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Objective: Meditation is one type of mental training that has been shown to

produce many cognitive benefits. Meditation practice is associated with improvement in

concentration and reduction of stress, depression, and anxiety symptoms. Furthermore,

different forms of meditation training are now being used as interventions for a variety of

psychological and somatic illnesses. These benefits are thought to occur as a result of

neurophysiologic changes. Themost commonly studied specific meditation practices are

focused attention (FA), open-monitoring (OM), as well as transcendental meditation (TM),

and loving-kindness (LK) meditation. In this review, we compare the neural oscillatory

patterns during these forms of meditation.

Method: We performed a systematic review of neural oscillations during FA, OM, TM,

and LK meditation practices, comparing meditators to meditation-naïve adults.

Results: FA, OM, TM, and LK meditation are associated with global increases in

oscillatory activity in meditators compared tomeditation-naïve adults, with larger changes

occurring as the length of meditation training increases. While FA and OM are related to

increases in anterior theta activity, only FA is associated with changes in posterior theta

oscillations. Alpha activity increases in posterior brain regions during both FA and OM.

In anterior regions, FA shows a bilateral increase in alpha power, while OM shows a

decrease only in left-sided power. Gamma activity in these meditation practices is similar

in frontal regions, but increases are variable in parietal and occipital regions.

Conclusions: The current literature suggests distinct differences in neural oscillatory

activity among FA, OM, TM, and LK meditation practices. Further characterizing these

oscillatory changes may better elucidate the cognitive and therapeutic effects of specific

meditation practices, and potentially lead to the development of novel neuromodulation

targets to take advantage of their benefits.
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INTRODUCTION

Meditation practices have well-established benefits in affective and cognitive processes (Tang
et al., 2015). However, there are a wide variety of meditation practices, which comprise a set of
practices used to cultivate positive qualities in the mind and to enhance insight into how the
mind-body functions. Furthermore, the definition of meditation has many different meanings in
varying contexts. While Christian, Judaic, and Islamic forms of meditation are generally devotional

https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/journals/neuroscience#editorial-board
https://www.frontiersin.org/journals/neuroscience#editorial-board
https://www.frontiersin.org/journals/neuroscience#editorial-board
https://www.frontiersin.org/journals/neuroscience#editorial-board
https://doi.org/10.3389/fnins.2018.00178
http://crossmark.crossref.org/dialog/?doi=10.3389/fnins.2018.00178&domain=pdf&date_stamp=2018-03-26
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/neuroscience#articles
https://creativecommons.org/licenses/by/4.0/
mailto:fgirgis@ucdavis.edu
https://doi.org/10.3389/fnins.2018.00178
https://www.frontiersin.org/articles/10.3389/fnins.2018.00178/full
http://loop.frontiersin.org/people/28967/overview
http://loop.frontiersin.org/people/504308/overview
http://loop.frontiersin.org/people/511983/overview
http://loop.frontiersin.org/people/97424/overview


Lee et al. Meditation EEG Differences

or scriptural, other forms of meditation are aimed at internally
self-regulating the mind. It has been proposed that cognitive and
affective effects may differ according to the type of meditation
performed (Lutz et al., 2008a,b). This review focuses on four
common meditation practices including focused attention (FA),
open-monitoring (OM), transcendental meditation (TM), and
loving-kindness (LK).

Two commonly studied types of attention training practices
include FA and OM. Focused attention (FA) includes Himalayan
Yoga, Mantra, and Metta; while OM includes Zen, Isha Yoga,
Shoonya Yoga, and Vipassana. FA and OM have been shown
to enhance attention control, emotion regulation, self-awareness,
and improve cognitive control of conflict (Lippelt et al., 2014;
Tang et al., 2015). FA is the practice of maintaining a sustained
selective attention on a chosen concept or object, such as
breathing, physical sensation, or a visual image. The chosen
object serves as an anchor for attention, and as a result, FA is
thought to cultivate mental acuity and focus. OM, on the other
hand, entails focusing on awareness itself. Instead of sustaining
selective attention on a chosen object and avoiding intrusive
thoughts or distractions, OM involves acceptance of internal and
external cues with the goal of non-judgmental awareness. The
aim of OM is to remain attentive to any experience that may
arise without focusing on a particular object. Of note, OM and
FA are not mutually exclusive, and while OM practices may entail
some aspects of FA, the opposite is not necessarily true. For
example, OMpractices often start by focusing on a specific object,
similar to FA practices. Rather than maintaining that focus as the
primary goal, as is the case in FA, the mind in OM is trained
to gradually shift focus from that object and become aware of
the occurrence of thoughts, sensations, and images as they arise
and dissolve, and eventually begin monitoring the process of
awareness itself. Therefore, OM induces a broader attentional
focus than FA (Lippelt et al., 2014), and OM practitioners tend
to have a generally wider attentional scope and perform better
on sustained attention tasks (Ainsworth et al., 2013; Lippelt et al.,
2014).

