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Abstract

The aim of this research was to investigate the phase synchronization and 

nonlinear coupling while cardiorespiratory interaction occurred during Zen meditation. 

Synchrogram analysis was applied to the investigation of phase synchronization, and 

time-phase bispectral analysis was employed in studying the nonlinear coupling. This

study included 16 subjects, 7 experimental subjects with Zen-meditation experience

and 9 control subjects in the same age range, yet, without any meditation experience. 

According to our results, number of the synchronous epochs, the total synchronization 

duration, and the number of the coupling epochs all significantly increased (p=0.023,

0.034, and 0.038, respectively) during meditation. As a result, the effect of meditation 

on cardiorespiratory synchronization was evident. Regarding the methodological 

coincidence between synchronization and nonlinear coupling, we found that positive 

correlation increased significantly (p = 0.011) during meditation. It suggests that 

under nonlinear coupling, meditation might enhance the phase synchronization 

between cardiac and respiratory systems.
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Chapter 1 
Introduction 

1.1 Background and Motivation 

The interaction between human cardiac and respiratory systems has been widely 

studied for many decades. It has been found that these two systems do not act 

independently; instead, they are coupled by some mechanisms. One well-known 

phenomenon of cardiorespiratory interaction is the frequency modulation of heart rate 

by respiration, which is known as respiratory sinus arrhythmia (RSA) [1]. RSA 

portrays the heart rate variability in synchrony with respiration, that is, the heart rate 

increases during inspiration and decreases during expiration. With RSA, human 

pulmonary air exchange can be more efficient [2]. In addition to modulation, other 

cardiorespiratory interaction such as synchronization has been observed, and the 

nature of interaction like nonlinear coupling was proposed in recent years [3-10]. 

 Synchronization is a particular phenomenon that occurs due to interaction of two 

or more self-sustained oscillators [3]. This concept is widely used in various fields of 

science and engineering [11] and is interpreted in different ways when applied to 

different problems. In our study, we focused on the phase synchronization 

phenomenon in cardiorespiratory system. Details and definitions are described in 

Chapter 2. 

In 1998, Schäfer et al. [4] applied the concept of phase synchronization of 

chaotic oscillators [12] to the development of a technique called ‘synchrogram’ to 

analyze irregular, non-stationary bivariate data. Based on this method, they found 

cardiorespiratory synchronization of several locking ratios (ratios of heartbeat 
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frequencies to respiratory frequencies) occurring in young healthy athletes at rest. 

This overthrew the widely accepted knowledge that cardiac and respiratory rhythms 

in humans were unsynchronized. Afterward several researches followed the 

synchrogram method and presented the phenomenon of cardiorespiratory phase 

synchronization on different subjects. Duration and frequency ratio are parameters of 

phase synchronization that have ever been investigated in these researches. Regarding 

the duration, long synchronous episodes were observed in young healthy athletes 

(about 1000 seconds) [3] and heart transplant patients (several hundreds of seconds) 

[5], while short episodes were observed in non-athlete normal subjects (less than 2 

minutes) [6]. And there was no synchronous event detected in a critically ill patient in 

coma [7]. Bartsch et al. [8] showed that the occurrence of synchronization was 

significantly enhanced during non-rapid-eye-movement (non-REM) sleep (deep sleep 

and light sleep) and reduced during REM sleep. In the aspect of frequency ratio, a 

research on anaesthetized rats found that the frequency ratio upon phase 

synchronization would transit as the depth of anesthesia changed [9]. In spite of 

increasing researches devoted to this phenomenon in recent years, the mechanisms 

and meanings of cardiorespiratory phase synchronization are still not well understood. 

As a consequence, more researches are still needed to explore this emerging topic. 

 In addition to synchronization, the nature of coupling between cardiac and 

respiratory systems has been investigated. Bispectral analysis has been appealing to 

researchers during the last few years, particularly in investigating the presence of 

quadratic coupling in interacting harmonic oscillators [13]. For simplification, most 

studies consider biological systems to be stationary. In practical situations, however, 

interaction among subsystems often results in time-varying characteristics such as 

frequency and coupling strength. Hence, bispectral analysis based on time averaging 

for stationary signals is no longer sufficient. Time evolution of the bispectral 
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estimates is needed. In 2003, Jamšek et al. [14] proposed the time-phase bispectral 

analysis that introduced time dependence to the bispectral analysis of univariate data. 

In 2004, the method was used to detect the coupling phenomenon between cardiac 

and respiratory systems, and several episodes were detected (smaller than 2 minutes) 

[10].

As CAM (complementary and alternative medicine) becomes more popular in 

the West, scientific researches have been extensively carried out to justify the 

therapeutic effects of CAM and its benefits to human health. Among a large variety of 

approaches in CAM, meditation has been one of the most widely acceptable practices 

due to its substantial effectiveness and safety. It thus drew more attention from such 

professional areas as medicine, clinics, sciences, engineering, sociology, etc. 

According to numerous research reports since 1960’s, meditation has been proved to 

benefit human health in various aspects. During meditation, the human body can be 

optimized by tuning up the brain-nervous system, cardiovascular system, respiratory 

system, etc. The phenomena and intrinsic mechanisms of such tune-up processes not 

only are of great interest but play an important role of exploring an optimal solution to 

human health maintenance. 

For most meditation techniques, respiration is an important skill that ensures a 

good-quality meditation. Via specific respiration technique, human cardiovascular 

system may be influenced through cardiorespiratory interactions. There have been 

several researches aimed to investigate the cardiorespiratory interactions in different 

meditation schemes. In 1999, Peng et al. [15] observed very prominent low-frequency 

(~0.1Hz) oscillations in heart rate during specific forms of Chinese Chi and Kundalini 

yoga meditation in healthy young adults. In their later research [16], same 

phenomenon was also observed in two forms of meditations with different respiration 

techniques. In 2005, the RSA resulted from cardiorespiratory interactions was 
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investigated during Zen meditation. They concluded that low-frequency breathing 

could lead to in-phase RSA [17]. These researches showed that cardiorespiratory 

interactions during meditation were of unusual different features. However, except for 

RSA phenomenon, very few researches are performed to study the synchronization 

and nonlinear coupling of cardiorespiratory systems during meditation. 

1.2 Aims of this Work 

Our lab has been investigating the Zen-meditation EEG (electroencephalograph) 

since 1999. In recent years, we began studying the cardiovascular system-related 

physiological signals as well because they might be appropriate indicators for 

meditation effects on stress manipulation. This study was thus focused on ECG 

(electrocardiograph) and respiratory signals and aimed to investigate the phase 

synchronization and nonlinear coupling while cardiorespiratory interaction occurred 

during Zen meditation. Synchrogram was employed in the phase synchronization 

study, while time-phase bispectral analysis was used to quantify the nonlinear 

coupling. Moreover, we investigated the correlation between these two attributes. 

