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ARTICLE INFO ABSTRACT

Keywords:
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Here we report meditative techniques, which modulate attentional control by arousal-driven influences and not
by monitoring continuous thought processes as during mindfulness-related practices. We focus on Vajrayana
(Tantric Buddhism) practices, during which a sequence of generation (self-visualization as a deity - Yidam) or
completion with sign (inner heat -Tummo) stages necessarily precedes non-dual awareness (NDA) Tantric
Mahamudra. We compared the electrocardiographic and electroencephalographic correlates of Mahamudra
performed after rest (non-Tantric Mahamudra) with Mahamudra performed after Yidam (Tantric Mahamudra) in
16 highly experienced Vajrayana practitioners, 10 of whom also performed Tummo. Both Yidam and Tummo
developed the state of PNS withdrawal (arousal) and phasic alertness, as reflected by HF HRV decreases and
Alpha2 power increases, later neurophysiologically employed in Tantric Mahamudra. The latter led to the unique
state of high cortical excitability, “non-selective” focused attention, and significantly reduced attentional control,
quantified by power reductions in all frequency bands, except Theta. In contrast, similar to mindfulness-related
practices, non-Tantric Mahamudra was performed in a state of PNS dominance (relaxation), tonic alertness, and
active monitoring, as suggested by Alphal power increases and less pronounced decreases in other frequency
bands. A neurobiological model of meditation is proposed, differentiating arousal-based and mindfulness-related
practices.

Autonomic nervous system
Arousal

Attentional control
Mindfulness-related meditation
Arousal-based meditation

1. Introduction focus attention on task-relevant information for goal-directed behavior
while avoiding interference from irrelevant stimuli.
From a neurobiology perspective, the underlying feature of

mindfulness-related practices is that they elicit the so-called relaxation

Most meditation research so far has focused on “mindfulness-related
practices”, broadly defined as a set of attention-based, regulatory

training regimes (Lutz et al., 2015), the goal of which is to develop a
particular type of attentional control targeted at maintaining attention
“on purpose, in the present moment, and non-judgmentally” (Kabat--
7Zinn, 1994). Here we refer to attentional control (also known as
top-down control or executive control) as an individual’s capacity to

response (Benson and Klipper, 1975), a state of parasympathetic nervous
system (PNS) dominance, characterized by tonic alertness or vigilance
(sustained attention of a relatively permanent character) (Aston-Jones
et al., 2000; Petersen and Posner, 2012). Tonic alertness is maintained
by a specific type of attentional control, subserved in the brain by the
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cingulo-opercular network (CON), occupying medial frontal/cingulate
cortex and bilateral anterior insula, which provides stable maintenance
of task parameters by preventing attention reorienting to a distractor
(Dosenbach et al., 2007). Although most existing frameworks of
mindfulness-related practices contrast Focused Attention (FA) vs. Open
Monitoring (OM) types of meditation' (Cahn and Polich, 2006; Dahl
et al., 2015; Lutz et al., 2015), assuming to differentiate such aspects of
attentional control as sustaining attention on a chosen object versus
monitoring the content of experience, both FA and OM practices are
shown to be associated with stress reduction and the increase in tonic
alertness (Britton et al., 2014; Landry and Raz, 2016). Moreover, as both
FA and OM involve monitoring one’s attentional states (Lutz et al.,
2008) to ensure the attention is sustained for a continuous period, they
are likely to be supported by the same type of attentional control sub-
served by the CON.

Not easily accounted for by the existing frameworks of mindfulness-
related practices and being more culturally complex, a large category of
other meditative practices, which instead of relaxation demonstrate an
arousal response, has largely escaped the attention of meditation re-
searchers. These include practices employed within Vajrayana (Tantric
Buddhism) (Amihai and Kozhevnikov, 2014), by Sufis of the Islamic
tradition (“whirling dervishes”, Cakmak and Kozhevnikov, 2016), and
probably by a number of other traditions, including Hindu Tantra (Zope
and Zope, 2013) and East Asian martial arts (Krein and Ilundain, 2014).
The so-called Loving-Kindness and Compassion practices found in most
Buddhist traditions also generally involve arousal (Lumma et al., 2015).
Arousal is a state of the autonomic nervous system (ANS), characterized
by a withdrawal from PNS activity towards an enhanced sympathetic
nervous system (SNS) tone. It is accompanied by phasic alertness — se-
lective (focused) attention increments of short endurance — occurring in
response to potential threat or novelty as a result of enhanced produc-
tion of noradrenaline (NE) by the brainstem nucleus locus coeruleus
(LC) (Aston-Jones et al., 2000).” The phasic aspects of attentional con-
trol are supported by a lateral prefrontal-parietal or fronto-parietal
control network (FPCN), anatomically and functionally separable from
the CON (Dosenbach et al., 2008), which dynamically coordinates
goal-relevant information across sub-processes, keeping distributed
contextual and stimulus-related information online and/or shifting be-
tween mental processes (Sadaghiani and Kleinschmidt, 2016). The FPCN
is functionally linked to the locus coeruleus norepinephrine (LC-NE)
system and modulated by arousal (Grueschow et al., 2020; Sara and
Bouret, 2012).

As arousal-based meditative practices are associated with a different
autonomic state to mindfulness-related practices (PNS withdrawal vs.
PNS dominance), they are likely to recruit a different type of alerting
attention (phasic vs. tonic) and corresponding attentional control (FPCN
vs. CON). Yet, scientific research on meditation has not differentiated
between arousal-based and mindfulness-related practices, treating all
meditations as involving tonic alertness and the same type of attentional
control related to monitoring the content of mental experiences (e.g.,
Britton et al., 2014; Lomas et al., 2015; Lutz et al., 2015 for reviews). The
main goal of this study is to demonstrate that arousal-based meditations
are neurophysiologically fundamentally different from traditionally

! The contrast between FA and OM types of meditation was introduced on the
basis of a shamatha/vipashyana distinction, which could be found across many
Buddhist traditions. The Pali term vipassana corresponds historically to Sanskrit
vipashyana, but in contemporary Western usage, Vipassana is frequently used to
refer to a specific group of modern meditation techniques popularized in the
West under that name from the 1960s onwards, of which the best known is that
taught by S.M. Goenka.

2 Autonomic PNS withdrawal-associated arousal accompanied by phasic
alertness is a different state from what has been referred to as “tonic arousal”
(Howells et al., 2010; Van Olst et al., 1967). Tonic arousal is a state of PNS
dominance (relaxation), accompanied by heightened tonic alertness.
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studied - either FA or OM - mindfulness-related practices.

Here we focus on Vajrayana Tantric practices,” as they have been
shown reliably to involve a state of arousal (Amihai and Kozhevnikov,
2014). A fundamental issue in Vajrayana training is the sequence of
generation and completion stages. Completion stage practices are divided
further into completion stages with signs/characteristics and without
signs/characteristics (Kongtrul, 2007, p. 69)." The latter aim to develop a
culminating mental state that directly recognizes the nature of the mind
beyond subject and object, referred to within the Vajrayana tradition as
Mahamudra (Kragh, 2015; Yeshe, 2003). In meditation research, these
states are termed Non-Dual Awareness (NDA) (Dunne, 2011;Josipovic,
2014); however, the discussion about NDA states has mainly focused on
non-Tantric types Mahamudra. These, according to some Tibetan
schools, can be accessed by non-Tantric (“mindfulness-based”) tech-
niques without preliminary engagement in generation or completion
with signs practices.” In the few neuroimaging studies on NDA medita-
tion (Fucci et al., 2018; Josipovic, 2014; Josipovic et al., 2011), par-
ticipants were instructed to commence meditating Mahamudra directly
from the resting state. Within the Vajrayana context, however, Tantric
Mahamudra is always performed after a generation-stage practice, such
as self-visualization as a deity (Yidam), within a single session. In highly
trained meditators, it follows a “completion with signs” practice, such as
the legendary Tummo (“inner fire”) practice. This raises the question of
whether non-Tantric and Tantric Mahamudra NDA practices involve
similar neurophysiology and can be grouped into a single category of
NDA practices.

In this study, we examined heart rate variability (HRV) in the elec-
trocardiogram (ECG) and spectral dynamics of the electroencephalo-
gram (EEG) in 16 highly experienced Vajrayana practitioners from
several retreat centers in Bhutan while they performed non-Tantric
Mahamudra (i.e., Mahamudra following rest) and then Tantric Maha-
mudra (i.e., Mahamudra following Yidam). Ten of these practitioners
were Tummo experts, and they also performed Tummo practice. Our
first hypothesis was that Yidam and Tummo practices develop the state
of PNS withdrawal, which serves as a neurophysiological precursor for
Tantric Mahamudra. We expected Tummo to generate significantly
higher arousal than Yidam, as it involves not only visualization but also
vigorous breathing (Kozhevnikov et al., 2013). Our second hypothesis
was that Tantric Mahamudra, being arousal-based meditation, is sup-
ported by a different type of alerting attention and corresponding
attentional control than non-Tantric Mahamudra, associated with the
state of PNS dominance and representing a mindfulness-related practice.
Therefore, although Tantric and non-Tantric types of Mahamudra
involve identical meditative techniques, we expect these practices to
show different ANS states and corresponding EEG markers. Finally,
based on the results, we propose a novel neurobiological model of
meditation, which recognizes both mindfulness-related and
arousal-based practices.

3 Vajrayana is one of the three branches of Buddhism (Theravada, Mahayana,
and Vajrayana) still practiced today. Vajrayana practices form the most
distinctive and characteristic part of the Tibetan and Himalayan Buddhist
tradition.

4 Here “sign” or “characteristic’ implies conceptualization, reification or
mental labelling, which might constitute a part of the practice and rely on
visualization of the channels, chakras, or flow of energy.

5 The contrast between FA and OM types of meditation was introduced on the
basis of a shamatha/vipashyana distinction, which could be found across many
Buddhist traditions. The Pali term vipassana corresponds historically to Sanskrit
vipashyana, but in contemporary Western usage, Vipassana is frequently used to
refer to a specific group of modern meditation techniques popularized in the
West under that name from the 1960s onwards, of which the best known is that
taught by S.M. Goenka.
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2. Materials & methods
2.1. Participants

The study was conducted in Bhutan under the guidance of H.E.
Gyeltshen Trulku Rinpoche, a retreat master in the Drukpa Kagyu line-
age. Sixteen of his experienced retreat nuns and monks from four retreat
centers (Gongtung Tokden Choling, Bikhar Retreat Centre, Largyab
Retreat Centre, Tashigang Nunnery), who follow the Drukpa Kagyu
lineage of Vajrayana training and Mahamudra meditation, participated
in the study. These participants (5 nuns and 11 monks) had a mean age
of 33.18 (+7.28) and an average of 7.75 (+£2.91) years of Vajrayana
meditation experience in a retreat setting. Six of these participants (1
female) completed three three-year retreats (meditation experience in
retreats >9 years), while the other ten practitioners have completed two
three-year retreats. Only 10 practitioners (all males) out of 16 had un-
dergone Tummo training. All participants provided written, informed
consent for their participation in the study. The study was approved by
the National University of Singapore’s review board.

