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Abstract

Human physiological systems are a widely studied topic in the field of Biomedical
Engineering. There is a particular interest in the study of human cardiovascular and
respiratory systems since these two systems do not act independently; there exists a
strong coupling between them. Experimental studies use the concept of synchroniza-
tion to demonstrate the interaction between different physiological systems. Synchro-
nization is the appearance of some relationship between two periodic oscillators in the
form of locking of their phases or adjustment of rhythms. Cardiorespiratory coordina-
tion is an aspect of the interaction between heart and respiratory rhythm that has been
reported not only at rest or during exercise, but also in subjects under the influence
of anesthesia and drugs. Through the quantification of cardiorespiratory coordination

we can achieve a better understanding of its physiological functioning.

Some of the conventional signal-processing techniques such as power spectral den-
sity and cross-correlation analysis have shown linear dependencies between heart and
respiratory rate. However, as these biological signals are inherently non-linear, non-
stationary, and contain superimposed noise, the techniques mentioned above often
prove to be inadequate for characterizing their complex dynamics. Therefore, to over-
come these issues, it is required to develop a technique that is less sensitive to noise,
robust and possibly provides additional information about the interaction between car-
diac rhythms and respiration. This Thesis introduces a new and relatively simple ap-
proach for the quantification of cardiorespiratory interaction based on joint symbolic
dynamics, which provides an easy interpretation of physiological data by a simplified
description of the system’s dynamics. Furthermore, this Thesis investigates the asso-
ciation between cardiorespiratory coordination and some of the physiological mech-
anisms, and assesses cardiorespiratory coordination as a marker of cardiorespiratory

system disturbances.
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Chapter 1 | |

Introduction

ARDIAC and respiratory rhythms reveal transient phases of
phase-locking, which are thought to be an important aspect of
cardiorespiratory control. This Chapter provides an outline of
all the Chapters in this Thesis. Here we discuss some of the physiological
aspects of heart rate and respiration and the processing of their signals. This
Chapter reviews the theoretical underlay of cardiorespiratory coordination.

It also discusses recent research in this field.
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1.1 Introduction

Physiological systems are a widely studied topic in the field of Biomedical Engineering.
While every physiological system is important, there is much interest in the study of
human cardiovascular and respiratory systems (Rosenblum et al. 2004, Wu and Hu
2006) due to the central function of these systems in the human body. According to
Wu and Hu (2006), these two systems do not act independently; there exists a strong

coupling between them.

Synchronization is a basic phenomenon in nature (Rosenblum et al. 1996, Rosenblum
and Kurths 1998, Rosenblum ef al. 2001, Bettermann et al. 2002, Kotani et al. 2002, Rosen-
blum et al. 2002, Rzeczinski et al. 2002, Cysarz et al. 2004a, Rosenblum et al. 2004). Ex-
perimental studies use the concept of synchronization to demonstrate the interaction
between different physiological systems. Through the detection of synchronization we

may achieve a better understanding of physiological functioning.

The association between cardiac and respiratory rhythms has long been recognized.
Several methods have been developed to detect cardiorespiratory synchronization.
Since human cardiovascular and respiratory systems are very complex, the proposed
methods come with certain limitations, for example, they are highly sensitive to noise
and inadequate to characterize the complex dynamics of cardiorespiratory synchro-
nization. Moreover, some of the methods fail to detect the actual strength of synchro-
nization (Hoyer et al. 1998a, Wu and Hu 2006). In addition, although there has been a
substantial amount of research on heart and respiration, the underlying mechanisms
causing cardiorespiratory synchronization have been little explored. Due to the lack of
validation of the methods and inconsistent results, their use in practical applications

has not yet gained popularity.

This Thesis discusses some nonlinear data processing techniques, analyzes cardiac and
respiratory signals under various conditions to determine factors causing or responsi-
ble for cardiorespiratory synchronization, and introduces a modified as well as novel
technique that is robust and provides an effective and easy interpretation of cardiores-
piratory synchronization. Developing this effective methodology and analyzing the
dynamics of the physiological systems can provide a better detection of physiologi-
cal interactions and understanding about the underlying mechanisms in human body,

which can be used for other experimental studies and clinical applications.
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1.2 Open questions to address

To understand the underlying physiological mechanisms responsible for the interac-
tion between cardiac rhythm and respiration, this Thesis will address the following

questions.

* Do anesthetics affect the interaction between cardiac thythm and respiration?

* Does the autonomic nervous system (ANS), which influences the heart rate, have

any influence on cardiorespiratory synchronization?

¢ Can controlled breathing (paced respiration) increase cardiorespiratory synchro-

nization?

* How does voluntary movement affect respiration, heart rate and cardiorespira-

tory synchronization?

¢ Can the quantification of cardiorespiratory synchronization be used as a marker

for determining the severity of obstructive sleep apnea syndrome?

¢ Can a robust and effective methodology be developed that would provide im-
proved performance in the quantification of cardiorespiratory synchronization

compared to previous techniques?

1.3 Thesis overview

This Thesis consists of 9 chapters. Basic fundamentals necessary for understanding
the main topic are discussed in Chapter 1. The novel technique for the detection of
cardiorespiratory coordination is discussed in Chapter 6. A detailed description for

each Chapter of this Thesis is as follows.

Chapter 1 gives an overview of relevant physiological systems and elucidates the fun-
damental concept of synchronization. It also discusses some of the techniques of signal

processing.

Chapter 2 investigates the influence of anesthetic and respiratory ventilation rates on
the interaction between heart rhythm and respiration in rats. It also examines the influ-

ence of autonomic nervous system (ANS) on cardiorespiratory synchronization. This
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1.3 Thesis overview

study is necessary to understand the factors responsible for cardiorespiratory coordi-

nation and the physiology underlying this interaction.

Chapter 3 discusses the impact of voluntary movement on respiration and cardiorespi-
ratory synchronization in awake and free-moving rats. This study elucidates how ex-
ternal factors can affect the interaction between cardiac and respiratory cycles, which

should be taken into consideration during cardiorespiratory synchronization analysis.

Chapter 4 aims at quantification of cardiorespiratory synchronization in adults with

obstructive sleep apnea and in children with sleep disordered breathing.

Chapter 5 introduces a modified version of a well-known technique for better quantifi-

cation of cardiorespiratory synchronization.

Chapter 6 introduces a novel technique to investigate the interactions between heart
rhythms and respiration based on their joint symbolic dynamics (JSD). The results
are validated by comparing them with a different technique, which shows that the
novel technique is more sensitive and provides an improved performance in detecting

changes in cardiorespiratory synchronization.

Chapter 7 explores cardiorespiratory synchronization in adults with obstructive sleep
apnea and in children with sleep disordered breathing (discussed in Chapter 4) using
the novel technique introduced in Chapter 6. The relationship between cardiorespi-
ratory interaction and spontaneous arousal in healthy children is studied. The study
also verifies the claim in Chapter 6 that the novel technique provides improved perfor-

mance in detecting changes in the interaction between heart rhythm and respiration.

Chapter 8 investigates respiratory sinus arrhythmia in healthy children and children

with sleep disordered breathing.

Chapter 9 summarizes the work in this Thesis and provides possible future directions

for further development.

Appendix A investigates the influence of age on the interaction between cardiac and
respiratory cycles in healthy subjects using the approach based on joint symbolic dy-

namics.

Appendix B investigates the relation between respiratory sinus arrhythmia (RSA) and
cardiorespiratory coordination (CRC) by comparing RSA during CRC, with the RSA
immediately before and after the CRC episode.
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Appendix C elaborates some of the software program developed as a part of this re-

search.

In order to study the interaction between cardiac rhythm and respiration, we now give
a brief description about the essential physiological systems and some of the tech-
niques required for the processing of signals from physiological systems and for the

quantification of cardiorespiratory synchronization.

1.4 Physiological systems

1.4.1 Electrocardiogram (ECG)

The electrocardiogram (ECG) is the graphical recording of electrical activity of the
heart over time as seen at the surface of the epidermis and expresses certain electro-
physiologic phenomena manifested by the heart during the process of contraction and
relaxation of cardiac muscle (Sigler 1957). The first human ECG was recorded in 1887
by Waller using a mercury capillary electrometer arrangement (Waller 1887). The in-
strumentation used to record ECG and the basic nomenclature that describes the char-
acteristics of ECG was later introduced by Einthoven et al. (1950)—they also proposed
a set of bipolar limb leads (leads LI and III) to capture the cardiac electrical activity in

the frontal plane. These three leads are internationally known as the standard leads:

Lead I - tracing obtained by leading off from the right and left arms
Lead II - tracing obtained by leading off from the right arm and left leg
Lead III - tracing obtained by leading off from the left arm and left leg.

The standard bipolar leads, however, cannot always accurately determine the exact
events occurring in specific locations of the heart. As a result, unipolar leads were in-
troduced, based on the work by Wilson et al. (1926). Different areas of the chest are
used for different unipolar leads, each of which can provide vital information regard-
ing the heart physiology (Sigler 1957). The most common leads used are V1, V2, V3,
V4, V5 and V6 leads, as recommended by Standardization of precordial leads (1938).
Details about the placement of the leads are discussed by Sigler (1957).

In the ECG, the main characteristic waves are the P-wave, the QRS-complex and the T-
wave (see Fig. 1.1). For the purpose of study, intervals between characteristics waves,
such as QT, ST and RR segments, are measured as shown in Figure 1.1. The variation

in heart rate or RR interval with time can be termed as the heart rate variability (HRV).
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Figure 1.1. ECG signal. An example of ECG signal showing R-peaks and the corresponding R-R

interval.

Processing of ECG

In this Thesis, custom written computer software developed under MATLAB® (see Ap-
pendix C) is used to detect the R-peaks from the recorded ECG signal using parabolic
titting, where a parabola of specific length, based on the sampling frequency, is fitted
around the R-wave to determine the R-wave maximum (Manriquez and Zhang 2007).

The R-R time series are visually scanned for artifacts.

1.4.2 Respiration

Respiration can be defined as the transport of oxygen from the atmosphere into the
human body and the release of carbon-dioxide in the opposite direction. The main
function of the respiratory system is to supply oxygen to the blood, which carries the

oxygen to other parts of the body.

Biomedical signals are non-linear, non-stationary and usually contaminated with noise.
A reliable measure of respiration is required for clinical studies. For example, the clini-

cal significance of some of the heart rate variability can only be understood by studying
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Figure 1.2. Respiratory signal. An example of respiratory signal inspiratory onset/minima and

expiratory onset/maxima.

the corresponding respiratory signal (Moody et al. 1985). Similarly, knowledge of res-

piration is necessary to study its interaction with the heart rhythms (Schafer et al. 1998).

