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Abstract

A meditative ‘technique’is conceived as a continuum of different affective states involving mind and body jointly.
Meditative practices can involve cognitive effort (e.g., focused attention and open-minded techniques), as well

as automatic and implicit practices (e.g., transcendental techniques). The NGALSO tantric self-healing meditation
technique is a brief, comprehensive meditation technique relying on mind and body connection. In this study, we
aimed to investigate the state and the trait neurophysiological correlates of NGALSO meditation practice. First, 19 EEG
channels and a 3-lead ECG signal were recorded from 10 expert meditators (more than 7 years of daily meditation)
and 10 healthy inexpert participants (controls) who underwent the same meditative procedure. The neuropsychologi-
cal profiles of experts and controls were compared. Results showed that expert meditators had significantly higher
power spectra on alpha, theta and beta, and a higher sympathetic tone with lower parasympathetic tone after medi-
tation. Conversely, the control group had significantly less power spectra on alpha, theta and beta, and a higher para-
sympathetic tone with lower sympathetic tone after meditation. A machine learning approach also allowed us to clas-
sify experts vs. controls correctly by using only EEG Theta bands before or after meditation. ECG results allowed us

to show a significantly higher effort by expert meditators vs. controls, thus suggesting that a higher effort is required
for this meditation, in line with the principle ‘no pain, no gain’in body and mind.
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Introduction

Meditation is a practice entailing an enhanced focus of the
mind on a particular object, thought, or activity to achieve
a mentally clear and emotionally calm state [1]. Travis and
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of view, transcending is related to abandoning the here and
now [3].

The two techniques (FA, OM) are characterized by focus-
ing on individual control or effort, active mental processes
that keep the brain engaged in a specific individual activ-
ity. Instead, TM is automatic because one uses the “natural
tendency of the mind” to move from attention to mental
silence. Each of the three meditation categories has distinct
neurophysiological processes, attention management, and
subject/object interactions [4]. Neurophysiological activa-
tion of the three types of meditation has been investigated
deeply, focusing on central activations and peripheral acti-
vations such as heart rate variability or respiration. How-
ever, no study has directly compared these measures on FA,
OM, and TM. In meditators, FA meditation is character-
ized by a central increment of beta (13-30 Hz) frequency
power bands, OM monitoring by frontal theta bands
(4-8 Hz) and TM by occipital alpha bands (8—13 Hz), ana-
lyzing only the difference in the effects of the meditation
but without comparing them [5-9]. On the other hand,
heart rate variability was mostly analyzed during the medi-
tation, and in all techniques, there was an increase in the
parasympathetic system and a decrease in the sympathetic
one (Table 1) [10-13].

Generally, most studies consistently showed that medi-
tators display an increased cerebral activation, especially
in an increase in power of EEG theta bands, compared
to controls (e.g., Zen meditation) in OM and TM tech-
niques [14]. Other studies reported an increased basal
cerebral activation in alpha and beta bands of medita-
tors compared to controls (e.g., Vipassana meditation
and Himalayan yoga) in FA techniques [15-17]. This sug-
gested a trait (i.e., stable, individual) difference between
meditators and controls (or non-meditators) in FA, OM
and TM techniques [18-21]. However, it is still unex-
plored whether this discrepancy in terms of basal neu-
rophysiological activation between expert meditators
and non-expert meditators (control group) still holds
for other more sophisticated meditative techniques [1].
This is the case for NGALSO meditative techniques—
tantric self-healing practice—which can be described
as a mixed meditation practice, integrating FA and TM
meditation. NGALSO is a mixture of spiritual practice
of active visualization technique and mantra medita-
tion. This technique is assumed to heal the sicknesses
of body and mind, not just the symptoms but the causes

Table 1 Meditation type and neurophysiological activation
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of individuals’ suffering. It is a meditation practice that
transcends this life and helps to work for the benefit of
all sentient beings. Lama Gangchen Rinpoche devel-
oped it at the beginning of the 1990s, but its origins can
be traced back to Buddha’s teachings in the fourteenth
century. NGALSO means ‘relaxation’ and can be divided
into two syllables, Ngal and So. “Ngal” contains two
noble truths: the truth of suffering and its causes. “So”
contains the last two noble truths: the truth of the ces-
sation of suffering and the path leading to the cessation.
This meditation relies on imagery of facts and objects
that evoke love, forgiveness, and compassion. Switch-
ing between visualizing sessions requires brief mantras.
NGALSO meditation displays a dual nature because it
alternates attentive imagery with brief mantras, becom-
ing a blended approach between attentional and tran-
scending meditation. Specifically, this meditation relies
on imagery of facts and objects that evoke love, forgive-
ness, and compassion. Moreover, this kind of meditation
is crucial in the aspects related to mentalization [22, 23].

The aim of NGALSO meditation is to induce transi-
tions from normal consciousness to inner mindful atten-
tion states. It involves using various techniques, including
breathwork, visualization, mantra chanting, and energy
cultivation, to explore and integrate different aspects of
the self [1].

Due to its nature, it could be used as a form of mind-
body practice, as a complementary therapy [24-26]. In
fact, tantric meditation aims to expand one’s conscious-
ness and awareness by exploring the interplay between
the physical, mental, and spiritual realms. It encourages
individuals to embrace all aspects of themselves, includ-
ing their desires, emotions, and spirituality, fostering a
sense of wholeness and connection [25, 26]. Through
tantric practices, individuals can cultivate a deeper
understanding of themselves, their patterns, and their
reactions. This self-awareness can contribute to per-
sonal growth, healing, and the ability to make conscious
choices in life. Tantra emphasizes the importance of con-
scious and authentic connections with others. Tantric
meditation practices can enhance intimacy, communi-
cation, and connection within relationships, promoting
empathy, compassion, and deeper emotional bonds [1, 2].

However, whether the mind and body connection is
stable remains an open issue. That is, the short-term
effect of NGLASO has never been explored before.

Focused attention (FA)

Open monitoring (OM) Transcendental meditation (TM)

EEG (pre-post meditation) BETA (central)

ECG (during meditation)

THETA (frontal) ALPHA (occipital)

Increase parasympathetic activation, decrease sympathetic activation
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NGLASO’s impact on individuals has not been studied at
the state (i.e., contingent) level.

Our study aimed to explore and compare neurophysio-
logical correlates of NGALSO meditation in expert med-
itators and a control group. To this end, we focused on
and analyzed a timeframe of 2 min of eyes closed before
and post-meditation. This allowed testing the impact of
meditation at the trait, i.e., more stable label, as well as
state, i.e., the short-term level, in the pre vs. post-medita-
tion phase [18, 20].

We integrated EEG signals analysis and a computa-
tional approach (i) to test neurophysiological trait differ-
ences between meditators and controls localizing EEG
significant channels and (ii) to show that we can predict
accurately through machine learning if an undefined sub-
ject is a meditator or a control by relying exclusively on
EEG bands, and, specifically, on theta bands.