1.3 Organization of this Thesis 

 This thesis is composed of five chapters. Chapter 1 describes the background, 

motivation, and main aim of this study. In Chapter 2, an introduction to ECG and 

respiratory signal is given, and the theories of synchrogram analysis and time-phase 

bispectral analysis are presented. In Chapter 3, the experimental setup and protocol 

are presented. Then the procedures for phase synchronization and nonlinear coupling 

analysis are illustrated. Chapter 4 reports and discusses the results. The last chapter 

makes a summary of this research and brings forward some issues for future study. 
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Chapter 2 
Theories and Methods 

Physiological signals play an important role in clinical diagnosis, and provide 

scientific indicators for the health of human body. Many physiological signals can be 

measured non-invasively and processed completely in digital form, for example, EEG 

(electroencephalograph), EMG (electromyograph), ECG (electrocardiograph), and 

respiratory signals. Since we mainly focused on the ECG and respiratory signals, 

Section 2.1 firstly gives a background introduction to these two signals. Section 2.2 

describes the synchrogram method used to analyze the phase synchronization. Finally, 

to study the nonlinear coupling phenomenon, Section 2.3 presents the approach for 

time-phase bispectral analysis. 

2.1 Introduction to ECG and Respiratory Signals 

2.1.1 Introduction to ECG 

Heart can beat by itself at a regular rhythm due to a specialized conducting system. 

The system comprises four parts, as shown in Fig. 2.1, SA node (sinoatrial node), AV 

node (atrioventricular node), Bundle of His, and Purkinje fibers. The SA node is the 

heart pacemaker that controls the beat rate of heart. Depolarization waves are 

generated by SA node and spread out to atria, AV node, and ventricles. When 

depolarization waves propagate to atria, atria contract resulting in emergence of “P” 

wave in ECG. These waves afterwards spread to AV node that connects with Bundle 

of His. Purkinje fibers are the extended parts of Bundle of His. The networking of 
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Purkinje fibers appears to be a threadlike net on subendocardial surface. Therefore, 

through Bundle of His, depolarization waves spread to entire ventricles and make two 

ventricles contract at the same time. In sum, the sequence of heart pumping is: SA 

node  atria  AV node  Bundle of His  Purkinje fibers  ventricles 

[18].

The depolarization waves not only spread throughout the whole heart, but also 

induce the electrical current change that can be non-invasively recorded on the body 

surface as the ECG signal. Without stimulation, the heart cells are in the quiescent 

state (approximate -80 mV) with negative potential (so-called polarization). Once 

being stimulated, they bear positive potential and the systole reaction is induced. 

Hence, ECG reflects the potential variation of rhythmic activity of the heart.  

The typical wave complex of ECG is shown in Fig. 2.2. The physiological 

meaning of each ECG complex pattern is described below: 

P wave: The wave is due to the depolarization of atria. Atria contract at this time. 

Fig. 2.1 The conducting system of heart [18]. 
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Q wave: The wave is caused by the depolarization of ventricles, and the R wave 

follows. Atria expand at this time. 

R wave: The period of the depolarization of ventricles. Atria expand gradually, and 

ventricles start to contract at this time. 

S wave: The period of the depolarization of ventricles. Atria completely expand, and 

ventricles completely contract. 

T wave: This wave is due to the repolarization of ventricles. Ventricles expand 

gradually. 

2.1.2 Introduction to Respiration 

The respiration is responsible for bringing oxygen into the body and removing 

carbon dioxide out of the body. The mechanics of respiration involve muscles that 

change the volume of the thoracic cavity to generate inspiration and expiration. Two 

sets of muscles involved are the diaphragm and the intercostal muscles. The 

diaphragm is the wall separating the abdomen from the thoracic cavity that can move 

up and down. The intercostal muscles surround the thoracic cavity and are responsible 

for moving the rib cage in and out. As shown in Fig. 2.3, inspiration results from 

Fig. 2.2 The typical wave complex of ECG. 
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contraction of the diaphragm (downward movement) and intercostal muscles (rib cage 

swings up and outward). Hence, the enlarged cavity housing the lungs has a pressure 

reduction of -3mm Hg with respect to the pressure outside the body, and the lung 

expands because of the difference of pressure. On the contrary, expiration results from 

the opposite mechanism. Using suitable instruments, the behavior of respiration can 

be recorded and transduced to an electrical signal [19]. 

2.2 The Synchrogram Method 

2.2.1 Theory of Phase Synchronization 

The phenomenon of synchronization is considered as an adjustment of rhythms, 

via specific manner of interaction, among distinctive self-sustained oscillators [3]. 

Such an interaction can lead to the locking of their phases, whereas their amplitudes 

may remain uncorrelated. Various definitions of synchronization have been proposed 

that require further description for each model-oriented, specific problem. In classical 

Fig. 2.3 Mechanics of expiration and inspiration [20]. 
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sense of periodic self-sustained oscillators, synchronization is usually defined as 

locking (entrainment) of the phases, 

(2.1)

where n and m are integers, 1  and 2  are phases of two oscillators, and ,n m  is 

the generalized phase difference. Note that the values of 1  and 2  are not bounded 

in [0, 2 ]. According to equation (2.1), oscillator 1 completes m cycles while 

oscillator 2 completes n cycles, and it is said to be a synchronization of m cycles of 

oscillator 1 with n cycles of oscillator 2. For generalization, a weaker condition for 

phase locking was proposed, as shown in equation (2.2) below, that can be feasible 

for nonlinear oscillators. In such cases, the n : m phase locking manifests as a 

variation  of ,n m  around a horizontal plateau. 

(2.2)

 In case of cardiorespiratory coupling, synchronization is usually influenced by 

the noise that originates not only from measurement and external disturbance but also 

from other subsystems taking part in the cardiovascular control [21]. Weak noise can 

lead ,n m  into fluctuation in a random way around a constant value, and strong noise 

may cause phase slips. As a consequence, the phenomenon of synchronization cannot 

be interpreted in a unique way, but be treated in a statistical sense. Follow the basic 

work of Stratonovich [22], phase locking in noisy systems is understood as the 

appearance of a peak in the distribution of the cyclic relative phase ,n m , and can be 

interpreted as the existence of a dominated stable value of phase difference between 

the two oscillators. 

(2.3)

where ‘mod’ is an operator converting the value of ,n m  into the range [0, 2 ] by 

, 1 2  -   const        n m n m

,|   -  const |    n m

,  ,  mod  2         n m n m
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subtracting k2  ( k  is an integer) such that ,0 < 2n m .

2.2.2 Instantaneous Phase 

 Analysis of the synchronization between nonlinear oscillators requires 

quantification of the instantaneous phases of oscillators. In this thesis, we employed 

the method based on marker events to characterize the cyclic patterns of oscillators 

[23]. An example is illustrated in Fig. 2.4. The marker events are determined from 

the wave peaks. Then the instantaneous phase at any time t can be derived by the 

linear interpolation equation below, 

(2.4)

where kt  is the time of the kth marker event. The instantaneous phase of kth marker 

event is 2 k

Time 
2 k

( )t  (Rad)  

tk-1 tk tk+1 tk+2

2 (k-1)

2 (k+1)
2 (k+2)

Fig. 2.4 Derivation of instantaneous phase using method based on 
marker events. In this example, the marker events are 
determined from the wave peaks. 