Processing of respiratory signal

The minimum and maximum points in the respiratory cycle are termed as inspiratory
and expiratory onsets, respectively, as seen in Figure 1.2. In this Thesis, to remove
noise, respiratory signals are low-pass filtered using a zero-phase forward and reverse
digital filter, which first filters the raw signal in the forward direction using an n't or-
der Butterworth filter, and subsequently filters the reversed signal. The resultant signal
will have zero phase distortion. In this Thesis, custom written computer software de-
veloped under MATLAB® (see Appendix C) is used to detect inspiratory onsets for
each respiratory cycle. First, the offset of the signal is removed by subtracting the
mean value. Subsequently, the inspiratory and expiratory onsets are determined as the

zero-crossings of the first derivative of the respiratory signal.
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1.5 Processing of physiological signals

1.5.1 Hilbert transform

The phases of a signal can be calculated using Hilbert transform. According to Gabor
(1946), the instantaneous phase and amplitude for a signal s(t) can be obtained from

the analytic signal {(t), represented as

C(t) = s(t) +js(t) = A(t)e?, 1.1)

where 5(t) is the Hilbert transform of s(t).

For a discrete signal x[n] with samples N, if the discrete Fourier transform is given as

N-1
F(x[n)) = X[k] = ¥_ x[n]le 7*¥ ke 0,N -1, (1.2)
n=0

then the discrete Hilbert transform can be defined as

N-1
H(x[n]) = £[k] = % ) XK ke 0,N—1, (13)
=0

where for N—even
(k) = (1.4)
jX[kl,k=Y+1,N—1 for N even.

Here, the continuous and Nyquist components are excluded (for k = 0 and k = N/2).

while for N—odd

. —jX[k], k=1, % for N odd,
(1.5)

X(k) =
jX[k], k=" N—1 for N odd.

Here, the continuous component is excluded.
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1.56.2 Empirical mode decomposition

Classically Fourier based methods/spectral analysis provide simplest model for exam-
ining the global energy-frequency distributions of oscillatory waveform based on sinu-
soid. Although the Fourier spectral analysis has gained much popularity, it can only
be applied to stationary signals and linear time invariant systems. However, physio-
logical signals are often non-stationary and generated by systems which are inherently

nonlinear.

The Empirical Mode Decomposition (EMD) method was developed based on the as-
sumption that any time series data consist of different simple intrinsic modes of oscil-
lation. The decomposition is based on the direct extraction of the energy associated
with various intrinsic modes. During the process, the intrinsic oscillatory modes are
identified by their characteristic time scales in the data empirically, and subsequently

the data is decomposed accordingly (Huang et al. 1998).

Empirical mode decomposition separates data into non-overlapping time scale com-
ponents (Huang et al. 1998, Wu and Hu 2006). It decomposes the multi-component
signal into a series of well-behaved intrinsic modes known as intrinsic mode functions
(IMF) (Maragos et al. 1993a). According to Huang et al. (1998), these functions satisfy

the following two conditions:

1. the number of extrema and the number of zero crossings must either be equal or

differ at most by one in the whole data set,

2. atany point, the mean value of the envelope defined by the local maxima and the

envelope defined by the local minima is zero.

In other words, an IMF represents a simple oscillatory mode embedded in the data
(Maragos et al. 1993b, Huang et al. 1998). An IMF is not restricted to a narrow band
signal, and can have a variable amplitude and frequency at different functions of time

i.e. it can be non-stationary and both amplitude and frequency modulated.

For a signal x(t), the algorithm to create IMFs in EMD can be explained as follows
(Huang et al. 1998):

1. Identify the local extremas in the time series x(t)
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2. Interpolate (e.g. cubic spline) among all maximas and minimas to generate the
upper and lower envelope of the time series respectively. The upper and lower

envelopes should cover all the data between them.

3. Compute the running mean series 1 (t) by point-by-point averaging of the two

envelopes, ¥ (t)

1Frnax(t) + Tmin(t) .

: (1.6)

ml(t) =

4. Determine the first component, & (t) by subtracting the running mean m; (t) from

the original time series x ()

hn(t) = x(t) — ma(t) (1.7)

e if the conditions for IMF are satisfied then the resultant component /1 (f) is
an IMF

¢ if the conditions for IMF are not satisfied then the whole process from step
1 (also known as sifting process) is repeated until an IMF component is ob-

tained.

5. Subtract the first IMF from the original data to evaluate the residue, r(t)

ri(t) = x(t) = hi(t) . (1.8)

6. Repeat the sifting process, replacing the original signal with the residual signal
r1(t).

7. Continue the process to determine all the intrinsic modes #;. The final residue is a
constant or monotonic function which represents the general trend of the original

time series.

At the end of the process there will be a residue, r and a series of IMFs, h; (where
i =1,23,..,n), as seen in Figure 1.3. The IMFs are generated in descending order of

frequency and therefore h; is the one associated with the locally highest frequency
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Figure 1.3. Empirical mode decomposition. A respiratory signal and the subsequent intrinsic

mode functions.

(Balocchi et al. 2004). After the sifting process is accomplished, the original data can be

x(t) expressed as:

x(t) =Y hi(t) +ralt), (1.9)
i=1
where, the residual signal is given by
ri(t) =rioa(t) + hi(t) - (1.10)

The IMF that best fits the original signal is used for the purpose of further analysis. The
EMD method has been successfully applied to biomedical signals in several studies
(Echeverria et al. 2001, Zhang et al. 2008, Bhuiyan et al. 2010).

Page 11



1.6 Concept of synchronization

1.6 Concept of synchronization

Synchronization can be defined as the appearance of some relationship between the
characteristics of two or more systems (Hoyer et al. 2000, Schafer et al. 1999, Rzeczin-
ski et al. 2002, Cysarz et al. 2004a, Rosenblum and Kurths 1998, Rosenblum et al. 2004,
Rosenblum et al. 1996). There are different types of synchronization such as amplitude
synchronization, frequency synchronization and phase synchronization. However, it
has been suggested that the properties of phase synchronization in chaotic systems are
similar to those of synchronization in periodic noisy oscillators (Pikovsky et al. 1997)
and thus the analysis of phase synchronization allows us to study and describe both
chaotic and noisy oscillators within a common framework (Rosenblum et al. 2001).

Hence, this research will focus on the phase synchronization.

Dynamic phase synchronization between different physiological systems have been
the subject of interest in the field of biomedical engineering. The physiological inter-
actions between systems cause an adjustment of rhythms and this process is termed as
cardiorespiratory synchronization (Wu and Hu 2006, Rosenblum et al. 2001, Hoyer et al.
1998a, Hoyer et al. 1998c). Synchronized signals are characterized by the presence of

increased order among the signals.

The following figure indicates the difference between the synchronized and the desyn-
chronized state of respiration, heart rate and blood pressure. During the desynchro-
nized state, the signals do not follow any pattern and are quite random while during

the synchronized state some relationship can be observed among the signals.

Earlier studies support the existence of cardiorespiratory synchronization (Wu and
Hu 2006, Rosenblum et al. 2004, Bartsch et al. 2007). Although respiratory signals can
be considered as sinusoidal wave, the cardiac excitations tend to be more regular than
respiratory oscillations (Wu and Hu 2006, Rosenblum et al. 2002). It has been observed
that synchronization usually occurs or becomes stronger when the cardiac and respi-

ratory signals become regular enough (Rzeczinski et al. 2002).

Factors such as noise and changing frequency ratios of synchronized intervals compli-
cate the detection of dynamic phase synchronization (Hoyer et al. 2000). Wu and Hu
(2006) and Hoyer et al. (1998c) made an important contribution by describing the tech-
nical problems in the analysis of respiratory signals. According to them, over-filtered

signals have the possibility of losing their original characteristics while poorly-filtered
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NOTE:
This figure is included on page 13 of the print copy of
the thesis held in the University of Adelaide Library.

Figure 1.4. Difference between synchronized and desynchronized signals. The above figure
represents the respiration, heart rate variability and blood pressure of an individual before
and after a state of appreciation. Before having a feeling of appreciation, the patterns
of the rhythms were random and no relationship was observed. On the other hand,
the patterns of the rhythms were regular and synchronized at the time of appreciation.

After emwave (2011)

signals might still contain some noise that would affect the detection of synchroniza-

tion.

1.7 Analysis of synchronization

1.7.1 Cardioventilatory coupling—Detection via quantification of dis-

tribution of inspiratory onsets

Cardioventilatory coupling (CVC) is a concept, which specifically refers to the influ-
ence of timing of breathing on cardiac activity (Galletly and Larsen 1997, Galletly and
Larsen 1999, Tzeng et al. 2003). Cardioventilatory coupling is quantified based on the
temporary alignment between the R waves of the ECG and inspiratory onsets of respi-
ration, using the R-peak to Inspiratory-onset interval (RI) plot (see Figure 1.5). Galletly
and Larsen (1998) showed that during anaesthesia CVC places the heart beats and
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Figure 1.5. Respiratory wave, ECG and the times of R-peaks and inspiratory onsets. The
top and middle section of the figure represents the respiration and ECG respectively.
The bottom section shows the identified R peaks and the inspiratory onsets. After
Cysarz et al. (2004a)

inspiratory onsets such that they are maximally affected by vagal modulation of respi-
ratory sinus arrythmia (RSA)—discussed in Section 1.7.3—implying common physio-

logical roles and significant relationship between CVC and RSA.

This method has been used in the early studies (Bettermann et al. 2002, Cysarz et al.
2004a) and is based on the calculation of temporal distances between the event markers
of the two time series. In the case of analyzing the interaction between heart rhythm

and respiration, two different possibilities need to be considered:

1. Temporal distance between inspiratory onset, I, and the successive R-peak, R. The
absolute distance t; and relative distance ¢; between the inspiratory onsets and succes-

sive R-peaks is given as

b=Ri—1I;, (1.11)
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()
¢pi=|-——++j]| modn. (1.12)
ljn = 1j

Here, ¢; corresponds to the definition of phase angle of an oscillator, which, when mul-
tiplied by 27t is equivalent to the cyclic phase obtained by performing the Hilbert trans-
form of the signal (Rosenblum and Kurths 1998, Lotric and Stefanovska 2000, Rosen-
blum et al. 2001, Cysarz et al. 2004a). However, considering that Hilbert transform is an
alternative approach to relative distance and that it provides the phase for every point
of the time series, using the Hilbert transform for the estimation of phases and the ulti-

mate detection of synchronization would prove to be more effective (Rosenblum et al.
2001).

2. Temporal distance between inspiratory onset and the preceding R-peak. The abso-
lute distance ¢; and relative distance ; between the inspiratory onsets and the preced-

ing R-peaks is given as

tj = Ij —R,_q1, (1.13)
I — R;,_
] i—1
=L . (1.14)
P (Ri - Ri—l)

In one of the studies Tzeng et al. (2003) observed that CVC coupling is strongest when
the low ventilatory frequency and short-term HRV is high. In another study Tzeng et al.
(2007) showed that arterial baroreceptors play a role in the process of CVC with very
little contribution from vagal afferents and suggested CVC as a determinant of con-
secutive differences in respiratory period (Tzeng et al. 2007). Alternatively, changes in
breathing rate by mechanical ventilation can alter the chaotic properties of the coupling
patterns and hence can also be used in determining the CVC process (Mangin et al.
2009).

