and Madsen,
J. R. (2003). Theta and gamma oscillations during encoding predict subsequent
recall. J. Neurosci. 23, 10809-10814.

Simkin, D. R., and Black, N. B. (2014). Meditation and mindfulness in clinical
practice. Child Adolesc. Psychiatric. Clin. 23, 487-534.

Simon, R., and Engstrom, M. (2015). The default mode network as a biomarker for
monitoring the therapeutic effects of meditation. Front. Psychol. 6:776.

Slagter, H. A., Davidson, R. J., and Lutz, A. (2011). Mental training as a tool in the
neuroscientific study of brain and cognitive plasticity. Front. Hum. Neurosci.
5:17. doi: 10.3389/fnhum.2011.00017

Slavin, R. E. (1986). Best-evidence synthesis: an alternative to meta-analytic and
traditional reviews. Educ. Res. 15, 5-11. doi: 10.3102/0013189X015009005

Smallwood, J., Nind, L., and O’Connor, R. C. (2009). When is your head at? An
exploration of the factors associated with the temporal focus of the wandering
mind. Conscious Cogn. 18, 118-125. doi: 10.1016/j.concog.2008.11.004

Smallwood, J., and Schooler, J. W. (2006). The restless mind. Psychol. Bull. 132, 946.
doi: 10.1037/0033-2909.132.6.946

Smallwood, J., and Schooler, J. W. (2015). The science of mind wandering:
empirically navigating the stream of consciousness. Annu. Rev. Psychol. 66,
487-518. doi: 10.1146/annurev-psych-010814-015331

Stawarczyk, D., Majerus, S., Maj, M., Van der Linden, M., and D’Argembeau, A.
(2011). Mind-wandering: Phenomenology and function as assessed with a novel
experience sampling method. Acta Psychol. 136, 370-381. doi: 10.1016/j.actpsy.
2011.01.002

Stegenga, J. (2011). Is meta-analysis the platinum standard of evidence? Stud. Hist.
Philos. Sci. Part C 42, 497-507. doi: 10.1016/j.shpsc.2011.07.003

Steriade, M., and Timofeev, I. (2003). Neuronal plasticity in thalamocortical
networks during sleep and waking oscillations. Neuron 37, 563-576. doi: 10.
1016/S0896-6273(03)00065-5

Tagliazucchi, E., Carhart—Harris, R., Leech, R., Nutt, D., and Chialvo, D. R.
(2014). Enhanced repertoire of brain dynamical states during the psychedelic
experience. Hum. Brain Mapp. 35, 5442-5456. doi: 10.1002/hbm.22562

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

Tang, Y. (2012). Tools of the trade: theory and method in mindfulness
neuroscience. Soc. Cogn. Affect. Neurosci 8, 118-120. doi: 10.1093/scan/nss112

Tang, Y., Holzel, B. K., and Posner, M. L. (2015). The neuroscience of mindfulness
meditation. Nat. Rev. Neurosci. 16, 213-225. doi: 10.1038/nrn3916

Tei, S., Faber, P. L., Lehmann, D., Tsujiuchi, T., Kumano, H., Pascual-Marqui,
R. D, etal. (2009). Meditators and non-meditators: EEG source imaging during
resting. Brain Topogr. 22, 158-165. doi: 10.1007/s10548-009-0107-4

Thomas, J., Jamieson, G., and Cohen, M. (2014). Low and then high frequency
oscillations of distinct right cortical networks are progressively enhanced by
medium and long term Satyananda Yoga meditation practice. Front. Hum.
Neurosci. 8:197. doi: 10.3389/fnhum.2014.00197

Thomas, J. W., and Cohen, M. A. (2014). Methodological review of meditation
research. Front. Psychiatry 5:74.

Thomasson, N., and Pezard, L. (1999). Dynamical systems and depression: a
framework for theoretical perspectives. Acta Biotheor. 47, 209-218.

Timmermann, C., Roseman, L., Schartner, M., Milliere, R., Williams, L. T., Erritzoe,
D., et al. (2019). Neural correlates of the DMT experience assessed with
multivariate EEG. Sci. Rep. 9, 1-13.

Tomasino, B., Fregona, S., Skrap, M., and Fabbro, F. (2013). Meditation-related
activations are modulated by the practices needed to obtain it and by the
expertise: an ALE meta-analysis study. Front. Hum. Neurosci. 6:346.

Travis, F., and Shear, J. (2010). Focused attention, open monitoring
and automatic self-transcending: categories to organize meditations
from Vedic, Buddhist and Chinese traditions. Conscious Cogn. 19,
1110-1118.

Trungpa, C. (2013). The Tantric Path of Indestructible Wakefulness. Boston, MA:
Shambhala Publications.

Vago, D. R, and David, S. A. (2012). Self-awareness, self-regulation, and self-
transcendence (S-ART): a framework for understanding the neurobiological
mechanisms of mindfulness. Front. Hum. Neurosci. 6:296. doi: 10.3389/fnhum.
2012.00296

Van Dam, N. T., van Vugt, M. K., Vago, D. R,, Schmalzl, L., Saron, C. D., Olendzki,
A, etal. (2018). Mind the hype: a critical evaluation and prescriptive agenda for
research on mindfulness and meditation. Perspect. Psychol. Science 13, 36-61.
doi: 10.1177/1745691617709589

Van Schaik, S. (2004). Approaching the Great Perfection: Simultaneous and gradual
methods of Dzogchen practice in the Longchen Nyingtig. New York, NY: Simon
and Schuster.