Transcendental meditation (TM) is a mantra meditation
aimed at avoiding distracting thoughts. The goal is to use a
sound or mantra to be aware of the present without an object
of thought. In this practice, there is no contemplation, FA, or
monitoring of current experience (Travis and Pearson, 2000). In
contrast, LKmeditation aims to develop love and compassion for
oneself and toward all other beings. Themeditator will eventually
focus on compassion toward those one does not know and
extend it toward those one dislikes. Negative associations are
replaced with positive social or empathic mindsets (Vago and
Silbersweig, 2012; Lippelt et al., 2014). As such, LK meditation
has been associated with improved cognitive control and conflict
monitoring (Hunsinger et al., 2013).

While the benefits of FA, OM, TM, and LK meditation have
been described elsewhere, the neurobiological underpinnings
of these benefits are still in its nascent phase. There is evidence
that these forms of meditation result in both long-term and
short-term changes in the brain. Long-term anatomical changes
have traditionally been analyzed with structural magnetic
resonance (MR) imaging, which provides excellent spatial

resolution. There is evidence that meditation can result in
structural changes in the brain, including increasing the cortical
thickness of regions like the prefrontal cortex (PFC) and insula
(Lazar et al., 2005; Santarnecchi et al., 2014; Engen et al.,
2017). Additionally, functional MR imaging can detect changes
in cortical and subcortical activation as well as functional
connectivity; however, the temporal resolution for such
changes are limited. In contrast, electroencephalography (EEG),
magnetoencephalography (MEG), and source-space EEG are
imaging modalities with excellent temporal resolution that can
capture short-term oscillatory changes during meditation while
sacrificing spatial resolution. Understanding the oscillations
associated with different forms of meditation will aid in the
honing of these meditative practices, and potentially allow for
artificial manipulation in the treatment of disease.

In this review, we systematically analyze the similarities and
differences in neural oscillations among four commonly studied
meditation practices, including FA, OM, TM, and LKmeditation.

NEURONAL ACTIVATION DURING
MEDITATION

Functional MRI (fMRI) studies have demonstrated that various
types of meditation increase activity in various regions of the
brain, including the PFC, insula, and anterior cingulate cortex
(ACC). Interestingly, different forms of meditation can activate
different regions of the brain. FA results in increased brain
activity and connectivity in the ACC relative to OM (Lazar
et al., 2000; Botvinick et al., 2004; Manna et al., 2010). FA is
also associated with increased right dorsolateral PFC activity and
connectivity to the right insula, which has not been seen in OM
(D’Esposito, 2007). In addition, both FA and OM demonstrate
increased fMRI signal in the posterior insula during interoceptive
attention tasks when compared to exteroception tasks (Farb et al.,
2013). As can be expected, these forms of meditation are also
associated with increased connectivity in brain networks such as
the dorsal attentional network (Froeliger et al., 2012).

In contrast, most meditation practices, including FA, OM, and
LK, are thought to deactivate the default mode network (DMN).
This DMN is active during passive awake rest or involuntary
activities and includes the ventral medial PFC, medial temporal
lobe, precuneus, and posterior cingulate gyrus (Brewer et al.,
2011; Garrison et al., 2015; Simon and Engstrom, 2015). Of note,
TM results in continued elevation in DMN activity (Travis and
Parim, 2017).

While it is clear that meditation practices can activate
specific brain regions and functional connectivity associated
with executive function and mood, as measured through fMRI,
these practices also affect the neural oscillation patterns in these
regions. In particular, neural oscillations can be evaluated in
a local region or between various regions of the brain. The
strength of a particular oscillatory frequency in a particular
region can be analyzed using a power analysis. Coherence is
the degree of coupling of a particular frequency between two
different brain regions and can be used as an indicator of
functional connectivity. EEG and MEG can both be used to
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investigate power and coherence within a particular frequency
band. Understanding how meditation modulates these neural
oscillations may help elucidate the relationship between brain
oscillations and cognitive processes.