However, the proposed method does not work with signals containing one distinct
frequency. In the statistical calculation white noise is included, but nonstationarities
overlying the physiological coordination mechanisms have been overlooked. Also,
Tzeng et al. (2007) suggested that, in addition to the RI plot, the respiratory period
and the ratio of heart rate to respiratory rate should also be considered for accurate

determination of CVC, since the presence of CVC on the RI plot was observed to be
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dependent on the ratio of heart rate to respiratory rate and hence would not accurately

reflect the strength of coupling.

1.7.2 Cardiorespiratory coordination—Synchrogram

In physics, synchronization is considered as a locking process due to interaction be-
tween two systems (Schafer et al. 1999, Rosenblum et al. 1998). But since the durations
of synchronization are usually very short and the underlying mechanisms causing the
synchronization are not yet completely understood, it is difficult to claim that the ad-
justments in rhythms are caused by coupling mechanisms. As explained by Better-
mann et al. (2000), the term coordination is less restrictive and hence has been used in
a broad sense in this Thesis. Cardiorespiratory coordination is a concept based on the
physics of coupled oscillators that aims to quantify the interaction (Toledo et al. 2002)
between respiratory and heart rhythm, assuming they are generated by two indepen-
dent systems. It was initially described as short intermittent periods (Schafer et al.
1998, Hoyer et al. 1997, Bettermann et al. 2002) during which the phases of heart rate
and respiratory rate coincide with different integer ratios known as phase locking ra-
tios (Schafer et al. 1999, Censi et al. 2000, Lotric and Stefanovska 2000).

The interaction between heartbeat and respiration occurs at different levels (Hoyer et al.
1998a, Schafer et al. 1999, Rzeczinski et al. 2002). Each level corresponds to a particular
m : n ratio, where m is the number of heart beats and # is the number of respiratory
cycles (Rosenblum et al. 2004). The number of heart beats is determined by identify-
ing the R-peaks in the electrocardiogram recording while one respiratory cycle corre-
sponds to one breathing cycle. Cardiorespiratory phase coordination/synchronization
has been reported in healthy adults (Lotric and Stefanovska 2000, Kotani et al. 2002),
athletes (Schafer et al. 1998, Schafer et al. 1999), sleeping humans (Cysarz et al. 2004a,
Bartsch et al. 2007), infants (Mrowka et al. 2000), and in anesthetized (Stefanovska et al.
2000) and conscious rats (Kabir et al. 2010c). Rodent studies demonstrated that the
underlying mechanism could be the excitatory effects from arterial baroreceptors of
the central respiratory pattern generator (Tzeng et al. 2007). Although the mechanisms
and physiological significance underlying coordination between respiration and heart
rate are not understood, its quantification might have clinical merit, e.g. estimating the
prognosis of cardiac diseases after myocardial infarction in patients (Hoyer et al. 2002,
Leder et al. 2000).

Page 16



Chapter 1 Introduction

Respiration (mV)

S
E
O
O
w
_1 1 |
60 66 68 70
2
a-N 1r |
0 - — .
60 66 68 70

Time (s)

Figure 1.6. Synchrogram plot. Generation of synchrogram from the respiratory and ECG signals.
al, a2,...,al0 and bl, b2,...,b10 in the synchrogram plot represent the respiratory phases,
based on the time points of R-peaks, for the first two and the following two respiratory

cycles.

If we denote the phase of heartbeat as ¢, and of respiratory signal as ¢ and considering
that the heart beats m times in n respiratory cycles, then phase coordination is defined

as the locking of the corresponding phases given by

| mgp. —ne, |< i, (1.15)

where i is a constant.

In other words, if the phase difference between the two oscillators is within a certain
threshold value i, and remains stable for n respiratory cycles, the oscillators can be
considered as coordinated. If t; is the time of the appearance of a k" R-peak, then we
can generate the cardiorespiratory synchrogram by observing the phase of the respi-

ration at the instants t, denoted by ¢, (#;) and wrapping the respiratory phase into a
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[0, 27tm] interval. This approach provides also a visual tool to detect cardiorespiratory

coordination (Fig. 1.6, bottom panel) by plotting 1, given by equation

B = %T(qbr(tk) mod 27tn) , (1.16)

against t;. In case of m : n coordination, the plot displays m horizontal lines (Fig. 1.6,
bottom panel). Some of the techniques based on mathematical models or heuristic
approaches suggested for the detection of horizontal lines in the plots to determine the

presence of cardiorespiratory coordination are discussed below (Cysarz et al. 2004a).

Detection using synchronization-A

This process is based on a mathematical model proposed in a number of earlier studies
(Tass et al. 1998, Mrowka et al. 2000, Rosenblum et al. 2001). According to this approach
if two oscillators with phases ¢; and ¢, are synchronized then the difference in their
phases should be a constant or fluctuate around a constant (Bettermann et al. 2002,
Cysarz et al. 2004a). In this process the phase ¢, is registered each time the phase
¢1 exceeds a pre-defined value 6. The values of ¢, remain almost constant during
synchronization while in other cases spread equally over the interval [0, 277]. Given a
m : n coordination the phases can be represented as ¢; /m and ¢, /n. The mathematical

calculation for determining A can be given as follows:

If we consider the phases ¢, at the time points where ¢ = 6,

Ci = ¢2(t) gy (1)=6 » (1.17)

then the fast Fourier mode of the distribution of ¢;, known as circular variance (Fisher
1993), can be defined as

, 1 (¥4 > 1 (u ?
A2 = e Y sing; | + e Z;coséj , (1.18)
j=

j=1
where M is the total number of observed values for ¢,.

In case of synchronization, the value of A will be 1, while A= 0 represents de-

synchronized oscillators.
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Although this technique can detect synchronization, it is unable to identify the vari-
ation in the strength of coupling as it lacks supplementary information (Cysarz et al.
2004a).

Detection using quantification of histograms

This technique makes use of a sliding window (Rosenblum et al. 2001, Cysarz et al.
2004a). The sliding window, consisting of a calculated distribution of phases, is moved
over the complete series of phases. When the sliding window encounters a structure
with parallel horizontal lines, some distinct peaks, at equal distances, are observed in
the distribution of phases. In the power spectrum plot, the presence of these peaks (also
termed as local maxima) is used for the detection of cardiorespiratory coordination

(Cysarz et al. 2004a). The procedure can be described as follows.

First, the length of the sliding window, nr and the number of bins, k, to calculate the
distribution are chosen. In case of the absence of synchronization between the two
series, the value of each bin, x; would be 7 /k. On the other hand, if a m:n is observed,

x; can be given by following distribution

(1.19)

nrp/m if le(l, +n/mkz) mod k,z =0,..,.m—1,
X =
l 0 otherwise,

where |, represents the index of the bin containing the first local maximum of the distri-
bution (Cysarz et al. 2004a). Using Fourier transform, the distribution can be quantified

as:

Py(f) = (1.20)

{5 )

In order to avoid the dc-component in the power spectrum, the average of all bins

np/k is subtracted from each bin. In case of m:n coordination, m local maxima at the
frequencies f = am,a < k/2m would be observed while Px(f) = 0 would mean that
the two series are uncoordinated. However, the local maxima would even be observed
even if the parallel horizontal lines are not mapped into m bins (Cysarz et al. 2004a).
As a result, the difference between the maximum and the minimum of the magnitude

of power spectrum is considered to determine cardiorespiratory coordination,

A(Py) = max(Py) — min(Py) . (1.21)
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1.7 Analysis of synchronization

A larger difference would indicate coordination between the two oscillators.

Although this method does not require a pre-selection of the integer values m and n,
choosing the length of the sliding window with the distribution of phases is a crucial

task because it has to be carried out by trial and error method.

Detection through quantification of the distribution of inspiratory onsets in RR

intervals

Instead of the coordinated R-peaks of the cardiac signal, this technique yields the coor-
dinated inspiratory onsets of the respiratory signal, and has been successfully used in
some of the studies (Galletly and Larsen 1997, Galletly and Larsen 1998, Galletly and
Larsen 1999, Galletly and Larsen 2001). This techniques also uses the relative distance
B as explained in Section 1.7.1. However, since inspiratory onsets are used, the values
of g lie in the interval [0, 1], but can be mapped onto the interval [0, 27r] by multiply-
ing the values with 27. The distribution of §; in the data window of length np can be

quantified by calculating the circular variance

5 1 ng 2 1 nr 2
= — sin27t +— Cos27 . 1.22
= k; B e \ & Pr (1.22)
Here, the range of 1y is [0, 1]. In the presence of coordination, ; would remain constant
within the data window, giving v = 1. On the other hand, an equal distribution of f;

would result in 7y = 0, indicating no coordination between the two oscillators.

Detection via phase recurrences

The phase recurrence method detects synchronization by identifying the recurrence in
the phases of the oscillators. From the synchrogram plot this method looks for parallel
horizontal lines. If the phases or relative distances of a sequence of R-peaks are ap-
proximately the same, then parallel horizontal lines should appear in the synchrogram
plot (Cysarz et al. 2004a). The advantage of this technique is that it can also detect syn-

chronization within a short interval of time (Rosenblum et al. 2001, Cysarz et al. 2004a).

First, the value of n is preselected while m is varied to determine cardiorespiratory
coordination. The values are chosen based on the possible number of heart beats in
textitn respiratory cycles and such that there is no overlap between the chosen m : n

ratios—for example, a m : n ratio of 6 : 2 is equivalent to 3 : 1 and hence the selection of
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m = 6 is redundant for n = 2. Consequently, the studies are carried for the following
m : n coordination: n = 1: m = 2,3,...,8, n = 22 m = 5,7,9,11,13 and n = 3:
m = 7,8,10,11,13,14,16,17,19,20. A threshold value of i = 0.025 was suggested by
Cysarz et al. (2004a) for the phase difference.

This technique is used in the first three Chapters of this Thesis. For this, we have
presented an illustration in Figure 1.6 on how the synchrogram is generated from res-
piratory and ECG signals. The phases of the respiratory signal corresponding to the
time points of the R-peaks are plotted as normalized phases between 0 and 2 radians.
Subsequently, the phases for every two respiratory cycles form a relatively vertical line,
e.g. al,a2,...,al0; bl,b2,..b10. We then determine the differences between each point
of one line to each corresponding point of the next line, e.g. al-b1, a2-b2,..., a10-b10. If
the differences between all the corresponding points are below the threshold value of
0.025, the respective R-peaks are considered as coordinated with respiration. In Fig. 1.6
(bottom panel), for visual analysis, if we draw lines joining the respective points al,b1;
a2,b2,..., al0,b10, a structure of parallel horizontal lines, as termed by Cysarz et al.
(2004a), would be observed. Similarly, from the example in Fig. 1.6, it can be observed
that every two respiratory cycles consists of ten equidistant R-peaks, indicating a phase
locking ratio of 10:2 (or 5:1).