Materials and methods

Participants

We recruited 10 expert meditators (EM) (n=10; 7
females; mean + SD meditation training: 32.2+9.7 years)
and 10 control group subjects without any prior medi-
tation experience (CG) (n=10; 3 females). Meditator
participants were recruited from the people frequenting
the Lama Gangchen Healing Center and with permis-
sion from the NGALSO Center. The inclusion criteria
were senior practitioners (at least one long retreat with
more than 7 years of daily practice) or teachers (more
than 7 years of daily practice and have undergone sev-
eral long retreats). The control subjects were people who
had never meditated and had no intention of doing so
or of embarking on a contemplative path. The groups
did not differ significantly in age (EM=48.89+10,20;
CG=51+13.19 years, t(14)=-0.362, p=0.723, d=0.18).
Participants reported no psychiatric or neurological
diagnoses. Each participant provided a written informed
consent for study participation. Participants’ consent and
all methods were carried out in accordance with the Hel-
sinki Declaration.

Procedure

Participants who met inclusion criteria were contacted
via email and/or phone to organize a meeting in a stand-
ardized setting with a PC on a desk in front of the subject.
Throughout each laboratory session, a neurophysiologist
and a physician supported them. During their exposure
to experimental stimuli, the experimenters were told to
maintain a neutral attitude and tone of voice. When par-
ticipants came to the Neurophysiology Laboratory, they
were instructed to sit in front of a computer while the
experimenters described the research objectives and the
general function of the electrodes. After completing the

(2024) 24:117

Page 3 of 15

informed permission form, participants were ready for
the collection of physiological parameters.

The neurophysiological activation of the participants
was recorded in a baseline resting state (pre-meditation
condition). Then, the experimental session started, and
physiological data were collected until the conclusion of
the study. At the conclusion of the experimental session,
the experimenters helped the participants remove all
electrodes and patches and explained the scientific pur-
pose of the experiment.

The meditation EEG protocol lasted about 46 min.
It consisted of the following structure (See Fig. 1): pre-
meditation eyes open (EO) and eyes closed (EC) for
two minutes each, alternating twice — 8 min; NGALSO
meditation 30 min; post-meditation EO and EC for two
minutes each, alternating twice — 8 min. All NGALSO
meditative states were in the eyes closed condition.

NGALSO practice consisted of different sessions,
each associated with a specific meditative state (Fig. 1).
A 30-min video by Lama Michel, the supervisor of
the NGALSO center, provided instructions about the
NGALSO complete meditation technique. Both groups
(meditators and control subjects) watched it, projected
on a TV screen in front of the subjects, to help them
follow the correct sequence of the meditation proto-
col. Both groups listened to the same meditation video,
keeping their eyes open to imitate and replicate the rep-
resented gesture. It is important to highlight that the
meditation was considered active because the subjects
(in both groups) were requested to interact actively with
the narrative. Generally, meditation requires keeping the
eyes closed and working on mental imagination. Keep-
ing the meditation active while watching the video is a
peculiar characteristic of NGALSO meditation. At the
start of each meditative condition, time-locked markers
indicating each session were displayed on the recording
by a neurophysiologist trained in NGALSO protocol.
The procedure allowed us to investigate each part of the
NGALSO meditation technique and to know which parts
were forgotten or missed by the meditators during the
ECG and EEG recording sessions. The participants were
explicitly instructed to relax and avoid meditating during
the rest of the sessions.

Materials

We used 19 EEG (electroencephalogram) channels
with a longitudinal bipolar montage, which gives more
localization than spectral measurements derived from
monopolar reference schemes and is optimal for eval-
uating strongly localized low- to medium-amplitude
waveforms [9, 27, 28]. Furthermore, the application of
bipolar chains allows an approximation of the spatial
derivative of the potential field, helping to pinpoint
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Pre meditation: 8'

Eyes Open (EO) : 2’

Eyes Closed (EC) : 2’

Eyes Open (EO) : 2’

Eyes Closed (EC) : 2’
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A) PRELIMINARY \

PRACTICES:
RESPIRATION CYCLES (nine
round breathing)

B) LIGHT-MEDITATION:
focus-attention oriented at
the beginning, and more
loving kindness at the end of
the session.

Mantra
C) DEEP MEDITATION:

self-transcendent meditation
based on empowerment and
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Post meditation: 8'

Eyes Open (EO) : 2

Eyes Closed (EC) : 2
Eyes Open (EO) : 2

Eyes Closed (EC) : 2’

energy

Mantra

breathing

D) END MEDITATION:
exercises  and

k dedication nravers

Fig. 1 Meditation NGALSO program; EO=Eyes Open; EC=Eyes Closed

the locations of extreme electrical discharges within
the EEG. By employing this method, we aimed to
detect localized maxima (which, following convention,
appear as minima due to the EEG’s inverted nature)
and potentially infer the underlying sources of these
electrical activities [29].

The data were bandpass filtered with a high bandpass
filter of 0.5 to a low bandpass filter of 50 Hz. However,
during the signal registration, a notch filter (50-60 Hz)
was applied to remove electrical interference noise. Bipo-
lar channel names based on the International 10-20 loca-
tions are: FP1-F7, FP1-F3, F7-T3, F3-C3, T3-T5, C3-P3,
T5-01, P3-O1 (left part); FP2-F4, FP2-F8, F4-C4, F8-T4,
C4-P4, T4-T6, P4-O2, T6-02 (right part); FZ-CZ, CZ-PZ
(central part) (Fig. 2). The responses of the peripheral
nervous system were measured using the specific EEG
channels to catch a 3-lead ECG (electrocardiogram),
amplified accordingly.

All the physiological signals were then processed
with custom software developed using MATLAB 2022a
(MathWorks, Inc.; Natick, MA) and SPSS 21 (Statistical
Package for the Social Sciences—SPSS for Windows, Chi-
cago, IL) with the use of Syntax to compute the statisti-
cal analyses. Every channel was synchronously acquired
at 2048 Hz and exported at a 256 Hz sampling rate (256
records per second, one every 3.90625 ms).

The lab was equipped with two portable PCs, one for
the EEG recording and delivering the stimuli (with a
120 Hz display) and the other for psychophysiological
signal recording. Light and temperature sensors were

Fig. 2 The bipolar-channels we used, following the International
10-20 locations

used to monitor the room’s conditions to make interpre-
tation relevant to users’ actual affective state and avoid
contamination.
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Signal processing

Collected EEG and ECG data were analyzed using MAT-
LAB 2022a (MathWorks, Natick, MA) and EEG data
were analyzed with Neurospectrum-5 software. For both
signals, only the last 2 min of eyes closed before and after
meditation (pre-post) were compared and analyzed. This
choice depended on the desire for the cleanest possible
pre-post measurement [30]. The meditation period was
not an option as it would be full of movement artifacts
because of the active meditation mode. Instead, the
closed eyes pre and post allowed an objective measure-
ment of the trait and state differences, both detected in
the pre and maintained in the post-meditation.

Mind measurements: EEG signal processing

Matrixes have been computed to calculate power spec-
tral EEG analysis bands, one per each bipolar-channel
recorded. EEG signals were extensively worked to remove
ocular artifacts, blinks and involuntary movements by
visual inspection. Then we calculated beta EEG (e.g.,13—
20 Hz) bands, high alpha EEG (e.g., 10-13 Hz) bands, and
low alpha EEG (e.g., 8—10 Hz) bands and theta EEG (e.g.,
4-8 Hz) bands. We did not include an analysis of gamma
activity partly because of the known contribution of
EMG activity to gamma activity in scalp recordings [31].
The mean was recorded for each participant at each elec-
trode, both for baseline and post-meditation conditions.
The data set was screened for normality and outliers
before formal analysis. The mean regional data (frontal,
temporal—central, posterior) for all four frequency bands
( beta, theta, high alpha and low alpha) were normally
distributed for rest and meditation conditions (Fig. 3).
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Body measurements: ECG signal processing
Cardiovascular and respiratory activity were moni-
tored to evaluate both voluntary and autonomic effects
of respiration on heart rate, analyzing R-R intervals
extracted from the electrocardiogram and respira-
tion and their interaction. Following the guidelines of
the Task Force of the European Society of Cardiology
and the North American Society of Pacing and Electro-
physiology, typical heart rate variability (HRV) spectral
indexes were used to evaluate the autonomic nervous
system response [32, 33].

