ORIGINAL RESEARCH ARTICLE
published: 31 July 2013
doi: 10.3389/fnhum.2013.00414

HUMAN NEUROSCIENCE

Dynamic correlations between heart and brain rhythm
during Autogenic meditation
Dae-Keun Kim 1,2 , Kyung-Mi Lee 1 , Jongwha Kim 2 , Min-Cheol Whang 2* and Seung Wan Kang 1,3*
1
2
3

Institute of Complementary and Integrative Medicine, Medical Research Center, Seoul National University, Seoul, Korea
Division of Digital Media Engineering, Sang-Myung University, Seoul, Korea
College of Nursing, Seoul National University, Seoul, Korea

Edited by:
Hauke R. Heekeren, Freie
Universität Berlin, Germany
Reviewed by:
Lutz Jäncke, University of Zurich,
Switzerland
Giancarlo Zito, ’S. Giovanni Calibita’
Fatebefratelli Hospital, Italy
*Correspondence:
Seung Wan Kang, College of
Nursing, Seoul National University,
Daehak-ro, Jongno-gu, Seoul
110-799, Korea
e-mail: drdemian@snu.ac.kr;
Min-Cheol Whang, Division of
Digital Media Engineering,
Sang-Myung University, 7
Hongji-dong, Jongno-gu, Seoul
110-743, Korea
e-mail: whang@smu.ac.kr

This study is aimed to determine significant physiological parameters of brain and
heart under meditative state, both in each activities and their dynamic correlations.
Electrophysiological changes in response to meditation were explored in 12 healthy
volunteers who completed 8 weeks of a basic training course in autogenic meditation.
Heart coherence, representing the degree of ordering in oscillation of heart rhythm
intervals, increased significantly during meditation. Relative EEG alpha power and alpha
lagged coherence also increased. A significant slowing of parietal peak alpha frequency
was observed. Parietal peak alpha power increased with increasing heart coherence during
meditation, but no such relationship was observed during baseline. Average alpha lagged
coherence also increased with increasing heart coherence during meditation, but weak
opposite relationship was observed at baseline. Relative alpha power increased with
increasing heart coherence during both meditation and baseline periods. Heart coherence
can be a cardiac marker for the meditative state and also may be a general marker for the
meditative state since heart coherence is strongly correlated with EEG alpha activities. It
is expected that increasing heart coherence and the accompanying EEG alpha activations,
heart brain synchronicity, would help recover physiological synchrony following a period of
homeostatic depletion.
Keywords: EEG, HRV, heart coherence, meditation, lagged coherence, heart brain synchronicity