2.2. Procedure

Data from the 5 nuns and 1 monk were recorded at Gyeltshen Trulku
Rinpoche’s Tashigang Nunnery (Eastern Bhutan), and data from the
other 10 monks were collected in one of the typical houses in Thimphu -
the capital city of Bhutan. Fig. 1 outlines the sequence of the practices.
At the beginning of each session, participants sat for 15 min of rest,
during which they were explicitly instructed not to meditate but to
remain seated and simply relax (without performing any meditation).
After rest, participants were asked to perform 15 min of Mahamudra
meditation (M1, non-Tantric Mahamudra). Following a short break of
2-3 min, the participants performed 15 min of Yidam practice, followed
by 15 min of Mahamudra meditation (M2, Tantric Mahamudra). After
another 4-5-min break, 10 practitioners, who master Tummo practice,
were also asked to perform 15 min of Tummo (Forceful Breath) medi-
tation. Although Tummo is usually practiced before Tantric Mahamu-
dra, since only 10 practitioners in our sample have experience with this
practice, we asked them to perform it at the end in order to have a
consistent set of data from all 16 participants on the other three types of
practices (M1, Yidam, and M2). EEG and ECG data were continuously
recorded throughout the study (see Fig. 2). Participants had their eyes
open during the experiment as they usually perform these meditation
practices with open eyes. A translator provided each participant with the
instructions, translated from English to Tibetan or Dzongka (Bhutanese
language), on the activities and sequence of meditative practices to be
performed during the experiment.

2.3. Vajrayana practices

Yidam (translated from Tibetan by the term “meditational deity”)
practice, also known as Deity self-visualization practice, is a central
generation-stage practice in Vajrayana (Dalai Lama and Tsongkhapa,
2017; Studstill, 2005). The deities used include peaceful, semi-wrathful,
and wrathful forms (with the more wrathful forms aimed at destroying
internal obstacles to Buddhahood). The practice focuses on
self-identification with a deity (see Fig. 3), typically at the center of a
complex array of secondary deities (mandala). The self-visualized con-
tent during Yidam is multimodal; colorful 3D images (e.g., the Deity’s

body, ornaments, and environment) and representations of
Rest M1 Yidam M2 Tummo
(15 min) (15 min) (15 min) (15 min) (15 min)

Fig. 1. Outline of the sequence of practices, M1 (non-Tantric Mahamudra),
Yidam (Yidam self-visualization), and M1 (Tantric Mahamudra) practices.
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Fig. 2. Experimental set-up. Practitioner performs a sequence of meditative
practices, while his EEG and ECG recordings are taken.

Fig. 3. An example of a wrathful meditation deity (Vajrakilaya), used by Vaj-
rayana meditators in their Yidam practice.

sensorimotor body schema, feelings, and emotions of the Deity are
generated, entirely replacing the practitioner’s sense of self.

Tummo is widely used within Tibetan Vajrayana traditions, forming
part of the Six Yogas of Naropa and Six Yogas of Niguma practices
(Evans-Wentz, 2002; Dalai Lama II Dge- Dun-Rgya-Mtsho et al., 1985;
Mullin, 1996). In terms of Nyingma school of Vajrayana Buddhism,
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Tummo is a completion stage practice “with signs”. The practice in-
volves working with the flow of internal breath through a network of
visualized channels (nadi) and junction points (chakra) within the body.
It involves a special breathing technique called “the vase™: after deep
and prolonged inhalation through both nostrils, practitioners hold their
breath while performing isometric contractions of both abdominal and
pelvic muscles so that the abdominal wall protrudes and retracts
(Evans-Wentz, 2002), followed by forceful, relatively short exhalation.
Different Tummo-type practices exist, varying in the intensity of their
breathing techniques, goals, and visualization content. The type of
Tummo practice performed by the practitioners in this study was
Forceful Breath, the goal of which is to raise the “inner fire”. It involves
voluntary regulated forceful and vigorous “vase” breathing and visual-
ization of a rising flame that starts below the navel and that rises towards
the crown of the head with each breath, followed by mental imagery of
“moon-fluid” drops falling from the top of the head (“crown-chakra”)
down along the spine (“central-channel”), and blazing the inner fire
(Evans-Wentz, 2002; Mullin, 1996).

Tantric Mahamudra meditation is performed following Yidam or
Tummo and corresponds to a completion “without signs” (i.e., without
any explicit visualization). In it, the self-generated visualization of all
conceptual aspects of the preceding practices is dissolved (e.g., the deity
and its entourage dissolve into emptiness) to achieve awareness devoid
of any conceptualization. Mahamudra practice emphasizes evenly
distributed attention directed outwards but not towards particular ob-
jects or experiences. Although various aspects of experience (e.g.,
thoughts, feelings, or images) may arise spontaneously, the practitioner
is instructed to let them subside on their own accord, without letting the
mind dwell on or analyze them (Traleg Kyabgon Rinpoche, 2004). Thus,
Mahamudra is considered to be a practice with no object of meditation;
it does not require noticing or watching the content of one’s mind from
the perspective of a non-judgmental observer (as in more familiar forms
of Vipassana or Mindfulness), an activity that is associated with a
dualistic mind (Tulku Urgyen Rinpoche, 2000)

2.4. ECG and EEG recordings protocol

EEG was continuously recorded at the Fpl, Fp2, F3, Fz, F4, F7, F8,
T3, T4, T5, T6, C3, Cz, C4, P3, Pz, P4, O1, 02, and POz scalp regions
positioned according to the standard international 10-20 channel sys-
tem using a B-Alert X24 wireless EEG headset (Advanced Brain Moni-
toring, Inc.), as well as from 2 additional electrodes placed on the right
and left mastoids. ECG was recorded via two electrodes placed on the
right collarbone and below the left rib cage. EEG and ECG were sampled
at 256 Hz and referenced to the average between the two mastoid
electrodes.

Heart rate variability (HRV) analysis. Prior to calculating the HRV
parameters, each ECG recording was visually inspected for gross arti-
facts and subsequently corrected for ectopic beats and non-valid RR
intervals (i.e., the time between two successive R-waves of the QRS
complex, representing ventricular depolarization). Frequency-domain
HRV parameters were estimated with Welch’s method in HRV analysis
software (Pichot et al., 2016). We extracted HF and LF frequencies for
the first and last 4 min at the beginning and end of each meditation
period (excluding the first and last 10 s of each recording), respectively.
We used normalized spectral band powers for HF (0.15-0.40 Hz) and LF
(0.04-0.15 Hz) for all statistical analyses.

Although HRV is widely used as an assessment of ANS activity,
particularly of cardiac vagal tone, influences of the respiratory param-
eters on its HF component have been well recognized (e.g., Brown et al.,
1993). In this study, however, due to a close association between res-
piratory parameters and ANS states, which is impossible to de-couple
without causing unattended effects on the experimental task parame-
ters (Quintana and Heathers, 2014, for a review), we did not control or
factor in the respiratory patterns. Indeed, voluntary breath regulation
required by Tummo practice involves a shorter duration of exhalation
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relative to inhalation, which itself might lead to the decreases of car-
diovagal nerve tonus and consequent HF HRV decrease (Telles et al.,
2011). Furthermore, in experimental conditions involving spontaneous
breathing at a normal rate (between 12 and 16 breaths per min), as is the
case in Yidam, control of respiration parameters is discouraged since this
would require additional mental concentration, which might contribute
to additional decreases in HF HRV, not related to the experimental
condition (Sasaki and Maruyama, 2014).

The HRV data of one Tummo expert out of 16 practitioners were
excluded from the final analyses due to technical problems with the ECG
recording. Two additional practitioners (both Tummo experts) had their
HRYV data for the first set of meditative practices (Rest, M1, Yidam, M2)
removed due to artifacts however, their Tummo data were retained. The
final analyses include separate HRV analyses of 13 practitioners (7 of
whom are Tummo experts) for the first set of meditative practices and 9
Tummo experts for HRV changes during Tummo practice.

Since the HRV data (HF and LF) in all conditions (ReststarTt, ReStgnp,
MlENDs YidamSTART, YidamEND, MZEND’ TummOSTART, TummoEND) were
normally distributed (Kolmogorov-Smirnoff test, all ps > .05), para-
metric statistics were applied. Specifically, using a mixed 4X2 ANOVA
with Practice (Reststart, M1gnp, Yidamgnp, M2gnp) as the within-
subject factor and Tummo Expertise (experts, non-experts) as
between-subject factor, we contrasted HF, LF, and LF/HF in the last 4
min of each practice to the last 4 min of the preceding condition (i.e.,
Yidamgnp vs. M1gnp, M2gnp Vs. Yidamgnp), with the only exception of
choosing the first 4 min (instead of the last 4 min) in the Rest condition
(ReststarT) as the baseline for the last 4 min of M1 (M1gnp). These
baselines were chosen because practitioners performed Rest, M1, Yidam,
and M2 sequentially, and we were interested in the changes in HRV
parameters (i.e., HF, LF, and LF/HF) between different practices.
Furthermore, although instructed to simply rest, not meditate, some
practitioners reported meditating during Rest, as indicated by informal
interviews after the experiment. Thus, RestgrarT instead of Restgnp was
chosen as a baseline for M1gyp to avoid the confounding effect of
different types of meditation performed during Rest.

To examine if meditation experience (years spent in retreats)
affected practitioners’ resting and meditative states, Meditation Expe-
rience was added as a covariate to the above statistical analysis. Addi-
tionally, to examine whether Yidam’s wrathfulness (peaceful, semi-
wrathful, and wrathful) might have affected the HRV changes ach-
ieved during this practice, we added Wrathfulness of Yidam as a co-
variate to repeated measures ANOVA with Time (Yidamgragt,
Yidamgnp) as the within-subject factor. Since only 7 out of 9, Tummo
practitioners had a complete set of HRV data for the first set of medi-
tative practices, the HRV analysis of their Tummo practice (N = 9) was
conducted separately using Tummogragrt as a baseline to Tummogyp.

Spectral Power Analysis of the EEG. The EEG signal was pre-
processed in EEGLAB (Delorme and Makeig, 2004). Data were
pre-processed with a 0.5 Hz high-pass and 50 Hz notch-filter (to remove
line-noise). For artifact removal, we used Infomax Independent
Component Analysis (Infomax ICA) to reject ocular and muscular arti-
facts (Delorme et al., 2007). For each subject, well characterized ICA
artifacts were identified and subtracted from the data. These compo-
nents accounted for frontal eye artifacts and temporal muscle noise.
Experimenter RD used visual inspection of component scalp topogra-
phies and power spectrum to reject these artifactual ICA components.

Power spectral distribution (PSD) was estimated with the Fast
Fourier Transform (FFT) algorithm (2 s FFT window length and spectral
accuracy of 10 points per Hz) in the EEGLAB plugin Darbeliai (Delorme
and Makeig, 2004) for the final 4 min of each meditation period
(excluding the last 10 s of each recording). Similar to our ECG analyses,
in the rest condition, we also estimated the PSD for the first 4 min
(excluding the first 20 s) of the recordings.