As a temporal domain measure of heart rate variabil-
ity, we calculated the mean RR index (ms), i.e., the mean
of RR intervals and a longer mean RR interval means
lower heart rate and higher parasympathetic cardiac acti-
vation; the root mean square of successive RR interval
differences (RMSSD), which is a commonly used time-
domain HRV parameter that captures the quick beat-to-
beat changes in an RR interval; the mean heart rate (HR)
interval and a higher heart rate are linked to higher sym-
pathetic cardiac activation [34]; Baevsky’s stress index
(SI) [35], reflecting cardiovascular system stress because
high values of SI indicate reduced variability and high
sympathetic cardiac activation.

As a non-linear domain, we calculated the Poincaré
plot of short-term variability (SD1, ms) and the Poin-
caré plot of long-term variability (SD2, ms), both related
to estimating the sympathovagal balance of the auto-
nomic nervous system [36, 37]. SD1 is derived based on
its dependency on the time-domain variable RMSSD.
Instead, SD2 is derived based on its dependence on the
time-domain variable standard deviation of RR intervals

’ FP1-F7 FP1-F3 F7-13 33 T3-15 G3-P3 T5-01 P3-01 FP2-F4 FP2-F8 Fa-C4 F8-T4 ca-pa T4-16 Pa-02 T6-02 Fzz z-pz

Theta band
(4-8 Hz)

Low alpha
(8-10 Hz)

2’ Closed eyes (CE)

High alpha
(10-13 Hz)

Low beta
(13-20 Hz)

Pre meditation

Expert
meditators

Fig. 3 The extraction process for the spectral indexes from EEG

2’ Closed eyes (CE)
Post meditation
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segments (SDNN), both described by Brennan and col-
leagues [38] and Cipresso and colleagues [39].

We evaluated these 6 indexes to examine the short-
term effects of meditation on sympathetic and para-
sympathetic tone. The parasympathetic nervous system
(PNS) index was calculated based on the mean RR index,
RMSSD, SD1, and the sympathetic nervous system (SNS)
index was computed by the mean HR index, SI, SD2
(Fig. 4) [40, 41]. The calculation of the two indexes is a
linear combination transformed into z-scores.

The activity of the parasympathetic nervous system
on the heart is known to slow down the heart rate by
increasing the time interval between successive heart-
beats, enhance the respiratory sinus arrhythmia (RSA)
component of HRV by increasing the rapid changes in
RR intervals linked to breathing, and increase the pro-
portion of rapid HRV fluctuations caused by RSA in rela-
tion to slower short-term fluctuations by decreasing the
ratio between lower and higher frequency oscillations in
the HRV time series. The PNS index highlights the short-
term recovery using the parasympathetic tone in the SD1
nonlinear index combined with mean RR and RMSSD.
The linear combination of these three indexes is com-
puted in a z-score, so the PSN index units are also to be
considered in the z-score. On the other hand, the activity
of the sympathetic nervous system on the heart is known
to increase heart rate, decrease the overall HRV by reduc-
ing the quick changes in RR intervals related to RSA, and
increase the proportion of slower short-term fluctuations
in the HRV data by increasing the ratio between lower
and higher frequency oscillations in the HRV time series.

Longer mean RR interval means
lower heart rate and higher
parasympathetic cardiac
activation.

PNS

Commonly captures the quick
beat-to-beat changes in RR
interval.

Sympathovagal balance of the
ANS

Fig.4 PNSand SNSindex
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The SNS index highlights the short-term stress using the
sympathetic tone in the SD2 nonlinear index combined
with mean HR and SI. The linear combination of these
three indexes is computed in a z-score, so the SNS index
units are also to be considered in the z-score.

Statistical analysis

ECG and EEG data were analyzed using the statistical
software SPSS, version 21 (Statistical Package for the
Social Sciences—SPSS for Windows, Chicago, IL). A
series of mixed-design ANOVAs with groups (medita-
tors and control group) as between-subjects factors and
time (pre-post meditation) as within-subjects factors
were computed for EEG and ECG parameters. Partial
eta square was calculated as a measure of effects for all
measurements. ANOVAs were computed for EEG signals
(Fig. 3) to test between effects regardless of being before
or after the meditation, with the idea of testing the differ-
ences between expert meditators and the control group
for each band in each location. On the other hand, the
interaction effects between two main indexes of ECG sig-
nal, namely PNS index and SNS index, were computed
to understand the impact of meditation on cardiovascu-
lar responses in both expert meditators and the control

group.

Computational analysis

EEG data were also used in multivariate computational
analysis to classify the two groups using a supervised
machine learning approach. The idea was to understand
if, when using an EEG in a two-minute recording with

Higher heart rate (HR) is linked to
higher sympathetic cardiac
activation

High values of Sl indicate reduced
variability and high sympathetic
cardiac activation.

Sympathovagal balance of the
ANS
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closed eyes, we could tell if the brain ‘read’ is that of an
expert meditator. Since previous studies focused on theta
analysis, we computed these data segregated by bands,
including theta, low-alpha, high-alpha, and beta.
Computational analyses were done using Python 3.4
with the Orange 3.3.5 data mining suite, accessible in the
open-source code (https://github.com/biolab/orange3),
from which it is possible to see all the algorithms used
in the article. Leave-one-out cross-validation was done
using the following methods [42, 43]: (1) logistic regres-
sion classification algorithm with ridge regularization;
(2) random forest classification using an ensemble of
decision trees; and (3) Naive Bayes, a probabilistic clas-
sifier based on Bayes’ theorem. As stated before, all the
algorithms used were available in the open-source code
and documentation related to them can be found in the
scikit-learn user guide, which provides a detailed expla-
nation of all the algorithms used in the study, including
rank calculation, classification tree, and learners (https://
scikit-learn.org/stable/user_guide.html).

Results

EEG analysis

A mixed ANOVA 2 (time: Pre vs. Post) X2 (group: medi-
tators vs. control group) was conducted on theta, low
alpha, high alpha and beta frequency bands, comparing
10 meditators and 10 control subjects. Results showed
a significant difference between the expert and control
groups in terms of theta band, low alpha, high alpha and
beta (Figs. 5 and 6), regardless of the timeframe. Partial
eta square showed a high main effect of group, especially
FP1-F7 (17=0.981), FP2-F8 (2=0.926), F7-T3 (1)3=0.869)

THETA BANDS
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for theta bands, FP1-F7 (n§=0.817) for low alpha bands,
T5-01 (n;=0.833) for high alpha bands, FZ-PZ (n§=0.91)
and T5-0O1 (n§=0.826) for beta bands (Table 2). Here, we
reported only significant differences for each channel,
but in general, meditators always had the highest values
compared to controls in all bands. Snedecor-Fisher F sta-
tistics accounted for dependencies from repeated meas-
ures and corrections in its related p-values were reported
with the partial eta-squares [44].