INTRODUCTION
The confluence of empirical neuroscience and computational network models is beginning to reveal the complex architecture of
the human brain (Sporns, 2011; Thatcher, 2012). The various
network of the brain during meditation processes transforming
dysfunctional self-network to prosocial or transcendence network, have been proposed (Hasenkamp and Barsalou, 2012).
The meditation has been categorized by focused attention and
open monitoring (Lutz et al., 2008b). Attention network, network of brain regions typically involved in attention task, has
proved to be activated through focused attention meditation
(Mograbi, 2011; Froeliger et al., 2012). Self-networks, integrative fronto-parietal control network, and neurocognitive systems
which consists of self-awareness, regulation, and transcendence
during mindfulness meditation, covering both concentrative and
open monitoring receptive process were also proposed (Vago and
David, 2012). Another kind of meditation called loving kindness
or compassion meditation has been shown to be related with
emotion sharing network including limbic circuitry, insula, and
anterior cingulated cortices (Lutz et al., 2008; Mograbi, 2011).
A systematic review of mindfulness training showed that early
phase of training are more concerned with the development of
focused attention and the following phase are characterized by
an open monitoring (Chiesa et al., 2011). The more detailed
model specifying four sub-intervals in a meditative cognitive
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cycles was also proposed, which includes mind wandering (MW),
awareness of MW, shifting of attention, and sustained attention
(Hasenkamp and Barsalou, 2012). Activity in salience network
regions were identified during awareness of MW and executive
network regions were active during shifting and sustained attention. Brain regions associated with the default mode were active
during MW.
The default network of the brain has been measured since
the first recording of human surface EEG in 1932 (Berger, 1932)
and early meditation studies has been conducted using EEG
rather than fMRI or PET imaging (Cahn and Polich, 2006). As
a network property, left prefrontal activity relative to right prefrontal activity, indicative of positive emotion, increased after
meditation training period and that immune functions simultaneously increased in proportion with that activity (Davidson
et al., 2003). Large amplitude gamma band activity with synchrony over various region of the brain has also been observed
in expert Tibetan compassionate meditators (Lutz et al., 2004).
An increase in alpha coherence in the whole brain region has
been observed during relaxation meditation, whereas various
non-ubiquitous topological patterns have been observed during
meditation pursuing both relaxation and awareness simultaneously (Zelazo et al., 2007). Recently, cortical coherence patterns
during various forms of meditation were uncovered in which
the functional connectivity between brain regions coherence was
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significantly lowered during meditation compared to the rest
(Lehmann et al., 2012).
As well as the pursuit of brain connectivity patterns or
networks specific to meditation and linking the networks with
the brain function, the peripheral index identifying the meditation has also been explored. Since Herbert Benson, a cardiologist at Harvard University, has shown the relationship between
meditation and heart disease. He reported that meditation lowers blood pressure, physiological stress responses and, through
accompanying system-wide physiological chain reactions, finally
facilitates an overall bodily homeostatic effect, the so-called relaxation responses (Benson, 1975). Peripheral physiological changes
during meditation, such as reduction in heart rate and/or systolic blood pressure, an increase in blood oxygen saturation,
or a decrease in norepinephrine blood level, were still reported
(Curiati et al., 2005; Travis et al., 2009; Gregoski et al., 2011). The
various heart rate variability (HRV) indices during meditation
were frequently reported (Phongsuphap et al., 2008; Libby et al.,
2012).
A central theme of this paper is the relationship between the
brain measures and the peripheral measure during meditation.
Like earlier meditation studies in which specific brain location
identifying state and trait of the meditation had been explored
rather than the brain network (Cahn and Polich, 2006), the network analysis between central and peripheral measures during
meditation has not been focused so far. Only a few attempts have
been tried to associate brain with heart activities explaining mindbody connections (Takahashi et al., 2005). Associations between
anterior cingulate cortex (ACC) theta activity and high frequency
(HF) power in the HRV spectrum have also been reported (Tang
et al., 2009). Recently, through functional neuro-imaging, it was
reported that the coupling of heart rate and blood oxygen leveldependent (BOLD) signal in the ACC region was greater in meditative states than in neutral states (Lutz et al., 2009). These studies
have suggested the presence of interactions between brain activities and peripheral activities, with such interactions especially
observable during meditations.
As one of the novel peripheral index, heart coherence, a
degree of regularity of the heart rate rhythm, has been found
to be strongly related to slow breathing and positive emotion
that are also core essence of the various meditation (Porges,
2007; McCraty et al., 2009; Thayer et al., 2009; Thompson et al.,
2010). If we can find some connectivity pattern between the heart
coherence and various brain indices, it would be helpful to find
eventual mechanisms how the interactions between brain and
heart facilitate the self-organization processes in the human body.
In this study, brain indices determined by EEG alpha activities
and heart activities determined by photoplethsmography (PPG)
were measured and interactions between those two activities were
assessed.
It is well known that alpha power represent the degree of
the relaxation state and to what extent a subject is immersed
in a meditative state, especially in the non-expert meditation
(Chiesa, 2009). Alpha power also represent an cortical inhibition
as an active process for information processing where ERD can
be interpreted as release from inhibition and ERS (increase in
alpha amplitude) reflecting the inhibitory aspect of alpha band
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oscillations (Klimesch, 2012). Meditation is an relaxation process
as well as a kind of selective attention process to specific target
while inhibiting irrelevant thought, so that source of EEG alpha
activity could be considered as thalamo-cortical oscillations and
cortico-cortical oscillations. Although, so far, there is no global
brain theory in sight and the exact physiological mechanisms
that generate alpha band activity are not yet known (Klimesch,
2012) there are some evidences of resting alpha power is positively
associated with high performance brain function. Large resting
alpha power may reflect a person’s ability to build up a highly
efficient attention filtering (Maclean et al., 2012), also predict
healthy aging (Prichep et al., 2006; Roca-Stappung et al., 2012),
can relieve various mental symptoms like pain, stress, anxiety
(Huang and Charyton, 2008) whereas deficient alpha power were
easily observed in developmental problem (Chan et al., 2007),
pain(Huneke et al., 2012), etc1.
In that sense, we postulate EEG alpha activity as buffer capacity to enhance signal to noise ratio in attention filtering and to
enhance relaxation from higher frequency oscillations, so that
alpha activities has been intensively investigated throughout the
paper. Furthermore, relative alpha power would be better index
to integrate inter-subject difference than the absolute alpha power
because it is normalized to 1. EEG coherence means to what
extent do 2 channels of EEG share a common source, and also
normalized to 1.
It has been used LF/HF as sympathovagal balance where
LF (0.04–0.15 Hz) represent sympathetic activity and HF
(0.15–0.4 Hz) represent parasympathetic activity of autonomic
nervous system (ANS) (Task-Force, 1996) 2. However, this conventional LF index did not consider activity of baroreflex and
collective evidence heavily call into question the model of autonomic balance including LF HRV index as a biomarker of sympathetic activity (Eckberg, 1997; Heathers, 2012). In preliminary
analysis for the same data sets in this paper, conventional HRV
index did not significantly change during meditation compared
to the baseline. For example, HF represents a parasympathetic
activity which facilitates a deep relaxations but the HF also did
not change during meditation. However, heart coherence was
significantly changed in the preliminary analysis, so that heart
coherence was selected for a measure representing heart activities
during meditation. Therefore, the heart coherence and interactions between heart coherence and EEG alpha activities was also
intensively investigated.

METHODS
PARTICIPANTS

The central observation of this study is Autogenic meditation. A
total of 13 autogenic meditators (F = 7, M = 6) were assessed
(M = 43.5 ± 7.9 years, range = 29–59 years). These individuals had completed the 8 weeks autogenic standard training course
1 We have also observed many QEEG profiles having alpha deficiency in
autism, mild traumatic brain injury, complex regional pain syndrome in
author’s clinic.
2 LF HRV index is provoked in part by sympathetic nervous activity and also
determined by activity of the baroreflex. For healthy population, LF induced
by barorefelx activity could not be ignored.
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which is the basic course of Autogenic meditation, in other words,
Autogenic training (AT). AT is a self-help relaxation technique
that was invented by a German psychiatrist named Johannes
Schultz (Schultz, 1969) and further developed by Luthe (1969).
The AT technique consists of six standard exercises. The first exercise aims at muscular relaxation, which is achieved mainly by
repeating a verbal formula to encourage heaviness. Subsequently,
the concentration is focused passively on feeling warm, then
calming the cardiac activity, slowed respiration, warmth in the
abdominal region and finally coolness in the head. The technique is usually learnt in groups over a period of 8 weeks and
home practice of the exercises at least three times daily is encouraged (Kanji et al., 2006). All participants had been meditating
daily at least for 1 month after they have finished the course
(M = 0.8 ± 0.5 year, range = 0.1–2.0 years). Participants were
recruited from a local autogenic meditation community through
word of mouth and email. The experimental procedure was
approved by the Research Ethics Committee of the Seoul National
University Hospital and informed consent was obtained from
each participant prior to commencement of the study.
RECORDING CONDITIONS

EEG data were collected by Brainmaster Discovery 24E Digital
EEG system with a 19-channel ECI electrode cap from the following locations: Fp1, Fp2, F3, Fz, F4, F7, F8, T3, C3, Cz, C4,
T4, T5, P3, Pz, P4, T6, O1, and O2. These scalp locations were
referenced to the linked ear lobes, with the ground at the AFz.
Impedances were kept below 10 k. The signals were recorded
with a band pass of 0.43–80 Hz and a digitization rate of 256 Hz.
To monitor real-time ANS activity simultaneously with EEG data,
a photoplethysmographic (PPG) sensor was attached over the
index finger of the left hand by means of a flexible Velcro strap.
PROCEDURE

