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Abstract 

The cardiac and respiratory rhythms interact with 

each other and may exhibit a synchronous behaviour in 

the human body. The mutually coupled relationship is 

investigated by analyzing the biological electro-

cardiogram (ECG) and respiration signals. In general, 

these two types of signals are non-stationary, irregular 

and somewhat chaotic. Consequently, it is hard to use the 

widely applied Fourier transform or any other stationary 

processes to analyze the data. Respiratory and cardiac 

rhythms alike are periodical in themselves. Signals of 

these two physiological systems exhibit similar patterns 

and the change in individual rhythm may affect on one 

another. Comparing the phase variations of the selected 

signatures between the two signals periods of 

cardiorespiratory synchronization can be identified. The 

continuous �R� peaks of heartbeat are picked out and the 

phase difference of two adjacent peaks is set to 2ヾ. The 

starting points of respiratory signal are used as the zero-

phase points and the phases within two continuous 

signals are linearly interpolated in the range of 2ヾ. This 

derived phase information is related to the instantaneous 

radian frequency for each one. By inspecting the 

existence of R peaks and different respiratory cycles, the 

cardio-respiratory synchrogram is presented. Gamma 

evaluation method (け evaluation) is used to quantify the 

strength of cardiorespiratory synchronization. This 

method processes a selected window length of data and 

calculates the degree of interaction. The analysis of the 

synchronization between cardiac and respiratory rhythms 

is presented and the effects of using different window 

lengths on け, n, m are discussed. 

 

1. Introduction 

Cardiorespiratory synchronization is to describe the 

phase rhythms between the appearing time of R peaks and 

the times of the inspiratory onsets in two coupled systems 

[1-3]. Also the appearing of both data is one kind of 

temporal incidences, but the periodical signature of these 

biological activities can be interpreted in the spectral 

domain. It describes the phases of heart rhythm and 

respiratory rhythm are consistent with integer ratio (n:m), 

called as phase locking ratio [4,5]. The integer ratio of 

cardiorespiratory synchronization has been found in 

healthy adults, athletes, infants [6-8]. The temporal 

coherence of cardiac and respiratory rhythms is also 

detected in healthy subjects [9]. The mechanisms and 

physiological interactions between respiration and heart 

rhythm are not yet fully explored to explain their coupling 

action, but cardiorespiratory synchronization can be 

observed by using mathematical and physiological 

models. 

This study is to compare the phase relationships 

between ECG and respiratory data with respect to varied 

window length. Different respiratory epochs were 

selected as a filtering window and the corresponding 

gamma evaluations were derived. The averages of gamma 

strength corresponding to varied window length, m, over 

the whole time period are derived. After processing all 

data sets, the means of gamma evaluations for different 

window length are aligned together. The shape of this 

alignment looks like a parabolic equation. It found that 

the longer the window length it is, the weaker gamma 

indication it will be. The results imply that the smaller 

window length produces higher degree of synchronization 

for cardiorespiratory system. Furthermore, the contiguous 

repeated patterns with same n:m ratio are investigated. 

The appearances of these patterns are considered as a 

stronger sign of synchronization. The occurrence numbers 

of possible ratios are extracted and the highest value is 

the most dominant phase locking interaction. 

The first section is the introduction of this study and 

the second one explains the data collection and the 

background of mathematical models. The third section 

shows the experiment results. At the end, a discussion is 

presented. 

 

2. Methods 

The cardiac and respiratory systems are considered as 

two independent oscillators coupling with each other. The 

cardiorespiratory coupling activities are investigated by 
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analysing of the phase of R peaks corresponding to the 

phase of inspiratory onsets. 

 

2.1. Subject population 

The cardiac and respiratory signals are collected from 

twenty healthy male/female (18/2) college students whose 

ages are between 18 and 22 years old without any known 

diseases. One hour long cardiorespiratory data was 

recorded for each subject, who was laid down on bed as 

comfortable as possible. At the middle of experiment, 

subjects will be noticed that the half of data was being 

recorded and the experiment continued. The mean (std) of 

heart interval is 0.81 (0.08) seconds and their ranges are 

between 0.7�1.0 seconds. The mean (std) of respiration 

interval is 4.4 (1.26) and the ranges of these intervals are 

from 2.9 to 6.4 seconds. 

 

2.2. ECG and respiratory data 

The sampling rate of electrocardiogram (ECG) and 

respiratory is recorded at 500 Hz. Low frequency baseline 

is filtered out by using a butterworth low-pass filter at 

0.01 Hz. A MATLAB (The Mathworks, USA) code is 

written to automatically identify sharp pulse-like R peaks 

for off-line analysis and manually inspected by human is 

edited to eliminate artifacts. The time differences between 

two contiguous R peaks indicate the period of heart 

beating. Since each cycle of heart beat is a complete 

activity of heart beat. The full cycle of R-R period is 

defined as 2ヾ. Even the phase of each cycle is the same, 

but the time durations of each period are different for real 

word data. 