EEG analysis showed a significant main effect of the
group on all bands considered. This effect was constant
in pre and post-meditation; demonstrated meditators
had substantial central activation differences: NGALSO
meditation leaves a specific central activating imprint
on meditators, who outperform controls in both pre and
post-meditation Fig. 7 shows a comparison between a
typical spectrum map of band frequency of meditator vs.
control, and Fig. 8 a spectral graph divided in bands.

Moreover, the results showed that the frontal lobe is
frequently involved in montage and has the most con-
siderable effective size. The frontal lobe may play an
important role in mental-effort work during meditation
[45-48].

Computational analysis on EEG data

In addition, nonlinear stochastic approximation multi-
variate methods confirmed the ANOVA results, showing
an excellent capacity in discriminating meditators and
controls. We conducted computational analyses using
the leave-one-out cross-validation (LOOCYV) method
and results shown in Table 3 highlight a true positive rate
of discriminating (sensitivity) between 80 and 100% for

BETA BANDS

Fig. 5 Statistically significant main effect of group in mixed ANOVA: Meditators (M) had higher power spectral than Controls (C) in Theta (left side) e

Beta bands (right side)
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LOW ALPHA BANDS
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HIGH ALPHA BANDS

Fig. 6 Statistically significant main between effect of group in mixed ANOVA: Meditators (M) had higher power spectral than Controls (C) in Low

alpha (left side) e High alpha bands (right side)

theta bands, while it ranged from 60 to 70% for low alpha,
60% to 80% for high alpha and 70% to 90% for beta. Inter-
estingly, all algorithms, especially random forest for theta
bands (83% discriminating capacity for control and 90%
for meditators) showed that power bands had a higher
capability of predicting meditator group or control group
(Fig. 9).

For the evaluation of different algorithm ROC or
Receiver Operating Characteristic analysis was used. The
curve plots a false positive rate on an x-axis (1-specificity;
probability of False data points that are correctly classi-
fied) against a true positive rate on a y-axis (sensitivity;
probability of True data points that are correctly classi-
fied). The closer the curve follows the left-hand border
and then the top border of the ROC space, the more
accurate the classifier (Fig. 10).

ECG analysis

Only interaction effects in a mixed ANOVA 2 time (Pre
vs. Post)X2 group (experts vs. controls) were statisti-
cally significant for PNS index F (1,18)=5.803, p=0.027,
pn?=0.625 and SNS index F(1, 18)=5.415, p=0.032,
pn?=0.596 (Fig. 11).

ECG analyses, instead, showed an opposite effect in
post-meditation caused by the interaction effect between
the two groups (expert meditators vs control sub-
jects). The PNS index and SNS index, a mix of temporal
and non-linear parameters, revealed how the effect of
NGALSO meditation was significantly different between
the two groups. The PNS index increased in the control
group, while it decreased in meditators. On the other

hand, SNS increased in meditators and decreased for the
control group (Table 4).

Discussion

Meditation is a complex neurophysiological concentra-
tion and mindfulness state. Also, given its multidimen-
sional nature, a consensus on its operationalization as a
complementary therapy still needs to be achieved. This
issue, potentially, may have led to a limited number of
studies comparing non-meditators and meditators. To
address this issue, this research focused on a sophisti-
cated active meditation technique, i.e., NGALSO, asso-
ciated with focused attention (FA) and transcendental
meditation (TM), and we compared expert meditators
and control subjects at the trait and the state level. That
is, first, basal neurophysiological profiles of meditators
and non-meditators were compared. Then, the short-
term effects of NGALSO were measured in meditators
and non-meditators, using EEG analysis combined with a
machine learning approach. Based on previous studies on
the neurophysiological activation of meditators and non-
meditators, a difference in terms of central and periph-
eral effects was expected.

Overall results suggested that meditation intervention
had a significant main effect of group on EEG spectra and
a large intersection effect on ECG parameters. The main
effect of group was detected at the trait level, since it was
found that meditators and control subjects significantly
differed in spectral activation in the pre-meditation
phase. This result was also found in the short-term run,
in the post-meditation phase at the state level. This con-
firmed that expert meditators have the highest power of
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Table 2 The main significant effects of “group” (meditators and control group) on physiological indexes (p<.05), with mean and

standard deviation

Meditators Control group
Pre- Post- Pre- Post- F Sign.of pn?
meditation meditation meditation meditation (1,18) group effect
(p-value)
Theta FP1-F7 0.501(0.211) 0474 (0.310) 0.159 (0.075) 0.138 (0.061) 18.170 0.001 0.981
P3-01 0.767 (0.775) 0.687 (0.667) 0.203 (0.146) 0.235(0.163) 4.775 0.042 0.543
FP2-F8 0.549 (0.352) 0411 (0.216) 0.150 (0.081) 0.172 (0.163) 13.005 0.002 0.926
F7-T3 0.696 (0.441) 0.707 (0.562) 0.190 (0.067) (O 095) 10.640 0.004 0.869
F8-T4 0.602 (0.648) 0.565 (0.531) 0.130(0.065) 3(0.072) 5.605 0.022 0.662
T3-T5 1.427 (1.496) 1465 (1.664) 0.291 (0.186) 0.282 ( 31) 5.365 0.030 0.592
T5-01 0.542 (0.545) 0.535(0.578) 0.089 (0.051) 0.096 (0.059) 6.134 0.022 0.662
Fz-CZ 0.942(0.905) 0.760 (0.975) 0.163 (0.088) 0.160 (0.082) 5.552 0.030 0.606
CZ-PZ 1.081 (1.210) 0.867 (1.240) 0.161 (0.095) 0.164(0.108) 4465 0.049 0516
Low alpha T5-01 1.561 (1.728) 1.628(1.738) 0460 (0.452) 0.37(0.319) 4475 0.049 0517
FP1-F7 0.787 (0.556) 0.816(0.587) 0.250 (O 199) 0.224 (0.169) 9.014 0.008 0817
FP1-F3 0.446 (0.343) 0.419(0.321) 1(0.116) 0.130(0.059) 7478 0.014 0.734
High alpha T5-01 0.554 (0.310) 0.576 (0.312) 0.209 ( 86) 0.250(0.176) 9.584 0.006 0.833
T3-T5 0.950 (0.607) 1.040 (0.681) 0416 (0.420) 0(0.230) 7.185 0.015 0.718
F8-T4 0.398 (0.194) 3(0.237) 0.209 (0.113) 0.242 (0.106) 6.129 0.023 0.655
F7-T3 0.588 (0.466) 0.679 (0.521) 0.290 (0.215) 0.275(0.172) 4667 0.044 0.534
FP1-F7 0.339(0.291) 0.378 (0.294) 0.105 (0.049) 0.103 (0.054) 7462 0014 0.734
FP1-F3 0.241(0.151) 0.227 (0.183) 0.085 (0.041) 0.102 (0.069) 6.704 0.019 0.688
Beta CZ-PZ 0.262 (0.138) 0.273 (0.167) 0.142 (0.089) 31(0.074) 5872 0.026 0.630
FZ-PZ 0.280 (0.138) 0.269 (0.155) 0.111(0.062) 05 (0.050) 12.184 0.003 0910
T5-01 0432 (0.337) 0.503 (0.447) 0.104 (0.063) 0.096 (0.039) 9.398 0.007 0.826
T3-T5 1473 (1.845) 1.769 (2.071) 0.350(0.173) 0.306 (0.134) 4.807 0.042 0.546
F8-T4 0.742 (0.574) 0.926 (0.836) 0.308 (0.303) 0.288(0.219) 5.898 0.026 0632
P3-0O1 0.343 (0.206) 0.397 (0.312) 0.167 (0.102) 0.162 (0.076) 5.707 0.028 0618
FP1-F3 0.558 (0.323) 0.537 (0.290) 0.167 (0.137) 0301 (0.518) 5327 0.033 0.589
FP2-F8 0.727 (0.753) 0.727 (0.701) 0.178(0.142) 0.287 (0.246) 4457 0.049 0515
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Table 3 Leave-one-out cross-validation method: Three learning algorithms were compared, i.e., 1) Logistic Regression, 2) Naive Bayes,
3) Random Forest. In the analysis, the classification learning algorithms were used for the classifications referring to the EEG