The participants were instructed to sit on cushions and rest for
5 min for baseline measurements. The participant kept their eyes
closed during the rest condition to compare that state with meditative state. And then meditate within the autogenic meditation
process over a flexible period of time depending on their subjective meditation confirmation. (M = 8.2 ± 3.6 min, range =
3–15 min). We have designed the study for the meditators in order
not to give any sense of restraint, but to give a natural environment. In that context, we did not predetermine the duration of
meditation and let them finish the meditation according to their
subjective experience whether they were in the state sufficiently as
they had trained in the standard meditation course.
EEG ANALYSIS IN THE ALPHA BAND

The EEG data from each of the recording were first visually
inspected with transient muscle- and movement-related artifacts
removed. An extended independent component analysis (ICA)
algorithm was then run on the data using the runica algorithm
within the EEGLAB software from Matlab (Delorme and Makeig,
2004). The resultant independent components that were related
to horizontal and vertical eye movements were then marked and
removed from the data.
EEG power spectra were then computed by using a fastFourier transform (FFT) based on 1024 points that correspond
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to 4 s epochs with a resolution of 0.25 Hz. Frequency bands were
defined as follows: delta (δ), 1.0–4.0 Hz; theta(θ), 4.0–8.0 Hz;
alpha(α), 8.0–12.0 Hz; and beta(β), 12.0–32.0 Hz. Relative alpha
power was averaged for the 19 channels.
EEG coherence was computed for all 171 intrahemispheric
and interhemispheric pair-wise combinations of electrodes.
Coherence was defined as:
2
(f ) =
XY

GXY (f )2
GXX (f )GYY (f )

(1)

where Gxy (f ) is the cross-power spectral density and Gxx (f ) and
Gyy (f ) are autopower spectral densities for each channel X and
Y, respectively. The Gxy (f ) is the sum of volume conduction and
true connectivity, so that volume conduction corrected coherence
also defined as:
LagCoh(f ) =

[ImGXY (f )]2
GXX (f )GYY (f) − [ReGXY (f )]2

(2)

The volume conduction corrected coherence was also referred
to as zero phase lag removed coherence and lagged coherence
(Nolte et al., 2004; Pascual-Marqui, 2007). The coherence used
in this paper was the lagged coherence calculated from (2), not
the coherence including volume conduction. The coherence was
averaged for all pair-wise 171 combinations of the 19 channels for
the alpha band.
One minute at the start of each measurement was excluded
from the analysis since heart index cannot be calculated at
the start of measurements. Subsequently, 4 s of EEG data were
epoched successively without overlapping of epochs. Relative
power, peak power, peak frequency, and coherence were calculated in alpha band for each epoch.
The EEG data for one participant was excluded due to technical problems. Thus, data analysis was performed on EEG results
from 12 participants.
HRV ANALYSIS

HRV time series was from PPG data by using a peak detection algorithm. Power spectral density was obtained from the
FFTs. Heart coherence, a novel index (McCraty et al., 2009), was
formulated as follows:
HeartCoherence = PeakPower/TotalPower,
where peak power was determined by calculating the integral in a
window 0.03 Hz wide, centered on the highest peak in the 0.04–
0.4 Hz range of the HRV power spectrum, and the total power
was determined by calculating the integral in a window of 0.0033–
0.4 Hz wide. Heart coherence has a value between 0 and 1 and
indicates the magnitude of similarity between the waveform of
the HRV tachogram and a sinusoidal wave.
Sixty seconds of HRV tachogram data were epoched successively from the start of measurements with an overlap of 56 s.
Heart coherence were calculated for each 60 s epoch obtained
every 4 s, within which alpha band EEG parameters were also calculated, in the manner described above for the same epoch. All
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calculations were performed by using Matlab 7.13.0 (Mathworks,
USA).
INDIVIDUAL STATISTICAL ANALYSIS

Heart coherence, relative alpha power, peak alpha power, alpha
peak frequency, and average alpha coherence were calculated at
each 4 s interval for each participant. Generally, steady-state EEG
signal can be modeled by each 2–4 s consecutive epochs since
longer epoch cannot satisfy stationarity, so that we could assume
each consecutive 4 s EEG epochs used in this research as independent samples (Barrett et al., 2012; Nicolaou et al., 2012). The
number of samples in the 5-min baseline ranges from 55 to 60
(mean = 59), and the number of samples in the meditation ranges
from 25 to 220 (mean = 103) for the 12 participants. Mean
recruiting more than 25 independent data samples definitely have
Gaussian distribution irrespective of its original distribution, so
that t-test can be applied for a comparison between baseline
mean and meditation mean. Two-sample t-tests were performed
to determine whether the mean values before meditation (baseline) and during meditation were significantly different for each
of the participants. Significant differences were determined at a
probability (p) level of 0.05. All data are represented as 95% confidence intervals with their corresponding p-values. Analyses were
performed by using Matlab 7.13.0.

FIGURE 1 | Confidence intervals (95%) for changes in heart coherence
from baseline to during meditation in each participant and for all
participants combined (bottom indicates the result for all
participants).

GROUP STATISTICAL ANALYSIS

To perform group-based statistical analyses, HRV and EEG variable values for all individuals combined were determined at
baseline and at meditation. Two-sample t-tests were performed
to determine whether the variable values at baseline and during
meditation were significantly different. Linear regression analysis
were performed to determine if there were correlations between
heart coherence and EEG alpha variables, both at baseline and
during meditation. Regression coefficients for each condition and
corresponding p-values are presented.