DELTA FREQUENCY

Delta oscillations arise from the thalamus or cortex and range
between 0.5 and 3Hz. In the context of meditation and neural
oscillations, the role of delta frequency is not well-described.
There is limited evidence suggesting that the delta frequency is
reduced during OM, such as the Vipassana tradition. In one long-
term Vipassana study, bilateral frontal delta power (1–4Hz), but
not midline delta power, was decreased in those who reported
not being drowsy during meditation (Cahn et al., 2010). Of note,
increased slow delta activity during deep sleep and increased
delta activity during meditation suggests that the changes in delta
during meditation promote an enhanced state of wakefulness.
Similarly, LKmeditation has been associated with increased delta
activity (Basar et al., 2008). Interestingly, in a separate study,
meditation evinced a reduction in delta activity; however, when a
distractor item was presented and the meditator was encouraged
to focus on the distractor item, the frontal delta power increased
(Cahn et al., 2013). This suggests a potential role of the delta
rhythm in attentional engagement.

THETA FREQUENCY

The human theta rhythm is an oscillatory pattern found in
cortical and subcortical structures, characterized by oscillations
in the 3.5–7Hz range. In humans, increased cortical theta
oscillations have been described during a variety of learning tasks,
including recognition (Raghavachari et al., 2001; Hsieh et al.,
2011), recall (Sederberg et al., 2003), and virtual spatial navigation

tasks (Kahana et al., 1999; de Araujo et al., 2002; Caplan et al.,
2003; Watrous et al., 2011). In addition to local oscillatory
activity, theta rhythms are synchronized across multiple brain
regions during complex cognitive tasks (Mizuhara et al., 2004;
Ekstrom et al., 2005). Increased cortical theta activity has also
been demonstrated during working memory tasks (Raghavachari
et al., 2001, 2006). Scalp EEG studies have demonstrated that
increased theta activity prior to a memory task is correlated
with successful episodic memory retrieval, while decreased theta
activity has been associated with poor episodicmemory (Addante
et al., 2011). While meditation is known to improve attention,
learning, and memory (Chan et al., 2017; Taren et al., 2017),
there have been no causal studies on the role of meditation
EEG changes and memory. EEG neurofeedback studies suggest
improvements in cognition, including attention, procedural
memory, and recognition memory (Gruzelier, 2014). Integrating
neurofeedback into meditation may help to better define the
relationship between memory and meditation.

Increases in theta activity have been seen across a variety
of meditation practices, including FA, OM, TM, and LK
(Baijal and Srinivasan, 2010; Cahn et al., 2010; Pasquini
et al., 2015). Interestingly, the increase in theta power was
positively correlated with the amount of training and experience
in each meditation practice, which may help to explain the
improvements in memory and attention. Theta oscillations
during wakefulness occur in frontal midline regions, such as the
PFC (Asada et al., 1999) and ACC (Onton et al., 2005) (Figure 1).
This frontal midline theta (Fm theta) activity has been associated
with concentrative attentional engagement (Basar et al., 2001;
Mitchell et al., 2008) as well as activation of the autonomic system
(Kubota et al., 2001; Takahashi et al., 2005). In particular, there is
evidence for increases in Fm theta in both FA andOM (Takahashi
et al., 2005; Dentico et al., 2016; Braboszcz et al., 2017). Fm theta
is thought to be associated with internalized attention. As such,

FIGURE 1 | EEG oscillation contrasts between focused attention and open monitoring meditation practices.
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there is increased Fm theta during OM practice (Lippelt et al.,
2014). Fm theta activity in Zen meditators was correlated with
increased parasympathetic activity and correlated with decreased
sympathetic activation, supporting the idea of the ACC as a
source of Fm theta given its role in cognitive function and
autonomic control.

In addition to the amplitude of the theta frequency, there are
also changes in theta coherence (i.e., synchrony of neural firing
patterns) during OMmeditation.While frontal and parietal theta
coherence is associated with executive function tasks such as
working memory (Sauseng et al., 2005), similar findings have
been shown during OM (Cahn et al., 2013). There is also evidence
for increased theta coherence among the central, temporal and
occipital areas during TM (Tomljenovic et al., 2016). However,
this has not been investigated in FA meditation.

ALPHA FREQUENCY

The alpha frequency band ranges between 8 and 13Hz, is
predominantly in the occipital cortex, and is most notably seen
in various stages of sleep. Both FA and OM meditation have
been associated with increases in prefrontal and left parietal
alpha activity during NREM sleep cycles. This increase positively
correlated with the amount of meditation training (Dentico et al.,
2016). There is also evidence for increased frontal, parietal, and
occipital alpha power and synchrony during meditation (Travis,
2001; Cahn et al., 2013). While both OM and FA have been
shown to demonstrate an increased frontal alpha amplitude
and synchrony (Travis, 2001), a recent study in awake patients
demonstrated that the OM tradition (Vipassana) resulted in an
increase in alpha power compared to meditation naïve controls
and FA (Himalayan Yoga) practitioners during active meditation
and mind wandering (Braboszcz et al., 2017). There is also
evidence that experienced meditators have increased prefrontal
and parietal alpha power during sleep (Dentico et al., 2016).
There appears to be no consensus on the presence of parieto-
occipital alpha in meditation practitioners, with some studies
suggesting increased posterior alpha power, while other studies
suggesting that FA and OM meditation decrease alpha (Dentico
et al., 2016; Braboszcz et al., 2017).