Model AUC CA F1 Precision Recall
Theta Logistic Regression 0,88 0,85 0,85 0,85 0,85
Naive Bayes 0,97 0,85 0,85 0,85 0,85
Random Forest 0,98 0,85 0,847 0,88 0,85
Low alpha Logistic Regression 0,57 0,55 0,54 0,55 0,55
Naive Bayes 0,75 0,70 0,69 0,70 0,70
Random Forest 0,71 0,700 0,69 0,70 0,70
High alpha Logistic Regression 0,60 0,60 0,59 0,60 0,60
Naive Bayes 0,73 0,75 0,75 0,75 0,75
Random Forest 0,82 0,80 0,80 0,80 0,80
Beta Logistic Regression 0,73 0,75 0,74 0,75 0,75
Naive Bayes 0,89 0,85 0,85 0,85 0,85
Random Forest 0,89 0,85 0,85 0,80 0,80

AUC (Area under the ROC curve) is the area under the classic receiver-operating curve

CA (Classification accuracy) represents the proportion of the examples that were classified correctly

F1 represents the weighted harmonic average of the precision and recall (defined below)

Precision represents a proportion of true positives among all the instances classified as positive. In our case, the proportion of a condition was identified correctly

Recall represents the proportion of true positives among the positive instances in our data

spectral analysis on all the interested bands (alfa-theta-
beta). Previous studies demonstrated specific activation
patterns compared to control groups based on medi-
tation type (AF, OM, or TM) (4-9). In meditators, FA
meditation was characterized by a central increment of

beta (13-30 Hz) frequency power bands, OM monitor-
ing by frontal theta bands (4—8 Hz) and TM by occipital
alpha bands (8—13 Hz), compared to pre-post meditation
power bands. NGALSO is a mixture of AF and TM medi-
tation. For this reason, the main spectral difference for
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Fig. 9 Confusion matrixes for the three classification methods. The diagonal values (i.e.,, purple values) represent the elements for which
the predicted group is equal to the true group, while of-diagonal elements are those that are mislabeled by the classifier

all bands considered is due to its double nature (mix of
AF and TM). High alpha bands for the mantra are typical
of TM, and high beta bands for the visualization part are
typical of AF. The theta bands reflect mental concentra-
tion as well as a meditative state. They are known to be
linked to states of self-awareness with disciplined regula-
tion of attention, breath, and bodily posture.

Nonlinear stochastic approximation machine learn-
ing methods confirmed these effects. Random forest,
logistic regression and Naive Bayes algorithms demon-
strated that unique power frequency bands could pre-
dict and discriminate meditator traits compared to the
control group. Theta bands had the highest true positive
rate for distinguishing controls from meditators (80% of
instances classified as “control” were in the control class
and 100% for meditators). These results are in line with
previous findings on the role of alpha and beta bands [5,
49] and outlined a novel, unique pattern for theta bands,
which can be explained as a typical correlate of NGALSO
components of enhanced self-awareness and attention.
Furthermore, other peripheral state changes emerged in
meditators vs controls after meditation. PNS and SNS
indexes had different activation patterns compared to

meditators and controls. In meditators, the SNS index
increased, while in controls, it decreased. In contrast, the
PNS index increased in controls and decreased for medi-
tators. Indeed, on a peripheral level, the control subjects
felt more relaxed and calm with higher activation of the
parasympathetic tone (PNS). On the other hand, for the
expert meditators, meditation was a cognitive and effort
task with actively focused concentration, resulting in a
larger sympathetic tone activation (SNS). In fact, PNS
activity is known to decrease heart rate and increase
heart rate variability in neutral or calm contexts, whereas
SNS increases HR and decreases HRV during stressful or
challenging situations [50].

Meditators, following the practice of NGALSO medita-
tion, demonstrated heightened sympathetic responses in
the post-meditation phase. This augmented sympathetic
activity can be attributed to the deliberate and focused
attention required during NGALSO practice. NGALSO
experts engage in a purposeful cognitive effort, intricately
involving both body and mind, aiming to enhance their
emotional and cognitive self-awareness. This intentional
cognitive engagement is notably reflected in the observed
increase in sympathetic activation post-meditation.
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Conversely, individuals in the control group, despite ~ Unlike NGALSO experts who actively channel their
engaging in meditation practices, exhibit a contrasting cognitive faculties during meditation, naive meditators
response characterized by a more tranquil and deacti- often experience a relaxation-oriented response, con-
vating effect. Their naive approach to meditation leads tributing to the observed rise in parasympathetic tone
to an elevation in parasympathetic tone post-practice.  [50-53].
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Table 4 Descriptive statistics for PNS and SNS indexes of
parasympathetic and sympathetic activity

PNS index SNS index
Group Pre Post Pre Post
Meditators -0.792 (0.721) -1.090 (0.588) 1.210(0.690) 1.660 (0.753)
Control group -0.627 (1.030) -0.397 (1.100) 1.380 (1.250) 0.879 (1.030)

Finally, our results are specific to the two minutes
before and after meditation, which means that medita-
tors have unique central waves and peripheral param-
eters compared to controls. This activation shows
how beneficial deep meditation could be to its prac-
titioners. Tantric meditation often emphasizes the
integration of the mind, body, and spirit [14, 25, 54].
It encourages individuals to embrace their physical
sensations, bringing mindfulness to bodily experiences
and sensations and promoting a sense of embodied
presence. Research suggests that meditation may help
alleviate symptoms of anxiety and depression. It can
give individuals a sense of calmness, improve emo-
tional well-being, and promote a more positive out-
look on life [13, 19, 55-58]. Meditation techniques,
such as tantric meditation, have shown promise in
helping individuals cope with chronic pain. By focus-
ing on the present moment and accepting sensations
without judgment, individuals may experience reduced
pain intensity and an improved ability to manage dis-
comfort [51-53, 59-62].

However, a recent study highlighted the role of men-
tal flexibility in meditation [63—65]. A future challenge
of this study could effectively consider a subjective
or objective way to measure mental flexibility to be
assessed as integration. To the best of our knowledge,
no current research on meditation has addressed spe-
cific mental processes involved in meditation effec-
tiveness, in particular, mental flexibility.