RESULTS
CHANGES IN HEART COHERENCE AND EEG VARIABLES DURING
MEDITATION

Figure 1 shows the 95% confidence intervals of changes in heart
coherence during meditation (duration 8.2 ± 3.6 min) compared
to baseline (duration 5 min) period for each participant and for
all participants. Figure 2 shows the 95% confidence intervals for
changes in alpha band activities during meditation from that
at baseline for each of the participant and for all participants.
Table 1 provides a summary of the changes in heart coherence
and EEG variables during meditation compared to levels at baseline for all participants combined. The table indicates the heart
coherence significantly increased by 4.1 to 7.1% during meditations. Relative alpha power, which was averaged over 19 channels,
also significantly increased by 3.3 to 6.6% during meditations.
Similarly, alpha band coherence, averaged over 171 channel combinations, was also significantly increased 0.1 to 1.4% during
meditation. Parietal alpha peak frequency, measured at electrode
Pz, was significantly reduced by 0.049 to 0.22 Hz during mediation; however, there was no significant change in peak alpha
power at electrode Pz during meditation.
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FIGURE 2 | Confidence intervals (95%) for changes in alpha band
activities from baseline to during meditation in each participant
and in all participants (bottom indicates the result for all
participants). (A) Relative alpha power averaged over 19 channels. (B)
Alpha band lagged coherence averaged over 171 channel
combinations. (C) Parietal peak alpha power (Pz). (D) Parietal peak
alpha frequency (Pz).
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CORRELATIONS BETWEEN HEART COHERENCE AND EEG VARIABLES
AT BASELINE AND DURING MEDITATION

Figure 3 shows regression coefficients between heart coherence
and EEG alpha variables at baseline and during meditation for
all participants combined. A significant correlation between heart
coherence and alpha peak power was detected in during meditation (R2 = 0.066, F = 87.31 p < 0.0001; alpha peak power =
0.3 + 1.78× Heart coherence), but not in baselines (R2 = 0, F =
0.0076, p = 0.93). The regression coefficient for the alpha peak
power with respect to heart coherence during meditation was
higher than baseline. Similarly a significant correlations between
heart coherence and alpha band coherence was detected in during meditation (R2 = 0.074, F = 98.67, p < 0.001; alpha band
coherence = 0.111 + 0.112× heart coherence), but a significant
negative correlations in baseline (R2 = 0.006, F = 4.04, p = 0.04;
alpha band coherence = 0.157 − 0.032× heart coherence). The
regression coefficient for the alpha band coherence with respect
to heart coherence during meditation was also higher than baseline. In contrast, there were significant correlations between heart
coherence and relative alpha power during both periods, with the
correlation level greater for during meditation (R2 = 0.149, F =
218.88, p < 0.0001; relative alpha power = 0.16 + 0.39 × heart
coherence) than baseline (R2 = 0.0078, F = 5.52, p = 0.019;

Table 1 | Confidence intervals (95%) for changes in measured
variables from baseline to during meditation for all participants.
Variables

Confidence interval of changes

Heart coherence

↑

0.041 ∼ 0.071 (p < 0.001)

Rel. alpha power

↑

0.033 ∼ 0.061 (p < 0.001)

Alpha lagged coherence

↑

0.001 ∼ 0.014 (p < 0.001)

Peak alpha power(Pz)

↑

−0.029 ∼ 0.194 (p = 0.145)

Peak alpha frequency(Pz)

↓

−0.022 ∼ −0.049 (p < 0.01)

FIGURE 3 | Regression coefficients between heart coherence and EEG
variables at baseline and during meditation for all participants.
Significant correlations between heart coherence and alpha variables was
observed during meditation, but not in baseline. Alpha relative power was
significantly correlated with heart coherence both during meditation and
baseline. Regression coefficients for all EEG alpha variables were greater in
meditation than in baseline.
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relative alpha power = 0.24 + 0.08× heart coherence). The
regression coefficient for the relative alpha power with respect to
heart coherence during meditation was still higher than that of
baseline.

DISCUSSIONS
HEART COHERENCE AS A CARDIAC INDEX OF MEDITATION AND EEG
ALPHA ACTIVITIES

Heart coherence, rather than conventional HRV indices,
increased significantly during meditative states compared to baseline for all 12 participants. At the same time, whole brain EEG
alpha activities, average relative alpha and alpha coherence also
significantly increased while parietal peak alpha frequencies were
significantly decreased. Heart coherence is a novel index which
has not been explored so much in meditation research. Except
volume conduction (zero-phase lag) removed lagged coherence
adopted in this study, the enhancement of alpha power, alpha
coherence and decrease of alpha peak frequency has been reported
so long (Aftanas and Golocheikine, 2001; Kubota et al., 2001;
Murata et al., 2004; Saggar et al., 2012). This could be inferred
from the fact that meditative states, which generally concentrate
on respiration or internal states, inhibit asynchronous cortical
activities via prefrontal circuits; thus, synchronous alpha activations originating in the thalamus could affect the whole brain
areas more actively (Thayer et al., 2009).
It has been reported that low frequency (LF) and/or HF
power in the HRV power spectrum can increase during meditation (Phongsuphap et al., 2008; Wu and Lo, 2008, 2010).
A HF power increase, indicative of parasympathetic activity,
has been understood as a relaxation effect of meditation; however, a LF power increase has not been well explained. It seems
confusing that LF power, representing sympathetic activity, can
increase during meditation. Slow breathing in meditation induce
cardio-respiratory synchronization, so-called the RSA (respiratory sinus arrhythmia), which makes LF power increase (Cysarz
and Büssing, 2005; Ditto et al., 2006). This could be explained
that such synchronization results in an increase in heart coherence suggesting that the peak power in the HRV power spectrum
moves into the LF band and increase itself by slow and regular
breathing during meditation. There are also another case showing respiratory influence on HRV index, in which the respiratory
rate was fixed at 0.2 Hz and the resulting power changes did result
in an increase in HF power (Takahashi et al., 2005). Despite the
fact that cardio-respiratory resonant frequency varies from person to person, the frequencies are generally around 0.1 Hz. Thus,
slow breathing is expected to increase the LF power in the HRV
spectrum. On the other hand, an increase in HF power would
be expected in deep relaxation meditation accompanying theta
activations (Tang et al., 2009).
The LF index proposed by Task Force (Task-Force, 1996)
has been recognized as indicator for the sympathetic activation and a LF/HF represents sympathovagal balance in many
literatures, more than 300 publications indexed in Pubmed
within the last year that explicitly refer to measures of sympathovagal balance derived from HRV metrics.(Montano et al.,
1994; Susanna et al., 2013). But it is obvious that slow breathing enhance LF power (Eckberg, 1997; Heathers, 2012). In
order to avoid confusion, careful consideration should be taken
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to separate sympathetic-activity-derived LF enhancement from
cardio-respiratory-synchronized LF enhancement within slow
breathing during meditation.
In this study, heart coherence, which reflects the degree of
ordering in oscillations of heart rhythm intervals, is proposed as
a cardiac marker for meditative states. The proposed heart coherence index would reflect both regular and slow breathing during
meditation. In our study, the confidence interval for changes in
heart coherence during meditations was 0.041–0.071 for all participants. Heart coherence seems to reflect the meditative states
more clearly than the LF index.
It is generally known that positive emotion promote health.
However, neuro-scientific substrates for the emotion mostly lie
very deep in the brain so it is very difficult to quantify or modulate this area. However, it is well known that a breathing pattern
for the negative emotions has a quite different from that for the
positive emotions. The former one is shallower and more irregular while the latter is the deeper and more regular (Kim and
Andre, 2008). The heart coherent states in which the heart rate
accelerates during inhalation and decelerate during exhalation
(Wundt, 1902; Porges, 2007) are more evident for the positive
emotion, and the state was not observed with negative emotions.
In other words, as emotions become more positive, the respirations become deeper at the same time. It is not clear and hard to
determine whether positive emotions drive deep respirations or
deep respirations drive positive emotions. However, heart coherence is closely related to the respiration pattern. The respiration
pattern represents a healthy emotional state, and finally a healthy
emotional state accumulates to promote health.
Heart coherence could be used as a meaningful index of a physiological marker of meditation that could easily be performed
during our daily lives, if we consider our general experience that
distracting thoughts and stressful conditions cannot coexist with
slow and regular breathing. Furthermore, a heart coherence index
extracted from heart rhythm intervals could be implemented in a
simple and wearable device and used as a biofeedback modality
for stress reduction. Therefore, heart coherence is a more appropriate index than the LF index for simple meditative states that
are accompanied by slow and regular breathing.
RELATIONSHIPS BETWEEN HEART COHERENCE AND EEG ALPHA
BAND ACTIVITIES