There is evidence for increased alpha coherence in the frontal
and parietal regions in the FA and OM traditions as well as TM
(Travis, 2001; Cahn et al., 2013; Travis and Parim, 2017). In
addition, as opposed to FA and OM, the predominant oscillation
during TM is the frontal alpha rhythm as opposed to the theta
rhythm. Transcendental Meditation practice has been associated
with increased alpha power among the posterior cingulate gyrus,
precuneus, and the medial and inferior temporal cortex (Travis
and Parim, 2017; van Lutterveld et al., 2017).

BETA FREQUENCY

Human beta oscillations (13–30Hz) are typically associated
with sensorimotor processing (Symons et al., 2016); however,
more recently, they have been linked to attention, emotion, and
cognitive control (Guntekin et al., 2013; Symons et al., 2016).

There is conflicting evidence on the effects of meditation on
beta oscillations. While there is some evidence that suggests no
change in beta activity during OM (Pasquini et al., 2015), other
studies suggest a decrease in beta activity in the angular gyrus and
posterior cingulate and parietal cortices (Dor-Ziderman et al.,
2013; Faber et al., 2015). There are also reports of decreased
occipital beta oscillations during TM (Tomljenovic et al., 2016).
Conversely, there is evidence that there is increased beta activity
in the insula, inferior frontal gyrus and anterior temporal lobe
during mindfulness meditation (Thomas et al., 2014; Schoenberg
et al., 2017).

GAMMA FREQUENCY

Gamma oscillations in adult humans range between 30 and
100Hz, and are thought to be involved in a number of sensory
and cognitive responses (Pritchett et al., 2015; Kambara et al.,
2017). In various forms of FA and OM traditions, practitioners
have exhibited fast gamma activity with peak frequencies around
40Hz in bilateral hemispheres seen only in highly advanced
meditators (Fell et al., 2010). There is evidence of increased
gamma activity in advanced practitioners of various meditation
practices, including FA, OM, LK, and TM traditions. More
specifically, in both FA (Himalayan Yoga) and OM practices
(Vipassana, Isha and Shoonya Yoga), there is an increase
in parieto-occipital gamma (60–110Hz) compared to controls
(Braboszcz et al., 2017). The posterior increase in gamma activity
may be related to the often-described enhanced perceptual
clarity reported in OM meditative processes (Cahn et al., 2010).
In expert Tibetan Buddhist meditators, during compassion
meditation there was a higher fronto-parietal gamma power
(Lutz et al., 2004). Of note, one study suggested that during
Zen meditation (another form of OM), high-frequency gamma
power (100–245Hz) in the cingulate cortex and somatosensory
cortex positively correlated with the degree of self-reported
mindfulness (Hauswald et al., 2015). While the functional role
of gamma activity is not yet clear, one hypothesis is that it
induces neuroplasticity via repetition, as it continues to be
seen in more experienced meditators across different practices
(Braboszcz et al., 2017). These studies suggest that mindfulness
meditation practices increase gamma oscillations across multiple,
but specific brain regions depending on the specific type of
meditation.

In contrast to theta and alpha coherence, there is evidence for
increased gamma oscillation coherence in the parieto-occipital
regions during Vipassana and in the fronto-parietal regions in
Buddhist practitioners (Lutz et al., 2004; Cahn et al., 2013). There
is some evidence for gamma oscillation differences between
the meditation traditions, as there is a reported increase in
the gamma/alpha ratio in FA practitioners relative to OM
practitioners (Braboszcz et al., 2017).

CONCLUSION

Meditation results in significant changes in cortical and
subcortical activity. As might be expected, different forms of
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meditation elicit activation of different regions of the brain.
Previous work has demonstrated that electrographic oscillations
are important in cognition. Here, we reviewed the effects of FA,
OM, TM, and LK meditation on neural oscillatory activity.

