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HIGHLIGHTS

® Wavelet entropy is used to measure the chaotic activities.
® Coordination between electronic activities of brain and heart.
® MBSR meditation can reduce the chaotic activity of brain waves.

ARTICLE INFO

Article history:

Received 9 August 2015
Received in revised form

12 November 2015

Accepted 4 January 2016
Available online 16 January 2016

Keywords:

MBSR

EEG

Wavelet entropy

Source analysis
Brain-heart coordination

ABSTRACT

The activities of the brain and the heart are dynamic, chaotic, and possibly intrinsically coordinated.
This study aims to investigate the effect of Mindfulness-Based Stress Reduction (MBSR) program on the
chaoticity of electronic activities of the brain and the heart, and to explore their potential correlation.
Electroencephalogram (EEG) and electrocardiogram (ECG) were recorded at the beginning of an 8-week
standard MBSR training course and after the course. EEG spectrum analysis was carried out, wavelet
entropies (WE) of EEG (together with reconstructed cortical sources) and heart rate were calculated, and
their correlation was investigated. We found enhancement of EEG power of alpha and beta waves and
lowering of delta waves power during MBSR training state as compared to normal resting state. Wavelet
entropy analysis indicated that MBSR mindfulness meditation could reduce the chaotic activities of both
EEG and heart rate as a change of state. However, longitudinal change of trait may need more long-term
training. For the first time, our data demonstrated that the chaotic activities of the brain and the heart
became more coordinated during MBSR training, suggesting that mindfulness training may increase the
entrainment between mind and body. The 3D brain regions involved in the change in mental states were

identified.
© 2016 The Authors. Published by Elsevier Ireland Ltd. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

certain yet not well-known limiting level. The lyapunov exponent
(LE) of EEG can be considered as a measure of chaotic behavior.

Living organisms are nonlinear, complex systems, with certain
degree of chaoticity in their physiological variables. For example,
the electroencephatholography (EEG) waves are known for their
dynamic activity with brain networks operating between order and
chaos [1]. Likewise, heart rate variability (HRV) is non-zero for a
living subject. However, chaotic degree must be maintained at a

* Corresponding author.
E-mail address: hinhung@hku.hk (H.h. Sik).

http://dx.doi.org/10.1016/j.neulet.2016.01.001

Previously, we strived to apply the LE of EEG as a parameter to pre-
dict epilepsy [2]. Similarly, we also analyzed the chaotic features of
electrocardiogram (ECG) waves to look for a parameter character-
izing ECG signals that would likely lead to pre-matured ventricular
contractions [3]. Since the advent of high-resolution EEG machine
(with ~100 or more channels), a number of methods have been
developed to measure objectively the chaotic nature of signals. In
particular, the concept of entropy has been applied to study the
chaotic nature of various signals. Entropy describes the distribu-
tion probability of molecules in a fluid system in physics. During
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the evolution of a system of many signals, the degree of disorder-
ness, which is measured by entropy, increases in general [4]. Since
different EEG waveforms represent different states of the electrical
activity of the brain, the entropy of EEG signals signifies the chaotic
degree of such activity as a whole, which cannot be measured by the
traditional spectrum analysis. Particularly, it measures the chaotic
level over different scales and hence is more applicable and con-
venient for analyzing EEG data [4]. Entropy measures have been
employed to study AD, epilepsy and anaesthesia in clinical settings
[5].

Neurocardiology in medicine suggests a close interplay between
the heart and the brain, and cardiac afferent information can
affect emotion processing in the brain [6]. There is evidence of
meditation-related change in the heart rate variability, when com-
pared to pre-meditation states [ 7]. Another study found that during
mindfulness meditation, there is also quantitative change of EEG
and respiration signals [8]. However, previous studies mainly inves-
tigate the effect of meditation on the brain or the heart separately.
Only a few studies report on better coordination of body and
mind after meditation training and mindfulness practices [9,10].
For example, it has been shown that integrative body-mind train-
ing (IBMT) increased the correlation between frontal midline theta
wave and heart rate variability (HRV), suggesting that a better reg-
ulation of autonomic nervous system by midfrontal brain region
[10].

The main aims of this investigation are: (i) to measure the power
of the 5 standard bands of EEG waveforms, in order to see the
changes brought by MBSR. (ii) to measure the wavelet entropy of
EEG before and after an eight-week MBSR program, in order to find
the difference in chaotic degree as compared to the rest (control)
state. (iii) to find out the 3D source positions related to the entropy
changes, based on a source analysis of the EEG activity. (iv) to mea-
sure wavelet entropy of the heart rate concurrently in order to find
the chaotic change, similar to (ii). (v) to find if there is correlation
of the entropy changes in the two variables above, in order to see
if there is heart-brain entrainment.