1
1

 -  ( )  2   2  ,             
 -  

k
k k

k k

t tt k t t t
t t
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]2mod)([
2
1)(

22 1 mtt kkm

2.2.3 Synchrogram Method and Quantification 

The synchrogram method [3] was used to analyze the phase synchronization of 

two interacting self-oscillatory systems. The method is feasible for such cases like 

pseudo-periodic ECG with particular rhythmic events (R peak) occurring at given 

time instants. To plot the synchrogram, we need to determine the normalized relative 

phase )(
2km t  of oscillator 1 at specific time instants that specific events of 

oscillator 2 occur. As described in equation (2.5), )(
2km t  is obtained by wrapped 

phase 1  modulo m2  (i.e., m consecutive cycles are viewed as one longer cycle), 

and is observed at time 
2kt  when the marker events of oscillator 2 occur. Then the 

values of )(
2km t  at time 

2kt  are marked by dots along the vertical axis and the 

synchrogram is completed. 

(2.5)

As an illustration, the synchrogram with m = 2 is shown in Fig. 2.5. It presents n

dots within m consecutive cycles of oscillator 1. 

In the ideal case of n : m synchronization, phase 1  within m cycles of oscillator 

1 that grows from 0 to m2  presents the same value at time 
2kt  and nkt 2

, i.e., 

)()(
22 nkmkm tt . For example, )()( 322 kmkm tt  for the case of good 

synchronization illustrated in Fig. 2.6. In consequence, the synchrogram will manifest 

n horizontal lines. An advantage of this graphic tool is that only one integer of 

parameter m has to be chosen, and then several synchronous events with different 

integers of parameter n can be derived within one plot. Namely, various n : m

synchronization conditions can be scrutinized based on a fixed valued of m, and the 

transitions between them can be traced. 
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Next, we develop the scheme for quantifying the synchronization phenomenon in 

addition to the graphical illustration by synchrogram. The examples of two different 

degrees of synchronization are presented in Fig. 2.6. High degree of n : m

0

m

Time 

Good synchronization Poor synchronization 

Fig. 2.6 Examples of good synchronization and poor synchronization. 

)(
2km t

n horizontal lines 

0

1

Time 

2
m

Oscillator 1

Oscillator 2

Fig. 2.5 Illustration of constructing the synchrogram.

)(
2km t

2kt

m cycles

n cycles 

Marker events 
of oscillator 2 
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synchronization (good synchronization) indicates that the values of )(
2km t  are 

distributed regularly at the n specific values in the normalized range [0, m]. On the 

contrary, low degree of n : m synchronization (poor synchronization) is reflected by 

the random distribution of values of )(
2km t .

Note that high degree of n : m synchronization introduces n horizontal lines within m

adjacent cycles of oscillator 1. The scheme of quantification can be designed by 

examining how regular the distribution of values of )(
2km t  is in the synchrogram. 

According to this concept, we first transform )(
2km t  to )(

2, kmn t  using equation 

(2.6). Then the degree ,n m  of n : m synchronization can be evaluated by equation 

(2.7) [24].  

(2.6)

(2.7)

where N represents the number of marker events of oscillator 2 in a given window 

length. The value of ,n m  ranges from 0 to 1, where 1,mn  indicates the case of 

complete synchronization, and 0,mn  reveals the fact of complete 

desynchronization.  

An example of complete n : m synchronization is shown in Fig. 2.7. The 

synchrogram illustrates n horizontal lines within the normalized range [0, m], with 

equidistance d between adjacent lines. The bottom line begins with )(
2km t = d1. By

equation (2.6), n horizontal lines are mapped to a constant value ddtkmn /2)( 1, 2
,

and 0 )(
2, kmn t < 2 . According to equation (2.7), degree of synchronization is 

mnt
m

t kmkmn mod])([2)(
22,

]})([sin1{}])([cos1{ 2
,

2
,,

2

2

2

2
k

kmn
k

kmnmn t
N

t
N
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,n m = 1, reflecting the occurrence of complete synchronization. 

2.3 Time-phase Bispectral Analysis 

2.3.1 Classical Bispectral Analysis  

Bispectral analysis belongs to a group of techniques based on high-order 

statistics (HOS) that can be used to analyze non-Gaussian signals, to obtain phase 

information, to suppress Gaussian noise of unknown spectral form, and to detect and 

characterize signal nonlinearities [13]. Besides, bispectral analysis is also a tool to 

observe the property of nonlinear (quadratic) phase coupling between oscillators. 

The bispectrum involves third-order statistics. Its spectral estimation mainly 

adopts the direct, conventional Fourier transformation applied to the third-order 

moments. In the case of third-order statistics, the third-order moments are equivalent 

to third-order cumulants. From the above, classical way of estimating the bispectrum 

0

m

Time 

d1

d1 +d
d1 +2d

d1 +(n-1)d

0
Time 

2 d1 /d

2 n ,m

)(
2km t

)(
2, kmn t

Fig. 2.7 The process of quantifying the degree of synchronization: 
an example of complete n : m synchronization.

n horizontal lines 
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ˆ( , )B k l is to evaluate the average of estimated third-order moments 3
ˆ ( , )iM k l ,

(2.8)

where 3
ˆ ( , ) iM k l  is the triple product of discrete Fourier transforms (DFTs) at

discrete frequencies k, l, and k + l,

(2.9)

where Xi(.) is the discrete Fourier transform of signal x[n]. The signal is divided into 

K segments to obtain the statistical stability of the estimates.

Bispectrum ˆ( , )B k l  is a complex function, characterized by its magnitude 

function A  and phase function , also known as biamplitude and biphase, 

respectively. 

(2.10)

Bispectrum ˆ( , )B k l  quantifies the quadratic coupling between two underlying 

oscillatory components of a signal. That is, the relation among the oscillations at two 

basic frequencies k and l, and a harmonic component at the frequency k + l is

examined. The set of three frequencies is known as a triplet (k, l, k + l). Strong 

coupling implies that the oscillatory components at k and l may have a common 

generator, and such components may synthesize a new component at the 

combinatorial frequency k + l if a quadratic nonlinearity is presented. 

To observe the coupling information between two signals x[n] and y[n], the cross 

bispectrum Bxyx(k,l) is adopt. The coupling information among X at frequency k, Y at 

frequency l, and X at frequency k + l can be examined. As shown below, cross 

bispectrum is estimated by 

3
  1

1ˆ ˆ( , )   ( , )       
K

i

i
B k l M k l

K

*
3

ˆ ( , )  ( ) ( ) ( ),            1,...,i
i i iM k l X k X l X k l i k

ˆ ( , )  ( , )ˆ ˆ( , )  |  ( , ) |    ( , )       j B k l j k lB k l B k l e A k l e
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(2.11) 

2.3.2 Time-phase Bispectral Analysis 

The classical bispectral analysis is appropriate for studying stationary signals. In 

practical systems, interactions among subsystems often result in time variability of 

their characteristic frequencies. Accordingly, time-phase bispectral analysis that 

encompasses time dependence within the bispectral analysis was proposed [14]. 

In analogy with the short-time Fourier transform, the M-point DFT of signal x(n)

at time m is calculated by employing a moving window w(n m),

(2.12)

where k is the discrete frequency and n is the discrete time. Following equations (2.8), 

(2.9), and (2.11) while substituting ),(),,(),,( * mlkXmlYmkX  for 

)(),(),( * lkXlYkX  and letting 1i , the time-phase cross-bispectral analysis of 

signal x and y is 

(2.13)

Similar to equation (2.10), the biamplitude and biphase functions can be obtained by 

the following equations. 