Current research suggests that meditation has many beneficial
effects on mood, consciousness, and awareness. Meditation
results in structural and functional brain changes. During active
meditation, there are distinct changes in the electrographic
activity, both regionally and globally. There also appear to be
distinct differences in EEG profiles depending on experience.
One study on Satyananda Yoga practitioners demonstrated
that intermediate (mean experience 4 years) practitioners had
increased low frequency oscillations (theta and alpha) in the
right superior frontal, right inferior frontal, and right anterior
temporal lobes, whereas, advanced (mean experience 30 years)
practitioners had increased high frequency oscillations (beta and
gamma) in the same regions (Thomas et al., 2014). Advanced
practitioners also seem to have more consistent electrographic
changes and the concept of a meditative trait with neural
oscillatory correlates is becoming clearer. While there have been
correlations between electrical activity and behavior, further
research needs to be performed to validate these correlations.

CLINICAL IMPLICATIONS AND FUTURE
DIRECTIONS

Determining the neural basis of meditation can potentially be
used to improve meditation training and better understand

neuronal circuitry. More specifically, oscillatory neurofeedback
could be used to correlate an objective measure of brain activity
with subjective experience, and thus be used as a tool for
meditation training (van Lutterveld et al., 2017).

Understanding the interplay between meditation and the
functional and anatomical correlates not only helps to inform
how meditation benefits cognition, but it could potentially be
used to determine targets for therapeutic neuromodulation. As
many disease processes result in altered oscillatory patterns,
identifying specific oscillatory aberrations in a disease state,
and conversely meditation forms that reverse those traits, could
lead to electrophysiological-based treatments. For example, the
alpha and delta frequency bands are integral in sleep. Better
elucidating the perturbations in neural oscillations could possibly
be used to treat sleep disorders through meditation. Moreover,
there are altered neural oscillations in neuropsychiatric disorders
like depression, addiction, attention deficit hyperactive disorder,
and bipolar disorder. In the future, meditation-based treatments
could potentially be expanded for these neuropsychiatric
disorders. However, as there are many types of meditation
traditions, more rigorous studies need to be performed to
elucidate the nuanced imaging and electrophysiological changes
that occur with each type of meditation.

AUTHOR CONTRIBUTIONS

DL, EK, PG, AG, and FG: participated in idea conceptualization,
preparation, and editing of the manuscript.

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

Ainsworth, B., Eddershaw, R., Meron, D., Baldwin, D. S., and Garner, M. (2013).

The effect of focused attention and open monitoring meditation on attention

network function in healthy volunteers. Psychiatry Res. 210, 1226–1231.

doi: 10.1016/j.psychres.2013.09.002

Asada, H., Fukuda, Y., Tsunoda, S., Yamaguchi, M., and Tonoike, M. (1999).

Frontal midline theta rhythms reflect alternative activation of prefrontal

cortex and anterior cingulate cortex in humans. Neurosci. Lett. 274, 29–32.

doi: 10.1016/S0304-3940(99)00679-5

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

Basar, E., Basar-Eroglu, C., Karakas, S., and Schurmann, M. (2001). Gamma, alpha,

delta, and theta oscillations govern cognitive processes. Int. J. Psychophysiol. 39,

241–248. doi: 10.1016/S0167-8760(00)00145-8

Basar, E., Schmiedt-Fehr, C., Oniz, A., and Basar-Eroglu, C. (2008). Brain

oscillations evoked by the face of a loved person. Brain Res. 1214, 105–115.

doi: 10.1016/j.brainres.2008.03.042

Botvinick, M. M., Cohen, J. D., and Carter, C. S. (2004). Conflict monitoring and

anterior cingulate cortex: an update. Trends Cogn. Sci. (Regul. Ed). 8, 539–546.

doi: 10.1016/j.tics.2004.10.003

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:e0170647.

doi: 10.1371/journal.pone.0170647

Brewer, J. A., Worhunsky, P. D., Gray, J. R., Tang, Y. 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

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

Caplan, J. B., Madsen, J. R., Schulze-Bonhage, A., Aschenbrenner-Scheibe, R.,

Newman, E. L., and Kahana, M. J. (2003). Human theta oscillations related to

sensorimotor integration and spatial learning. J. Neurosci. 23, 4726–4736.

Chan, R. W., Immink, M. A., and Lushington, K. (2017). The influence of focused-

attention meditation states on the cognitive control of sequence learning.

Conscious. Cogn. 55, 11–25. doi: 10.1016/j.concog.2017.07.004

de Araujo, D. B., 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

Dentico, D., Ferrarelli, F., Riedner, B. A., Smith, R., Zennig, C., Lutz, A., et al.