In this study, relationships were assessed between the proposed
heart coherence as a meditation index and EEG alpha band activities. The parietal peak alpha power is increased with increasing
heart coherence during meditation but no such significant relationship was observed at baseline. Average lagged alpha coherence
are increased with increasing heart coherence during meditation
but reverse relationship was observed at baseline. Relative alpha
power also increased with increasing heart coherence during
both meditation and baseline while the regression coefficient still
higher as similar in the other alpha variables during meditation
than baseline.
There is a previous meditation-related study examining correlations between conventional HRV indices (LF, HF, LF/HF) and
EEG variables (Takahashi et al., 2005); however, respiration rate in
the study was fixed at predetermined rate that could give a sense
of restraint to the participants. It would be more natural that the
Frontiers in Human Neuroscience

participant decides their respiration rate by themselves according
to their own tempo for their successful meditative state.
There was a study exploring the correlation between average
cardiac index changes and average EEG index changes during
meditation (Kubota et al., 2001; Hamada et al., 2006) but there
are few cases considering dynamic correlation changes between
cardiac and EEG indices at within baseline and within meditation. One such exception was a study in which the correlation
between heart rate and BOLD signals in the ACC region was
higher in the meditative state than in a neutral state (Lutz et al.,
2009).
In this study, the relationship between cardiac and EEG indices
were explored at baseline and during meditation for 12 participants. The results show that our proposed cardiac index, heart
coherence, has a significant positive correlation with every EEG
alpha index (peak power, relative power, and average coherence)
during meditation, but not during baseline.
At the same time, heart coherence had a stronger coupling,
greater regression coefficient, with all EEG alpha variables during
mediation than during baseline testing (Figure 3). The regression coefficient, slope of the regression equation between heart
coherence and EEG alpha variables, means to what extent of
EEG alpha activities changes when heart coherence increase by
1. If we only observed average changes in various variables, the
dynamic correlations between heart coherence and alpha peak
power, for instance, would not have been detected. Many participants did not show positive heart coherence changes when the
average changes were statistically assessed (Figure 1). It means
that coherent behavior of the heart rhythm was not so reliable
for many of the participants. It means that many of the participants could not sustain heart coherent meditation for the entire
duration of their meditation. However, it would be more natural that there were fluctuations in meditation quality within their
entire meditation duration. Furthermore, all the participants only
completed a basic course, and none were advanced meditator.
Although heart coherence was not reliable in the most of the participants, there was strong coupling between heart coherence and
EEG alpha variables within meditative state compared to the baseline. This could suggest that there are many moments in which
heart coherence directly influence EEG alpha activities during
meditation. In addition, alpha peak power did not also change
significantly from baseline to during meditation in the analysis
of group-based data. Regardless, the highest regression coefficient
(Figure 3) during meditation compared to baseline, was between
heart coherence and alpha peak power, indicates that there may
be many moments when heart coherence is strongly coupled with
alpha peak power during meditation, even though the relationship may not be detected during an entire meditation duration
(Figure 2C).
An indication of meditation quality would be expected from
the strength of the relationship, regression coefficient (Figure 3),
between heart coherence and EEG variables. Heart coherence may
not only be a cardiac index but also an index of meditation if
heart coherence is strongly correlated with EEG alpha variables
especially in meditation. However, there is also an evidence that
heart coherence usually increases in the early phase of meditation,
accompanying slow and deep breathing, and shows quite different
patterns in the deep phase of meditation in which the heart
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coherence cannot represent such a meditative state any more
(McCraty et al., 2009).
Although heart coherence cannot cover all stages or types
of meditation, we anticipate that a heart coherence index will
become a simple tool for quick assessment of Autogenic meditative states, which is easily achievable during people’s daily lives,
considering the fact that heart coherence can be implemented
more easily than EEG index, based on the use of contemporary
technologies.
In addition, all parameters observed in this study were indices
reflecting a degree of ordering or self-organization; heart coherence, EEG alpha activities and the synchronizing relationship
between heart coherence and EEG variables. Strengthening the
degree of ordering by enhancing heart coherence, promoting EEG
alpha activations and improving the relationship between heart
and EEG variables would help in recovery of the homeostatic processes within our body. Interestingly, there were some researches
showing harmonic frequency architecture in EEG study. Eleven
Hertz alpha peak was clearly observed in vibrotactile discrimination task while harmonic peak at 22 Hz also emerged in a
recent animal study (Haegens et al., 2011) and simultaneous
appearance of 6 Hz frontal midline theta and 12 Hz alpha activity
during retention period of a demanding working memory task
in a human study (Jensen et al., 2002). Regarding the dynamic