(2.14)

(2.15)

When two frequency components k and l of, respectively, X and Y signals are 

coupled, the last term in (2.15) becomes ( , )  ( , )  ( , )x x yk l m k m l m , resulting
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m

xyx
m

xyx mlk
N

mlk
N

in the biphase value of either 0 or 2  radian. Because dependent frequency 

components in a system may have phase difference, phase-coupling estimation 

requires less strict conditions and is able to reflect the existence of phase coupling in a

wider sense. In addition, biamplitude function can be used to infer the relative 

strength of interaction between spectral components. As a consequence, the degree of 

coupling is determined by the magnitude of biamplitude and the observation of 

constant biphase. The degree of constant biphase  (a constant) can be quantified 

by equation (2.16) below [24]. 

(2.16)

where N represents the number of points in a given window length, and  is a value 

between 0 and 1. Biphase degree 1  indicates a complete constant biphase, and 

0  is referred to the case of completely random biphase behavior. 
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Chapter 3 
Experiment and Signal Analysis 

 In this chapter, the setup and procedure of experiments are first introduced. Next, 

implementation strategies and parameters are presented, particularly for applying the 

synchrogram analysis and time-phase bispectral analysis to ECG and respiratory 

signals  

3.1 Experimental Setup and Procedure 

 This study involved two groups of subjects, the experimental group including 

subjects with Zen-meditation experience and the control group including subjects 

without any meditation experience. Background of subjects in each group is listed in 

Table 3.1. 

Table 3.1 Subjects of experimental and control groups 

Experimental group Control group 

Number of subjects 7 9 

Sex (male : female) 5 : 2 8 : 1 

Age (years) 26.4  2.5 25.3  3.3 

Meditation experience (years) 5.9  2.6 

The experimental procedure of this study is illustrated in Fig. 3.1. Because the 

human cardiac function can be regulated by autonomic nervous system (ANS), the 
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experiments were conducted during the same period (3:00pm to 5:00pm) to ensure the 

approximately same state of ANS of all subjects. The experiments comprised two 

sessions. During Session 1, subjects of both groups rested, in a ~70  head-up back-tilt 

position with eyes closed, for 10 minutes. During Session 2, subjects of control group 

continued resting for 20 minutes; on the other hand, experimental subjects began 

meditation for 20 minutes. Experimental subjects, following their routine meditation 

habit, meditated with either full-lotus or half-lotus posture, with eyes closed. During 

meditation, practitioners concentrated their mind on “Zen Chakra” that was an energy 

point inside the third ventricle of human brain. All subjects breathed spontaneously in 

both sessions. 

 As shown in Fig. 3.2, ECG and respiratory signals were measured using 

PowerLab biosignal recording system (ADInstruments, Sydney, Australia) and then 

displayed and saved on a personal computer using the software Chart4 

(ADInstruments, Bella Vista, Australia). 

Experimental Group 

Rest Meditation

Control Group 

Session 1 
10 minutes 

Session 2 
20 minutes 

Rest Rest

Fig. 3.1 Experimental procedure. 
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3.1.1 Measurement of ECG signal 

The ECG signal was recorded using Lead of standard bipolar limb leads [25], as 

shown in Fig. 3.3 (a). Electrode site on the left (right) arm was connected to the 

amplifier’s positive (negative) input, with the ground on the inside of left ankle. The 

disposable ECG electrodes (Medi-Trace 200 Foam Electrodes, Kendall, Chicopee, 

MA, USA) as shown in Fig. 3.3 (b) were applied in this study. The ECG was 

pre-filtered by a 0.3-200 Hz bandpass filter and digitized by a sampling rate of 1000 

Hz.

Physiological 
signal recording 

system (PowerLab)

USB port

Personal Computer 

(Chart4 software) 

Fig. 3.2 The physiological signal recording system. 

Physiological 
signal
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3.1.2 Measurement of Respiratory Signal 

Respiratory signal was recorded using a piezo-electric transducer (Model 1132 

Pneumotrace II (R), UFI, Morro Bay, CA, USA) as shown in Fig. 3.4, that was 

wrapped around the belly passing the navel. The respiratory signal was pre-filtered by 

a lowpass filter with cutoff frequency of 5 Hz and digitized at the sampling rate of 

1000 Hz. An example of respiratory signal is shown in Fig. 3.5. Note that the 

amplitude increases during inspiration and decreases during expiration. 

Fig. 3.3 (a) Lead configuration of bipolar limb leads, (b) 
Disposable ECG electrode. 

(a) (b) 

Fig. 3.4 Piezo-electric respiratory transducer. 
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3.2 Strategies for Synchronization Analysis 

The flow chart of synchronization analysis is shown in Fig. 3.6. The 

pre-processing stage was aimed to detect the R peaks of ECG and all the 

inspiration-phase peaks of respiratory signal. Then the instantaneous phases and 

frequencies were derived so that the synchrogram was ready to be constructed. At last, 

the synchronization length was quantified to evaluate the degree of synchronization 

for further comparison and interpretation. 

Step 1. Pre-processing 

 Power spectrums of QRS complexes and respiratory signals are approximately 

10-30 Hz and 0.2-0.3 Hz [21, 26, 27]. Accordingly, in pre-processing stage, we 

applied Matlab’s built-in polyphase filter implementation, including anti-aliasing 

(lowpass) FIR filter, to down-sample the raw ECG and respiratory signals, 

respectively, to the rate of 200 samples and 20 samples per second. Then the 

algorithms described in Appendix A were applied to the detection of R peaks of ECG 

and inspiration-phase peaks of respiratory signal. 

Time (second) 

Inspiration Expiration 

Fig. 3.5 Respiratory signal. 
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Step 2. Formulate Synchrogram 

After peak detection, time positions of respiratory peaks were extracted as the 

marker events. Note that two adjacent marker events are considered as one complete 

cycle and a phase increase of 2  was assumed. Then, following equations 

(2.4)-(2.5), the normalized relative phase of respiratory signal could be determined. 

To construct the cardiorespiratory synchrogram, we sketched the normalized 

relative phase )(
2km t  of respiratory signal at time 

2kt  identified as the appearances 

of R peaks of ECG. In this research, we observed the cardiorespiratory 

synchronization within 3 respiratory cycles. Therefore, only three synchrograms need 

to be plotted for each subject, i.e. n : 1, n : 2, and n : 3 synchrograms. 

As an example, Fig. 3.7 displays three synchrograms derived for an experimental 

subject during meditation. Apparently, synchronization is evidently observed within 

Pre-processing

Formulate Synchrogram 

Quantify the Synchronization Degree and Length 

ECG and Respiratory Signals 

Fig. 3.6 Flow chart of synchronization analysis. 

Calculate Frequency Ratio rh ff  in Each Respiratory Cycle 
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the range of 12-18 minutes, according to the piecewise, nearly parallel behaviors of 

n’s curves in synchrograms. 

Step 3. Calculate Frequency Ratio rh ff in Each Respiratory Cycle 

The instantaneous frequency of heart beating fh was calculated by inversing the 

time interval between two adjacent R peaks of ECG signal, while that of the 

respiration fr was the reciprocal of the time interval between two respiratory peaks. 