Subsequently, the mean power values at the Delta (1-4 Hz), Theta
(4-8 Hz), Alpha (8-12 Hz), including Alpha 1 (8.5-10 Hz) and Alpha 2
(10.5-12 Hz), Beta (13-25 Hz), including Beta 1 (12-15 Hz), Beta 2
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(16-18 Hz), and Beta 3 (20-25 Hz), and Gamma (35-45 Hz) frequencies
were used in the statistical analyses. These a-priori frequency bands
were selected to allow comparisons between our findings and previous
meditation studies, most of which have used a similar choice of pre-
defined frequency bands (Cahn and Polich, 2006; Lee et al., 2018;
Lomas et al., 2015, for reviews). Averaged PSD values were topo-
graphically visualized on scalp maps in MATLAB (R2020b, The Math-
works, Inc.).

Similar to HRV analysis, we compared the EEG changes for each
frequency band for the last 4 min of each of the meditative practices
(MlEND, YidamEND, M2END, TummoEND) to the last 4 min of the pre-
ceding condition (i.e., Yidamgnp vs. M1lgnp, M2gnp Vs. Yidamgnp),
except choosing the first 4 min of Rest condition (Restsrarr) as the
baseline for the last 4 min of M1 (M1gnp). For all the statistical analyses
below, we set the significance level to 0.05 (i.e., if the p-value is less than
0.05, we reject Hp), but we report marginally significant results as well.

First, statistical analyses of the spectral power for each frequency
band for the first set of the meditation practices (N = 16, all practi-
tioners) were conducted. False discovery rate (FDR; Benjamini and
Hochberg, 1995) was used to analyze how EEG power changed for each
meditative practice in relation to its baseline. Additionally, since the
spectral data for each electrode in all the conditions and frequency
bands for all the practitioners (Restsrart, Restgnp, M1gnp, Yidamgnp,
M2gnp) showed normal distribution (Kolmogorov-Smirnoff test, all ps >
.05), parametric statistics were applied. Specifically, a mixed 20 x 4 x 2
ANOVA with Electrode (Fpl, Fp2, F3, Fz, F4, F7, F8, T3, T4, T5, T6, C3,
Cz, C4, P3, Pz, P4, O1, 02, POz) and Practice (Reststart, M1gnp, Yida-
mgNp, M2gNp) as within-subject factor and Tummo Expertise (experts,
non-experts) as between-subject factor was conducted. In addition, to
examine if Meditation Experience (measured as years spent in retreats)
affected the practitioners’ EEG resting and meditative states, Meditation
Experience was added as a covariate to the statistical analysis. To further
examine the effects of scalp region and laterality, we also performed
repeated-measures 4 x 4 x 3 ANOVA with Practice (Reststart, M1ENnD,
Yidamgnp, M2gNp), Region (Frontal, Central, Parietal, Occipital), and
Laterality (Left, Midline, Right) as within-subject factors. For that, we
divided the scalp into 4 regions, each of which consisted of an average of
several electrodes that were selected according to their location: Frontal
(Fpl, Fp2, F3, Fz, F4), Central (C3, Cz, C4), Parietal (P3, Pz, P4), and
Occipital (01, 02). For potential effects of hemisphere (laterality), we
divided the scalp into 3 areas, each of which consisted of the average of 3
electrodes that were selected according to their location: Left (Fpl, F3,
F7,C3,P3, 01), Right (Fp2, F4, F8, C4, P4, 02), and Midline (Fz, Cz, Pz).
For all the ANOVA post-hoc comparisons, Bonferroni correction for
multiple comparisons was applied.

Second, to study the effect of practicing Tummo on meditative and
resting states of the practitioners, we conducted separate statistical an-
alyses of the spectral power for Tummo experts (N = 10) for each fre-
quency band for all meditative practices. Parametric statistics were
applied with FDR (Benjamini and Hochberg, 1995) to analyze the
changes in EEG power for each meditative practice in relation to its
baseline, as the spectral data for each electrode in all the conditions and
frequency bands for 10 Tummo experts showed normal distribution
(Kolmogorov-Smirnoff test, all ps > .05). Specifically, a 20X5 repeated
measures ANOVA with Electrode and Practice (Reststart, M1gnp,
Yidamgnp, M2gnp, and Tummognp) as within-subject factors was con-
ducted, followed by a 5 x 4 x 3 repeated measures ANOVA for Tummo
practitioners with Practice (Reststart, M1gnp, Yidamgnp, M2gnp, Tum-
mognp), Region (Frontal, Central, Parietal, Occipital) and Laterality
(Left, Midline, Right) as within-subject factors.

Relationship between EEG spectral power and HRV data. For
each meditation practice, we also computed the Pearson correlation
coefficient between HRV changes and corresponding changes in EEG
spectral power across those scalp areas and frequency bands, which
exhibited significant changes during the meditation practice.

EEG Coherence Analysis. The MATLAB function “mscohere” was
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adopted for the head surface EEG coherence calculation. Mean coher-
ence for each frequency was defined as the average coherence across all
bins within that frequency range. In total, 18 electrode pairs were
selected to investigate changes incoherence (Fz-Cz, Cz-Pz, Fz-Pz, F3-F7,
F4-F8, F3-P3, F4-P4, F7-P3, F8-P4, F3-F4, F7-F8, C3-C4, P3-P4,
F3-C3, F4-C4, C3-P3, C4-P4, Fpl-Fp2), separately for Delta, Theta,
Alpha, Beta, and Gamma.

To compare changes in coherence across practices, for each fre-
quency band, for all 16 participants, we first ran pairwise comparisons
for each of the electrode pairs in each meditative practice compared to
its baseline, controlling for FDR with Benjamini and Hochberg (1995).
Furthermore, since the coherence data for each electrode pair in all
conditions and frequency bands for all 16 practitioners were normally
distributed (Kolmogorov-Smirnoff test, all ps > .05), a parametric mixed
18 x 4 x 2 ANOVA with Electrode Pair and Practice (ReststarT, M1EnD,
Yidamgnp, M2gnp) as within-subject factors and Tummo Expertise
(Tummo experts, non-Tummo practitioners) as between-subject factor
was used to investigate the changes in EEG coherence. Second, for the 10
Tummo experts, a 18X5 repeated measures ANOVA with Electrode Pair
and Practice (Reststart, Mlgnp, Yidamgnp, M2gnp, Tummognp) as
within-subject factors and Meditation Experience (years spent in re-
treats) as a covariate was conducted.

Although neuroscience research (Schoffelen and Gross, 2009) has
questioned the extent of how reliably head surface EEG coherence
analysis might reflect true functional connectivity between the brain
regions (as activity from the same underlying source is picked up by
many electrodes), the EEG coherence analysis was used in the current
study to allow comparisons between our findings and previous medi-
tation studies, which rely on the same method (Lee et al., 2018; Lomas
et al., 2015, for reviews).

3. Theoretical framework

As changes in ANS activity are related to LC discharge frequency and
the corresponding type of alertness (Aston-Jones and Cohen, 2005),
different ANS states (PNS withdrawal vs. dominance) suggest different
alerting attention and attentional control mechanisms. LC neurons
might exhibit tonic or phasic modes of functioning by firing tonically (by
continuous baseline activity, 1 to 6 spikes per second) or with short
phasic bursts of higher frequency (10-15 spikes per second). Higher
firing frequency within the tonic mode of LC activity is associated with
decreased stress and task utility; it produces the state of heightened tonic
alertness, characterized by high behavioral flexibility and scanning
attentiveness (Aston-Jones et al., 2000). In contrast, the phasic mode of
LC activity is associated with activation of the LC-NE system and
elevated release of NE, which occurs concurrently with autonomic
arousal, reflecting complementary cognitive (LC-NE) and physiological
(arousal) contributions to the mobilization for action in response to
arousing stimuli. The LC-NE activation produces the state of phasic
alertness, associated with heightened selective (focused) attention,®
necessary for task performance of high utility (Aston-Jones et al., 2000;
Sara and Bouret, 2012).

The states of tonic and phasic alertness are supported by different
attentional control networks, the CON and FPCN, respectively (Sada-
ghiani and Kleinschmidt, 2016). Arousal-related influences play an
important role in modulating the neuronal activity in the FPCN (Grue-
schow et al., 2020; Hernaus et al., 2017; Sara and Bouret, 2012). If the
current focus of attention has sufficient priority, fronto-parietal regions,
under arousal, contribute to the enhanced excitation of high-priority

® While the terms “selective” and “focused” attention are related, and often
used interchangeably, in this paper we refer to “selective (focused) attention” as
involving two dissociable processes, such as selection of an appropriate stimuli
(orienting) and then focusing on the stimuli (Albonico et al., 2018), and to
“focused attention” as a latter process of focusing on the stimuli.
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information and inhibition of low-priority information (adaptive gain
theory, Aston-Jones and Cohen, 2005; GANE model, Mather et al.
(2016). Otherwise, LC-NE activation promotes a global reset of atten-
tion, consistent with the “network reset” theory, allowing large-scale
brain network reconfigurations to respond appropriately to the envi-
ronmental demands (Bouret and Sara, 2005), and thus serving as a
mechanism for the engagement of selective attention towards more
relevant stimuli (Arnsten et al., 2012; Vazey et al., 2018).

To evaluate the changes in the activity of the ANS system across four
meditative practices (Yidam, M1, M2, and Tummo), we used ECG
measures, shown to be reliably related to the activity of both PNS and
SNS (Camm et al., 1996). Specifically, changes in HF are associated with
PNS activity, while changes in LF are assumed to reflect both SNS and
PNS activation (Akselrod et al., 1981;Pomeranz et al., 1985). The ratio
of LF to HF (LF/HF) has been used to quantify the dynamic relationship
between sympathetic and parasympathetic nerve activities (i.e., the
sympatho-vagal balance) (Pagani et al., 1986), with psychological stress
being associated with an increased LF/HF ratio (Sloan et al., 1994);
although Billman (2013) has challenged this assumption. While HF in-
creases generally indicate PNS activation (Pomeranz et al., 1985), HF
decreases can serve as a marker of PNS withdrawal associated arousal (i.
e., decreased PNS and increased SNS activation) (Chalmers et al., 2014;
Toledo et al., 2003; von Rosenberg et al., 2017). Therefore, in this study,
the pattern of an increasing HF index was interpreted to indicate the
state of PNS dominance (relaxation), while a pattern of HF decreasing
with no significant increases in LF/HF was interpreted as indicative of
PNS withdrawal (arousal).

To analyze the changes in EEG spectral power and coherence with
respect to the type of attentional control employed by each of the four
meditative practices, we adopted a theoretical framework, detailed
below (Fig. 4), which summarizes recent neuroscience research on the
brain networks contributing to the control of attention in relation to top-
down and bottom-up influences.