1.7.3 Respiratory sinus arrhythmia

The best known phenomenon of cardiorespiratory interaction is respiratory sinus ar-
rhythmia (RSA) (Berntson et al. 1993)—cyclic oscillation of heart rate, with acceleration
(or decrease in R-R interval length) during the inspiratory phase and deceleration (or
acceleration in R-R interval) during expiration (Bernardi ef al. 2001), as seen in Fig. 1.7.
In other words, it is a modulation of the heart rate resulting from interaction between
the process of respiration and the generation of heart rhythm. This interaction is dif-

ferent but can cause related phenomenon of synchronization (Rzeczinski et al. 2002).

Respiratory sinus arrhythmia (RSA) has been observed in humans as well as in mam-
mals. Although the physiological significance of RSA is yet to be established there
is clinical evidence that reduced RSA is a prognostic indicator for cardiac mortality
(Casolo et al. 1992, Moser et al. 1994). It has been suggested that RSA enhances pul-
monary gas exchange and thereby improves the energy efficiency of pulmonary circu-

lation (Hayano et al. 1996). Moderate exercise has shown an increase in the magnitude
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Figure 1.7. Respiratory sinus arrhythmia. Figure showing deceleration in R-R interval during

inspiration and acceleration in R-R interval during expiration.

of RSA recorded at rest (De Meersman 1992). The RSA has a significant effect on the
rate of decay of vagal baroreflex responses (Eckberg 2003), which might also affect
synchronization. Neural RSA mechanisms are well established: it is vagally-mediated,
with inputs to cardiac vagal neurons from both central pattern generator (Neff et al.
2003) and from peripheral airways and lung stretch receptors (Taha et al. 1995). Exper-
iments performed by Eckberg (2003) indicate that the sensitivity of both sympathetic
and vagal system to changes of baroreceptor input is controlled by respiration. On
the other hand, the level of stimulation of sympathetic and vagal motoneurones, influ-
enced by brain activities, affects the magnitude of respiratory gate (Eckberg 2003). As a
result, synchronization not only depends on the regularity of the respiratory signal, but
also on the influence of the activity of higher brain regions on cardiac and respiratory

oscillators.

The difference between the longest and the shortest heart beat interval within a res-
piratory cycle is defined as the amplitude of RSA and is the quantitative index of
parasympathetic cardiac control (Hayano et al. 1994). The amplitude of RSA usu-
ally increases with the length of respiratory cycle (Hayano et al. 1994). However, the
phase shift between heart rate and respiration, which also varies with respiratory cycle
length, are comparatively less variable between different individuals than RSA ampli-
tude (Schiek et al. 1998).
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1.8 Statement of original contribution

The key contributions in this Thesis are summarized as follows.

¢ Influence of autonomic nervous system (ANS) and isoflurane on cardiorespi-
ratory coordination: Experimental studies are carried out in rats, using ECG and
respiratory signals (1) for different levels of isoflurane (an anesthetic); (2) chang-
ing the rate of respiration (forced ventilation) at a particular level of isoflurane;
and (3) by blocking the sympathetic nervous system or vagal system or both. This
Thesis demonstrates that isoflurane, forced ventilation and ANS have influence

on cardiorespiratory coordination (Kabir et al. 2008, Kabir et al. 2009),

¢ Effect of voluntary movement on respiration: This Thesis introduces a novel
framework for analysing relations between respiration and movement in small
laboratory animals. It illustrates a strong association between voluntary move-
ment and respiration, and also between movement and cardiorespiratory coordi-
nation (Kabir et al. 2010a, Kabir et al. 2010c¢),

¢ Cardiorespiratory coordination as a marker for sleep apnea: This Thesis in-
vestigates cardiorespiratory coordination in children and adults suffering from
obstructive sleep apnea syndrome (OSAS). It demonstrates that quantification
of cardiorespiratory coordination in patients suffering for OSAS can be used to
identify the severity of OSAS (Kabir et al. 2010b),

¢ Time delay correction of synchrogram: This Thesis investigates cardiorespira-
tory coordination for different body postures in adults, using modified synchro-
gram technique by including an adaptive delay in the cardiac oscillator. It illus-
trates that the modification substantially enhances the sensitivity of the detection

of cardiorespiratory coordination (Kabir et al. 2011c),

¢ Joint symbolic dynamics: This Thesis introduces a novel approach to quantify
cardiorespiratory coordination that is based on the joint symbolic dynamics of
respiratory phase and heart rate. It illustrates the technique’s ability to provide
improved performance by comparing it with other techniques (Kabir ef al. 2011d,
Kabir et al. 2011b, Kabir et al. 2011a),
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¢ Respiratory sinus arrhythmia in children: This Thesis provides a detailed study
on respiratory sinus arrhythmia (RSA) during sleep in healthy children and chil-
dren suffering from sleep disordered breathing (SDB). It demonstrates that RSA

is associated with sleep stages and SDB in children.

1.9 Chapter summary

This Thesis focuses on the interaction between heart rhythms and respiration and aims
to identify some of the underlying physiological mechanisms causing or affecting this

interaction.

The original contribution in this Thesis is a novel methodology for analysing cardiores-
piratory coordination. The proposed technique in this Thesis appears to be less sen-
sitive to noise, easier to interpret and shows improved performance over other well-

known methods.

In the next Chapter, we will investigate the influence of isoflurane, paced respiration,

and autonomic nervous system on cardiorespiratory coordination.
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Chapter 2@ |

Factors affecting .
cardiorespiratory
coordination

NESTHETICS and autonomic disturbance create changes in
A the modulation of heart rate. This chapter investigates the in-
fluence of anesthetic and respiratory ventilation rates on the
interaction between heart rhythm and respiration in rats. It also examines

the effect of sympathetic and parasympathetic blockade on cardiorespira-

tory coordination.
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2.1 Introduction

In living creatures, the peripheral nervous system (PNS) consists of nerves, whose
main function is to connect the central nervous system to the limbs and organs. The au-
tonomic nervous system (ANS) is a part of the PNS which is responsible for control of
involuntary body functions (below the level of consciousness) including body temper-
ature, cardiovascular and respiratory activities. The ANS transmits autonomic signals
to various organs of the body through two major subdivisions: the sympathetic ner-
vous system (SNS) and the parasympathetic (vagal) nervous system (PSNS). The SNS
responds to impending danger and is responsible for functioning of body under stress,
increase of heart rate and blood pressure together with the sense of excitement. On the
other hand, the PSNS works in opposition to SNS and is responsible for the slowing of
the heart and stimulation of the digestive systems (controls the vegetative functions)
(Guyton and Hall 2006).

Power spectral analysis of heart rate has gained increasing interest as an index of au-
tonomic nervous function (Akselrod et al. 1981, Cerutti et al. 1991, Malliani et al. 1991,
Montano et al. 1992, Kuwahara et al. 1996).The heart rate power spectrum that appears
in the respiratory frequency range is termed the high-frequency (HF) power and is con-
sidered to reflect the PSNS (Kuwahara et al. 1996). On the other hand, low-frequency
power (LF) of heart rate variability is reported to be influenced by the activities of the
SNS or a mixture of both the SNS and PSNS (Akselrod et al. 1981, Kuwahara et al. 1996).

While anesthetics adversely affect heart rate, autonomic disturbance creates changes
in the modulation of heart rate. Isoflurane, a volatile anesthetic, has been reported to
cause a marked increase in heart rate and decrease in high frequency spectral power
of HRV (Marano et al. 1996). General anesthetics could also provide information about
the affect of consciousness on cardiorespiratory coordination (CRC), which is required
to investigate the effect of breathing rates on CRC. Also, the parasympathetic (vagal)
system is known to have a great influence on heart rate (Marano et al. 1996) and heart
rate variability (Baumert et al. 2007a). However, the effects of general anesthetic, rate
of breathing, and autonomic blockade on the phase-locking between heart rate and

respiration have not been fully investigated.

This Chapter explores the effect of general anesthetic (isoflurane), breathing rates and

autonomic blockade on CRC in rats.

Page 26



Chapter 2 Factors affecting cardiorespiratory coordination

2.2 Methods

The experiments on rats and data recordings were carried out by scientists and labora-

tory technicians of Flinders University, South Australia.

2.2.1 Ethics statement

Experiments were conducted in accordance with the European Community Council
Directive of 24 November 1986 (86/609 /EEC), and were approved by the Flinders Uni-

versity Animal Welfare Committee.

2.2.2 Animal preparation and data recording

The signals were acquired using a MacLab interface and Chart software (ADInstru-

ments, Sydney, Australia). Respiratory and ECG signals were sampled at 500 Hz.

Effect of anesthetic

Two male Wistar Hooded rats, weighing 275 g and 293 g (obtained from Flinders Uni-
versity Animal House, Bedford Park, South Australia), are used for this experiment.
General anesthesia was induced by placing rats in a container perfused with 3% isoflu-
rane in O,. Following induction, the trachea was cannulated, and gas mixture was de-
livered to the lungs via the trachea tube. The CO; level in the expired air was measured
using a DATEK monitor, and the respiratory frequency was derived from the CO, sig-
nal. Also the ECG was recorded using two stainless-steel subcutaneous electrodes con-
nected to BioAmp amplifier and PowerLab data acquisition system (ADInstruments,
Australia). Rats were placed in a supine position on a heating pad, and their body

temperature (measured with a rectal thermometer) was maintained at 37-38°C.

During the experiment ECG and respiratory rate, obtained from spontaneous breath-
ing of the rats, were recorded continuously while changing the concentration of isoflu-
rane at 15-min intervals. To analyze the affect of paced respiration on cardiorespiratory
coordination, the level of isoflurane concentration was set to 1.5 mg/kg and respira-
tory frequency was increased by 5 cycles per minute (cpm) every 15 minutes starting

from 35 cpm, while recording the ECG and respiration continuously.
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Effect of autonomic blockade

Seven male Wistar Hooded rats, weighing 250-300 g (obtained from Flinders Univer-
sity, Bedford Park, South Australia), are used for this experiment. During the exper-
iment, ECG, respiratory rate and blood pressure were recorded continuously before
and after autonomic blockade. In order to differentiate the influences of both the
components of ANS (i.e. sympathetic and parasympathetic), atenolol or/and methyl-
scopolamine were used to block either the sympathetic nervous system or the vagal
system or both. This was achieved by carrying out two separate recordings/exper-
iments in each rat. First, after 50 minutes of baseline recording, each rat was in-
jected with atenolol to block the sympathetic nervous system and recorded for another
40 minutes. It was followed by a further 40 minutes of recording with an additional
blockade of vagal system, obtained by injecting methyl-scopolamine. Second, after a
period of two weeks, the same protocol was followed except that the vagal system was

tirst blocked followed by the blockade of sympathetic nervous system.