Each computed value was placed in the mid point of two adjacent peaks (see Fig. 3.8 

(b) and (d)). To calculate instantaneous frequency ratio rh ff  within each 

respiratory cycle, the instantaneous frequency of heart beating at the mid point of two 

adjacent respiratory peaks was estimated by linear interpolation (refer to Fig. 3.8 (e)).  

As an illustrating example, Fig. 3.9 displays the sequence of instantaneous 

frequency ratio rh ff  of an experimental subject during meditation. 

(a)

Fig. 3.7 The synchrograms of an experimental subject during meditation: 
(a) n : 1 synchrogram (b) n : 2 synchrogram (c) n : 3 synchrogram. 

(b)

(c)
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Time 

(a)

Interval between R peaks

Interpolated frequency of 
heart beating 

Fig. 3.8 Instantaneous frequency of heart beating and respiration: (a) 
Respiratory signal, (b) fr: instantaneous frequency of respiration, (c) 
ECG signal, (d) Instantaneous frequency of heart beating, (e) fh:
instantaneous frequency of heart beating within a respiratory cycle. 
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Fig. 3.9 (a) Time-varying sequence of fh, (b) time-varying sequence of fr , 
and (c) the sequence of frequency ratio rh ff  of an experimental 
subject during meditation. 
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Step 4. Quantify the Synchronization Degree 

To evaluate the synchronization degree, the following procedure was proposed: 

(1) The maximum and minimum values of frequency ratio, min[fh/fr] and 

max[fh/fr], were derived. 

(2) According to the maximum and minimum ratio, we determined all possible 

pairs of (n,m)’s such that n/m satisfied: min[fh/fr] n/m max[fh/fr]. Note that 

all pairs (n/m)’s, after being reduced, were considered to be the same if they 

resulted in the same ratio. For example, only pair (4,1) was kept for the ratios

of 4:1 and 8:2. 

(3) Following equations (2.6)-(2.7), synchronization degree, )(
2, kmn t , of 

qualified (n,m) pairs could be calculated with a window centered at time 
2kt .

In this study, we employed the window length of 60 consecutive R peaks,

with the moving step size of one R peak. 

As an illustration, Fig. 3.10 demonstrates the time-varying synchronization 

degrees for all possible (n,m) pairs for an experimental subject during 

meditation. Based on this figure, significant synchronization is observed for 

the frequency ratio of 4:1, 7:2, and 11:3, respectively, in the time interval 

12-18, 6-7, and 18-20 minute. 

(4) The synchronization degree at a given time 
2kt =Tsd was determined by 

finding the maximum value along the vertical line defined by )(
2, sdkmn Tt .

The result was denoted by )(
2max sdk Tt .

As an example, the sequence )(
2max kt  of an experimental subject during 

meditation is shown in Fig. 3.11. 
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Step 5. Quantify the Synchronization Duration 

To evaluate the effective duration of synchronization, we first determined a 

threshold of synchronization degree, . As shown in Fig. 3.12, synchronization 

duration measured the total duration in time with the degree of synchronization no 

Fig. 3.11 (a) Time-varying synchronization degree, )(
2max kt , and (b) 

corresponding n/m ratio that the maximum synchronization 

degree was detected at the given time 
2kt  (subject: a meditator 

during meditation). 
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Fig. 3.10 Synchronization degrees for all possible (n,m) pairs for an 
experimental subject during meditation. The right color bar 
denotes the scale mapping for color representation. 
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less than .

To systematically determine the value of , the following procedure was 

proposed:

(1) The values of )(
2max kt  were averaged every minute and the mean values 

were denoted as mean ( )t .

(2) The histograms of mean ( )t  were illustrated in Fig. 3.13 for both the 

experimental group (Fig. 3.13 (a)) and control group (Fig. 3.13 (b)). 

(3) We found that the largest value of the histogram occurred at mean ( )t =0.2. 

Therefore, the threshold was determined to be = 0.2. 

(a) (b)

mean (t)

mean (t) mean (t)

mean (t)

Fig. 3.13 Histogram of mean ( )t  for (a) experimental group, and (b) 
control group.  

)(
2, kmn t

0

1

2kt

duration

Fig. 3.12 Synchronization duration. 
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3.3 Strategies for Time-phase Bispectral Analysis 

Time-phase bispectral analysis was proposed to investigate the phenomena of 

phase coupling between ECG and respiratory signals. The flow chart of time-phase 

bispectral analysis is shown in Fig. 3.14. 

Step 1. Pre-processing 

Fundamental frequencies of ECG and respiratory signals are approximately 1.2 

Hz and 0.3 Hz [21]. Accordingly, raw ECG and respiratory signals originally recorded 

with sampling rate of 1000 Hz were downsampled to 10 Hz using Matlab’s built-in 

polyphase filter implementation, including anti-aliasing, lowpass FIR filter with 

cutoff frequency 5 Hz. Then Chebyshev I IIR highpass filter with cutoff frequency 

0.04 Hz was used to remove the baseline drift. 

Pre-processing

Estimate Cross-Bispectrum  
(window size: 1min, step size: 1sec)

Calculate Biamplitude and Biphase at bifrequency ( ef , rf )

ECG and Respiratory Signals 

Fig. 3.14 Flow chart of time-phase bispectral analysis. 

Quantify the Coupling Degree and Length 
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Step 2. Estimate Cross-Bispectrum

By equation (2.13), the cross-bispectrum ˆ ( , ,  )xyxB k l m was estimated. Here, k

represents the frequency of ECG signal, l  represents the frequency of respiratory 

signal, and m  represents the time. The length of time window was selected to be 10 

times of the period of slower signal, i.e. respiratory signal, to get reliable FFT (fast 

Fourier Transform) result. The slowest frequency of respiratory signals in our study 

was about 0.2 Hz (period: 5 sec per breath). We thus selected the window length to be 

1 minute. To observe the time-varying behavior in more details, the moving step was 

selected to be 1 second.  

Step 3. Calculate Biamplitude and Biphase at Bifrequency ( ef , rf )

Using equation (2.14), biamplitude and biphase were evaluated at bifrequency 

( ef , rf ) for each window frame. The bifrequency ( ef , rf ) of each window was 

determined by the maximum-power frequencies of ECG and respiratory signals 

respectively. Fig. 3.15 displays the example of one-minute cross-bispectrum for an 

experimental subject during meditation. 

Step 4. Quantify the Coupling Degree 

The coupling degree is determined by 

   (3.1) 

where Anormalized (m) is the normalized biamplitude for a given window, that is derived 

by first dividing the biamplitude by total power of cross-bispectrum in 0 ef , rf

fs/2 and then normalizing the results of all subjects to the range [0 1]. The )(m ,

denoting the constant degree of biphase, can be calculated by equation (2.16) for a 

given window centered at time m. Fig. 3.16 illustrates the analyzing procedure for 

investigating the coupling degree of an experimental subject during meditation. 

)()()( mmAm normalized



31

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

0.8 1 1.2 1.4 1.6 1.8 2
0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

4

6

8

10

12

14

x 10-6

(a)

(b)

(c)
Amplitude 

ECG frequency (Hz) Respiratory frequency (Hz) 

Amplitude 

ECG frequency (Hz) 

R
es

pi
ra

to
ry

 fr
eq

ue
nc

y 
(H

z)
 

ECG frequency (Hz) 

R
es

pi
ra

to
ry

 fr
eq

ue
nc

y 
(H

z)
 

fe

fr

Fig. 3.15 (a) One-minute cross-bispectrum for an experimental subject 
during meditation, (b) its contour illustration, and (c) the zoom-in 
of contour illustration. 