In addition to the FPCN that supports phasic aspects of attentional
control and the CON that maintains tonic alertness (Dosenbach et al.,
2007; Sadaghiani and Kleinschmidt, 2016), there are two attention
networks, the dorsal attention network (DAN) and the ventral attention
network (VAN), working together to support attention orienting. The
DAN comprises the intraparietal sulcus (IPS), superior parietal lobule
(SPL), and the frontal eye field (FEF), while the VAN is anchored in the
temporoparietal junction (TPJ) and ventral frontal cortex (VFC). Similar
to the FPCN, the DAN supports phasic aspects of attention (Sadaghiani
and D’Esposito, 2015); it implements top-down selective attention that
involves orienting towards and focusing on particular information while
deprioritizing the other (Corbetta et al., 2008). The VAN mediates
bottom-up influences (e.g., detection of behaviorally relevant stimuli)
by serving as an alerting mechanism for the DAN when a salient stim-
ulus, outside of attentional focus, triggers reorienting of attention. In
addition, the default mode network (DMN), implicated in a variety of
self-referential mental activities (Buckner et al., 2008; Raichle, 2015),
may also trigger attention reorienting by sending signals to the DAN.
The FPCN mediates the functional interaction between the DAN and
VAN (Vincent et al., 2008). During the tasks requiring selective atten-
tion, to protect the DAN from attention reorienting, the FPCN de-
activates the VAN’s regions that may interfere with task performance
(Shulman et al., 2007). Also, the FPCN coordinates the DAN-DMN
coupling, contributing to the negative correlations often reported be-
tween these two networks (Dixon et al., 2018). During sustained
attention, the CON deactivates both the VAN and DMN, preventing
reorientation to unimportant information (Corbetta et al., 2008).

Research on brain oscillations provided evidence that bottom-up
influences are mediated by narrowband Gamma-band oscillations
(Magazzini and Singh, 2018; Michalareas et al., 2016; van Kerkoerle
et al., 2014), the primary source of anatomical feedforward projections.
Conversely, top-down influences are mainly mediated by low-frequency
oscillations, in particular Alpha and Beta (Fries., 2015), which are the
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primary sources of anatomical backward projections. Delta band activity
has been suggested to play a role in “interference control”, responsible
for inhibiting sensory afferences interfering with task performance
(Harmony, 2013). Theta rhythms, mainly frontal midline theta
(FM-Theta), have been related to top-down control functions related to
sustained attention (Clayton et al., 2015; Mazaheri and Picton, 2005).
Alpha band oscillations are thought to facilitate the processing of a
specific sensory input through functional inhibition of task-irrelevant
regions (“gating-by-inhibition”) (Jensen and Mazaheri, 2010; Klimesch
et al,, 2007, 2012), whereas enhanced Beta band activity has been
related to the dominance of top-down influences overriding the effect of
potentially novel, or unexpected, external events (Buschman and Miller,
2007; Engel and Fries, 2010). In addition, there has been increasing
evidence that during the states of phasic alertness, the FPCN exerts
top-down control on sensory areas by means of temporal synchrony of
lower frequencies, in particular Alpha and Beta (Bastos et al., 2015;
Michalareas et al., 2016; Miller and Buschmann, 2013; Sauseng et al.,
2005). The DAN might reduce or increase Alpha power in task-relevant
regions, depending on the task’s processing mode (internal vs. external).
During the tasks requiring “internally directed” selective attention,
increased Alpha activity reflects suppression of external input (either
from the VAN or DMN) that may disturb the maintenance of working
memory representations (Jensen and Mazaheri, 2010; Klimesch, 2012).
During the tasks requiring “externally directed” selective attention,
Alpha power activity decreases, which leads to disinhibition of
task-relevant brain regions, and the state of enhanced cortical excit-
ability (i.e., the strength of the response of cortical neurons to a given
stimulation) (Jensen and Mazaheri, 2010; Lange et al., 2013; Romei
et al., 2008; van Dijk et al., 2008). Conversely, during the states of tonic
alertness, the CON exerts top-down control via enhanced Alpha power,
often accompanied by enhanced FM-Theta power, reflecting widespread
inhibition of neural activity (Sadaghiani and Kleinschmidt, 2016).

Recently, narrowband Gamma rhythms have been suggested to
provide a competitive advantage to the neuronal group of lower visual
areas, activated by the attended stimulus, in entraining postsynaptic
neurons in higher visual areas (Fries, 2015); thus, on the one hand,
facilitating conscious perception, while on the other hand mediating
perceptual suppression of unattended stimuli (Fries et al., 2002; Sedley
and Cunningham, 2013). The notion of bottom-up Gamma-influences,
subserving propagating sensory representations in a feedforward
manner across the cortical hierarchy, and Beta influences, subserving
feedback (backward) communication of top-down predictions, has
received further support in neuroscience research (Arnal and Giraud,
2012; Bastos et al., 2015; Bosman et al., 2012; Michalareas et al., 2016),
providing the basis for a predictive coding model of visual processing’
(Bastos et al., 2012 for a review).

The theoretical framework outlined in Fig. 4 allows us to make
specific predictions regarding EEG correlates of the meditative practices
examined in this study. Specifically, we expect Yidam and Tummo to be
performed in an aroused state and show increases in Alpha power,
reflecting employment of “internally directed” selective attention. As
these practices aim to strengthen top-down influences, we also expect
increases in EEG coherence (particularly in fronto-parietal Alpha
coherence reflecting activation of the FPCN) and increases in Beta and
Gamma power due to focusing attention on selected visual images. For

7 Predictive coding (Friston, 2005, 2010; Rao and Ballard, 1999) states that
the brain the brain encodes top-down models of the world to predict and
suppress sensory inputs from lower levels. A predictive model is created in
higher cortical areas and communicated through feedback (backward) con-
nections to lower sensory areas, whereas feedforward connections process and
project an error signal, indicating the mismatch between the predicted and the
actual sensory input. If the error signal is larger than the level of expected
statistical noise, it will cause the model to update so that it better predicts
sensory input in the future.
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Fig. 4. Large-scale networks, participating in attentional control (cingulo-opercular network and fronto-parietal network), attention networks (dorsal attention and
ventral attention), and default mode network. The networks which exert top-down control are indicated in yellow and networks mediating bottom-up influences, are
indicated in pink. EEG markers of each network are listed under the name of the network. (For interpretation of the references to color in this figure legend, the

reader is referred to the Web version of this article.)

non-Tantric Mahamudra, which we expect to involve a state of PNS
dominance, the theoretical framework predicts increases in Alpha and
FM-Theta power, reflecting top-down control exerted by the CON to
maintain the state of tonic alertness. In contrast, for Tantric Mahamudra
(M2), which we expect to involve arousal, we predict Alpha power de-
creases, reflecting employment of “externally directed” selective atten-
tion and the state of enhanced cortical excitability. Furthermore, as
Mahamudra practice (either Tantric or non-Tantric) aims to weaken top-
down influences and instructs the practitioners not to direct attention
toward objects or experiences (Traleg Kyabgon Rinpoche, 2004), we
expect decreases in EEG coherence and reductions in Beta and Gamma
power, respectively.

4. Results
4.1. Heart rate variability

The results for the changes in normalized HF-HRV band power
(AHF), the main marker of ANS activity in this study, for each medita-
tive practice in relation to its baseline are presented in Fig. 5.

First Set of Meditative Practices. For HF, the main effect of Practice
was significant, F(3,33) = 3.23, p = .03, ng = 0.23. There was no sig-
nificant effect of Tummo Expertise, F < 1, p = .81. The interaction be-
tween Tummo Expertise and Practice was also non-significant, F (3,33)
= 1.01, p = 54. Based on our hypothesis that M1 will cause a state of
relaxation, while Yidam, Tummo, and M2 will be performed in an
aroused state, we conducted planned contrasts comparing HF between
1) M]-END and RestsTarT; 2) YidamEND and M]-END, and 3) M2END and
Yidamgnp. There was a significant increase in HF during Mlgnp in
comparison to Restsrart, F(1,12) = 5.36, p = .04, n;z, = 0.33, but a sig-
nificant decrease in HF during Yidamgyp in comparison to M1gnp, F
(1,12) =7.80,p = .02, ng = 0.41. There was no significant change in HF
during M2gNp compared to Yidamgnp, F (1,12) = 1.31, p = .28, sug-
gesting that the level of arousal was sustained during M2 meditation.

HF (Meditation - Baseline)

)
. Yidam Tummo

M1 M2

Fig. 5. HF differences between meditation practices and baseline (AHF for
M1gnp was computed in relation to Restsrart, Yidamgyp in relation to M1gnp,
AHF for M2gyp in relation to Yidamgyp and AHF for Tummogyp in relation to
Tummostart). START, first 4 min; END, last 4 min.

When Meditation Experience (years spent in retreats) was added as a
covariate into the above ANOVA, neither its effect on HF, F(1,10) =
1.10, p = .32 nor the interaction between Meditation Experience and
Practice, F < 1, p = .68, were significant.

As for LF, the main effect of Practice was not significant, F(3,33) =
1.67,p = .19, as well as the effect of Expertise, F < 1, p = .56. The effect
of Practice or Expertise on LF/HF was also not significant, F(3,36) =
1.95,p =.14and F < 1, p = .52, respectively.

Tummo practice. For those practitioners who performed Tummo
practice, there was a significant decrease in HF between the last and first
4 min of the Tummo practice [mean HFgyp = 10.25, SD = 4.32 and
mean HFgrarr = 17.98, SD = 4.62, F(1,8) = 28.62, p <. 001, 12 = 0.78.
There was a marginally significant increase in LF, F(1,8) = 5.24, p =
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.051, ng = 0.40, but no significant changes in LF/HF, F(1,8) = 2.95,p =
.19. Although there was a significant decrease in HF between the last
and first 4 min of Yidam (Yidamgyp in comparison with Yidamgragrr) as
well (mean HFgyp = 20.38, SD = 8.77 and mean HFstarT = 25.37, SD =
13.63,F(1,12) =5.29,p = .04, ng =0.31), it was only about half as large
as during Tummo (20% for Yidam vs. 43%) and of smaller effect size (ng
= 0.31 for Yidam vs. ng = 0.78 for Tummo). Furthermore, while the
changes in LF during Yidam were not significant, F < 1, p = .46, for
Tummo, they were marginally significant, suggesting that in addition to
the withdrawal from the PNS system, as it occurs during Yidam, Tummo
also leads to an increase in SNS tone.

Wrathfulness of Yidam. While Tummo practice involves visuali-
zation of a semi-wrathful deity (“Vajravarahi”, who is one of the main
semi-wrathful deities associated with the Drukpa Kagya lineage), Yidam
might involve the visualization of peaceful, semi-peaceful, and fully
wrathful deities. To examine whether the wrathfulness of the Yidam
might have affected the level of arousal achieved during this practice,
we conducted a repeated-measures ANOVA for Yidam with Time
(YidamgrarT, Yidamgnp) as the within-subject factor and wrathfulness of
Yidam as a covariate. There were insignificant HF changes from
Yidamgragrt to Yidamgnp, F(1,11) = 2.17, p = .16, while the interaction
between Time and Wrathfulness was significant, F(1,11) = 6.16,p = .03,
nf) = 0.35, suggesting that the more wrathful the visualized deity, the
higher the level of arousal achieved. HF decreases during self-
visualization as a peaceful deity was 6%, as a semi-wrathful deity —
22%, and as a wrathful - 29%.

4.2. EEG spectral power and coherence analysis

The statistical analyses for EEG spectral power for each frequency
band are presented in Tables 1-5. The scalp maps for Tummo practi-
tioners across all meditative practices are presented in Fig. 6. The results
of the EEG coherence analyses are presented in Fig. 7. The results are
analyzed and discussed within the framework of attentional control,
illustrated in Fig. 4.