For the purpose of analysis before and after blockade, we select a 30 minute interval of
the baseline data after eliminating the first 10 minutes of the recording and 30 minute
epochs each after vagal blockade with methylscopolamine or sympathetic nervous sys-

tem blockade with atenolol or both, starting 5 minutes after the injection.

2.2.3 Data analysis

Processing of ECG and Respiration

The R-peaks are extracted from the ECG signal using parabolic fitting as described in
Chapter 1, Section 1.4.1. For the time-frequency adaptive analysis of non-linear and
non-stationary respiratory signals by extracting the essential respiratory rhythm re-
lated components, we use empirical mode decomposition (EMD), described in Chap-
ter 1, Section 1.5.2.

Coherence analysis

Each set of data of 512 points for RR and respiratory time series, from the rats under in-
vestigation for studying the effect of autonomic blockade, are resampled at 10 Hz and

a Hamming window and the fast Fourier transform are applied to obtain the power
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spectrum of the fluctuation. The spectral estimates are obtained by averaging the re-
spective squared magnitudes and the products of the computed discrete Fourier trans-
forms. Subsequently, coherence between the two spectra are computed by taking the
ratio of the magnitude square of the cross-spectra and dividing by the product of the

autospectra.

Coherence is a function of frequency and a linear relationship between two variables.
In the presence of no noise it would result in a coherence of one, while non-linear
or random relationships or the presence of noise would decrease coherence of the
two variables toward zero. For the analysis of the effect of autonomic blockade on
heart rate variability (HRV), we define two frequency bands of interest: low-frequency
(LF)—0.25-0.8 Hz and high-frequency (HF)—0.8-3 Hz (Fauchier et al. 2006).

Cardiorespiratory coordination analysis

We study the coordination between cardiac and respiratory cycles using cardiorespira-

tory coordination analysis described in Chapter 1.1, Section 1.7.2.

We select only artifact-free recording segments to generate the results. We employed
three parameters for characterising cardiorespiratory coordination: Firstly, we calcu-
late the percentage of coordination by adding up the time of all coordinated epochs
observed and then dividing it by the total duration of the segments. Secondly, we
measure the average duration of all coordinated epochs by calculating the arithmetic
mean of the durations of coordinated epochs. Further, the phase locking ratio for each

coordinated epoch was recorded.

Statistical analysis

Statistical analysis is performed with GraphPad Prism version 5.01 for Windows (Graph-
Pad Software, San Diego California USA, www.graphpad.com). To test the effect of
isoflurane on heart rate, respiratory rate, percentage of cardiorespiratory coordination
and duration of coordinated epochs, the linear regression model is performed by tak-
ing the mean values of the corresponding results from both rats for different isoflurane
concentrations. However, since only two rats are used and cardiorespiratory coordi-
nation show a high increase at a particular ventilation rate, it is not possible to use
linear regression model to study the effect of mechanical ventilation on cardiorespira-
tory coordination, as linear regression model determines the association between two

variables of interest, X and Y, by producing estimates for slope and intercept.
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Figure 2.1. Heart rate and concentration of isoflurane. Changes in heart rate (beats per minute)
obtained from two rats at different levels of isoflurane concentrations. Heart rate shows

a marked increase with the increase in the concentration of isoflurane.

The differences before and after autonomic blockade are analyzed by one-way anal-
ysis of variance (ANOVA) for multiple measurements and Wilcoxon test for paired

comparisons.

Data are expressed as the mean+SD. For the analysis, p < 0.05 is considered statisti-

cally significant.

2.3 Results—Effect of anesthetic

2.3.1 Effect of isoflurane concentration on heart rate and respiratory

rate

Heart rate shows an increase with the increase in the concentration of isoflurane (Fig. 2.1).
Using linear regression it is observed that the heart rate is significantly associated with
isoflurane (1> = 0.98, F(1,3) = 160.3, p < 0.001). However, no significant change in
respiratory frequency is observed with the increase in the level of isoflurane (Fig. 2.2)
(r* = 0.53, F(1,3) = 3.52, p > 0.05).
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Figure 2.2. Respiratory frequency and concentration of isoflurane. Changes in respiratory
frequency (cycles per minute) obtained from two rats at different levels of isoflurane
concentrations. Respiratory rate shows a slight increase with the increase in the con-

centration of isoflurane.

2.3.2 Effect of isoflurane concentration on cardiorespiratory coordi-

nation

Isoflurane causes a significant dose-dependent increase in the percentage of coordi-
nation (> = 0.99, F (1,3) = 350.30, p < 0.001) and duration of synchronized epochs
(r> = 0.84, F(1,3) = 15.9, p < 0.05) as seen in Fig. 2.3.

2.3.3 Effect of ventilation rate on heart rate, percentage of coordi-

nation, and duration of coordinated epochs

The change in ventilation rate causes a change in heart rate, percentage of synchro-
nization and duration of synchronized epochs. Both rats show a decrease in heart rate
and a considerable increase in percentage and duration of synchronized epochs at the

ventilation rates of 50 and 55 cycles per minute (Table 2.1).
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Figure 2.3. Cardiorespiratory coordination and concentration of isoflurane. Changes in per-
centage of coordination (top panel) and duration of coordinated epochs (bottom panel)
obtained from two rats at different levels of isoflurane concentrations. Both graphs

show an increase with the increase in the concentration of isoflurane.

2.4 Results—Effect of autonomic blockade

2.4.1 Effect of autonomic blockade on heart rate and respiratory

frequency

Atenolol, which is used to block the sympathetic nervous system, has caused a signif-
icant decrease (350 &= 39 vs. 321 + 24, p < 0.0001), while methyl-scopolamine, used to
block the parasympathetic nervous system, has caused a significant increase (350 4= 39
vs. 421 £33, p < 0.0001) in heart rate compared to baseline (Fig. 2.4(a)). The blockade
of both the sympathetic and vagal system has caused a slight but significant increase
in heart rate (350 £ 39 vs. 357 + 28, p < 0.05) as seen in Fig. 2.4(a).

Although, there is no significant effect of either sympathetic or vagal blockade on the

respiratory frequency, the blockade of both the systems cause a significant decrease
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Table 2.1. Ventilation rates. Heart rate (HR), percentage of coordination (PoC) and average

duration of coordinated epochs (AvDur) for different rates of ventilation.

Ventilation rate (cpm)
35 40 45 50 55 60
HR (bpm) | 346+16 | 369+14 | 358+21 | 349+13 350£11 | 362+£11
PoC (%) 7.6+4.1 | 1.94+6.9 | 7.9+£6.9 | 22.0+6.4 | 15.0+10.1 | 9.5+£2.4
AvDur (s) | 1.240.3 | 0.9+£0.3 | 1.5+0.8 | 1.6+0.6 1.5+05 | 1.24+0.2

in respiratory frequency compared to baseline values (70.9 £26.6 vs. 63.3 +19.2, p <
0.05), see Fig. 2.4(b).

2.4.2 Effect of autonomic blockade on heart rate variability

A selection of time series of RR interval and respiration together with their respective
power spectra and coherence is shown in Fig. 2.5. Two major spectral components
were observed at low-frequency (LF) and high-frequency (HF) power in the power

spectra plot for RR time series. The power spectra peak of respiration occurred at the
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Figure 2.4. Heart rate, respiratory rate and autonomic blockade. Mean+SD of heart rate and
respiratory rate in seven rats during the baseline state (BL) and after sympathetic (SB),
vagal (VB), and complete blockade (CB). The symbols * and *** represent p < 0.05
and p < 0.0001, respectively. The means are represented by the coloured bars and the
standard deviations (SD) by the thin error bars.
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Figure 2.5. Coherence plot. Coherence function between RR interval and respiration.

HF range. A high coherence between RR and respiration variabilities was observed
at about 1.5 Hz. The effects of autonomic nervous blockade on heart rate variability
(HRV) are shown in Fig. 2.6. Sympathetic blockade caused a significant increase in
the low-frequency (LF) power of HRV (4.2 £43 x 1074 vs. 79 £ 75 x 107% s2, p <
0.05). The high-frequency (HF) power of HRV also shows an increase after sympathetic
blockade, but it is not statistically significant (1.3 == 1.3 x 10~* vs. 1.89 £ 1.3 x 10~ s?,
p > 0.05). On the other hand vagal blockade significantly reduced both the LF and
HF power of HRV (4.2 +4.3 x 1074 vs. 1.1+ 1.2 x 107%, p < 0.05,and 1.3 £ 1.3 x 10~*
vs. 0.5+ 0.4 x 1074, p < 0.05, respectively), see Fig. 2.6.

2.4.3 Effect of autonomic blockade on cardiorespiratory coordination

Although an increase and decrease in the overall percentage of cardiorespiratory coor-
dination is observed after the respective blockade of sympathetic and vagal systems,

the differences are not statistically significant (Fig. 2.7(a)).
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Figure 2.6. Low-frequency and high-frequency power. Mean+SD of low-frequency and high-
frequency power of heart rate variability during the baseline state (BL) and after sympa-
thetic (SB), vagal (VB), and complete blockade (CB). The symbols * and ** represent
p < 0.05 and p < 0.01, respectively.

The average duration of coordinated epochs is significantly shorter after injecting with
methyl-scopolamine compared to baseline (1.1 £0.3 vs. 0.9 £02s, p < 0.05), see
Fig. 2.7(b). On the other hand, average duration of coordinated epochs is significantly
longer after sympathetic blockade compared to vagal blockade and blockade of both
sympathetic and vagal systems (1.2 £ 0.3 vs. 0.9 £0.2, p < 0.0001 and 1.0+ 0.3 s, p <
0.01, respectively), but is not significantly different from the baseline state (Fig. 2.7(b)).

Here, cardiorespiratory coordination has occurred for the phase-locking ratios of 2:1,
3:1, 4:1, 5:2 and 7:2. The 3:1 phase-locked state is frequently observed and is not signif-

icantly affected by autonomic blockade.

2.5 Discussion

In this chapter we investigate the effect of anesthetic concentrations and breathing ven-
tilation rates as well as the affect of autonomic blockade on cardiorespiratory phase
coordination in rats to understand or identify the underlying mechanism responsible

for the locking of phases between cardiac and respiratory cycles. It is observed that
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Figure 2.7. Cardiorespiratory coordination and autonomic blockade. Cardiorespiratory coordi-
nation in seven rats during baseline state (BL) and after sympathetic (SB), vagal (VB)
and complete blockade (CB). The symbols *, ** and *** represent p < 0.05, p < 0.01
and p < 0.0001, respectively.

isoflurane caused a dose-dependent increase in heart rate, respiratory frequency and
cardiorespiratory coordination. Also, individual and joint blockade of sympathetic
and vagal systems cause significant changes in heart rate, respiratory rate and average
duration of coordination but has no significant effect on the percentage of cardiorespi-

ratory coordination.