32

Step 5. Quantify the Coupling Length 

Coupling length provides an index of characterizing the duration of significance 

of phase coupling during the entire process. To quantify the coupling length, a 

threshold  needs to be determined first. To determine an appropriate value of ,

the following procedure was proposed: 

(1) A new sequence )(mean t  containing the results of moving average of )(m

was obtained using a window size of one minute without overlap. 

(2) The histogram of )(mean t  was derived. Fig. 3.17 illustrates the histograms 

for experimental group (Fig. 3.17 (a)) and control group (Fig. 3.17 (b)). 

(3) Maximum of the histogram (here, 0.2) indicates the majority of 

phase-coupling distribution. Accordingly, we selected = 0.2 for this 

specific case. 
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               (a)                                 (b) 

 mean (t)  mean (t)

 mean (t)  mean (t)

Fig. 3.17 The histogram of )(mean t  for (a) experimental group and (b) 
control group. 



34

Chapter 4 
Results

 This chapter presents the results of synchronization analysis and time-phase 

cross-bispectral analysis. In addition, correlation between the synchronization and the 

nonlinear coupling was examined based on these results. 

4.1 Results of Synchronization Analysis 

 To investigate the effects of meditation on cardiorespiratory synchronization, we 

compared three parameters, that is, lasting length, number of epochs, and total length, 

between the experimental and control group. The paired t test was applied to examine 

the significant difference of parameters between Session 1 and Session 2. The results 

are summarized in Table 4.1 and further explained in the following sub-sections. 

Table 4.1 Mean values of three synchronization parameters analyzed for the  
            experimental and control group. 

S1= Session 1; S2=Session 2; Exp.=Experimental group; Con.=Control group; *Significantly different 

(p<0.05). 

Experimental Group 
(n=7) 

Control Group 
(n=9) p-Value for comparison of

 S1 S2 S1 S2 Exp. Group 
S1 vs. S2 

Con. Group
S1 vs. S2 

Lasting length 
(seconds/epoch) 27.9 19.6 21.4 15.3 17.3 7.6 24.9 15.7 0.226 0.161 

Number of epochs 
(counts/10 minutes) 2.3 1.5 4.0 2.4 2.6 1.5 2.3 1.9 0.023* 0.355 

Total length 
(seconds/10 minutes) 55.6 34.9 107.0 92.4 51.8 35.0 47.5 34.2 0.034* 0.360 
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4.1.1 Comparison of Lasting Length 

The definition of “lasting length” here is the duration (refer to Fig. 3.12) of an 

epoch with synchronization degree higher than threshold. The histograms of lasting 

length of synchronization are presented in Fig. 4.1 for both groups. It shows that most 

synchronization epochs emerged from 10 to 30 seconds for both groups. And there is 

no apparent difference between groups and between sessions of each group on this 

distribution. That is, neither inter-group nor intra-group difference was observed. By 

statistical analysis for the mean values of lasting length of synchronization, both 

groups revealed no significant difference between two sessions, as shown in Fig. 4.2 

and Table 4.1. This indicates that, in general, neither meditation nor rest could 

noticeably affect the lasting length of synchronization. 

                                (a) 

                                (b) 

Fig. 4.1 Histograms of lasting length of synchronization for (a) 
experimental group, and (b) control group.
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4.1.2 Comparison of Number of Epochs 

The definition of “number of epochs” here is the amount of epochs with 

synchronization degree higher than threshold in a ten minutes time duration. As 

shown in Fig. 4.3 and Table 4.1, mean values of the number of synchronization 

epochs revealed insignificant difference between main session (Session 2, at rest) and 

pre-session (Session 1, background recording) in control group. As regards the 

experimental group, it increased considerably during meditation (Session 2: 4.0 2.4 

counts/10 minutes), in comparison with the mean number observed in the pre-session 

background recording (2.3 1.5 counts/10 minutes). 

4.1.3 Comparison of Total Length 

The definition of “total length” here is the sum of lengths of all epochs with 

synchronization degree higher than threshold in a 10 minutes time period. According 

to the analysis in 4.1.2, we may anticipate similar results for comparing the total 

length of synchronization. As shown in Fig. 4.4 and Table 4.1, mean values of the 

total length of synchronization indeed did not change from pre-session to 

main-session recording in control group. However, experimental group exhibited an 

Fig. 4.2 Mean values of lasting length of synchronization for both  
       groups in different recording sessions.
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almost twice increase in the total length of synchronization during meditation 

(Session 2: 107.0 92.4 seconds/10 minutes) while compared with the background 

recording in Session 1 (55.6 34.9 seconds/10 minutes).  

Further, we investigated the synchronization length for various (n/m) ratios. Fig. 

4.5 displays the average length of synchronization (in seconds) versus (n/m) ratio. 

According to Fig. 4.5 (a), significant increase in the length of synchronization was 

Fig. 4.3 Variations of mean number of synchronization epochs for 
both groups in different recording sessions. 

Fig. 4.4 Mean values of the total synchronization length for both 
groups in different recording sessions. 
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observed in experimental group at the ratio (n/m) = 4 (i.e., 4:1 synchronization) in the

main-session recording, from which we may infer that one respiration accompanied 

four heart beats during the Zen-meditation course. On the other hand, the control 

group only revealed a slight increase at the ratio (n/m)=4.7 (i.e., 14:3 synchronization) 

in the (pre-session) background recording, without any particular event in the 

main-session recording (refer to Fig. 4.5 (b)). 

(a)

(b)

Fig. 4.5 Average length of synchronization for different (n/m) ratios in 
(a) experimental group and (b) control group. 
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4.2 Results of Time-phase Bispectral Analysis 

 To investigate the effects of meditation on cardiorespiratory coupling, we 

compared three parameters, that is, lasting length, number of epochs, and total length, 

are compared between experimental group and control group. The paired t test was 

applied to examine the significant difference of parameters between Session 1 and 

Session 2. The results are summarized in Table 4.2 and further explained in the 

following sub-sections. 

Table 4.2 Mean values of three nonlinear coupling parameters analyzed for the  
           experimental and control group. 

S1= Session 1; S2=Session 2; Exp.=Experimental group; Con.=Control group; *Significantly different 

(p<0.05).

4.2.1 Comparison of Lasting Length 

The definition of “lasting length” here is the duration (refer to Fig. 3.12) of an 

epoch with coupling degree higher than threshold. The histograms of lasting length of 

nonlinear coupling are presented in Fig. 4.6 for both groups. It shows that most 

nonlinear coupling epochs emerged from 20 to 40 seconds for both groups of subjects. 