2. Materials and methods
2.1. Participants

The research was approved by the local Institutional Review
Board (IRB). All participants provided their written informed con-
sent prior to participate in this study. Eleven healthy participants
(6 males, 5 females; mean age 35.7 year; 7 Asians and 4 Cau-
casians) from a local MBSR course voluntarily participated in this
study. Each participant was paid 200HKD for transportation fee. All
participants were above the undergraduate level. Six of them had
some experience of mental exercises such as Yoga, Qigong, or other
meditation methods. Nonetheless, they all did not have experience
in MBSR and during the experiment, they were requested to only
practice mindfulness breathing learned from the MBSR course. The
course were taught following the standard MBSR program consist-
ing of one pre-program orientation session, eight weekly classes
and one all-day class when the teacher gave direct instructions.
Participants also needed to make strong commitment to practice
45 min of MBSR training each day as home assignments for 8 weeks
individually, including body scanning and mindful breathing.

Beck Depression Inventory (BDI) was used to exclude par-
ticipants with depression [11]. The effectiveness of MBSR was
measured by Five Facets Mindfulness Questionnaire (FFMQ) [12].
These five facets included non-judging, describing, non-reacting,
acting with awareness, and observing. The sub-scores of each facet
and a total score were calculated for each participant. The FFMQ
was used to measure the subjective experience of mindfulness, and

in the following we also used EEG to measure relatively objective
brain waves associated with mindfulness practice.

2.2. Experiment procedure

Ten minutes of eye-closed normal rest EEG was collected for
each participant in a quiet room and participants were requested
not to ruminate too much or fall asleep. They were also asked to
practice mindful breathing for 10 min, following the teaching of
the MBSR course. Participants were requested not to ruminate too
much or fall asleep, and a post-experiment dialog showed that they
could largely follow the procedures. EEG data were recorded at the
beginning of the MBSR training (within two weeks), and less than
one month after the MBSR course, resulting in two data sets and
two conditions. The early-stage MBSR condition was not set before
MBSR training but within two-weeks training time. It was to ensure
that the trainees knew the right way to practice the MBSR mindful
breathing at the time of EEG recording. The sequence of mindful-
ness state and normal rest state was counter-balanced, with half
of the participants did the mindfulness condition first and half did
rest condition first, randomly.

2.3. Data acquisition and analysis

The data were acquired by a 128-channel NeuroSCAN system in
aquiet room. The sampling rate was 1000 Hz. The original reference
point was at left mastoid, and re-referenced to both mastoids when
processing the data. The ECG electrodes were placed at the left and
right infraclavicular fossae.

The data was processed by EEGlab (see Supplementary materials
for details). The spectra of EEG were computed using fast Fourier
transform (FFT) and the log powers (dB) of delta (1-4Hz), theta
(4-8Hz), alpha (8-12 Hz), beta (12-30Hz), and gamma (30-80 Hz)
waves were obtained. In order to evaluate the chaotic degree,
wavelet entropy, an entropy of the energies under different scales
given by discrete wavelet transform, of the EEG (as well as their esti-
mated cortical sources) and heart rate were then calculated (see
Supplementary materials for details on how to calculate wavelet
entropy). To explore the relationship between brain and heart
during the MBSR practice and normal rest states, we calculated
the linear correlation coefficient (Pearson coefficient) between the
EEG’s and the heart rate’s wavelet entropies.

3. Results

All the participants were not depressed according to their BDI
scores (<13). The FFMQ data was shown in Supplementary Table
1. No significant change was found between early-stage MBSR
and post-stage MBSR stages except for the facet of nonreacting
(p<0.05).

There were enhanced Alpha (8-12 Hz) and Beta (12-30 Hz), and
reduced delta waves (1-4Hz) during MBSR practice than during
normal rest. The increase of alpha waves was globally significant,
especially in the frontal and occipital lobes. The increase of beta
wave was mainly in the frontal lobe. Decreased delta wave was at
central-parietal areas. However, we did not find significant change
between the early-stage and post-stage MBSR training. See Fig. 1
and Supplementary Table 2.

Similar to previous studies [13,14], several regions of interest
(ROI) were selected to represent the occipital lobe, the middle
frontal lobe and the middle parietal lobe (see Supplementary mate-
rial for channels defined for these ROIs). Analysis on these ROIs
showed that the increase of alpha wave and decrease of delta wave
were prominent all the three ROIs, while the increase of beta was
mainly in the frontal lobe. See Supplementary Table 2.
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