Limitations of the study include the small sample
size of 10 subjects per group, with a gender imbalance
(7 Female for meditators vs. 3 female in the control
group). However, gender inserted as a covariate in a
mixed ANOVA was not significant. Huge effect sizes
achieved (a partial eta-squared higher than 0.515)
granted a statistical power higher than 99.98%; how-
ever, future studies should replicate this study and/
or include a larger sample size. Another potential
limitation to be addressed in future studies is the link
between behavioral/psychological measures and neu-
rophysiological correlates. This relationship could
shed new light, above all in studying affect dynamics in
relation to mental flexibility [66—70].
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Conclusions

The original contribution of this work concerns the
neurophysiological correlates of active meditation, i.e.,
NGALSO, in expert meditators and control groups,
measuring central and peripheral change effects. For
meditators, meditation produced an enhanced cogni-
tive effort (vs. controls), stimulating the sympathetic
nervous system and altering their brain frequency spec-
tra over time, especially alpha, beta, and theta bands.
On the other hand, for controls, meditation emerged
to be soothing and restorative for the mind and body,
mainly activating the parasympathetic nervous sys-
tem. Finally, this is the first study in which key differ-
ences between NGALSO meditators and controls were
derived and predicted from their neurophysiological
profile, thus suggesting that the impact of this medita-
tive technique should be investigated in the long term,
since these results showed that it could shape the way
individuals’ brains work in a stable and consistent way.

Acknowledgements

Authors would like to thank all the participants to the study and the “Albag-
nano Healing Meditation Centre (AHMC)" for the strong cooperation. In par-
ticular Authors would like to thank T.Y.S. Lama Gangchen Tulku Rinpoche, the
founder of Kunpen and the initiator of the NgalSo tradition, and Lama Michel
Rinpoche and Lama Caroline, who were lineage holders.

In 2019 the Unesco Chair of Health Anthropology — biospheres and healing
methods - of the University of Genoa certified that the NgalSo healing teach-
ing and the practices transmitted by Lama Gangchen at the Borobudur site in
Indonesia and at Albagnano Healing Meditation Centre implement the goals
of the United Nations 2030 agenda. These purposes are the protection of tra-
ditional medicines, healing practices and cultural traditions, the development
of local economies and the revitalisation of the natural environment.

Authors’ contributions

Conceptualization, F.B, PC,; methodology, FB., PC,; software, F.B, PC, A.P; sta-
tistical and computational analysis, F.B., PC,; data collection, R.C,, LB, prepared
figures; F.B, PC.; writing main manuscript F.B, PC, A.C,; writing—review and
editing FB, PC, AC, RC, LB, ADM, LP, AM, AP; supervision, PC, AM.

Funding

The publication fee has been supported by Ricerca Corrente from Italian Min-
istry of Health. The project has been supported by PON R&I 2014-2020 (FSE
REACT-EU) and by Ministero dell'lstruzione dell'Universita e della Ricerca MIUR
project "Dipartimenti di Eccellenza 2023-2027"to Department of Neurosci-
ence "Rita Levi Montalcini.

Availability of data and materials
The datasets used and/or analyzed during the current study are available from
the corresponding author upon reasonable request.

Declarations

Ethics approval and consent to participate

The study was approved by the Ethical Committee at Istituto Auxologico
Italiano, IRCCS (Institutional Review Board Statement). The study involves
human participants. Each participant provided written informed consent for
study participation. Participants’consent and all methods were carried out in
accordance with the Helsinki Declaration.

Consent for publication
NA.



Borghesi et al. BMC Complementary Medicine and Therapies

Competing interests
The authors declare no competing interests.

Received: 21 June 2023 Accepted: 27 February 2024
Published online: 07 March 2024

References

1.

20.

21.

Brandmeyer T, Delorme A, Wahbeh H. The neuroscience of meditation:
classification, phenomenology, correlates, and mechanisms. Prog Brain
Res. 2019;1(244):1-29.

Travis F, Shear J. Focused attention, open monitoring and automatic self-
transcending: categories to organize meditations from Vedic, Buddhist
Chinese Traditions. Conscious Cogn. 2010;19(4):1110-8.

Liberman N, Trope Y. The psychology of transcending the here and now.
Science. 2008;322(5905):1201-5.

Ahani A, Wahbeh H, Nezamfar H, Miller M, Erdogmus D, Oken B. Quantita-
tive change of EEG and respiration signals during mindfulness medita-
tion. J Neuroeng Rehabil. 2014;11(1):1.

Ahani A, Wahbeh H, Miller M, Nezamfar H, Erdogmus D, Oken B. Change
in physiological signals during mindfulness meditation. Int IEEE EMBS
Conf Neural Eng. 2013;1378-81.

Stapleton P, Dispenza J, McGill S, Sabot D, Peach M, Raynor D. Large
effects of brief meditation intervention on EEG spectra in meditation
novices. IBRO Rep. 2020;1(9):290-301.

Travis F, Haaga DAF, Hagelin J, Tanner M, Nidich S, Gaylord-King C, et al.
Effects of Transcendental Meditation practice on brain functioning and
stress reactivity in college students. Int J Psychophysiol. 2009;71(2):170-6.
Travis F, Wallace RK. Autonomic and EEG Patterns during Eyes-Closed
Rest and Transcendental Meditation (TM) Practice: The Basis for a Neural
Model of TM Practice. Conscious Cogn. 1999;8(3):302-18.

Dumermuth G, Molinari L. Spectral analysis of the EEG. Neuropsychobiol-
ogy. 1987;17(1-2):85-99 Available from: https://www.karger.com/Article/
FullText/118345. Cited 2023 Jan 23.

Gonzélez-Teruel A, Gonzélez-Alcaide G, Barrios M, Abad-Garcia MF. Map-
ping recent information behavior research: an analysis of co-authorship
and co-citation networks. Scientometrics. 2015;103(2):687-705.

. Phongsuphap S, Pongsupap Y, Chandanamattha P, Lursinsap C. Changes

in heart rate variability during concentration meditation. Int J Cardiol.
2008;130(3):481-4.

Nesvold A, Fagerland MW, Davanger S, Ellingsen @, Solberg EE, Holen A,
et al. Increased heart rate variability during nondirective meditation. Eur
J Prev Cardiol. 2012;19(4):773-80 Available from: https://academic.oup.
com/eurjpc/article/19/4/773/5928142. Cited 2023 Jan 26.

Léonard A, Clément S, Kuo CD, Manto M. Changes in heart rate variability
during heartfulness meditation: a power spectral analysis including the
residual spectrum. Front Cardiovasc Med. 2019;14(6):62.

Pasquini HA, Tanaka GK, Basile LFH, Velasques B, Lozano MD, Ribeiro

P. Electrophysiological correlates of long-term Soto Zen meditation.
Biomed Res Int. 2015;2015:598496 Available from: https://europepmc.
org/articles/PMC4302970. Cited 2023 Jan 28.

Kopal J, VySata O, Burian J, Schatz M, Prochazka A, Vali$ M. EEG synchroni-
zations length during meditation. J Med Biol Eng. 2017,37(2):220-9.

Lee DJ, Kulubya E, Goldin P, Goodarzi A, Girgis F. Review of the neural
oscillations underlying meditation. Front Neurosci. 2018;26:12.

Lippelt DP, Hommel B, Colzato LS. Focused attention, open monitoring
and loving kindness meditation: effects on attention, conflict monitoring,
and creativity a€" A review. Front Psychol. 2014;23:5.

Cahn BR, Polich J. Meditation states and traits: EEG, ERP, and neuroimag-
ing studies. Psychol Bull. 2006;132(2):180-211.