And there is no apparent difference between groups and between sessions of each 

group on this distribution. That is, neither inter-group nor intra-group difference was 

observed. By statistical analysis for the mean values of lasting length of nonlinear 

Experimental Group 
(n=7) 

Control Group 
(n=9) p-Value for comparison of

 S1 S2 S1 S2 Exp. Group 
S1 vs. S2 

Con. Group
S1 vs. S2

Lasting length 
(seconds/epoch) 30.6 12.7 32.8 16.6 20.1 13.4 24.5 12.9 0.399 0.221 

Number of epochs 
(counts/10 minutes) 4.1 2.3 6.1 2.5 3.6 3.3 4.0 2.7 0.038* 0.360 

Total length 
(seconds/10 minutes) 127.9 83.6 201.1 120.6 85.8 76.3 117.3 98.7 0.131 0.236 
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coupling, both groups revealed no significant difference between two sessions in both 

groups, as shown in Fig. 4.7 and Table 4.2. This indicates that, in general, neither 

meditation nor rest could noticeably affect the lasting length of nonlinear coupling. 

(a)

 (b) 

Fig. 4.6 Histograms of lasting length of nonlinear coupling for (a) 
experimental group and (b) control group. 
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4.2.2 Comparison of Number of Epochs 

The definition of “number of epochs” here is the amount of epochs with coupling 

degree higher than threshold in a ten minutes time duration. As shown in Fig. 4.8 and 

Table 4.2, the mean values of the number of nonlinear coupling epochs revealed 

insignificant difference between main session (Session 2, at rest) and pre-session 

(Session 1, background recording) in control group. As regards the experimental 

group, it increased considerably during meditation (Session 2: 6.1 2.5 counts/10 

minutes), in comparison with the mean number observed in the pre-session 

background recording (4.1 2.3 counts/10 minutes). 

4.2.3 Comparison of Total Length 

The definition of “total length” here is the sum of lengths of all epochs with 

coupling degree higher than threshold in a 10 minutes time period. As shown in Fig. 

4.9 and Table 4.2, the mean values of the total length of nonlinear coupling revealed 

insignificant difference between main session (Session 2) and pre-session (Session 1, 

background recording) in both groups. 

Fig. 4.7 Mean values of lasting length of nonlinear coupling for 
both groups in different recording sessions. 
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Fig. 4.8 Variations of mean number of nonlinear coupling epochs for 
both groups in different recording sessions. 

Fig. 4.9 Mean values of total length of nonlinear coupling for both 
groups in different recording sessions. 
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4.3 Correlation between Phase Synchronization and  

   Nonlinear Coupling 

As introduced in Chapter 1, synchronization is a phenomenon that occurs due to 

interaction of two or more self-sustained oscillators. Therefore, there must exist some 

forms of couplings between oscillators to carry out the interaction. Based on this 

concept, we brought forward the hypothesis that the nonlinear coupling nature of 

cardiorespiratory system determined by time-phase cross-bispectral analysis could be 

correlated with cardiorespiratory phase synchronization in a sense. 

To examine this hypothesis, we made a qualitative observation on both the 

instantaneous degree of phase synchronization and the nonlinear coupling. In addition,

we conducted a quantitative analysis by calculating the correlation coefficients 

between them. 

4.3.1 Qualitative Observation 

Fig. 4.10 plots the instantaneous degree of phase synchronization and nonlinear 

coupling for four subjects (two experimental and two control subjects). The 

instantaneous degree of nonlinear coupling and of phase synchronization is illustrated 

in red and blue, respectively. According to naked-eye examination on these figures, 

we found some degree of coincidence existing between these two curves. Some 

sample events include: (Fig. 4.10 (a)) 0-2 minute of Session 1, (Fig. 4.10 (b)) 0-5 

minute of Session 1 and 0-20 minute of Session 2, (Fig. 4.10 (c)) 20-25 minute of 

Session 2, and (Fig. 4.10 (d)) 7-16 minute of Session 2. These events are identified by 

gray bars in the figures. Next, we further quantify the coincidence by correlation 

coefficient analysis in the following section. 
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Fig. 4.10 Instantaneous degree of (blue) the phase synchronization and 
(red) the nonlinear coupling (subjects : (a) experimental subject 
0928, (b) experimental subject 1003, (c) control subject 0411, 
and (d) control subject 0727).  
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4.3.2 Quantitative Analysis 

To quantify the coincidence between phase synchronization and nonlinear 

coupling, we first interpolated the sequences (with 1 second resolution) for the 

instantaneous degree of both the phase synchronization and the nonlinear coupling. 

Next, the correlation coefficients were calculated for these two new sequences using 

two-minute window size with one-minute overlap. The results displayed in Fig. 4.11 

illustrate the time course of correlation coefficients (d) for each of the four subjects 

(two experimental and two control subjects). In general, the range of correlation 

coefficient is interpreted by: 1) (d)<0.3: low correlation, 2) 0.3 (d)<0.7: moderate 

correlation, and 3) (d) 0.7: high correlation. Accordingly, we roughly classified the 

correlation into three states: positive correlation ( (d) 0.3), negative correlation ( (d)

-0.3), and little correlation (-0.3 < (d) <0.3). In Fig. 4.11, the intervals with 

correlation coefficients higher than 0.3 (positive correlation) are marked by gray bars 

on the top of each bar chart. The results closely coincide with those of qualitative 

examination presented in section 4.3.1. 
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Fig. 4.10 (Continued). 
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Fig. 4.11 Time course of correlation coefficient between the phase synchronization 
and the nonlinear coupling (subjects : (a) experimental subject 0928, (b) 
experimental subject 1003, (c) control subject 0411, and (d) control 
subject 0727). 
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The histograms of correlation coefficients are presented in Fig. 4.12 for both 

groups. In the figures, the regions corresponding to three correlation states are 

separated by thick vertical lines. These figures reveal a higher percentage of positive 

correlation and a lower percentage of negative correlation derived for the 

experimental group as compared with the control group, especially during Session 2 

(meditation). Table 4.3 lists, for each group in a given session, the percentage of total 

time interval of each correlation state. To examine the statistical significance of 

percentage difference between Session 1 and Session 2, the paired t test was applied 

and the significant levels were selected to be p<0.05. Apparently, only the percentage 

of positive correlation increases significantly in experimental group from Session 1 

(rest, 28.6%) to Session 2 (meditation, 43.7%). And, for the control group, there is no 

significant difference between Session 1 and Session 2, considering each particular 

correlation state. 

(d)

Fig. 4.11 (Continued). 
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Table 4.3 Percentage of total time interval of each correlation state. 

S1= Session 1; S2=Session 2; Exp.=Experimental group; Con.=Control group; *Significantly different 

(p<0.05).

Experimental Group
(n=7) 

Control Group 
(n=9) p-Value for comparison of 

Correlation states 
S1 S2 S1 S2 Exp. Group 

S1 vs. S2 
Con. Group
S1 vs. S2

Positive correlation 
( (d) 0.3)

28.6% 43.7% 22.2% 23.5% 0.011* 0.451 

Negative correlation 
( (d) -0.3)

14.3% 8.4% 23.8% 11.8% 0.211 0.111 

No significant correlation 
(-0.3< (d)<0.3)

57.1% 47.9% 54.0% 64.7% 0.154 0.094 

Negative correlation Positive correlation No significant correlation 

Negative correlation Positive correlation No significant correlation 

Fig. 4.12 Histograms of correlation coefficient between the phase synchronization 
and the nonlinear coupling for (a) experimental group and (b) control 
group.

(a)

(b)
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We further examined tempo of occurrence of two different types of correlation, 

positive and negative, by measuring the continuous duration of each correlation state. 

The results are shown in Fig. 4.13. Note that most segments last no longer than two 

minutes.