4.2.1. Delta (1-4 Hz)

As shown in Table 1, both Yidam and Tummo practices showed in-
creases in Delta power. For Yidam, however, they were marginal and
limited to the right frontal (F8) site, while for Tummo practice they were
significant and widespread (Fig. 6A). As for M1 and M2, they both
showed decreases in Delta power. Although we observed only a trend for
left frontal decreases (in F7) in Delta power during M1, the decreases
during M2 were significant and widespread. We did not observe a sig-
nificant effect of either Tummo expertise or meditative experience on
the practitioners’ Delta power during their meditative states or rest.

For Delta coherence, for all practitioners (N = 16), multiple com-
parisons with FDR correction revealed a marginally significant decrease
in F4-P4 (p < .06) for M1gnp in comparison with Restgrart. The effect of
Practice on Delta coherence was not significant, F < 1, p = .79. There
was no difference in Delta coherence between Tummo experts and other
practitioners in any practice, F(1,14) = 1.82, p = .20 or during Rest, F <
1, p = .56. Furthermore, for Tummo experts (N = 10), multiple com-
parisons with FDR correction revealed no significant changes in Delta
coherence for any electrode pairs in any meditative practice. The effect
of Practice on Delta Coherence for Tummo experts was also non-
significant, F < 1, p = .95. Finally, when Meditation Experience was
added as a covariate to ANOVA to investigate its effect on the resting
state coherence, the results yielded no significant effect, F(1,14) = 1.59,
p=.03.

4.2.2. Theta (4-8 Hz)

No significant changes in Theta power during any meditation were
observed (Table 2). Since previous studies reported significant increases
in FM-Theta for different meditative practices (Baijal and Srinivasan,
2010; Braboszcz et al., 2017; Pasquini et al., 2015; Takahashi et al.,
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Table 1

Results of statistical analyses for Delta power.
DELTA POWER
Multiple 20 x 4 x 2 4 x 4 x 3 mixed
comparisons with mixed ANOVA ANOVA

FDR correction

First set of

M1: Decrease in

Sig effect of

Sig effect of Region,

meditative F7 (p =.07) Practice, F(3, 42) F(3,45) =5.19,p =
practices, M2: Decreases in = 2.84,p =.049, .004, ng = .27, with
performed by Fz (p < .05), F4 qg =.17; sig higher power in the
all and Fp2 (ps =.06)  decrease during frontal and central
practitioners Yidam: Increases M2F(1.14) = regions than in
(N =16) in F8 and T4 (ps = 5.03,p = .04, ng occipital, ps < .05
.06) =.26 Sig effect of
Sig effect of Lateralization, F
Electrode, F(19, (2,30) = 8.40,p =
266) = 2.56,p =  .001, n3 = .38;
.000, qg =.15 midline power is
with higher higher than left and
power in Cz than right (p < .05)
in O1, 02, P3,P4  Marg Practice X
and higher power  Lateralization, F
in Fz than in P3 (6,84) =2.03,p =
(ps < .05) .07, n3 = .13, with
No sig effect of the effect of
Tummo Lateralization more
Expertise, F pronounced during
(1,14) =3.21,p meditative
=.09. practices than rest
Non-sig effect of
Meditation
Experience, F <
1,p= .44
Multiple 20X5 repeated 5 x 4 x 3 repeated
comparisons with measures measures ANOVA
FDR correction ANOVA
All practices M2: Decreases in Sig effect of No sig effect of
performed by F3,C3, Cz, T3, P3, Practice, F(4,36) Region, F(3, 27) =
Tummo P4 (ps < .05), F4 =4.41,p=.005 1.89.p=.16.
experts (N = and in Fp2 (ps < ng = .33; sig Sig effect of
10) .07) decrease during Lateralization, F
Tummo: Increases M2, F(1,9) = (2,18) =3.95,p =
in F3, F7, F8, Cz, 12.37, p = .007, .04, 13 = .31 with

C4, P3, P4, Pz,
POz (p < .05) and
in Fpl, C3, T3 and
T4 (p < .06)

‘1;2: = .58; and sig
increase during
Tummo F(1,9) =
17,57, p = .002,
12 = .66

Sig effect of
Electrode, F
(19,171) = 2.10,
p=.007,72=.19
with power
higher in Cz than
in P3 and T5 (ps
< .05)

Sig Practice X
Electrode, F(76,
684) =2.11,p =
.000, nZ = .19

midline power
higher than left (p
<.05)

2005), we also conducted planned contrasts for all the practitioners (N
= 16) at the Fz electrode for each of the meditative practices in com-
parison with its baseline yielded no significant effect (all ps > .10). For
Tummo experts (N = 10), however, there was a marginally significant
increase in Theta power at Fz during M1, F(1,9) = 4.54, p = .06, ng =
0.34, but no significant changes at Fz for any other practice (all ps >
.33). As for the resting Theta power, it was lower in Tummo experts, as
compared to other practitioners.

For Theta coherence, for all practitioners (N = 16), multiple com-
parisons with FDR correction revealed no significant changes for any
electrode pairs in any of the meditative practices (all ps > .13). The effect
of Practice on Theta coherence was not significant, F < 1, p = .91. There
was no difference between Tummo and non-Tummo practitioners in any
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Table 2 Table 3
Results of statistical analyses for Theta power. Results of statistical analyses for Alpha power.
THETA POWER ALPHA POWER
Multiple 20 x 4 x 2 mixed 4X4X3X2 mixed Multiple 20 x 4 x 2 4X4X3X2 mixed
comparisons ANOVA ANOVA comparisons with mixed ANOVA
with FDR FDR correction ANOVA
correction . R R . .
First set of No sig changes No sig effect of Sig effect of Region, First S§t o‘f M2: Decrease in F7 No sig e‘ffect Sig effect of Region, F
. . N meditative (p=.07) of Practice, (3,42) =3.66,p =
meditative in any electrode Practice, F< 1,p F(3,45)=7.07,p = . 5 :
. R > . practices, F<1l,p= .02, np = .21 with
practices, for any practice =.99 .001, np = .32, with .
. . . performed by all .78 Alpha power in the
performed by Sig effect of higher power in the . ) A .
practitioners (N Sig effect of  frontal region being
all Electrode, F (19, frontal and central N
L. . . =16) Electrode, F lower than in the
practitioners 266) = 6.74,p = regions than in (19,266) — tral regi
(N =16) .000, nZ = .33, parietal (ps < .05) b cg;)ra region (p <
with higher power  Sig effect of (;0 ”2’: S ffect of
in Cz than in C4, Lateralization, F '30’ nwpit;l L;iieiafi(;a?ion F
2, P3, P4, Pz, T 2. = 23. = o ’
02,P3,P4, Pz T3, (2,30) = 23.69,p higher (2,30) = 5.21, p =
T5, T6 (ps < .05) .000, n2 = .61; nC 0L 12 — - midli
and higher power midline Theta power powermntz 9%, Np = .2/ midlne
. . o1 and POz Alpha power is higher
in Fz than in C4, is higher than left . .
P3,P4,T3,T6,and  and right (p < .001) than in T5 than left and right (p
T5 (ps < .05) Sig Region X (1\1175 < O?f) ) <.02)
Sig diff between Lateralization, F fOTSlg etiec
Tummo and non- (6,84) =2.79,p = g uI?moF
Tummo .02, nf, = .16, with Xfer :sez‘g
practitioners the highest Theta <hpP= L
X B but Practice
during Rest, F power in frontal and XT R
(1,14) =4.93,p = central midline um;no 18
.04, 02 = .26, but regions x(r:;a;g,) -
not meditation (p 2 él i
= .44), with 65 ’g: 16
Tummo experts 92, Mp =
. No sig effect
having lower P
baseline power o R
. Meditation
No sig effect of E N
Meditation Fxpelrlenie,
Experience F < 1, 8; =
p=.95 . )
Multiple 20X5 repeated 5 x 4 x 3 repeated Multlpl? . 205 5 x 4 x 3 repeated
. comparisons with repeated measures ANOVA
comparisons measures ANOVA measures ANOVA R
with FDR FDR correction measures
correction ANOVA
All practices M1: Increases No sig effect of Sig effect of Region, All practices M1: Increase in P3 Sig ef'fect of  Sig effect of Region, F
. N performed by (p < .05) Practice, F (3,27) =9.09,p =
performed by in Fz (ps < .07) Practice, F (4,36) F(3,27) =3.02,p = . . 5 .
o . Tummo experts Yidam: Increase in (4,36) = .00, np = .50, with
Tummo experts =213,p=.10 .047, np = .25, with .
. L (N =10) P4 (p =.07) 6.89,p = power in the frontal
(N=10) Sig effect of marg higher power . 2 X .
. . M2: Decreases in .000, np = region being lower
Electrode, F in the central region R .
. R F7,P3, T3, Pz, (p < .43; sig than in the central (p
(19,171) = 5.50, p than in parietal (p = A
— 000.72 — 38 07) .05), and in Fp1, F4 decrease < .03)
LI - (p < .06) during M2F  Sig effect of
with power higher Sig effect of ’ .
. . . Tummo: Increases (1.9 = Lateralization, F
in Cz than in C4, Lateralization, F in F3. F7. Fol. T3 6.54 p— (2,18) — 8.33.p —
P3, and P4 (ps < (2,18) = 26.21,p = A PP = ) 805, P
2 . T6, P3, P4, Pz, POz .03, np =.42 .003, n; = .48, with
.05) .000, 12 = .74, with 3 b
Marg Practice X mi dling power (p < .05), and in F4, sig increase midline power higher
Electrode, F (76, higher than left (p < Cz (p < .06) during tl}an lefj( (p = .004)
684) = 1.31, p = 001) Tummo F Sig Region X
05, 12 o 1:; .Sig Region X 1.9) = Lateralization, F
U9, Mp =+ _ _ _
Lateralization, F 30'80’12’ B 6,54) 5 4.09,p »
(6,54) = 3.71, p — .000, n; = .002, np = .31, with
0’3 2 '29 ’with .77 midline power being
:che’}?ip h; s't T’heta Sig effect of  the highest in anterior
owergin frontal and Electrode, F regions (p < .05) and
cpentral N (19,171) = higher than left in
regions 10.75,p = posterior regions
s 1000, 12 =
.38 with
of the practices, F < 1, p = .83, or during Rest, F < 1, p = .46. For Tummo power
P 5 Pf s ! g est, :P*-. E higher in C4
experts (N = 10), multiple comparisons with FDR correction revealed 1) and Cz than
a marginally significant increase in C3-P3 (p < .06) for Yidamgynp in in F7, T3,
comparison with M1gynp; 2) marginally significant decreases in C3-C4 T4 )(PS <
.05).

and P3-P4 for M2gyp in comparison with Yidamgyp (ps < .06); and 3) a
significant increase in P3-P4 (p < .05) for Tummogyp in comparison
with M2gnp. The effect of Practice on Theta Coherence was non-
significant, F < 1, p = .83. Finally, adding Meditation Experience as a
covariate to the ANOVA yielded only a marginally significant effect of
Meditation Experience on resting Theta coherence, F(1,14) = 3.70,p =

All practices
performed by

ALPHA 1 POWER

Multiple comparisons with

FDR correction; 20X5

repeated measures ANOVA
M1: Increases in P4, P3,

01, 02, F4 (p < .05)

ALPHA 2 POWER

Multiple comparisons with

FDR correction; 20X5

repeated measures ANOVA

Yidam: Increases in P4 (p = .06)
M2: Decreases in P3, Fpl (p <

(continued on next page)
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Table 3 (continued)

ALPHA POWER
Multiple 20 x 4 x 2 4X4X3X2 mixed
comparisons with mixed ANOVA
FDR correction ANOVA
Tummo experts Tummo: Increases in T3, .05)

(N = 10) Fp, F7 (ps < .05)

Sig effect of Practice, F
(4,36) = 4.88, p =.003,
13 = .35; sig increases
during M1 F(1.9) = 6.56,
p=.03,1%=.42and
Tummo, F(1.9) = 7.00, p
=.027, 02 = .43.