REFERENCES
Aftanas, L. I., and Golocheikine, S.
A. (2001). Human anterior and
frontal midline theta and lower
alpha reflect emotionally positive
state and internalized attention:
high-resolution EEG investigation
of meditation. Neurosci. Lett. 310,
57–60. doi: 10.1016/S0304-3940
(01)02094-8
Barrett, A. B., Murphy, M., Bruno,
M.-A., Noirhomme, Q., Boly, M.,
Laureys, S., et al. (2012). Granger
causality analysis of steady-state
electroencephalographic
signals
during propofol-induced anaesthesia. PLoS ONE 7:e29072. doi:
10.1371/journal.pone.0029072
Benson, H. (1975). The Relaxation
Response.
New
York,
NY:
HarperTorch.
Berger, H. (1932). Uber das
Elektroenzephalogramm
des
Menschen. 5. Mittlg. Arch. Psychiatr.
Nervenkr. 98, 231–254.
Cahn, R. B., and Polich, J. (2006).
Meditation states and traits: EEG,
ERP, and neuroimaging studies.
Psychol. Bull. 132, 180–211.
Chan, S., Sze, S., and Cheng,
M.-C. (2007). Quantitative electroencephalographic profiles for
children with autistic spectrum disorder. Neuropsychology 21, 74–81.
doi: 10.1037/0894-4105.21.1.74
Chiesa, A. (2009). Zen meditation:
an integration of curent evidence.
J. Altern. Complement. Med. 15,
585–592.

Frontiers in Human Neuroscience

Chiesa, A., Calati, R., and Serretti, A.
(2011). Does mindfulness training improve cognitive abilities.
A systematic review of neuropsychological findings. Clin.
Psychol. Rev. 31, 449–464. doi:
10.1016/j.cpr.2010.11.003
Curiati, J. A., Bocchi, J. A., Freire,
J. O., Arantes, A. C., Márcia, B.,
Garcia, Y., et al. (2005). Meditation
reduces sympathetic activation
and improves the quality of life
in elderly patients with optimally
treated heart failure: a prospective randomized study. J. Altern.
Complement. Med. 11, 465–472.
Cysarz, D., and Büssing, A. (2005).
Cardiorespiratory
synchronization during Zen meditation. Eur.
J. Appl. Physiol. 95, 88–95. doi:
10.1007/s00421-005-1379-3
Davidson, R. J., Kabat-Zinn, J.,
Schumacher, J., Rosenkranz, M.,
Muller, D., Santorelli, S. F., et al.
(2003). Alterations in brain and
immune function produced by
mindfulness meditation. Psychosom.
Med. 65, 564–570.
Delorme, A., and Makeig, S. (2004).
EEGLAB: an open source toolbox
for analysis of single-trial EEG
dynamics including independent
component analysis. J. Neurosci.
Method 134, 9–21.
Ditto, B., Eclache, M., and Goldman,
N. (2006). Short-term autonomic
and cardiovascular effects of mindfulness body scan meditation. Ann.
Behav. Med. 32, 227–234.

correlations between heart coherence and EEG alpha activities
argued in this paper, we could assume that there could be a harmonic oscillation architecture in human body, connecting brain
oscillating 10 Hz alpha frequency and heart oscillating 0.1 Hz respiration frequency (cardio-respiratory resonant frequency varies
from person to person, the frequencies are generally around
0.1 Hz).
We still do not know how the heart coherence are coupled EEG
alpha activity more actively in the meditation compared to the
baseline. Further study will help to define this degree of ordering
more clearly and a causality of the interactions between heart and
brain more thoroughly and will eventually determine how we can
achieve such a state more easily using physiological knowledge
and biofeedback technologies.

ACKNOWLEDGMENTS
The authors would like to thank Dr. J. H. Lee for her invaluable
knowledge and guidance on autogenic meditation. This study was
supported by nonprofit research grants for integrative medicine
from SK Holdings and late chairman Jong-Hyun Choi. This
study was also supported by the Global Frontier R&D Program
on <Human-centered Interaction for Coexistence> funded by
the National Research Foundation of Korea grant funded by the
Korean Government (MEST) (NRF-M1AXA003-2011-0028367).
Eckberg, D. L. (1997). Sympathovagal
balance: a critical appraisal.
Circulation 96, 3224–3232.
Froeliger, B., Eric, G., and Rachel,
K. E. A. (2012). Meditation-state
functional connectivity (msFC):
strengthening of the dorsal attention network and beyond. Evid.
Based Complement. Alternat. Med.
2012, 1–8.
Gregoski, M. J., Barnes, V. A., Tingen,
M. S., Harshfield, G. A., and Treiber,
F. A. (2011). Breathing awareness
meditation and lifeskills training
programs influence upon ambulatory blood pressure and sodium
excretion among african american adolescents. J. Adolesc. Health
48, 59–64. doi: 10.1016/j.jadohealth.
2010.05.019
Haegens, S., Nácher, V., Luna, R.,
Romo, R., and Jensen, O. (2011).
α-Oscillations in the monkey sensorimotor network influence discrimination performance by rhythmical inhibition of neuronal spiking.
Proc. Natl. Acad. Sci. U.S.A. 108,
19377–19382. doi: 10.1073/pnas.11
17190108
Hamada, T., Murata, T., Takahashi, T.,
Ohtake, Y., Saitoh, M., Kimura, H.,
et al. (2006). Changes in autonomic
function Byori and EEG power
during mental arithmetic task and
their mutual relationship. Rinsho.
54, 329–333.
Hasenkamp, W., and Barsalou, L. W.
(2012). Effects of meditation experience on functional connectivity