Isoflurane causes a dose-dependent increase in heart rate, which is in accordance with
the results reported by Marano et al. (1996). The increase in heart rate suggests that al-
though isoflurane causes an overall reduction in autonomic tone (Marano et al. 1996),
the sympathetic tone becomes the predominant factor under isoflurane. While con-
centration of isoflurane also causes an increase in cardiorespiratory coordination, the
respiratory rate remained almost unaffected. This would suggest that the heart rate
rather than respiratory rate is the predominant factor causing the phenomenon of

phase-locking between heart rate and respiration.

Cardiorespiratory coordination and RSA are caused by cardiorespiratory coupling
(Bettermann ef al. 2002). With the increase in concentration of isoflurane, the increase
of cardiorespiratory coupling after the reduction in vagal tone is contradictory with
the observation that vagal outflow to the sinus node of the heart is the predominant
driver of RSA. Also, RSA results from modulation of heart rate by respiration which

is uni-directional. On the other hand, synchronization can occur from a bi-directional
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interaction between heart rate and respiration. This suggests that RSA might not be an

important factor responsible for cardiorespiratory coordination.

Rzeczinski et al. (2002) studied cardiorespiratory coordination in human subjects under
paced respiration and observed that, for a suitable choice of respiratory frequency, a
higher cardiorespiratory coordination can be achieved. In this study an increase in
cardiorespiratory coordination at the ventilation rates of 50-55 cycles per minute in
both the rats supports the observation by Rzeczinski et al. (2002) that the phase-locking

between heart rate and respiration is maximized at a particular respiratory frequency.

Autonomic blockade has also produced changes in heart rate, which is in accordance
with the results reported earlier in the literature (Marano et al. 1996, Beckers et al. 2006,
Baumert et al. 2007a). The overall reduction of cardiorespiratory coordination after
vagal blockade is in line with the observation that vagal outflow to the sinus node
of the heart is the predominant driver of RSA. However, the increase of cardiorespi-
ratory coordination after sympathetic blockade is unexpected. Possibly, sympathetic
effects on heart rate disturb the respiratory sinus rhythm and a sympathetic blockade
consequently increases the amount of observed phase locking between heart rate and
respiration. Although the average duration of coordinated epochs and percentage of
coordination is found to increase with sympathetic blockade and decrease with vagal

blockade, the change in percentage of coordination do not reach statistical significance.

The results in this study are obtained by analyzing the data from a small number of

rats. The results motivate the need for future validation in a larger group of rats.

2.6 Chapter summary

In this Chapter we have demonstrated that anesthetic (isoflurane), vagal and sympa-
thetic blockade significantly affects heart rate, respiratory rate and cardiorespiratory
coordination in rats. Also we have observed that the phase-locking between heart rate
and respiration in rats increases at a certain ventilation rate, suggesting that the car-

diorespiratory coordination occurs at a specific respiratory frequency.

From the study in this Chapter, we have observed that cardiorespiratory coordination
in rats is influenced by controlled breathing (paced respiration). However, the pattern
of respiration in rats while at rest, but awake and freely behaving has received little
attention. In the next Chapter we will investigate the influence of voluntary movement

on respiration and cardiorespiratory coordination in rats.
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Chapter 3@ |

Respiratory pattern during
voluntary movement in
awake rats

T HIS chapter aims at assessing the impact of motor activity on res-
piratory rate and cardiorespiratory coordination in the awake rat.
All motor activity is found to be associated with an immediate
increase in respiratory rate that remained elevated for the whole duration
of movement. The extent of motor-related rapid breathing is significantly
correlated with the intensity of associated movement. Cardiorespiratory

coordination also shows a significant decrease with the increase in motor

activity.
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3.1 Introduction

Although rats are widely used for physiological studies, an important aspect of their
respiratory physiology has received little attention—their pattern of respiration while
at rest, but awake and freely behaving requires further investigation. It is generally as-
sumed that we have a good knowledge of the rat’s respiratory activity under ‘resting’
conditions. However, most previous studies investigating respiration in awake rats
have focused on homeostatic (chemoreflex-induced) changes, and did not address the
possibility that respiration could also be influenced by motor activity. Consequently,
respiratory data either comprised average values including undiscriminated periods
of motor activity (Roux et al. 2000, Antunes et al. 2005, Fournier et al. 2007) or were
collected when the animals were immobile (Genest et al. 2007, Montandon et al. 2008).
In reality, immobility is just one component of an animal’s resting state; indeed, even
when at rest, animals move about, groom and shift body position. This issue is sig-
nificant because it has been established in studies of larger species, including humans,
that respiration is closely linked to motor activity, with motor-related increases in res-
piratory rate being triggered by feed-forward central command in the brain and main-
tained by feedback mechanisms (Horn and Waldrop 1998, Eldridge and Waldrop 1991).

The possibility of motor-respiratory interaction was also out of the scope of studies that
examined respiratory activity during various behaviours in rats (Welker 1964, Clarke
and Trowill 1971, Ikemoto and Panksepp 1994, Kepecs et al. 2007). Similarly, although
previous studies on animals, investigating respiration and heart rhythms, have focused
on the effect of anesthesia, drugs and induced movements on the cardiorespiratory co-
ordination (Marano et al. 1996, Galletly and Larsen 1997, Pereda et al. 2005, Kabir et al.
2008, Kabir et al. 2009), the association between movement and cardiorespiratory coor-
dination in freely moving animals has never been established. Accordingly, this Chap-
ter sought to document the pattern of respiratory rate in awake and freely behaving
rats; in particular, its variability, how fast it changes in association with a motor act,
whether it depends on the intensity of motor activity and its association with the heart

rhythm.

In this Chapter we begin by examining, in two groups of conscious, freely-behaving
rats, the relationship between respiratory rate, spontaneous motor activity, and heart
rate. In designing our study we have confronted with several challenges, the main

being the lack of an adequate framework for analyzing respiratory-motor relations in
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small laboratory animals. We have developed such a framework and present it in
detail.

A wavelet is used to divide a continuous or discrete time signal into different frequency
components. Wavelets have advantages over Fourier transforms for representing func-
tions that have discontinuities and for accurately re-constructing and de-constructing
finite, non-periodic and non-stationary signals (Hubbard 1998, Eckberg 2003). They
have the ability to examine the signal simultaneously in both time and frequency
domains. The signal under investigation can be transformed or reconstructed by a
suitable integration over all the resulting frequency components using wavelets that
presents the signal information in a more useful form (Addison 2002). For our study,
we initially performed wavelet analysis, using Daubechies 4 tap wavelet, to determine

the influence of movement on respiration and heart rhythm.

While there are several techniques for assessing respiratory indices in conscious un-
restrained rodents, we consider that whole-body plethysmography is the method of
choice as it is entirely non-invasive and thus does not introduce any confounding fac-
tors. Using this method, we test our hypotheses: the intensity of motor activity is

associated with changes in respiratory frequency and cardiorespiratory coordination.

3.2 Methods

The experiments on rats and data recordings were carried out by scientists and labora-

tory technicians of University of Newcastle, New South Wales, Australia.

3.2.1 Ethical approval and preliminary surgery

Male Hooded Wistar (n = 5) and Sprague Dawley rats (n = 5) weighing 280-320 g
were used in all experiments. All efforts were made to reduce animal pain or discom-
fort. The experimental protocol was approved by the University of Newcastle Animal
Ethics Committee, and is in compliance with the European Communities Council Di-
rective of 24 November 1986 (86/609/EEC). Preparatory surgery was conducted under
isoflurane (1.5% in 100% oxygen) anaesthesia, with carprofen (5 mg/kg) being used
as a post-surgery analgesic. Telemetric ECG radio-transmitters (TA11CA-F40, Data
Sciences International) were implanted in the peritoneal cavity, with electrodes posi-

tioned in accord with the method described by Sgoifo et al. (1996): one electrode on the
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internal surface of the xiphoid processus, another one and in the mediastinum, along
the trachea at the level of the left ventricle. This placement dramatically reduces move-
ment artifacts, even in vigorously moving animals. Upon recovery from anaesthesia,
animals were returned to the animal house for at least one week before experiments
began. They were held on a reverse 12h/12h light-dark cycle (lights on at 8 pm), with

food and water ad libitum.

3.2.2 Recordings of respiration and gross motor activity

Respiratory movement was detected using a custom-built whole-body plethysmograph.
This consisted of a transparent Perspex cylinder (inner diameter 95 mm, length 260 mm,
volume 1.84 1, wall thickness 3 mm) that had both ends closed with removable plugs,
and compressed medical air was constantly flushed through it at a flow rate of 2.51/min.
Both input and output lines were fabricated from polyethylene tubing (outer diameter
1.45 mm, inner diameter 0.75 mm, about 1 m length) that were tightly fitted into the
plugs. A plastic T-connector was inserted 20 cm away from the start of the output line
and then linked to one input of a differential pressure amplifier (model 24PC01SMT,
Honeywell Sensing and Control, Golden Valley, MN, USA), the second input being
opened to the room air. An additional plastic tubing inserted into the “output” plug
connected the plethysmograph chamber to the input of the CO, monitor (Normocap,
Datex Instrumentarium Corp., Helsinki, Finland). In preliminary experiments we have
established that keeping airflow at 2 1/min is sufficient to prevent any rise of CO; in

the plethysmograph.

For semi-quantitative assessment of animals” motor activity, a piezoelectric pulse trans-
ducer (MLT1010/D, ADInstruments, Sydney, Australia) was placed under the plethys-
mograph. The transducer was sensitive enough to detect even minor movements (e.g.

turning the head), while locomotion produced large oscillatory responses.

3.2.3 Experimental protocol

All experiments were carried out in the first half of the dark phase of the light/dark
cycle, with just sufficient levels of red light to permit observation of the animals. Im-
portantly, to limit the stressfulness of their transfer, plastic cylinders of the same size
as the plethysmograph chamber had been placed in all home cages, allowing animals

to habituate to them. Indeed animals often sat or slept inside these cylinders. On
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the day of experiment, rats were placed in a plethysmographic chamber while still in
their home cage. Presumably, as a result of their habituation process, animals entered
the chamber willingly without being forced. The ECG probes were then switched on
and the recording started. The experimental protocol consisted of a 40-min recording

period.

3.2.4 Data acquisition and analysis

Analogue ECG, respiratory and motion signals were digitized at 1 kHz and acquired
using a PowerLab A /D converter and ChartPro 6.0 software (ADInstruments, Sydney,

Australia). Heart rate was calculated from the ECG records using the same software.

Custom written software developed with MATLAB® (see Appendix C) is used for
the analysis of the respiratory pattern and its dependence on motor activity. We first
compute time series for respiratory intervals, the inspiratory onsets being determined
as the zero-crossings of the first derivative of the respiratory signal. Mean respira-
tory interval duration and coefficient of variation of respiratory interval are computed
from the obtained breath-to-breath time series and respiratory interval histograms con-
structed with a bin width of 10 ms. These histograms are bimodal for all animals,
and we characterize them by measuring mode values for the low- and high-frequency
peaks; the best non-linear regression fit for these data is then determined using Graph-
Pad Prism version 5.01 for Windows (GraphPad Software, San Diego California USA,

www.graphpad.com).