Tummo: Increases in Fpl, P3,
POz, and T6 (ps < .05)

Sig effect of Practice, F(4,36) =
4.86, p = .003, 1 = .35; marg
decrease during M2, F(1.9) =
4.34,p = .06, n% = .33 and sig
increase during Tummo, F(1.9) =
19.50, p = .002, 1% = .70

.07, ng = 0.21, so that the meditators with longer experience displayed a
trend for higher Theta coherence during rest.

4.2.3. Alpha (8-12 Hz)

As shown in Table 3, only Tummo experts exhibited significant
changes in Alpha power during the meditative practices (for non-
Tummo practitioners, the effect of Practice was not significant, F < 1,
p = .54). In particular, for M1, Tummo experts showed significant in-
creases in the left parietal areas. During Yidam, the increases were
observed as a trend in parietal areas, and during Tummo practice, they
were significant and the most pronounced in posterior and frontal sites
(Fig. 6B). As for M2, it was the only meditation during which Tummo
experts showed Alpha power decreases, significant in the left frontal and
parietal regions. There was no effect of meditation experience on Alpha
power, and we did not observe any significant differences between
Tummo and non-Tummo practitioners during their meditative or resting
states. For Tummo experts, we conducted further analyses for Alpha 1
(8-10 Hz) and Alpha 2 (10-12 Hz) power separately, also included in
Table 3. While for Yidam, Tummo, and M2, the most pronounced
changes were observed for Alpha 2 power, M1 exhibited significant
changes in Alpha 1 power only.

As for Alpha Coherence (Fig. 7), for all the practitioners (N = 16),
multiple comparisons with FDR correction revealed no significant
changes in Alpha coherence for any electrode pairs in any of the medi-
tative practices (all ps > .17). The effect of Practice on Alpha coherence
was not significant, F < 1, p = .82. There was no difference between
Tummo experts and other practitioners in meditative practices, F < 1, p
= .53, or during Rest, F < 1, p = .47. For Tummo experts, multiple
comparisons with FDR correction revealed 1) a marginally significant
decrease for M2gyp in comparison with Yidamgyp in C3-C4 (p < .06);
and 2) significant increases in F4-P4 (p < .05) and P3-P4 (p < .01) for
Tummognp in comparison with M2gnp. The effect of Practice on Alpha
Coherence was non-significant, F < 1, p = .44. Finally, adding Medita-
tion Experience as a covariate to ANOVA yielded a marginally signifi-
cant effect of Meditation Experience on resting Alpha coherence, F
(1,14) = 4.26,p = .058, ng = 0.23, with more experienced practitioners,
independently of their Tummo expertise, exhibiting higher Alpha
coherence (in particular in the left fronto-parietal regions) during rest.

4.2.4. Beta (12-25 Hz)

As shown in Table 4, there were near significant decreases in Beta
power during M1 and increases during Yidam in the right temporal areas
(T4) for all practitioners. During M2, the decreases (in right temporal
and left parietal areas) were marginally significant for Tummo experts
only. Overall, Tummo experts had a lower Beta power during both
meditative (M1, Yidam, and M2) and resting states compared to other
practitioners. However, during Tummo practice, they exhibited signifi-
cant Beta power increases, the most pronounced in the centro-parietal
and occipital sites (Fig. 6C), consistent with previous studies on
Tummo (Benson et al., 1990; Kozhevnikov et al., 2013). As Tummo
practice, in addition to requiring active maintenance of cognitive set (e.
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Table 4
Results of statistical analyses for Beta power.
BETA POWER
Multiple 20 x 4 x 2 mixed 4 x 4 x 3 mixed

comparisons with
FDR correction

ANOVA

ANOVA

First set of
meditative
practices,
performed by
all
practitioners
(N =16)

All practices
performed by
Tummo
experts (N =
10)

All practices
performed by
Tummo
experts (N =
10)

M1: Decrease in
T4 (p < .05)
Yidam: Increase
in T4 (p < .08)

Multiple
comparisons with
FDR correction
M1: Decrease in
T4 (p < .07)
M2: Decreases in
T4 and P3 (p <
.07)

Tummo:
Increases in C4,
P3, P4, Pz, POz,
01,02 (p < .05)

BETA 1 POWER
Multiple
comparisons with
FDR corr, 20X5
ANOVA

M1: Decrease in
T4 (p < .07)

M2: Decreases in
F8,P3, T3 (p <
.05) and T3 (ps <
.07)

Tummo:
Increases in F3,
T3 (ps < .05), P4,
Pz, 02 (ps < .07)
Marg effect of
Practice, F(4,36)
=1.98,p = .10,
N3 =.18; marg
decrease during
M2 F(1.9) =
4.05.p = .07, n2
= .31 and sig
increase during
Tummo, F(1,9) =
4.34,p = .01, n2
=.53

No sig effect of
Practice, F < 1,p
= .66

Sig effect of
Electrode, F (19,
266) = 2.85,p =
.000, n3 = .17,
with higher power
in F3, F4 than T6
(ps < .05)

Sig diff between
Tummo and non-
Tummo
practitioners, F
(1,14) = 6.28,p =
.03, 02 = .31,
during
meditation, F
(1,14) =5.33,p =
.04, 12 = .28 and
rest, F(1,14) =
5.85,p=.03,n% =
.30 with Tummo
experts having
lower Beta power.
No sig effect of
Meditation, F < 1,
p=.45

20X5 repeated
measures ANOVA

Sig effect of
Practice, F(4,36)
= 2.70,p = .046,
ng = .23; sig
increase during
Tummo,F(1.9) =

9.85,p=.01,n3 =
.52
Sig effect of

Electrode, F
(19,171) = 1.96, p
=.01,n3=.18 (no
sig pairwise
comparisons)
BETA 2 POWER
Multiple
comparisons with
FDR corr, 20X5
ANOVA

M1: Decrease in
T4 (p < .05)

M2: Decreases in
F7,F8, T3 (p <
.07)

Tummo: Increases
in T3, T6, 02 (ps
<.07)

Sig effect of
Practice, F(4,36)
=2.87,p=.03,n3
= .25; and sig
increase during
Tummo, F(1,9) =
11.18, p = .009,
n3=.55

No sig effect of
Region, F(3, 42) =
1.91,p=.16

No sig effect of
Lateralization, F <
1,p=.64

5 x 4 x 3 repeated
measures ANOVA

No sig effect of
Region, F< 1,p =
.67

No sig effect of
Lateralization, F <
1,p=.42

BETA 3 POWER
Multiple
comparisons with
FDR corr, 20X5
ANOVA

Yidam: Increases in
P3 (p =.07)
Tummo: Increases
in C4, P3, P4, Pz,
01, 02, and POz
(ps < .05) and Cz
(ps < .07)

Marg effect of
Practice, F(4,36) =
2.60,p = .05, 2 =
.22; and sig
increase during
Tummo, F(1,9) =
9.40,p = .01, 12 =
.51
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Table 5

Results of statistical analyses for Gamma power.

NARROWBAND GAMMA POWER

Multiple
comparisons with
FDR correction

20 x 4 x 2 mixed
ANOVA

4X4X3X2 mixed
ANOVA

First set of
meditative
practices,
performed by
all
practitioners
(N =16)

All practices
performed by
Tummo
experts (N =
10)

All practices
performed by
Tummo
experts (N =
10)

M1: Decrease in
T4 (p < .05)
during M1
Yidam: Increase
in T4 (p < .08)
M2: Decrease in
T5 (p < .05)

Multiple
comparisons with
FDR correction
M1: Decrease in
T5 (p < .06),
Tummo:
Increases in P3,
P4, Pz, POz, Cz,
and C4 (p < .05)
and in O2 and T6
(p < .06)

M2: Decreases in
F4, F8 (p < .05),
P3, POz p < .08)

No sig effect of
Practice, F< 1,p
=.56

Sig effect of
Electrode, F
(19,266) = 3.82, p
=.000, n3 = .21,
with power in F4
marginally higher
than in Fz (p =
.08)

Sig diff between
Tummo and non-
Tummo
practitioners, F
(1,14) =15.92,p
=.001, n3 = .53,
during
meditation, F
(1,14) = 12.48,p
=.004, 03 = .47
and rest, F(1,14)
=16.15,p = .001,
N5 = .54 with
Tummo experts
having lower
Gamma power
No sig effect of
Meditation
Experience, F < 1,
p=.77

20X5 repeated
measures ANOVA

Sig effect of
Practice, F(4,36)
=3.91,p=.01,n3
=.30; sig increase,
F(1,9) =10.37,p
=.01,n% = .54
during Tummo
Sig effect of
Electrode, F
(19,171) = 2.49, p
=.001, n3 = .22

BROADBAND GAMMA POWER
20X5 repeated measures ANOVA

Multiple
comparisons with
FDR correction
Decrease in T4 (p
< .05) during M1
Tummo:
Increases in T5,
F3, Fz, P3, P4, Pz,
POZ, 01 and 02
(p <.05)

Sig effect of Region,
F(3,42) =2.98,p
=.04, 1% = .18,
with higher power
in the central
region than in
parietal (p=.06)
Sig effect of
Lateralization, F
(2,28) =14.99,p =
.000, 12 = .52,
midline Gamma
power is lower than
left and right (p <
.005).

5 x 4 x 3 repeated
measures ANOVA

Sig effect of Region,
F(3,27) =3.75,p =
.02, 02 = .29, with
higher power in the
central region than
in parietal (p =.05)
Sig effect of
Lateralization
(2,18) =9.44,p =
.002, n3 = .51, with
midline Gamma
being the lowest (p
< .05)

Sig effect of Practice, F(4,36) = 8,39, p =
.001, qg =.58; sig increase F(1,9) = 21.48,
p = .001, n3 = .71during Tummo
Sig effect of Electrode, F(19,171) = 3.83, p
=.001, qlz, = .29 (no sig pairwise

comparisons)

Note. The results of ANOVAs in Tables 1-5 include the descriptions of all main

effects and significant interactions.

g., visualizing attributes of a deity, flames), involves imagery of exact
movements of “psychic energy” along the spine, based on the feeling of
heat, Beta band activity may facilitate efficient processing of feedback
(e.g., proprioceptive signals) and recalibrating the sensorimotor system
(Baker, 2007), which could explain centro-parietal (Rolandic) Beta
power increases during this practice. Furthermore, to separate the effect
of Beta-band rhythms of varying frequencies, and in particular high
Beta, linked to emotion (Symons et al., 2016), autonomic arousal, and
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the stress response (Abhang et al., 2016), additional analyses of Beta 1
(12-15 Hz), Beta 2 (15-18 Hz), and Beta 3 (18-25 Hz) were conducted
for Tummo experts (Table 4). For both Beta 1 and Beta 2 power, there
were significant and near significant decreases in specific sites during
M1 and M2, with M2 exhibiting greater and more widespread decreases
than M1, involving temporal and parietal (Beta 2) and fronto-parietal
(Beta 1) areas. For Tummo practice, the increases were significant and
widespread for Beta 1 and Beta 2 (including centro-parietal and
fronto-temporal regions). For Beta 3, there were marginally significant
increases in the left parietal site (P3) for Yidam as well as significant
increases, localized in central-parietal regions for Tummo, suggesting
the link of these two practices to emotion and arousal (see the following
result section on the relationship between HRV and EEG spectral data).