The respiration data is recorded by using �End-Tidal 

Carbon Dioxide� device which records the variation of 

the concentration of carbon dioxide (CO2) in the arterial 

blood. Inspiratory onsets were defined as the turning 

points from local maximum to the local minimum in the 

respiratory trace due to the fast variation of CO2 density. 

The times of peak Ri (I = 1,�,nR) and the times of the 

inspiratory onset Ij (j = 1,...,nI) were marked and saved for 

further analysis. On Figure 1, top one is ECG signal and 

bottom is end-tidal respiratory signal. The marks, �x�, are 

corresponding to the Ri peaks and inspiratory onsets, Ij. 

 

2.3. Cardiorespiratory analysis 

The relationship between phase and frequency of a 

periodic signal is given by  dtd / , where and  are 

the phase and radian frequency. The phase of each 

respiratory cycle is 2ヾ long and for the rest points, which 

are aligned between two onsets, their phases are derived 

by using a linear phase increment model: 

11 ,2)()(2)(   jjjjjr tttjttttt  , 
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Figure 1. The alignment of ECG and respiratory data 

 

where tj is the j-th inspiratory onset, Ij. If two oscillated 

systems, such as cardiorespiratory responses, are 

synchronously interactive with each other, then the 

rhythms of two signals are correlated with the radian 

frequencies. Such coupling interactions will lead to a 

locking of the phases between two systems. At this 

situation, the synchronization is defined by rI mn   . 

The r and I are the radian frequencies of heart beat and 

respiratory data. The integer numbers, n and m, are called 

as oscillatory factor. The coupling behaviours between 

two oscillators are resonant to each other with n:m factors 

between their phases. 

Due to the noise effects, the stable points may shift up 

and down with respect to a phase locking condition and 

an analytic condition of synchronization can be written 

as: 

Cmtn rI   )( , 

where C is a constant and h is equal to the average phase 

shift or a frequency entrainment. If noise is relatively 

small, the synchronization will show the fluctuations 

around phase baseline. If the phase difference between 

the two systems was within a certain threshold value, then 

constant C remained stable among n heart beats and m 

respiratory cycles. If at the time, tk, a cardiac peak is 

spotted, indicating by Rk, then by observing its phase 

wrapping the phase, I , onto an interval of [0, 2ヾm], 

denoted by )( km t , is given by  

)2 ),(mod()21()( mtt Ikm   . 

The derivation of all R peaks will form the transition 

between phase relationships of cardiorespiratory systems. 

The wrapping phase of the above equation leads a visual 

tool, called as cardiorespiratory synchrogram. By plotting  

m corresponding to time tk, there are n horizontal lines 

with its vertical range confined from 0 to its maximum 

cyclic relative phase, m. The synchrogram visually shows 

the phase relationships between R peaks and respiratory 

rhythm. The best resolutions of viewing the data vary 

depending on the amount of data; a manually adjustment 

may be required. On Figure 2, a synchrogram is plotted 

by choosing respiratory length, m =2, from one subject of 

collected data. 
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Figure 2. The cardiorespiratory synchrogram is presented 

from one data set. The x axis is time (3600 seconds). The 

respiratory window (m) is set to 2, so the maximum value 

of vertical axis is also 2. 

 

One hour long cardiorespiratory data was analyzed. In 

our observations, long term phase variation is locked at a 

fixed ratio, but the variances of short-term period are 

relatively large. The thin line in the middle area is the 

happening time when the subject was reminded that 

experiment is going half way. 

In order to quantify the degree of synchronization, 

instead of using graphical tool, a numerical evaluation of 

coupling between two oscillators is required for further 

defined. First, it transform from )( km t to )(, kmn t , 

called as gamma evaluation, and then the degree of n:m 

synchronization is derived by 

),)(mod()(, mntt kmkmn    

2
,

2
,

2
, ))(sin())(cos(  kmnkmnmn tt , 

where the bracket denotes the average value of )(, kmn t  

over the range of selected window length. The gamma 

quantizes the regularity of distribution of generalized 

phase differences. Its range is varying from 0 to 1. The 

higher value it is, the stronger synchronization it will be. 

Higher degree of phase coupling indicates that the phases 

of cardiorespiratory are distributed regularly at a specific 

phase corresponding to the n rotations of cardiac R peaks 

over m epochs of respiration. 