Raffone A, Marzetti L, Del Gratta C, Perrucci MG, Romani GL, Pizzella V.
Toward a brain theory of meditation. Prog Brain Res. 2019;1(244):207-32.
Raffone A, Srinivasan N. The exploration of meditation in the neurosci-
ence of attention and consciousness. Cogn Process. 2010;11(1):1-7.
https://doi.org/10.1007/510339-009-0354-z. Cited 2023 Jan 28.
Takahashi T, Murata T, Hamada T, Omori M, Kosaka H, Kikuchi M, et al.
Changes in EEG and autonomic nervous activity during meditation

(2024) 24:117

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Page 14 of 15

and their association with personality traits. Int J Psychophysiol.
2005;55(2):199-207.

Jain F, Chernyak S, Nickerson L, Mischoulon D, Ramirez Gomez L, Yeung A.
Pilot randomized controlled trial of mentalizing imagery therapy for fam-
ily dementia caregivers: clinical effects and brain connectivity mediators.
Biol Psychiatry. 2020;87(9):5107-8.

Borghesi F, Cipresso P, Franceschini C, Guglielmucci F, Musetti A. Under-
standing the relationship between Traumatic experiences and Compul-
sive Internet use through the lens of mentalization: a mediation analysis.
Annual Rev Cyberther Telemed. 2022;20:121.

Anderson ND, Lau MA, Segal ZV, Bishop SR. Mindfulness-based

stress reduction and attentional control. Clin Psychol Psychother.
2007;14(6):449-63.

Sumantry D, Stewart KE. Meditation, mindfulness, and attention: a meta-
analysis. Mindfulness (N'Y). 2021;12(6):1332-49. https://doi.org/10.1007/
$12671-021-01593-w. Cited 2023 Jan 28.

Krygier JR, Heathers JAJ, Shahrestani S, Abbott M, Gross JJ, Kemp AH.
Mindfulness meditation, well-being, and heart rate variability: a prelimi-
nary investigation into the impact of intensive Vipassana meditation. Int J
Psychophysiol. 2013;89(3):305-13.

Sazgar M, Young MG. Overview of EEG, Electrode Placement, and Mon-
tages. 2019. p. 117-25.

Kim DW, Im CH. EEG Spectral Analysis. 2018. p. 35-53.

Niedermeyer E. Dipole Theory and Electroencephalography. Clin EEG
Neurosci. 1996;27(3):121-31. https://doi.org/10.1177/155005949602700
305. Cited 2023 Dec 7.

Lo PC, Leu JS. Adaptive baseline correction of meditation EGG. Neurodi-
agnostic J. 2001;41(2):142-55.

Whitham EM, Pope KJ, Fitzgibbon SP, Lewis T, Clark CR, Loveless S, et al.
Scalp electrical recording during paralysis: Quantitative evidence that
EEG frequencies above 20 Hz are contaminated by EMG. Clin Neurophys-
iol. 2007;118(8):1877-88.

Mauri M, Magagnin V, Cipresso P, Mainardi L, Brown EN, Cerutti S, et al.
Psychophysiological signals associated with affective states. Annual Int
Conference IEEE Eng Med Biol. 2010;2010:3563-6.

Malik M, John Camm A, Thomas Bigger J, Breithardt G, Cerutti S, Cohen
RJ, et al. Heart rate variability: standards of measurement, physiological
interpretation and clinical use. Task Force of the European Society of
Cardiology and the North American Society of Pacing and Electrophysiol-
ogy. Circulation. 1996;93(5):1043-65.

Cipresso P, Colombo D, Riva G. Computational Psychometrics using
psychophysiological measures for the assessment of acute mental stress.
Sensors. 2019;19(4):781 Available from: https://www.mdpi.com/1424-
8220/19/4/781/htm. Cited 2023 Apr 20.

Baevsky RM, Chernikova AG. Heart rate variability analysis: physiological
foundations and main methods. Cardiometry. 2017;10:66-76.

Nunan D, Sandercock GRH, Brodie DA. A Quantitative systematic review
of normal values for short-term heart rate variability in healthy adults.
Pacing Clin Electrophysiol. 2010;33(11):1407-17.

Brennan M, Palaniswami M, Kamen P. Poincaré plot interpretation using

a physiological model of HRV based on a network of oscillators. Am J
Physiology-Heart Circulatory Physiol. 2002;283(5):H1873-86.

Brennan M, Palaniswami M, Kamen P. Do existing measures of Poincare
plot geometry reflect nonlinear features of heart rate variability? IEEE
Trans Biomed Eng. 2001;48(11):1342-7.

Cipresso P, Serino S, Borghesi F, Tartarisco G, Riva G, Pioggia G, et al. Con-
tinuous measurement of stress levels in naturalistic settings using heart
rate variability: an experience-sampling study driving a machine learning
approach. Acta IMEKO. 2021;10(4):239.

Berntson GG, Thomas Bigger J, Eckberg DL, Grossman P, Kaufmann PG,
Malik M, et al. Heart rate variability: origins, methods, and interpretive
caveats. Psychophysiology. 1997;34(6):623-48.

Acharya UR, Joseph KP, Kannathal N, Lim CM, Suri JS. Heart rate variability:
a review. Med Biol Eng Comput. 2006;44(12):1031-51.

Suthaharan S. Machine Learning Models and Algorithms for Big Data
Classification. 2016;36 Available from:https://doi.org/10.1007/978-1-4899-
7641-3 . Cited 2023 Jan 28.

Caruana R, Niculescu-Mizil A. Niculescu-Mizil A. An Empirical Comparison
of Supervised Learning Algorithms Using Different Performance Metrics.
2005.


https://www.karger.com/Article/FullText/118345
https://www.karger.com/Article/FullText/118345
https://academic.oup.com/eurjpc/article/19/4/773/5928142
https://academic.oup.com/eurjpc/article/19/4/773/5928142
https://europepmc.org/articles/PMC4302970
https://europepmc.org/articles/PMC4302970
https://doi.org/10.1007/s10339-009-0354-z
https://doi.org/10.1007/s12671-021-01593-w
https://doi.org/10.1007/s12671-021-01593-w
https://doi.org/10.1177/155005949602700305
https://doi.org/10.1177/155005949602700305
https://www.mdpi.com/1424-8220/19/4/781/htm
https://www.mdpi.com/1424-8220/19/4/781/htm
https://doi.org/10.1007/978-1-4899-7641-3
https://doi.org/10.1007/978-1-4899-7641-3

Borghesi et al. BMC Complementary Medicine and Therapies

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Frane A V. Experiment-Wise Type | Error Control: A Focus on 2 X 2
Designs. Adv Methods Pract Psychol Sci. 2021;4(1). Available from:https://
doi.org/10.1177/2515245920985137 . Cited 2023 May 4.

Kubota Y, Sato W, Toichi M, Murai T, Okada T, Hayashi A, et al. Frontal
midline theta rhythm is correlated with cardiac autonomic activities dur-
ing the performance of an attention demanding meditation procedure.
Cogn Brain Res. 2001;11(2):281-7.

Shimizu T, Hirose S, Obara H, Yanagisawa K, Tsunashima H, Marumo Y,

et al. Measurement of Frontal cortex brain activity attributable to the driv-
ing workload and increased attention. SAE Int J Passeng Cars Mech Syst.
2009;2(1):736-44 Available from: https://www.sae.org/publications/techn
ical-papers/content/2009-01-0545/. Cited 2023 Apr 24.

Luders E, Toga AW, Lepore N, Gaser C. The underlying anatomical cor-
relates of long-term meditation: larger hippocampal and frontal volumes
of gray matter. Neuroimage. 2009;45(3):672-8.