As for Beta Coherence (Fig. 7), for all the practitioners (N = 16),
multiple comparisons with FDR correction revealed 1) a significant
decrease in Beta coherence in F3-F4 (p < .05) for M1gnp in comparison
with RestgrarT; and 2) significant increases in F3-F4 and F8-P4 (p < .05)
for M2gnp in comparison with Yidamgyp. Overall, the effect of Practice
on Beta coherence was not significant, F(3,42) = 2.35, p = .09. There
was no difference between Tummo and non-Tummo practitioners dur-
ing Rest, F(1,14) = 1.57, p = .23. There was, however, a significant
difference in Beta coherence between Tummo and non-Tummo practi-
tioners during meditative practices, F(1,14) = 5.31, p = .037, nf) =28,
particularly during M2gnp, F(1,14) = 11.06, p = .005, nf, = 0.44, with
Tummo practitioners having significantly lower Beta coherence. For
Tummo experts, multiple comparisons with FDR correction revealed: 1)
a marginally significant increase in C3-P3 (p < .07), but a significant
decrease in F3-F7 (p = .009) for Yidamgyp in comparison with M1gnp;
and 2) a marginally significant decrease in C3-P3 (p = .06) for M2gnp in
comparison with Yidamgyp. Furthermore, in contrast to non-Tummo
practitioners who exhibited increased fronto-parietal beta coherence
during M2, no such pattern was observed for Tummo experts. No
changes in Beta coherence were observed during Tummo practice. The
overall effect of Practice on Beta Coherence was non-significant, F < 1, p
= .72. Finally, adding Meditation Experience as a covariate to ANOVA
yielded no significant effect of Meditation Experience on resting Beta
coherence, F(1,14) = 2.16, p = .16.

4.2.5. Gamma (35-45 Hz)

As shown in Table 5, for all the practitioners, we observed significant
Gamma power decreases during M1 and M2 in the temporal sites and
marginal increases in T4 during Yidam. In addition, Tummo experts
exhibited significant Gamma power decreases during M2 in the right
frontal (F4 and F8) sites, and marginally significant posterior Gamma
decreases. The only significant increases in Gamma power (particularly
in centro-parietal sites) were observed during Tummo practice (Fig. 6D),
consistent with previous research (Benson et al., 1990; Kozhevnikov
et al., 2013). While there was no significant effect of Tummo Expertise
or Meditation Experience on Gamma power, Tummo experts had a
significantly lower Gamma power during both meditative and resting
states than other practitioners. Furthermore, for Tummo experts, addi-
tional analyses were conducted to investigate the effect of broadband or
“high Gamma” (45-80 Hz), known to be mainly associated with affec-
tive perception, related to either positive or negative emotional states
(Yang et al., 2020). The increases in broadband Gamma during Tummo
practice were significant and extended from centro-parietal sites to the
frontal areas, possibly indicating the involvement of affective states (e.
g., perception of oneself being on fire or feeling bliss) associated with
this practice.

As for Gamma Coherence (Fig. 7), for all practitioners (N = 16),
multiple comparisons with FDR correction revealed 1) a significant
decrease in Gamma coherence in F3-F4 (p < .05) for M1gnp in com-
parison with Restgrart; 2) significant increases in C4-P4 and F8-P4 (ps
< .05), and marginal increases in F4-P4 and F3-F4 (p < .06) for M2g\p
in comparison with Yidamgyp. Overall, the effect of Practice on Gamma
coherence was marginally significant, F(3,42) = 2.46,p = .08, '1;2> =0.15.
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Fig. 6. Scalp maps for Tummo experts for EEG frequency power across all meditative practices in relation to their baselines (A) Delta, (B) Alpha, (C)Beta, and

(D) Gamma.

Further repeated measures ANOVAs demonstrated that there was a
significant overall increase in Gamma coherence for M2gnp compared
with Yidamgnp, F(1,14) = 7.24, p = .02, ng = 0.34. However, the
interaction between Practice and Tummo was marginally significant, F
(1,14)=3.78,p=.07, ng = 0.21, so that while non-Tummo practitioners
exhibited significant increase in Gamma coherence for M2gyp in com-
parison with Yidamgynp, F(1, 5) = 10.33, p = .046, ng = 0.67, Tummo
experts did not, F < 1, p = .57 (Fig. 7). For Tummo experts, multiple
comparisons with FDR correction revealed 1) a significant decrease in
Fz-Pz (p < .05) and marginally significant decreases in F3-F4 and F8-P4
(p < .07) for Mlgnp in comparison with Reststart; 2) a significant
decrease in F3-F7 (p < .05) for Yidamgynp in comparison with M1gnp;
and 3) a significant increase in Cz-Pz (p < .01) for Tummogyp in com-
parison with M2gyp. Thus, during M1, in addition to significant de-
creases in left frontal Gamma coherence, exhibited by all the
practitioners, Tummo experts showed additional decreases in central
and right fronto-parietal Gamma coherence. During M2, Tummo experts
did not show any significant changes in Gamma coherence. Overall,
Gamma coherence (particularly fronto-parietal) in Tummo experts was
significantly lower than that of non-Tummo practitioners, F(1,14) =
4.76,p = .047, ng = 0.25, not only during M2, F(1,14) = 7.73,p = .015,
ng = 0.36, but also during Yidam, F(1,14) = 3.55,p = .08, n% =0.20. The
significant increases in Gamma coherence (in midline centro-parietal
regions) were exhibited by Tummo experts during Tummo practice
only. Finally, adding Meditation Experience as a covariate to ANOVA
yielded no significant effect of Meditation Experience on resting Gamma
coherence, F(1,14) = 1.07,p = .32.

4.3. Relationship between EEG spectral power and HRV parameters

We examined the relationship between EEG spectral power (dy-
namics) in different frequency bands, across scalp surface areas that
exhibited significant changes during specific meditation practices, and
HRYV parameter dynamics occurring during these practices. We did so for
each of the meditation practices (M1, Yidam, and Tummo) separately,
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except for M2, which did not show any significant changes in HRV (i.e.,
the HF level, developed as a result of Yidam, was sustained during M2, as
well as no significant changes were observed during M2 in either LF or
LF/HF). None of the correlations was significant (all ps > .12), except the
correlation between centro-parietal and occipital Beta 3 and ALF for
Tummo practice (r = 0.67, p = .049). The changes (increases) in LF are
indicative of SNS activity (Kim et al., 2018; Reyes del Paso et al., 2013),
and the significant correlation between Beta 3 activity and LF increases
supports previous research suggesting the link between high Beta os-
cillations and autonomic arousal (Abhang et al., 2016; Hall et al., 2007),
and further validate our HRV findings indicating a shift towards SNS
activity during Tummo practice.

5. Discussion

Supporting our first hypothesis, the results of HRV analysis demon-
strate that Vajrayana practices are structured such that they provoke
increasingly higher levels of arousal to be employed in the culminating
practice of Tantric Mahamudra. With accessing higher arousal levels,
neuroendocrine profiles diverge depending on practitioners’ expertise
and immediate cognitive resources (Epel et al., 1998). The “control”
case is mediated by the sympatho-adrenal system and characterized by
NE increases, in contrast to the “loss of control” case, mediated by the
cortico-adrenal system and characterized by increases in cortisol and
decreases in testosterone (Cardinali, 2018). Using systematic ap-
proaches to produce increasingly higher arousal, Vajrayana practi-
tioners thus seem to be in control of their sympatho-adrenal system.
Self-identifying oneself with a powerful deity, wearing garlands of
skulls, and stepping on corpses, leads to arousal, with higher levels of
arousal achieved by visualizing oneself as a more wrathful deity.
Moreover, Tummo practice, which employs focused visual imagery and
a vigorous breathing technique characterized by long deep inhalation
and relatively short and forceful exhalation, allows the practitioner to
achieve arousal of double intensity, accompanied by heightened SNS
tone, within 15 min only as compared to arousal achieved by performing
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Fig. 7. Sensor space coherence mapping. EEG coherence mapping for all meditative practices in relation to their baselines Black dots represent the locations of the
recording EEG electrode. The dark blue (decrease) and dark red (increase) lines connecting 2 dots between these two sensors indicate there was significant or near
significant change in coherence for all the practitioners (N = 16). Light blue (decrease) and light red (increase) represent significant or near significant changes in
coherence for Tummo experts (N = 10). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

15 min of Yidam. Furthermore, according to our results, Tantric
Mahamudra does not produce arousal by itself but is performed in the
state of arousal achieved by Yidam. Indeed, after 15 min of M2 practice,
the practitioners still exhibited a state of PNS withdrawal compared to
baseline, although it was already in its dissipation mode, not as high as
immediately after the completion of Yidam.® Conversely, non-Tantric
Mahamudra generated the state of PNS dominance, suggesting its sim-
ilarity to mindfulness-related practices (Ditto et al., 2006; Krygier et al.,
2013; Tang et al., 2009).

Supporting our second hypothesis, our EEG findings are largely
consistent with our predictions. The most evident difference between
the Tantric and non-Tantric types of Mahamudra was in the direction of
Alpha power changes exhibited by Tummo experts, who showed sig-
nificant increases in Alpha power during M1, similar to previous
research on OM meditations (Britton et al., 2014; Lomas et al., 2015 for
reviews), but displayed Alpha power decreases during M2. As M1 was
performed in a state of PNS dominance, the observed Alpha power in-
creases, especially pronounced in the Alphal band, along with

8 As any state, mental or physical, once achieved, arousal does not end
instantaneously but persists for a certain period. Although the length of the
period depends on the length and intensity of the preceding meditation, among
other factors (e.g., age, experience in meditation, heart condition), previous
research has shown that it takes about 15-20 min after a 20-min Yidam prac-
tice, for arousal to dissipate (Kozhevnikov et al., 2009).
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marginally significant increases in FM Theta, suggest the use of a general
inhibitory filter (Klimesch et al., 1999), engaged by the CON, to monitor
the state of tonic alertness (sustained attention) during the practice.
During this monitoring process, the CON deactivates both the VAN and
DMN, thus facilitating the disengagement from all brain processes, irrel-
evant to the monitoring process itself (Sadaghiani and Kleinschmidt,
2016). As the process is common to all mindfulness-related practices, it
is not surprising that the increases in Alpha and Theta power have been
consistently reported in previous research on mindfulness-related
meditation (Lomas et al., 2015 for a review).