(2016). Short meditation trainings enhance non-REM sleep low-frequency

oscillations. PLoS ONE 11:e0148961. doi: 10.1371/journal.pone.0148961

D’Esposito, M. (2007). From cognitive to neural models of working

memory. Philos. Trans. R. Soc. Lond. B Biol. Sci. 362, 761–772.

doi: 10.1098/rstb.2007.2086

Dor-Ziderman, Y., Berkovich-Ohana, A., Glicksohn, J., and Goldstein, A. (2013).

Mindfulness-induced selflessness: a MEG neurophenomenological study.

Front. Hum. Neurosci. 7:582. doi: 10.3389/fnhum.2013.00582

Ekstrom, A. D., Caplan, J. B., Ho, E., Shattuck, K., Fried, I., and Kahana,

M. J. (2005). Human hippocampal theta activity during virtual navigation.

Hippocampus 15, 881–889. doi: 10.1002/hipo.20109

Engen, H. G., Bernhardt, B. C., Skottnik, L., Ricard, M., and Singer,

T. (2017). Structural changes in socio-affective networks: multi-modal

Frontiers in Neuroscience | www.frontiersin.org 5 March 2018 | Volume 12 | Article 178

https://doi.org/10.1073/pnas.1014528108
https://doi.org/10.1016/j.psychres.2013.09.002
https://doi.org/10.1016/S0304-3940(99)00679-5
https://doi.org/10.1007/s10339-009-0272-0
https://doi.org/10.1016/S0167-8760(00)00145-8
https://doi.org/10.1016/j.brainres.2008.03.042
https://doi.org/10.1016/j.tics.2004.10.003
https://doi.org/10.1371/journal.pone.0170647
https://doi.org/10.1073/pnas.1112029108
https://doi.org/10.1007/s10339-009-0352-1
https://doi.org/10.1093/scan/nss060
https://doi.org/10.1016/j.concog.2017.07.004
https://doi.org/10.1162/089892902317205339
https://doi.org/10.1371/journal.pone.0148961
https://doi.org/10.1098/rstb.2007.2086
https://doi.org/10.3389/fnhum.2013.00582
https://doi.org/10.1002/hipo.20109
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/neuroscience#articles


Lee et al. Meditation EEG Differences

MRI findings in long-term meditation practitioners. Neuropsychologia.

doi: 10.1016/j.neuropsychologia.2017.08.024. [Epub ahead of print].

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., and Anderson, A. K. (2013). Mindfulness meditation

training alters cortical representations of interoceptive attention. Soc. Cogn.

Affect. Neurosci. 8, 15–26. doi: 10.1093/scan/nss066

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.

Froeliger, B., Garland, E. L., Kozink, R. V., Modlin, L. A., Chen, N. K.,

McClernon, F. J., et al. (2012). Meditation-State Functional Connectivity

(msFC): strengthening of the dorsal attention network and beyond. Evid. Based

Complement. Alternat. Med. 2012:680407. doi: 10.1155/2012/680407

Garrison, K. A., Zeffiro, T. A., Scheinost, D., Constable, R. T., and Brewer,

J. A. (2015). Meditation leads to reduced default mode network activity

beyond an active task. Cogn. Affect. Behav. Neurosci. 15, 712–720.

doi: 10.3758/s13415-015-0358-3

Gruzelier, J. H. (2014). EEG-neurofeedback for optimising performance. I: a review

of cognitive and affective outcome in healthy participants. Neurosci. Biobehav.

Rev. 44, 124–141. doi: 10.1016/j.neubiorev.2013.09.015

Guntekin, B., Emek-Savas, D. D., Kurt, P., Yener, G. G., and Basar, E. (2013).

Beta oscillatory responses in healthy subjects and subjects with mild cognitive

impairment. Neuroimage Clin. 3, 39–46. doi: 10.1016/j.nicl.2013.07.003

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

Hsieh, L. T., 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

Hunsinger, M., Livingston, R., and Isbell, L. (2013). The impact of loving-kindness

meditation on affective learning and cognitive control. Mindfulness (N. Y). 4,

275–280. doi: 10.1007/s12671-012-0125-2

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.

Kambara, T., Brown, E. C., Jeong, J. W., Ofen, N., Nakai, Y., and Asano,

E. (2017). Spatio-temporal dynamics of working memory maintenance

and scanning of verbal information. Clin. Neurophysiol. 128, 882–891.

doi: 10.1016/j.clinph.2017.03.005

Kubota, Y., Sato, W., Toichi, M., Murai, T., Okada, T., Hayashi, A., et al. (2001).

Frontal midline theta rhythm is correlated with cardiac autonomic activities

during the performance of an attention demanding meditation procedure.