Aftanas L, Golosheykin S. Impact of regular meditation practice on EEG
activity at rest and during evoked negative emotions. Int J Neurosci.
2005;115(6):893-909.

Travis F. Temporal and spatial characteristics of meditation EEG. Psychol
Trauma. 2020;12(2):111-5.

Pascoe MC, de Manincor M, Tseberja J, Hallgren M, Baldwin PA, Parker AG.
Psychobiological mechanisms underlying the mood benefits of medita-
tion: a narrative review. Compr Psychoneuroendocrinol. 2021;1(6):100037.
Schmalzl L, Powers C, Blom EH. Neurophysiological and neurocogni-

tive mechanisms underlying the effects of yoga-based practices:
Towards a comprehensive theoretical framework. Front Hum Neurosci.
2015,9(MAY):1-19.

Gopal A, Mondal S, Gandhi A, Arora S, Bhattacharjee J. Effect of integrated
yoga practices on immune responses in examination stress — a prelimi-
nary study. Int J Yoga. 2011;4(1):26 Available from: https://www.ncbi.nlm.
nih.gov/pmc/articles/PMC3099098/. Cited 2023 Jun 5.

Cahn BR, Goodman MS, Peterson CT, Maturi R, Mills PJ. Yoga, meditation
and mind-body health: Increased BDNF, cortisol awakening response,
and altered inflammatory marker expression after a 3-month yoga and
meditation retreat. Front Hum Neurosci. 2017;26(11):315.

Fell J, Axmacher N, Haupt S. From alpha to gamma: Electrophysiological
correlates of meditation-related states of consciousness. Med Hypoth-
eses. 2010,75(2):218-24.

Rodriguez-Larios J, Faber P, Achermann P, Tei S, Alaerts K. From thought-
less awareness to effortful cognition: alpha - theta cross-frequency
dynamics in experienced meditators during meditation, rest and arith-
metic. Sci Rep. 2020;10(1):1-11 Available from: https://www-nature-com.
bibliopass.unito.it/articles/s41598-020-62392-2. Cited 2022 Aug 5.
Stapleton P, Dispenza J, McGill S, Sabot D, Peach M, Raynor D. Large
effects of brief meditation intervention on EEG spectra in meditation
novices. IBRO Rep. 2020;1(9):290-301.

Cahn BR, Delorme A, Polich J. Occipital gamma activation during Vipas-
sana meditation. Cogn Process. 2010;11(1):39-56. https://doi.org/10.
1007/510339-009-0352-1. Cited 2023 Jan 28.

Moore A, Malinowski P. Meditation, mindfulness and cognitive flexibility.
Conscious Cogn. 2009;18(1):176-86 Available from: https://www.scien
cedirect.com/science/article/abs/pii/S1053810008001967.

Bower JE, Irwin MR. Mind-body therapies and control of inflammatory
biology: a descriptive review. Brain Behav Immun. 2016;1(51):1-11.
Wadhen 'V, Cartwright T. Feasibility and outcome of an online streamed
yoga intervention on stress and wellbeing of people working from home
during COVID-19. Work. 2021;69(2):331-49.

Patel R, Veidlinger D. Exploring the benefits of yoga for mental and
physical health during the COVID-19 pandemic. Religions (Basel).
2023;14(4):538.

Zgierska AE, Burzinski CA, Cox J, Kloke J, Singles J, Mirgain S, et al. Mindful-
ness meditation-based intervention is feasible, acceptable, and safe for
chronic low back pain requiring long-term daily opioid therapy. J Altern
Complement Med. 2016;22(8):610 Available from: https://www.ncbi.nlm.
nih.gov/pmc/articles/PMC4991566/. Cited 2023 Jun 5.

Fox KCR, Kang Y, Lifshitz M, Christoff K. Increasing cognitive-emotional
flexibility with meditation and hypnosis: The cognitive neuroscience of
de-automatization. In: Raz A, Lifshitz M, editors. Hypnosis and Meditation:
Toward an Integrative Science of Conscious Planes. New York: Oxford
University; 2016. p. 191-219.

(2024) 24:117 Page 15 of 15

64. Cipresso P, Borghesi F, Chirico A. Affects affect affects: A Markov Chain.
Front Psychol. 2023;30:14.

65. Giommi F, Bauer PR, Berkovich-Ohana A, Barendregt H, Brown KW, Gal-
lagher S, et al. The (In)flexible self: Psychopathology, mindfulness, and
neuroscience. Int J Clin Health Psychol. 2023;23(4):100381.

66. Borghesi F, Chirico A, Pedroli E, Cipriani GE, Canessa N, Amanzio M, et al.
Exploring Biomarkers of mental flexibility in healthy aging: a computa-
tional psychometric study. Sensors (Basel). 2023;23(15):6983.

67. Bruni F, Mancuso V, Stramba-Badiale C, Greci L, Cavallo M, Borghesi F, et al.
ObReco-2: two-step validation of a tool to assess memory deficits using
360° videos. Front Aging Neurosci. 2022;28:14.

68. Bruni F, Borghesi F, Mancuso V, Riva G, Stramba-Badiale M, Pedroli E, et al.
Cognition meets gait: where and how mind and body weave each other
in a computational psychometrics approach in aging. Front Aging Neuro-
sci. 2022;8(14):722.

69. Borghesi F, Chirico A, Cipresso P. Outlining a novel psychometric model
of mental flexibility and affect dynamics. Front Psychol. 2023;14:1183316.
https://doi.org/10.3389/FPSYG.2023.1183316/BIBTEX.

70. Borghesi F, Mancuso V, Bruni F, Cremascoli R, Bianchi L, Mendolicchio
L, Cattaldo S, Chirico A, Mauro A, Pedroli E, Cipresso P. Mental flexibility
assessment: A research protocol for patients with Parkinson’s Disease and
Anorexia Nervosa. PLoS One. 2023;18(12):0293921. https://doi.org/10.
1371/JOURNAL.PONE.0293921.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


https://doi.org/10.1177/2515245920985137
https://doi.org/10.1177/2515245920985137
https://www.sae.org/publications/technical-papers/content/2009-01-0545/
https://www.sae.org/publications/technical-papers/content/2009-01-0545/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3099098/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3099098/
https://www-nature-com.bibliopass.unito.it/articles/s41598-020-62392-2
https://www-nature-com.bibliopass.unito.it/articles/s41598-020-62392-2
https://doi.org/10.1007/s10339-009-0352-1
https://doi.org/10.1007/s10339-009-0352-1
https://www.sciencedirect.com/science/article/abs/pii/S1053810008001967
https://www.sciencedirect.com/science/article/abs/pii/S1053810008001967
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4991566/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4991566/
https://doi.org/10.3389/FPSYG.2023.1183316/BIBTEX
https://doi.org/10.1371/JOURNAL.PONE.0293921
https://doi.org/10.1371/JOURNAL.PONE.0293921

	Mind and body connection in expert meditators: a computational study based on central and peripheral nervous system
	Abstract 
	Introduction
	Materials and methods
	Participants
	Procedure
	Materials
	Signal processing
	Mind measurements: EEG signal processing
	Body measurements: ECG signal processing
	Statistical analysis
	Computational analysis

	Results
	EEG analysis
	Computational analysis on EEG data

	ECG analysis

	Discussion
	Conclusions
	Acknowledgements
	References