As for M2, performed in a state of PNS withdrawal and phasic
alertness, posterior Alpha power decreases (especially evident in the
Alpha2 band) suggest disinhibition of previously suppressed visual
areas, reorienting selective visual attention outward, and a corre-
sponding state of enhanced cortical excitability (Jensen and Mazaheri,
2010; Sadaghiani and Kleinschmidt, 2016). As Alpha power decreases
can only be effective relative to a background of high Alpha power
(Sadaghiani and Kleinschmidt, 2016), the practice of Tantric Mahamu-
dra seems possible only when the state of heightened arousal and
elevated Alpha power is already achieved by preceding practices, thus
supporting the need for a multistage practice system in Vajrayana
training. Indeed, although observed in Tummo experts only, both Yidam
and Tummo practices led to increases in Alpha power (similar to M2, the
most pronounced in the Alpha2 band), suggesting the use of filters,
which support the maintenance of mental images, as required by these
practices, by inhibiting any interfering input. According to arousal
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theories (Mather et al.,, 2016), the neuronal activity of the FPCN,
modulated by arousal, leads to further enhancement of “internal-
ly-directed” selective attention during these practices by amplifying the
attentional focus on the mental images and suppressing any other signals
mediated by the VAN or DMN pathways. As soon as sufficiently high
arousal is achieved, the associated LC-NE activity acts as a “network
reset signal” (Bouret and Sara, 2005) to release the VAN from the
inhibitory Alpha activity and drive the DAN to reverse the attentional
focus outward, as instructed by Mahamudra practice. The observed
patterns of Alpha power increases during Yidam and Tummo and de-
creases during M2 suggest the engagement of focused attention, in a state
of heightened phasic alertness, on the internal imagery during Yidam or
Tummo, and external visual field during M2.

In addition to Alpha power increases, both Yidam and Tummo pro-
duced EEG power increases in all other frequency bands, except Theta.
As Theta activity is related to the changes in attentional control during
sustained attention (Clayton et al., 2015), not surprisingly, we did not
observe such changes during Yidam, Tummo, or M2, involving focused
attention. As for other EEG frequency bands, while the power increases
were marginal during Yidam, they were significant and widespread
during Tummo. Similarly, Tummo experts exhibited significant in-
creases in centro-parietal Theta and Beta coherence during Yidam and
fronto-parietal Alpha and central and/or parietal Alpha, Theta, and
Gamma coherence during Tummo. Overall, the increases in EEG power
and coherence during Yidam and Tummo point to strengthening
top-down attentional control (Fig. 4), with Tummo evoking this process
to a greater extent.

Conversely, both types of Mahamudra exhibited more decreases than
increases in EEG power and coherence. Consistent with previous
research that reported Delta and Beta power decreases during OM
meditations (Faber et al., 2015; Lehmann et al., 2012), we observed
significant decreases in frontal Delta and temporal Beta power during
M1, as well as widespread and significant decreases for both Delta and
Beta (in particular Beta 1) bands, exhibited by Tummo experts during
M2. Tummo experts also showed significant decreases in fronto-parietal
Alpha coherence during M1 and central and/or parietal Theta, Alpha,
and Beta coherence during M2. Interestingly, the decreased Beta
coherence in the C3-P3 electrode pair (Rolandic Beta, associated with
the sensorimotor system) during M2 was the opposite of the increased
Beta coherence in the same electrode pair during Yidam that preceded
M2, which might reflect the act of strengthening the body schema (by
imagining replacing one’s body with the body of a deity), following the
feeling of its dissolution during M2. Overall, the above patterns suggest a
reduction of top-down control mechanisms responsible for “interfer-
ence” control (Delta) or maintenance of the current brain state (Beta)
during both types of Mahamudra, with a significantly greater reduction
exhibited by Tummo experts during M2 compared to M1.

Although one must be careful when interpreting Gamma power in
EEG, as some researchers believe it to be an artifact generated by
miniature eye movements (Yuval-Greenberg et al., 2008), our results
provide important insights into the nature of NDA meditations. In
contrast to mindfulness-related OM meditations, consistently associated
with increased posterior Gamma-band activity (Braboszcz et al., 2017;
Cahn et al., 2010), we observed marginal decreases in temporal Gamma
power exhibited by all the practitioners during M1 and M2 and signif-
icant frontal and marginal occipital Gamma power decreases exhibited
by Tummo experts during M2. According to our predictions, we
observed reduced Gamma activity during M1 and M2, along with Beta
power decreases, suggesting a reduced communication between higher
and lower sensory areas, preventing “attentional selection” of any
particular object. In contrast to OM meditations, NDA practices do not
stress the need to notice and monitor a distractor but distribute attention
across the entire visual field (Traleg Kyabgon Rinpoche, 2004). The
reduced Beta and Gamma power, also reported during other NDA
practices such as Tibetan Dzogchen-Rigpa (Amihai and Kozhevnikov,
2014) and Hindu Thoughtless Emptiness (Hinterberger et al., 2014),
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might represent a unique neural signature of NDA meditations, either
non-Tantric or Tantric, suggesting non-selectivity of attention (i.e.,
reduced attention orienting processes), weakening of predictive coding
states, and consequently a greater reduction of top-down control during
these practices, compared to OM meditations.

Furthermore, according to our results, Tantric Mahamudra led to a
greater reduction in top-down control than non-Tantric Mahmadura, as
reflected by Alpha, Beta, and Gamma power decreases during the former
vs. Alpha power increases and less significant Delta, Beta, and Gamma
power decreases during the latter. Although both NDA practices aim to
achieve non-selectivity of attention, non-Tantric Mahamudra represents
non-selective disengagement from internal or external signals (non-se-
lective sustained attention), while Tantric Mahamudra can be described as
non-selective engagement in all sensory experiences (non-selective
focused attention). The former relies on top-down filters “blocking”
perception from interfering stimuli (as reflected by Alpha power in-
creases during M1), thus rendering it impossible to significantly reduce
top-down control or reverse the attentional focus outward. The latter,
under the influence of arousal, might lead to the unique perceptual state,
“unbiased” from top-down and bottom-up influences, thus resonating
with the goal of the practice to destroy “habitual dualistic modes of
perception” (Dowman and Downs, 2010, p. 315). Previously, a similar
state, termed “virtual” salience, was reported only in animal studies,
achieved as a result of LC photoactivation, during which LC neurons
continued to exhibit phasic modes of functioning by firing with phasic
bursts of high frequency in the absence of any salient stimuli to which
the attention was directed (Vazey et al., 2018).

In our study, only Tummo experts have consistently shown the EEG
patterns, which could be associated with the state of Tantric Mahamudra
(decreased Alpha, Beta, and Gamma power)’. In addition, only Tummo
experts did not show fronto-parietal Beta coherence increases during
M2. Overall, they had lower Beta and Gamma power during both
meditation and rest, compared to other practitioners, suggesting their
greater flexibility in attentional control processes. Due to the neuro-
physiological coupling of the respiratory cycle and the LC-NE system
(Melnychuk et al., 2018), vigorous breathing during Tummo is likely to
lead to higher LC-NE activation and greater release of NE compared to
imagery alone. During the years of practice, Tummo experts become
highly proficient in reaching and controlling states of heightened
arousal and related LC-NE activity. Thus, they can develop these states
quickly and efficiently and flexibly regulate their top-down control
processes.

In conclusion, our findings provide evidence for the existence of
arousal-based practices, which, similar to mindfulness-related medita-
tions, can be described as “attention-based, regulatory training re-
gimes”; however, they involve a different ANS state (PNS withdrawal vs.
dominance), alerting attention (focused vs. sustained), and type of
attentional control (arousal-modulated FPCN vs. CON). Importantly,
during arousal-based practices, attentional control is modulated by
arousal-driven influences and not directed at monitoring ongoing con-
tent of thought as during mindfulness-related practices. Therefore, we
propose that the ANS state is a critical dimension to consider while
proposing a scientific taxonomy of meditation, as arousal-based and
mindfulness-related practices cannot be grouped into a single category
of meditation in terms of their physiology and neurocognitive processes.
Indeed, recent attempts to include Loving-Kindness meditation, shown

9 As top-down attentional control is based on the factors, which are internal
to the observer (Awh et al., 2012), such as one’s goals, prior knowledge, and
experience, its reduction in some sense resonates with the idea of “ego disso-
lution” that most meditative traditions are striving to achieve. However, one
needs to learn how to regulate top-down control, including its strengthening,
before it can be reduced (e.g., to learn FA before mastering OM meditation), so
that meditation traditions usually offer a range of practices, targeted at
achieving different levels of attentional control.
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to lead to HF decreases (Lumma et al., 2015), into the existing taxon-
omies of mindfulness-related practices, mainly resulted in adding
additional descriptive dimensions (“empathic”) to the FA/OM taxonomy
(Dahl et al., 2015; Lippelt et al., 2014). Similarly, Tantric and
non-Tantric Mahamudra cannot be grouped into a single category of
NDA practices, as the former represents an arousal-based meditation,
while the latter belongs to the mindfulness-related category of practices.

Additionally, our findings suggest that the level of attentional control
should be considered as an additional dimension in meditation taxon-
omies. While Yidam and Tummo aim to strengthen top-down control,
Mahamudra (either Tantric or non-Tantric Mahamudra)'® aims to
reduce it. EEG markers of Yidam and Tummo are quite different from
those of Mahamudra, even though all three Tantric practices are char-
acterized by the same ANS state (arousal). Therefore, to generate reli-
able predictions about EEG markers of any given meditation, both
dimensions, ANS state (arousal vs. relaxation) and level of attentional
control (strengthening vs. weakening), should be considered.
Mindfulness-related meditations, characterized by the state of PNS
dominance, can also be differentiated into the practices aiming to
strengthen attentional control (FA) vs. the practices aiming to reduce it
(OM), with a large body of research focusing on identifying the differ-
ence in neural correlates between FA and OM (Manna et al., 2010; Lee
et al., 2018for a review). Although the FA/OM taxonomy allows dif-
ferentiation in relation to the level of attentional control (Malinowski,
2013), it applies only to mindfulness-related meditations.

Limitations affecting the generalizability of our findings are the small
sample size due to the challenges in accessing experienced Vajrayana
practitioners, particularly Tummo experts. Due to these methodological
difficulties, Tummo practice in this research was performed outside of
the regular sequence (after, instead of before, Tantric Mahamudra).
Despite these limitations, we delineated the differences in the neurobi-
ology of arousal-based and mindfulness-related meditations. Further-
more, this study proposes a theoretical framework which generates
testable predictions about any given meditation at physiological and
neurocognitive levels. Further investigation of arousal-based medita-
tions can potentially contribute to future studies on the neurobiology of
arousal in humans, as most current research on the topic is limited to
animal studies manipulating the level of arousal and phasic alertness by
optogenetics or pharmacological means. It can also help delineate how
sympatho-adrenal system can be regulated, which is currently poorly
understood, opening up a wide range of possible medical and behavioral
interventions, such as optimization of attentional control concerning
environmental challenges (Grueschow et al., 2020), prevention of
cognitive decline (Knight et al., 2020), and the attenuation of the innate
immune response (Kox et al., 2014).
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