www.frontiersin.org

of distributed brain networks.
Front. Hum. Neurosci. 6:38. doi:
10.3389/fnhum.2012.00038
Heathers, J. A. (2012). Sympathovagal
balance from heart rate variability:
an obituary. Exp. Physiol. 97:556.
doi:
10.1113/expphysiol.2011.06
3867
Huang, T., and Charyton, C. (2008).
A comprehensive review of the
psychological effects of brainwave
entrainment. Altern. Ther. Health
Med. 14, 38–50.
Huneke, N., Burford, E., Watson, A.,
El-Deredy, W., and Jones, A. (2012).
Increased Ongoing EEG Alpha Power
is Associated with Pain Relief in
an Experimental Placebo Procedure.
Milan: IASP.
Jensen, O., Gelfand, J., Kounios, J., and
Lisman, J. E. (2002). Oscillations in
the alpha band (9–12 Hz) increase
with memory load during retention
in a short-term memory task. Cereb.
Cortex 12, 877–882. doi: 10.1093/
cercor/12.8.877
Kanji, N., White, A. R., and Ernst,
E. (2006). Autogenic training
for tension type headaches: a
systematic review of controlled
trials. Complement. Ther. Med. 14,
144–150. doi: 10.1016/j.ctim.2006.
03.001
Kim, J., and Andre, E. (2008).
Emotion recognition based on
physiological changes in music
listening. IEEE Trans. Pattern Anal.
Mach. Intell. 30, 2067–2083. doi:
10.1109/TPAMI.2008.26

July 2013 | Volume 7 | Article 414 | 7

Kim et al.

Klimesch, W. (2012). Alpha-band
oscillations, attention, and controlled access to stored information.
Trends Cogn. Sci. 16, 606–617. doi:
10.1016/j.tics.2012.10.007
Kubota, Y., Sato, W., Toichi, M.,
Murai, T., Okada, T., Hayashi,
A., et al. (2001). Frontal midline
theta rhythm is correlated with
cardiac autonomic activities during
the performance of an attention
demanding meditation procedure.
Cogn. Brain Res. 11, 281–287. doi:
10.1016/S0926-6410(00)00086-0
Lehmann, D., Faber, P. L., Tei, S.,
Pascual-Marqui, R. D., Milz, P.,
and Kochi, K. (2012). Reduced
functional connectivity between
cortical sources in five meditation
traditions detected with lagged
coherence using EEG tomography.
Neuroimage 60, 1574–1586. doi:
10.1016/j.neuroimage.2012.01.042
Libby, D. J., Worhunsky, P. D., Pilver,
C. E., and Brewer, J. A. (2012).
Meditation-induced changes in
high-frequency heart rate variability predict smoking outcomes.
Front. Hum. Neurosci. 6:54. doi:
10.3389/fnhum.2012.00054
Luthe, W. (1969). Autogenic Training.
Vol. 1: Autogenic Methods. New
York, NY: Grune and Stratton.
Lutz, A., Brefczynski-Lewis, T.,
Johnstone, T., and Davidson,
R. (2008). Regulation of the neural
circuitry of emotion by compassion
meditation: effects of meditative
expertise. PLoS ONE 3:e1897. doi:
10.1371/journal.pone.0001897
Lutz, A., Greischar, L. L., Perlman, D.
M., and Davidson, R. J. (2009).
BOLD signal in insula is differentially related to cardiac
function during compassion meditation in experts vs. novices.
Neuroimage 47, 1038–1046. doi:
10.1016/j.neuroimage.2009.04.081
Lutz, A. G., Lawrence, L., Rawlings,
N. B., Ricard, M., and Davidson,
R. J. (2004). Long term meditators
self-induce high-amplitude gamma
synchrony during mental practice.
Proc. Natl. Acad. Sci. U.S.A. 101,
16369–16373.
Lutz, A., Slagter, H. A., Dunne,
J. D., and Davidson, R. J.
(2008b).
Attention
regulation
and monitoring in meditation.
Trends Cogn. Sci. 12, 163–169.
Maclean, M. H., Arnell, K. M.,
and Cote, K. A. (2012). Resting
EEG in alpha and beta bands
predicts individual differences
in attentional blink magnitude.
Brain Cogn. 78, 218–229. doi:
10.1016/j.bandc.2011.12.010

Frontiers in Human Neuroscience

Heart brain synchronicity during autogenic meditation

McCraty, R., Atkinson, M., Tomasino,
D., and Bradley, R. T. (2009). The
coherent heart: heart-brain interactions, psychophysiological coherence, and the emergence of systemwide order. Integral Rev. 5, 10–114.
Mograbi, G. J. C. (2011). Meditation
and the brain: attention, bontrol
and emotion. Brain Mind Conscious.
9, 276–283.
Montano, N., Ruscone, T., Porta,
A., Lombardi, F., Pagani, M., and
Malliani, A. (1994). Power spectrum
analysis of heart rate variability to
assess the changes in sympathovagal
balance during graded orthostatic
tilt. Circulation 90, 1826–1831. doi:
10.1161/01.CIR.90.4.1826
Murata, T., Takahashi, T., Hamada, T.,
Omori, M., Kosaka, H., Yoshida,
H., et al. (2004). Individual trait
anxiety levels characterizing the
properties of zen meditation.
Neuropsychobiology 50, 189–194.
doi: 10.1159/000079113
Nicolaou, N., Hourris, S., Alexandrou,
P., and Georgiou, J. (2012). EEGbased automatic classification of
‘awake’ versus ‘anesthetized’ state
in general anesthesia using granger
causality. PLoS ONE 7:e33869. doi:
10.1371/journal.pone.0033869
Nolte, G., Bai, O., Wheaton, L., Mari,
Z., Vorbach, S., and Hallett, M.
(2004). Identifying true brain interaction from EEG data using the
imaginary part of coherency. Clin.
Neurophysiol. 115, 2292–2307. doi:
10.1016/j.clinph.2004.04.029
Pascual-Marqui, R. D. (2007).
Instantaneous and lagged measurements of linear and nonlinear
dependence between groups of
multivariate time series: frequency
decomposition. arXiv:0706.1776v3
[stat.ME], Available Online at:
http://arxiv.org/abs/0711.1455
Phongsuphap,
S.,
Pongsupap,
Y., Chandanamattha, P., and
Lursinsap, C. (2008). Changes
in heart rate variability during
concentration meditation. Int.
J. Cardiol. 130, 481–484. doi:
10.1016/j.ijcard.2007.06.103
Porges, S. W. (2007). The polyvagal perspective. Biol. Psychol. 74, 116–143.
Prichep, L. S., John, E. R., Ferris, S. H.,
Rausch, L., Fang, Z., Cancro, R.,
et al. (2006). Prediction of longitudinal cognitive decline in normal
elderly with subjective complaints
using electrophysiological imaging.
Neurobiol. Aging 27, 471–481.
doi: 10.1016/j.neurobiolaging.2005.
07.021
Roca-Stappung, M., Fernández, T.,
Becerra, J., Mendoza-Montoya,