Brain Res. Cogn. Brain Res. 11, 281–287. doi: 10.1016/S0926-6410(00)00086-0

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: 10.1097/00001756-200005150-00041

Lazar, S. W., Kerr, C. E., Wasserman, R. H., Gray, J. R., Greve, D. N.,

Treadway, M. T., et al. (2005). Meditation experience is associated

with increased cortical thickness. Neuroreport 16, 1893–1897.

doi: 10.1097/01.wnr.0000186598.66243.19

Lippelt, D. P., Hommel, B., and Colzato, L. S. (2014). Focused attention,

open monitoring and loving kindness meditation: effects on attention,

conflict monitoring, and creativity - a review. Front. Psychol. 5:1083.

doi: 10.3389/fpsyg.2014.01083

Lutz, A., Brefczynski-Lewis, J., Johnstone, T., and Davidson, R. J. (2008a).

Regulation of the neural circuitry of emotion by compassion meditation: effects

of meditative expertise. PLoS ONE 3:e1897. doi: 10.1371/journal.pone.0001897

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.

doi: 10.1073/pnas.0407401101

Lutz, A., Slagter, H. A., Dunne, J. D., and Davidson, R. J. (2008b). Attention

regulation and monitoring in meditation. Trends Cogn. Sci. (Regul. Ed). 12,

163–169. doi: 10.1016/j.tics.2008.01.005

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

Mitchell, D. J., McNaughton, N., Flanagan, D., and Kirk, I. J. (2008). Frontal-

midline theta from the perspective of hippocampal “theta.” Prog. Neurobiol. 86,

156–185. doi: 10.1016/j.pneurobio.2008.09.005

Mizuhara, H., Wang, L. Q., Kobayashi, K., and Yamaguchi, Y. (2004). A long-range

cortical network emerging with theta oscillation in a mental task. Neuroreport

15, 1233–1238. doi: 10.1097/01.wnr.0000126755.09715.b3

Onton, J., Delorme, A., and Makeig, S. (2005). Frontal midline EEG

dynamics during working memory. Neuroimage 27, 341–356.

doi: 10.1016/j.neuroimage.2005.04.014

Pasquini, H. A., Tanaka, G. K., Basile, L. F., 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.

Pritchett, D. L., Siegle, J. H., Deister, C. A., and Moore, C. I. (2015). For things

needing your attention: the role of neocortical gamma in sensory perception.

Curr. Opin. Neurobiol. 31, 254–263. doi: 10.1016/j.conb.2015.02.004

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. J. Neurosci. 21, 3175–3183.

Raghavachari, S., Lisman, J. E., Tully, M., Madsen, J. R., Bromfield, E. B., and

Kahana, M. J. (2006). Theta oscillations in human cortex during a working-

memory task: evidence for local generators. J. Neurophysiol. 95, 1630–1638.

doi: 10.1152/jn.00409.2005

Santarnecchi, E., D’Arista, S., Egiziano, E., Gardi, C., Petrosino, R., Vatti,

G., et al. (2014). Interaction between neuroanatomical and psychological

changes after mindfulness-based training. PLoS ONE 9:e108359.

doi: 10.1371/journal.pone.0108359

Sauseng, P., Klimesch, W., Schabus, M., and Doppelmayr, M. (2005).

Fronto-parietal EEG coherence in theta and upper alpha reflect central

executive functions of working memory. Int. J. Psychophysiol. 57, 97–103.

doi: 10.1016/j.ijpsycho.2005.03.018

Schoenberg, P. L. A., Ruf, A., Churchill, J., Brown, D. P., and Brewer,

J. A. (2017). 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.

Simon, R., and Engstrom, M. (2015). The default mode network as a biomarker

for monitoring the therapeutic effects of meditation. Front. Psychol. 6:776.

doi: 10.3389/fpsyg.2015.00776

Symons, A. E., El-Deredy, W., Schwartze, M., and Kotz, S. A. (2016).

The functional role of neural oscillations in non-verbal emotional

communication. Front. Hum. Neurosci. 10:239. doi: 10.3389/fnhum.2016.

00239

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. J. Psychophysiol. 55, 199–207.

doi: 10.1016/j.ijpsycho.2004.07.004

Tang, Y. Y., Holzel, B. K., and Posner, M. I. (2015). The neuroscience of

mindfulness meditation.Nat. Rev. Neurosci. 16, 213–225. doi: 10.1038/nrn3916

Taren, A. A., Gianaros, P. J., Greco, C. M., Lindsay, E. K., Fairgrieve,

A., Brown, K. W., et al. (2017). Mindfulness meditation training and

executive control network resting state functional connectivity: a randomized

controlled trial. Psychosom. Med. 79, 674–683. doi: 10.1097/PSY.00000000000

00466

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

Tomljenovic, H., Begic, D., and Mastrovic, Z. (2016). Changes in trait brainwave

power and coherence, state and trait anxiety after three-month transcendental

meditation (TM) practice. Psychiatr. Danub. 28, 63–72.