We calculate three measures of motor activity after appropriate thresholding (30%
above the noise level) of the movement sensor signal: i) total duration of activity (both
in seconds/min and as a percentage of total time); ii) number of movements/min; and

iii) average duration of individual movement (in seconds).

Analysis of relationship between respiratory rate and motor activity require us to de-
velop a novel framework. The first task is to find a method of characterising the in-
tensity of a movement. For this purpose we initially compute, for each respiratory

interval, the movement power index (MPI):

1 tn+1Af
MPL, = — Y P?. (3.1)
tn—‘rl —ty i=t,Af
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Figure 3.1. Wavelet analysis of respiration and motor activity. Wavelet analysis (Daubechies

4 tap) shows a high frequency in respiratory signal during motor activity.

where P is the piezoelectric sensor signal (V), t, is the time of the n-th inspiratory onset
(n=1,23,.., N — 1) and Af is the sampling frequency (s~!). We then plot each respira-
tory interval against the corresponding MPI value for the whole record in each animal.
To characterize these plots, and to permit inter-group comparisons, we dichotomize
the respiratory interval time series based on the median, computing the average MPI
value of respiratory intervals shorter than the median value and the average value of
respiratory intervals longer than the median value. To further explore the relationship
between the movement intensity and respiratory interval, we sort all measured MPI
values into bins of 0.01 V2s~! widths, computed the mean and the standard deviation
of all respiratory intervals within each bin, plot these values against corresponding
MPI values and determine the optimum regression function fit for these data (Graph-
Pad Software, San Diego, CA, USA).

To investigate the presumed relationship between the duration of motor activity and
the duration of elevated respiratory rate, we initially derive from the whole 30-min

recording period 15-20 artefact-free segments, and calculate, for each such segment,
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Figure 3.2. Motor activity, respiratory and heart rate. Power of piezoelectric signal (PowPz)
(top panel) and the corresponding changes in respiratory and RR interval (middle and
bottom panel, respectively). The red line in the top panel indicates the cumulative
sum of PowPz (divided by 1073 to fit in the graph). A shortening in respiratory and

RR interval can be observed with the increase in the movement intensity.

the total movement time and the total time of rapid breathing. From these, we compute

the total movement time and the total time of rapid breathing for each record.

To assess the relationship between motor activity and the heart rate, we measure RR in-
tervals before and during a movement, compute the difference (A), and plot it against
the duration of the associated movement. To characterize and compare this relation-
ship we compute, for each record, mean values for ARR interval changes during short

(<1 s), intermediate (1-5) and long (>5 s) movements.

Finally, to investigate the impact of motor activity on cardiorespiratory coordination,
movement is dichotomized based on the threshold value of 10~2 V? for the slope of
the cumulative sum of the power of piezoelectric signal: low-intensity movement
(slope<10~2 V?) and high-intensity movement (slope>10~2 V2). Subsequently, we de-

termine the coordination between cardiac and respiratory cycles during low-intensity
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Figure 3.3. Record of respiration, ECG and gross spontaneous motor activity. Respiratory and
cardiac activity changed during various individual motor acts. The onset of respiratory
rate acceleration either coincide with the onset of a movement or slightly preceded it,

as shown by the red dashed lines.

and high-intensity movements based on the cardiorespiratory coordination analysis
described in Chapter 1, Section 1.7.2.

Group data are analysed by ANOVA with Fishers’s protected t-tests, significance thresh-
old being set at the 0.05 level. All data are presented as mean+SD; where possible, data

values have been embedded in accompanying figures.

3.3 Results

Behaviours displayed by animals after entering the plethysmographic chamber do not
differ noticeably from those displayed in the home cage. Periods of motor activity
are intermingled with periods of relative quiescence. Sometimes the rats curled up
and closed their eyes, suggesting that they are asleep. All sorts of body movements
(eg. turning the head) are readily detectable by the piezoelectric sensor. Observations
made during experiments, and subsequent visual inspection of our records, reveal a

high extent of variability in the respiratory rate and heart rate, and a strong association
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Figure 3.4. Histogram of respiratory intervals. Histogram of respiratory intervals recorded during
spontaneous behaviour in one rat (HW3) showing a bimodal distribution. These data
could be well approximated by the sum of two Gaussian functions (superimposed curve).
Bin width = 10 ms; total number of intervals = 7213; duration of record = 30 min.
The values near the arrowheads are the mean group data for the modes of the shorter
and of the longer peak. HW—Hooded Wistar; SD—Sprague-Dawley: the symbol *

indicates significant differences in results between two groups of rats, p < 0.05.

between respiration and motor activity. This is illustrated through wavelet analysis
which reveals a high frequency in respiratory signal during movement (Fig. 3.1), and
by plotting the respiratory and RR intervals against the power of piezoelectric signal
(Fig. 3.2). The onset of respiratory rate acceleration either coincide with the onset of a

movement or even slightly precede it, but is never delayed (see dashed lines in Fig. 3.3).

3.3.1 Assessment of respiratory indices and motor indices

The mean values for respiratory intervals differ between the two groups of rats (F = 22,
n =5, p < 0.05), being 421 & 76 ms and 285 £ 18 ms for SD and HW rats, respectively.
As seen in Fig. 3.3, respiratory intervals vary greatly during the recording period and
this is reflected by high coefficient of variation values (44% and 38% for SD and HW,
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Table 3.1. Temporal characteristics of motor activity. Average duration of movement and total

movement time in two groups of rats.

Total movement time
Rat strain Mean movement duration (ms) :
(s/min) | (%)
Hooded Wistar (n = 5) 683 £ 62 11.7+£0.7 | 194+£1.2
Sprague-Dawley (n = 5) 552 + 28 10.3+1.0 | 172+ 1.7

respectively); there is no significant group effect (F = 1.2, n = 5, p > 0.05). The his-
tograms of respiratory intervals constructed for each animal reveal a bimodal distribu-
tion that could be well approximated by the sum of two Gaussian functions (Fig. 3.4).
While the mode values for the shorter peak do not differ between the groups (128 = 6
vs. 132+ 7 ms, n = 5, p > 0.05), the mode values for the longer peaks are larger in
SD rats (5632 £ 80 ms) compared to HW (336 £19 ms, n = 5, F = 18, p < 0.05). The
small number of long (>1 s) respiratory intervals are not an experimental error; they

originated from the apnoeic periods that followed augmented breaths (Fig. 3.3).

Temporal characteristics of motor activity recorded in the two group of rats are pre-
sented in Table 3.1. The indices comprised the average duration of an individual move-
ment and the total movement time. While SD rats tended to be less active, there was

no significant difference between the two groups.

3.3.2 Relationship between motor activity and respiratory pattern

We first determine whether the extent of rapid breathing depends on the intensity
(power) of associated movements. To quantify motor activity, we have developed the
“movement power index” (see Methods for details) and computed it for each respira-
tory interval. We then plot the value of each respiratory interval against the intensity
of movement associated with (i.e. occurring during) this interval. An example of such
a plot is presented in Fig. 3.5A; this relationship is similar in the other nine rats as evi-
denced by the fact that the mean values of the movement power index for respiratory
intervals shorter then the median were significantly higher then corresponding index
for all intervals longer then the median (see Fig. 3.5B). To further analyze these data
we sort all measured MPI values into bins of 0.01 V?s~! width, computed the mean
respiratory interval and the standard deviation of all respiratory intervals within each

bin, and plot these results against corresponding MPI values. Examples of these plots
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Figure 3.5. Relationship between respiration and motor activity. Relationship between respira-
tion and motor activity in a spontaneously behaving rat. Example of analysis performed
on the data from a single animal. A—Each data point represents the duration of a respi-
ratory interval (abscissa) and an index reflecting the power of movement that occurred
during this respiratory interval (ordinate; see Methods for the details of computing this
index). Panel B shows group data for the mean movement power index computed sep-
arately for respiratory intervals that were shorter then the median (blue) and longer
then the median (green). HW-—Hooded Wistar; SD—Sprague-Dawley: ***—differ-
ence between MPIs below and above the median value, p < 0.0001. C—Dependence
of the mean respiratory interval (computed from data shown in Panel A, with bin width
of 0.01 V2s71) on the movement power index. Data points with MPI values below
0.2 V251 are fitted with parabolic curve (¥ = 0.56, p < 0.01). Note that data points
for MPI>0.2 V2s~! that could be not satisfactory fitted represent a small fraction of all
analysed respiratory intervals; this is evident from panels A and B. Panel D—Variability
of rapid breathing is inversely correlated to the intensity of associated movement. Data
points are standard deviations computed for each binned respiratory intervals. Data are

fitted with linear equation (> = 0.62, p < 0.01).

are presented in Fig. 3.5C and Fig. 3.5D. Data points with MPI values below 0.2 V2s~!
are fitted with parabolic curve. Note that data points for MPI>0.2 V2s~! that could be
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not satisfactory fitted represent a small fraction of all analyzed respiratory intervals;
this is evident from Fig. 3.5, panel A. The variation of respiratory intervals with regard
to MPI bins follow an inverse linear trend (Fig. 3.5D). Thus, at rest or at low-intensity
movements respiratory rate is lower and more variable compared to high-intensity

movements when it is invariably high.

The next question we address is whether there is an association between the dura-
tion of motor activity and the duration of rapid breathing. To address this issue, data
records from each animal are first split into 15-20 artefact-free segments, and move-
ments and respiration are quantified individually in each of these segments. This anal-
ysis reveals that, for each such segment, duration of movements and of rapid breathing
are highly correlated. An example of such analysis is presented in Fig. 3.6A; the results
were very similar in the nine other animals, with a r? ranging 0.96-0.99 (p < 0.001).
We then compute the total movement time and the total time of rapid breathing for
the whole observation period in each animal. Again, we find a strong correlation be-
tween the two indices (Fig. 3.6B). Importantly, the value of total time of rapid breathing
(348 £ 12 s) is slightly but significantly higher than the total movement time (316 =12 s;
p < 0.001, n = 10), consistent with the fact that in some instances (in 7.1 & 1.6% of total
time of rapid breathing), the rise in the respiratory rate occurred without any detectable

movement. There is no effect of strain on this motor-respiratory relationship.

3.3.3 Heart rate during basal conditions and its association with mo-

tor activity

The values for the mean RR intervals differ significantly between the two strains (F =
17, p < 0.05), being shorter for HW (155 + 3 ms) compared to SD (187 &= 8 ms). There is,
however, no between-strain difference in the coefficients of variation for RR intervals
(1.0 £0.1% and 0.7 £ 0.1% for HW and SD, respectively; F = 2.7, p > 0.05).