O., Espino, M., and Harmony,
T. (2012). Healthy aging: relationship
between quantitative
electroencephalogram and cognition. Neurosci. Lett. 510, 115–120.
doi: 10.1016/j.neulet.2012.01.015
Saggar, M., King, B. G., Zanesco,
A. P., Maclean, K. A., Aichele,
S. R., Jacobs, T. L., et al. (2012).
Intensive training induces longitudinal changes in meditation
state-related EEG oscillatory activity. Front. Hum. Neurosci. 6:256.
doi: 10.3389/fnhum.2012.00256
Schultz, J. (1969). Autogenic Methods.
NewYork, NY: Grune and Stratton.
Sporns, O. (2011). Networks of the Bain.
Cambridge, MA: The MIT Press.
Susanna,
J.-P.,
Ropponen,
A.,
Tarvainen, M., Paukkonen, M.,
Hakola, T., Puttonen, S., et al.
(2013). Effects of implementing an
ergonomic work schedule on heart
rate variability in shift-working
nurses. J. Occup. Health. pii:
DN/JST.JSTAGE/joh/12-0250-OA.
[Epub ahead of print].
Tang, Y. Y., Ma, Y., Fan, Y., Feng, H.,
Wang, J., Feng, S., et al. (2009).
Central and autonomic nervous system interaction is altered by shortterm meditation. Proc. Natl. Acad.
Sci. U.S.A. 106, 8865–8770.
Takahashi, T., Murata, T., Hamada, T.,
Omori, M., Kosaka, H., Kikuchi, M.,
et al. (2005). Changes in EEG and
autonomic nervous activity during meditation and their association with personality traits. Int.
J. Psychophysiol. 55, 199–207. doi:
10.1016/j.ijpsycho.2004.07.004
Task-Force. (1996). Task force of the
european society of cardiology and
the north american society of pacing and electrophysiology:heart rate
variability, standards of emasurement, physiological interpretation,
and clinical use. Eur. Heart J. 17,
354–381.
Thatcher, R. W. (2012). Handbook of
Quantitative Electroencephalography
and EEG Biofeedback. St. Petersburg,
FL: Anipublishiung Co.
Thayer, J., Hansen, A., Saus-Rose, E.,
and Johnsen, B. (2009). Heart rate
variability, prefrontal neural function, and cognitive performance: the
neurovisceral integration perspective on self-regulation, adaptation,
and health. Ann. Behav. Med. 37,
141–153. doi: 10.1007/s12160-0099101-z
Thompson, L., Thompson, M., and
Reid, A. (2010). Functional neuroanatomy and the rationale for
using EEG biofeedback for clients
with asperger’s syndrome. Appl.

www.frontiersin.org

Psychophysiol. Biofeedback
35,
39–61. doi: 10.1007/s10484-0099095-0
Travis, F., Haaga, D. A. F., Hagelin,
J., Tanner, M., Nidich, S., GaylordKing, C., et al. (2009). Effects of
transcendental meditation practice
on brain functioning and stress
reactivity in college students. Int.
J. Psychophysiol. 71, 170–176. doi:
10.1016/j.ijpsycho.2008.09.007
Vago, D. R., and David, S. A. (2012).
Self-awareness,
self-regulation,
and self-transcendence (S-ART):
a framework for understanding
the neurobiological mechanisms of
mindfulness. Front. Hum. Neurosci.
6:296. doi: 10.3389/fnhum.2012.
00296
Wu, S.-D., and Lo, P.-C. (2008).
Inward-attention
meditation
increases parasympathetic activity: a study based on heart rate
variability. Biomed. Res. 29,
245–250.
Wu, S.-D., and Lo, P.-C. (2010).
Cardiorespiratory phase synchronization during normal rest and
inward-attention meditation. Int.
J. Cardiol. 141, 325–328. doi:
10.1016/j.ijcard.2008.11.137
Wundt, W. (1902). Physiologischen
Psychologie. Leipzig: W. Engelman.
Zelazo, P. D., Moscovitch, M., and
Thompson, E. (2007). Cambridge
Handbook
of
Consciousness.
New York,
NY: Cambridge
University Press.
Conflict of Interest Statement: The
authors declare that the research
was conducted in the absence of any
commercial or financial relationships
that could be construed as a potential
conflict of interest.
Received: 08 February 2013; accepted: 11
July 2013; published online: 31 July 2013.
Citation: Kim D-K, Lee K-M, Kim J,
Whang M-C and Kang SW (2013)
Dynamic correlations between heart and
brain rhythm during Autogenic meditation. Front. Hum. Neurosci. 7:414. doi:
10.3389/fnhum.2013.00414
Copyright © 2013 Kim, Lee, Kim,
Whang and Kang. This is an open-access
article distributed under the terms of the
Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) or licensor are credited and that the original
publication in this journal is cited, in
accordance with accepted academic practice. No use, distribution or reproduction
is permitted which does not comply with
these terms.

July 2013 | Volume 7 | Article 414 | 8