 

3. Experimental results 

In order to compare the effects of synchronization by 

using different respiratory length, it had calculated the 

gamma values for most possible n:m combinations. The 

ranges of respiratory window, m, are selected from 1 to 

20 respiratory epochs. In m respiratory epochs, if there 

are n R-peaks being spotted, then the number n will be 

used for gamma derivation. The technique derived the 

degree of synchronization for local cardiorespiratory 

activity. In order to get a full cyclic period for two 

systems, it used the respiratory length, m, as an index. It 

is because the number of R peaks occurring in m 

respiratory epochs will also be an integer number. But if 

it used n as index, then a full cyclic of respiration cannot 

be guaranteed. It has derived the gamma of the whole 

data sets for each subject. Figure 3 show the calculated 

gamma result of one subject. It is a 3D plot where x axis   
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Figure 3. A 3D plot of the gamma derived from one 

subject. One axis is labeled by time (seconds) and the 

other indicates the respiratory window length m=1:20. 

The vertical direction is the value of gamma where its 

range is from 0 to 1. The higher value it is, the degree of 

synchronization is stronger. 
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Figure 4. The average gamma values over the whole time 

duration of cardiorespiratory data for twenty subjects are 

presented. The respiratory window length, m, are chosen 

from 1 to 20. The vertical direction is the average value of 

gamma. The curve is parabolic shape declining from 

smaller window length to larger number. 

 

is time and the y axis is the value of respiratory length, m. 

By observing the 3D plot, it has been seen that gamma 

value is higher when the window length, m, is smaller. 

But gamma decreases rapidly when the m becomes larger. 

It indicates that the cardiac and respiratory systems are 

less or non-synchronous with each other for a long term 

period. But for a shorter window length, two biological 

systems have tendency coupling with each other. Human 

system may hold on a steady status for a while, but it will 

alter eventually when the environment changed. 

For further processing, the gamma values along with 

the time axes for each plot had been added together with 

respect to the window length, m. The average of the 

gamma summation indicates the strength of 

synchronization corresponding to a fixed length, m, over 

the whole time duration. A 2D plot is generated to show 

their relationship which its horizontal axis is equal to m 

and the vertical one is the average gamma strength. The 
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range of average is still between 0 and 1. By adding all 

data sets, the plot of mean gamma and different window, 

is shown on Figure 4. The horizontal axis is respiratory 

window length (m=1:20) and the vertical axis is gamma. 

The curve of gamma is a smooth parabolic line declining 

from left to right side. The highest degree of gamma 

value occurs at the respiratory length selected by 1. Since 

gamma presents the degree of synchronization, it leads a 

preliminary conclusion that the overall synchronization of 

cardiorespiratory systems will decrease as the length of 

window of gamma processing increases. Higher 

synchronization is observed when a short respiratory 

length is applied. 

If cardiorespiratory signal with fix ratio (n:m) was 

repeatedly appeared, in this paper, it is considered as a 

strong synchronous sign. It had been defined as if a n:m 

ratio respiratory pattern continuously appearing at least 

three times in the data. It is called as �contiguous repeated 

pattern�. All repeated patterns are counted to compare 

their occurrence for all data sets. Table 1 is the number of 

appearances for different n:m ratio. It shows that the 

highest number of all subjects are at ratio n:m equal to 4:1. 

 

Table 1. Number of n:m of contiguous repeated patterns, 

the row, n, indicates the number of heart beats were 

observed in m respiratory cycles (column). 

 

 

n 

Respiratory Length (m) 

1 2 3 4 

3 531    

4 2100    

5 1225 5   

6 507 139   

7 231 228   

8 75 658   

9 63 212 30  

10  190 237  

11  53 84  

12  81 118  

13  44 14 10 

14  14 31 9 

15  10 33 30 

16   7 116 

 

 

4. Discussion 

In order to get the largest coherence, the calculations 

are used a moving window with each step overlapping  

one respiratory epoch. The inspections of synchrogram of 

collected data sets show that the synchronization of 

cardiorespiratory system fluctuating over time. The basic 

ratio of n:m holds in a short-term period, but for a long 

period different synchronous pattern changes. The gamma 

evaluation quantizes the strength of synchronization with 

respect to a n:m ratio. The numerical results show that the 

gamma quantitative method has a better indication and 

sensitivity for a smaller respiratory length, m. If the 

window length becomes larger, a less degree of 

synchronization it will generate. The choice of window 

length depends on the integrity of data. But the 

contiguous repeated patterns can be used to choose right 

window length. These patterns exhibit the most 

synchronized rhythm of physiological status when two 

systems may have a stronger coupling relationship. So it 

can indicate the main predominant phase locking ratio. In 

this study, the most significant n:m ratio is 4:1 and the 

next one is at 8:2. However, it is obviously that the two 

ratios are identical to each other. The complete 

knowledge of this kind phenomenon is yet waiting to 

explore. But the synchronization provides an ECG and 

respiratory screening tool for investigation their 

interactions. 
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