(a)

(b)

Fig 4.13 Histograms of lasting length of the segment identified to be (a) 
the positive, or (b) the negative correlation. 
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Chapter 5 
Conclusion and Discussion 

5.1 Conclusion and Discussion 

 This thesis has reported our study on various synchronous phenomena in the 

cardiorespiratory system. The main aim of this research was to investigate the effects 

of Zen meditation on the phenomenon of synchronization and the nature of nonlinear 

coupling in the cardiorespiratory systems of the experimental (meditating) and control 

(non-meditating) group.  

 In regard to the study on synchronization phenomenon, most synchronous 

epochs appeared in short length (from 10 to 30 seconds) for subjects at rest. This fact 

reflects that the interaction between cardiac and respiratory systems is weak in normal 

healthy subjects. Nonetheless, Zen meditation was found to cause effects on 

synchronization. Number of the synchronous epochs and the total synchronization 

length increased significantly (p=0.023 and p=0.034, respectively) during meditation 

as compared with the results for subjects at rest. Of course, hardly identifiable 

difference was observed between two sessions for the control group. We therefore 

might infer from the results that meditation produces different effects on 

cardiorespiratory synchronization other than normal rest does. According to the 

literature, high degree of synchronization correlates to a possibly high energetic 

benefit by respiration and heart beating [5], that might reflect good feedback 

mechanisms or interconnections [28]. We thus assume that meditation could preserve 

bodily energy and enhance the feedback mechanisms or interconnections between 

these two systems.  
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In the aspect of investigating the nature of nonlinear coupling, we also found that 

most coupling lengths were short (from 20 to 40 seconds), in agreement with the 

suggestion that nonlinear coupling between respiratory and cardiac rhythms was weak 

in normal healthy subjects [10]. In our study on meditation practitioners, the effect of 

meditation on cardiorespiratory coupling was evident. Number of the coupling epochs 

increased significantly (p = 0.038) during meditation as compared with that studied on 

subjects at rest. As being anticipated, there existed trivial difference of the coupling 

nature between two sessions in the control group.  

In regard to the coincidence between phase synchronization and nonlinear 

coupling of cardiorespiratory system, three correlation states (positive correlation, 

negative correlation, and low correlation) were presented for both groups. And the 

continuous durations of both positive and negative correlation states were measured. 

We found that most segments lasted no longer than two minutes. According to the 

results, these two schemes do not coincide on the case of analyzing cardiorespiratory 

system. There may be other unknown mechanisms modulating the synchronization 

phenomenon (synchronization or desynchronization) and the nonlinear coupling may 

play the role of investigating the cardiorespiratory interactions. Further, we found that 

the percentage of positive correlation increased significantly (p = 0.011) during 

meditation. Moreover, the positive correlation could last longer. It suggests that under 

nonlinear coupling, meditation might enhance the phase synchronization between 

cardiac and respiratory systems. 
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5.2 Future Work 

 In this study, we only investigated the coupling nature of characteristic 

frequencies of ECG and respiratory signals. The coupling caused by interaction of 

some other frequency components may play an important role in studying the

physiological model under meditation. Besides, it has been reported in the literatures 

that cardiorespiratory synchronization might be related to the central neural regulation 

[3] and brain activity [8]. Hence, for profound understanding of the Zen-meditation 

process and effects, EEG signals should be included to explore the mutual interaction 

between the brain and cardiorespiratory system. For example, analysis of heart rate 

variability could reflect the influence of autonomic nervous system. 
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Appendix A 
Detection of ECG R Peak and 
Respiratory Peak 

A.1 R-Peak Detection 

 The flow chart of R peak detection is shown in Fig. A.1.  

Step 1. Downsampling of Raw ECG Signal 

Raw ECG signal originally recoded at 1000Hz (required by the other researches) 

was firstly downsampled with new sampling rate of 200 Hz, utilizing Matlab’s 

Raw ECG signal originally sampled at 1000 Hz 

Downsample with new rate: 200 Hz 

Apply a 10-30 Hz bandpass filter  

Magnify R peaks by )(nx , x(n): ECG after the above pre-processes  

Detect R peaks by adaptive threshold 

Derive the time position of each R peak 

Fig. A.1 Flow chart of R peak detection. 
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built-in polyphase filter implementation, including an anti-aliasing (lowpass) FIR 

filter.  

Step 2. Noise Reduction by Bandpass Filtering 

ECG signal after downsampling was then filtered by a 10-30 Hz bandpass filter 

to reduce the baseline drift and high frequency noise (e.g. 60Hz power line noise, 

EMG signal) and further enhance the R peaks.  

Step 3. Magnification of R Peaks 

R peaks were magnified by multiplying ECG signal )(nx  by its absolute-valued

signal )(nx  to generate an R-magnified signal )()()( nxnxnx . As shown in 

Fig. A.2, the ECG signal before and after preprocessing is presented. Note that the 

amplitudes of R peaks are obviously enhanced and cleansed.  

Step 4. R-Peak Detection by Adaptive Threshold 

The threshold for R peak detection was determined for every one-minute frame, 

that was selected to be 0.3 time of the maximum ECG amplitude within the frame. 

Adaptive-threshold scheme was adopted for the reason that the range of ECG 

amplitude varies among subjects. Moreover, inter-subject variations are often 

inevitable in biomedical signals.  

Step 5. Acquisition of R-Peak Locations in Time 

For each QRS complex, there will exhibit a time duration that its amplitude 

bigger than the threshold as shown in Fig. A.3. The maximum amplitude during this 

time duration was determined, and its time position was employed as the time position 

of R peak.  
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A.2 Respiratory Peak Detection 

The flow chart of Respiratory peak detection is shown in Fig. A.4. 

Step 1. Downsampling of Raw Respiratory Signal 

The raw respiratory signal originally recorded at 1000 Hz (required by the other 

researches) was firstly downsampled with new sampling rate of 20 Hz, utilizing 

Matlab’s built-in polyphase filter implementation, including an anti-aliasing (lowpass) 

FIR filter.  

Step 2. Noise Reduction by a Bandpass Filtering 

Respiratory signal after downsampling was then filtered by a 0.1-0.45 Hz 

bandpass filter to reduce the baseline drift and make the wave smoother. The 

respiratory signal before and after preprocessing is shown in Fig. A.5.  

Step 3. Detect Peaks of Respiratory Signal 

The filtered respiratory signal was then normalized by its maximum value of 

Raw respiratory signal originally sampled at 1000 Hz 

Fig. A.4 Flow chart of Respiratory peak detection. 

Downsample with new rate: 20Hz 

Apply a 0.1-0.45 Hz bandpass filter 

Detect Peaks by Criterion: 

05.005.00)( downupk ddtA
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positive amplitude and the local maxima of its amplitude were derived. At last, these 

local maxima were considered as peaks by the following criterion: 

05.005.00)( downupk ddtA                (A.1) 

where kt  is the time position of thk  respiratory peak and )( ktA  is its amplitude; 

upd  is the amplitude of inspiration and downd  is the amplitude of expiration. These 

parameters are illustrated in Fig. A.6. 

Time

Normalized amplitude

0

1

tk

Fig. A.6 Parameters for respiratory signal peak detection. 
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Fig. A.5 The raw and preprocessed respiratory signal. 