Varela, F., Lachaux, J., Rodriguez, E., and Martinerie, J. (2001). The brainweb: phase
synchronization and large-scale integration. Nat. Rev. Neurosci. 2, 229-239.
doi: 10.1038/35067550

Vivot, R. M., Pallavicini, C., Zamberlan, F., Vigo, D., and Tagliazucchi, E. (2020).
Meditation increases the entropy of brain oscillatory activity. Neuroscience 431,
40-51. doi: 10.1016/j.neuroscience.2020.01.033

Vollestad, J., Nielsen, M. B., and Nielsen, G. H. (2012). Mindfulness—and
acceptance—based interventions for anxiety disorders: a systematic review and
meta—analysis. Br. J. Clin. Psychol. 51, 239-260.

Voytek, B., Kramer, M. A., Case, J., Lepage, K. Q., Tempesta, Z. R., Knight,
R. T, etal. (2015). Age-related changes in 1/f neural electrophysiological noise.
J. Neurosci. 35, 13257-13265.

Wallace, B. A. (1999). The Buddhist tradition of samatha: methods
for refining and examining consciousness. J. Conscious. Stud. 6,
175-187.

Watrous, A. J., Fried, I, and Ekstrom, A. D. (2011). Behavioral correlates of human
hippocampal delta and theta oscillations during navigation. J. Neurophysiol.
105, 1747-1755. doi: 10.1152/jn.00921.2010

Wu, D., Cai, G., Zorowitz, R. D., Yuan, Y., Wang, J., and Song, W. (2011).
Measuring interconnection of the residual cortical functional islands in
persistent vegetative state and minimal conscious state with EEG nonlinear
analysis. Clin. Neurophysiol. 122, 1956-1966. doi: 10.1016/j.clinph.2011.
03.018

Zeidan, F., Grant, J. A.,, Brown, C. A., McHaffie, J. G., and Coghill, R. C.
(2012). Mindfulness meditation-related pain relief: evidence for unique brain
mechanisms in the regulation of pain. Neurosci. Lett. 520, 165-173. doi: 10.
1016/j.neulet.2012.03.082

Zeng, X., Oei, T. P, and Liu, X. (2014). Monitoring emotion through body
sensation: a review of awareness in Goenka’s Vipassana. J. Relig. Health 53,
1693-1705. doi: 10.1007/s10943-013-9754-6

Zhang, X., Roy, R. ], and Jensen, E. W. (2001). EEG complexity as a measure
of depth of anesthesia for patients. IEEE Trans. Biomed. Eng. 48, 1424-1433.
doi: 10.1109/10.966601

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Young, Arterberry and Martin. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Human Neuroscience | www.frontiersin.org

April 2021 | Volume 15 | Article 628417


https://doi.org/10.1371/journal.pone.0133532
https://doi.org/10.1371/journal.pone.0133532
https://doi.org/10.1038/srep46421
https://doi.org/10.1093/nc/niw022
https://doi.org/10.1093/nc/niw022
https://doi.org/10.1016/j.concog.2017.11.003
https://doi.org/10.1016/j.concog.2017.11.003
https://doi.org/10.3389/fnhum.2011.00017
https://doi.org/10.3102/0013189X015009005
https://doi.org/10.1016/j.concog.2008.11.004
https://doi.org/10.1037/0033-2909.132.6.946
https://doi.org/10.1146/annurev-psych-010814-015331
https://doi.org/10.1016/j.actpsy.2011.01.002
https://doi.org/10.1016/j.actpsy.2011.01.002
https://doi.org/10.1016/j.shpsc.2011.07.003
https://doi.org/10.1016/S0896-6273(03)00065-5
https://doi.org/10.1016/S0896-6273(03)00065-5
https://doi.org/10.1002/hbm.22562
https://doi.org/10.1016/j.ijpsycho.2004.07.004
https://doi.org/10.1093/scan/nss112
https://doi.org/10.1038/nrn3916
https://doi.org/10.1007/s10548-009-0107-4
https://doi.org/10.3389/fnhum.2014.00197
https://doi.org/10.3389/fnhum.2012.00296
https://doi.org/10.3389/fnhum.2012.00296
https://doi.org/10.1177/1745691617709589
https://doi.org/10.1038/35067550
https://doi.org/10.1016/j.neuroscience.2020.01.033
https://doi.org/10.1152/jn.00921.2010
https://doi.org/10.1016/j.clinph.2011.03.018
https://doi.org/10.1016/j.clinph.2011.03.018
https://doi.org/10.1016/j.neulet.2012.03.082
https://doi.org/10.1016/j.neulet.2012.03.082
https://doi.org/10.1007/s10943-013-9754-6
https://doi.org/10.1109/10.966601
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/human-neuroscience#articles

	Contrasting Electroencephalography-Derived Entropy and Neural Oscillations With Highly Skilled Meditators
	Introduction
	Materials and Methods
	Participants
	Meditation Practices
	Procedure
	Electrophysiological Analyses
	Statistical Plan

	Results
	Entropy
	Power Spectra by Frequency Band
	Exploratory Analyses by Practice

	Discussion
	Strengths
	Limitations

	CONCLUSION
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