Travis, F. (2001). Autonomic and EEG patterns distinguish transcending

from other experiences during Transcendental Meditation practice. Int. J.

Psychophysiol. 42, 1–9. doi: 10.1016/S0167-8760(01)00143-X

Frontiers in Neuroscience | www.frontiersin.org 6 March 2018 | Volume 12 | Article 178

https://doi.org/10.1016/j.neuropsychologia.2017.08.024
https://doi.org/10.1007/s10339-014-0637-x
https://doi.org/10.1093/scan/nss066
https://doi.org/10.1016/j.mehy.2010.02.025.
https://doi.org/10.1155/2012/680407
https://doi.org/10.3758/s13415-015-0358-3
https://doi.org/10.1016/j.neubiorev.2013.09.015
https://doi.org/10.1016/j.nicl.2013.07.003
https://doi.org/10.1016/j.neuroimage.2014.12.065
https://doi.org/10.1523/JNEUROSCI.0828-11.2011
https://doi.org/10.1007/s12671-012-0125-2
https://doi.org/10.1038/21645.
https://doi.org/10.1016/j.clinph.2017.03.005
https://doi.org/10.1016/S0926-6410(00)00086-0
https://doi.org/10.1097/00001756-200005150-00041
https://doi.org/10.1097/01.wnr.0000186598.66243.19
https://doi.org/10.3389/fpsyg.2014.01083
https://doi.org/10.1371/journal.pone.0001897
https://doi.org/10.1073/pnas.0407401101
https://doi.org/10.1016/j.tics.2008.01.005
https://doi.org/10.1016/j.brainresbull.2010.03.001
https://doi.org/10.1016/j.pneurobio.2008.09.005
https://doi.org/10.1097/01.wnr.0000126755.09715.b3
https://doi.org/10.1016/j.neuroimage.2005.04.014
https://doi.org/10.1155/2015/598496.
https://doi.org/10.1016/j.conb.2015.02.004
https://doi.org/10.1152/jn.00409.2005
https://doi.org/10.1371/journal.pone.0108359
https://doi.org/10.1016/j.ijpsycho.2005.03.018
https://doi.org/10.1016/j.concog.2017.11.003
https://doi.org/10.3389/fpsyg.2015.00776
https://doi.org/10.3389/fnhum.2016.00239
https://doi.org/10.1016/j.ijpsycho.2004.07.004
https://doi.org/10.1038/nrn3916
https://doi.org/10.1097/PSY.0000000000000466
https://doi.org/10.3389/fnhum.2014.00197
https://doi.org/10.1016/S0167-8760(01)00143-X
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/neuroscience#articles


Lee et al. Meditation EEG Differences

Travis, F., and Parim, N. (2017). Default mode network activation and

transcendental meditation practice: focused attention or automatic

self-transcending? Brain Cogn. 111, 86–94. doi: 10.1016/j.bandc.2016.

08.009

Travis, F., and Pearson, C. (2000). Pure consciousness: distinct phenomenological

and physiological correlates of “consciousness itself ”. Int. J. Neurosci. 100,

77–89.

Vago, D. R., and Silbersweig, D. 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 Lutterveld, R., van Dellen, E., Pal, P., Yang, H., Stam, C. J., and

Brewer, J. (2017). Meditation is associated with increased brain network

integration. Neuroimage 158, 18–25. doi: 10.1016/j.neuroimage.2017.

06.071

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

Conflict of Interest Statement: 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 © 2018 Lee, Kulubya, Goldin, Goodarzi and Girgis. 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 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 Neuroscience | www.frontiersin.org 7 March 2018 | Volume 12 | Article 178

https://doi.org/10.1016/j.bandc.2016.08.009
https://doi.org/10.3389/fnhum.2012.00296
https://doi.org/10.1016/j.neuroimage.2017.06.071
https://doi.org/10.1152/jn.00921.2010
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/neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/neuroscience#articles

	Review of the Neural Oscillations Underlying Meditation
	Introduction
	Neuronal Activation During Meditation
	Delta Frequency
	Theta Frequency
	Alpha Frequency
	Beta Frequency
	Gamma Frequency
	Conclusion
	Clinical Implications and Future Directions
	Author Contributions
	References