As illustrated in Fig. 3.3, the association between changes in heart rate and locomotion
is not as obvious as it is for the respiratory-motor relationship. Overall, we find that
longer bouts of locomotion are always associated with tachycardia, whereas during
short-lasting movements (<1 s), there are no consistent changes in the HR. This rela-
tionship is reflected by the plot in Fig. 3.7A that is constructed from the data obtained

in one rat, and by the results of group data analysis as shown in Fig. 3.7B.
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Figure 3.6. Relationship between total time of rapid breathing and movement. Relationship

between the total movement time and total time of rapid breathing. A—example from
an individual rat where the recording was split into 20 segments, and the pairs of
movement and respiratory indices were plotted against each other for each such segment.
B—group data; each point represents the pair of movement and respiratory indices
derived from the whole recording period in a given animal. Note that in (A) most data
points, and in (B) all of them are located above the line with the slope=1, indicating

that the total time of rapid breathing consistently exceeded the total movement time.

3.3.4 Effect of motor activity on cardiorespiratory coordination

All rats show a significant shortening in the overall RR interval during high intensity

movement as compared to low intensity movement (0.15 £0.01 vs. 0.16 = 0.01 s, p <
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Figure 3.7. Relationship between the duration of motor act and changes in heart rate.

Relationship between the duration of an individual motor act and the changes in heart
rate associated with it. A—example from an individual rat; each data point represents
two values: change (A) in RR interval that occurred during or following a movement
(abscissa), and the duration of corresponding movement (ordinate). B—group values for
delta RR-intervals computed separately for short (<1's, light-red columns), intermediate
(1-5's, cyan) and long (>5 s, purple) movements. The symbols ** and *** represent

p < 0.01 and p < 0.001, respectively.
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0.01 respectively in HW and 0.17 £ 0.01 vs. 0.19 £0.01 s, p < 0.001 respectively in
SD), see Fig. 3.8(a). The respiratory interval is also shortened in all rats during high
intensity movement as compared to low intensity movement (0.23 0.1 vs. 0.34 =0.1s,
p < 0.01 respectively in HW and 0.27 £ 0.1 vs. 0.39 £ 0.1 s, p < 0.05 respectively in
SD), see Fig. 3.8(b).

The total percentage of coordination between cardiac and respiratory signals is signif-
icantly higher during low-intensity movement as compared to high-intensity move-
ment (13.6 4.0 vs. 0.8 = 1.6 %, p < 0.001 respectively in HW and 16.1 3.6 vs. 1.2 &
1.8 %, p < 0.001 respectively in SD), see Fig. 3.9(a). High-intensity movement also
causes a slight but significant decrease in the duration of cardiorespiratory coordina-
tion (1.9 £0.3 vs. 0.7 0.2 %, p < 0.001 respectively in HW and 1.9 0.3 vs. 0.7 £ 0.2 s,
p < 0.001 respectively in SD), see Fig. 3.9(b).

The phase-locking ratio of 3:1 is the most frequently ratio observed during low-intensity
movement. Other phase-locking ratios for cardiorespiratory coordination are 2:1, 4:1,
5:2 and 7:2. However, 2:1 is the most frequently observed locking ratio during high-

intensity movement.

3.4 Discussion

The most important finding in this study is that motor activity is associated with an
increase in the respiratory rate and a decrease in cardiorespiratory coordination. Fur-
ther, we have discovered that the respiratory pattern in freely moving rats has several
distinctive features including: i) high variability of the respiratory rate; ii) bimodal dis-
tribution of respiratory intervals; iii) dependence of motor-related rapid breathing on
the intensity of associated movement; and iv) a tight correlation between the duration

of motor-related rapid breathing and the duration of motor activity.

Respiratory rate in spontaneously behaving rats

Previous studies in humans have established the relation between respiration and
body movement during certain activities such as exercise (Kenwright et al. 2008). How-
ever, most of previous studies investigating respiration in rats have focused on home-
ostatic changes (Roux et al. 2000, Antunes et al. 2005, Fournier et al. 2007, Genest et al.
2007, Montandon et al. 2008), and did not address the possibility that respiration could

be also influenced by motor activity. The range of respiratory rate observed in our rats
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Figure 3.8. RR and respiratory intervals vs. low and high intensity movement. Overall average
RR intervals and respiratory intervals in HW and SD rats during low-intensity and high-
intensity movement presented as mean+SD. The symbols *, ** and *** represent

p <0.05,p < 0.01 and p < 0.001, respectively.

at rest (2-3 Hz) is in good accord with these previous reports. The slow and regular rest-

ing breathing was frequently intermingled with much faster respiratory movements.

We have studied our animals in the active phase (lights off), when they are frequently
engaged in stereotyped behaviors or moved around the chamber. We have found that
all motor acts are accompanied by rapid breathing, with the latter being grossly asso-
ciated with the movement intensity. The dominant cause of the change in respiratory
interval would be to facilitate high demand of oxygen in the lungs during movement as
compared to non-movement. Nevertheless, the relation between the two appears to be
quite complex: while vigorous movements are always accompanied by near maximal
rises in respiratory rate, it is lower and varied greatly during low-intensity movements

or during immobility. This relationship is reflected in the negative correlation between
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Figure 3.9. Motor activity and cardiorespiratory coordination. Percentage of coordination and
duration of coordinated epochs in HW and SD rats during low-intensity and high-

intensity movement presented as mean+SD. The symbol *** represents p < 0.001.

the movement power index and the dispersion of the mean respiratory interval. A tight
correlation between the duration of motor activity and the duration of rapid breathing
supports the idea that most respiratory changes observed in our animals were related
to the former. All these findings are in a good accord with basic principles of exercise
physiology (Horn and Waldrop 1998, Eldridge and Waldrop 1991).

We do not assess changes in tidal volume in this study mainly because method for
its computing requires equilibration of the temperature if inspired air with body tem-
perature (Mortola and Frappell 1998), which may not be the case during rapid breath-

ing (Kepecs et al. 2007). We do not consider this as serious limitation of our study
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as it has been explicitly stated by Hilton that rapid breathing, rather than exercise-
induced increase in breathing rate, is the usual component of the arousal reaction
(Hilton et al. 1983).

Interaction between cardiac and respiratory signals during movement in conscious

freely moving rats

In addition to a significant shortening in overall respiratory intervals, high-intensity
movement also causes a significant shortening in RR intervals. Respiratory sinus ar-
rhythmia (RSA), which is significantly influenced by respiratory rate (Rzeczinski et al.
2002, Hsieh et al. 2003) and mostly reflects the changes in cardiac vagal tone (Grossman
and Taylor 2007), might be the cause of shortening in RR intervals. Furthermore, the
shortening in RR interval during movement could also be due to the contraction of
body muscles, which activates the muscle receptors causing a release from vagal tone,

as reported in human subjects during exercise (Baum et al. 1995).

High-intensity movement also causes a significant decrease in cardiorespiratory coor-
dination together with a change in the most frequent phase-locking ratio from 3:1 to
2:1. In Chapter 2 it is suggested that the phase-locking between the heart and respira-
tory rhythms is maximized at a particular respiratory frequency (Kabir et al. 2008). This
would suggest that a change in respiratory interval during movement is the dominant

cause of the decrease in cardiorespiratory coordination.

Group differences

The rationale for employing two groups of rat is the observation in previous studies
that in HW rats, responses of rapid heart-rate to restraint stress are substantially higher
compared to SD rats (Salome et al. 2007, Ngampramuan et al. 2008), and we thus tested
the possibility that there might be also a group difference in respiratory responses to
external stimuli. Our current findings suggest that there may be some genetically de-
termined differences in the control of respiratory rate at rest (with lower basal values
in SD compared to HW).

Physiological role of responses of rapid breathing

Motor-related rises in respiratory rate reported here can be interpreted in many ways.

Close association between minute ventilation and exercise intensity is well established
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in larger mammals, including humans, and our finding of dependence of rapid breath-
ing amplitude and duration on the intensity and duration of associated movement
suggests that its main physiological role is to facilitate gas exchange in the lungs. A
possible way to further advance understanding of these complex relations is to per-
form ethologically-oriented experiments combined with more detailed assessment of

the respiratory pattern.

3.5 Chapter summary

In this Chapter we have studied the association between movement and respiration.
We conclude that voluntary movements in rats are associated with substantial and
rapid increases in the respiratory rate. We have also observed a significant decrease in
cardiorespiratory coordination during high-intensity movement. Our results add new
information to the growing body of knowledge relating to fore-brain mechanisms that

control respiratory rate in awake rats during their natural behavior.

From this study it is evident that voluntary movement affects respiration and car-
diorespiratory coordination. Hence, depending on the aim of the study, movement
epochs should be excluded during analysis as they might potentially confound our
results. In the next Chapter we will investigate cardiorespiratory coordination as a

marker of severity of obstructive sleep apnea syndrome in adults and children.
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Chapter4 | |

Phase-coupling and sleep
apnea

HIS chapter is aimed at quantification of cardiorespiratory phase-

coordination in adults with obstructive sleep apnea syndrome

(OSAS) and children with sleep disordered breathing (SDB).
Overnight polysomnography data from two groups of subjects: one group
containing 213 adults with suspected OSAS and another group containing
80 children (40 healthy and 40 with sleep disordered breathing), are investi-
gated. Cardiorespiratory phase-coordination is associated with sleep stages
and is significantly reduced during rapid-eye-movement (REM) sleep com-
pared to slow-wave (SW) sleep in both the groups. A significant reduction
in phase-coordination is also observed in adults with severe OSAS com-
pared to adults with no or mild OSAS. There is, however, no effect of age
and BMI on phase coupling. This study suggests that the assessment of car-
diorespiratory phase coordination may be used as an ECG based screening

tool for determining the severity of OSAS.
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4.1 Introduction

Sleep can be defined as a state of unconsciousness in living beings from which one can
be aroused by some sort of stimuli (Guyton and Hall 2006). There are different stages
of sleep: very light sleep (stage 1) to very deep sleep (stage 4), and a further stage of
rapid-eye-movement (REM) sleep. The four stages of sleep (stage 1 through to stage
4) together are known as non-rapid-eye-movement sleep (NREM), while stage 3 sleep
together with stage 4 sleep are termed as slow-wave (SW) sleep, during which the
brain waves are usually very strong and of very low frequency. Rapid-eye-movement
sleep is characterized by rapid movements of eyes together with active bodily muscle
movements, active brain, low muscle tone and irregular heart rate and respiratory rate
(Guyton and Hall 2006). Rapid-eye-movement sleep is also known as paradoxical sleep
due to the presence of marked activity in the brain even though the person is asleep
(Guyton and Hall 2006). Throughout the night, sleep proceeds in cycles of NREM and
REM, beginning with a short period of stage 1 sleep, then progressing through stage 2,
followed by stages 3 and 4, and finally proceeding onto REM (Carskadon and Dement
2005). Normally, REM sleep lasts 5 to 30 minutes and appears every 90 minutes on
average. The proportion of deep sleep (stage 3 and 4) is higher during the early stages
of the sleep cycle, while that of REM sleep increases later in the sleep cycle and is
longest in the last one-third of the sleep episode (Carskadon and Dement 2005). In
healthy adults, NREM sleep constitutes about 75-80% while REM sleep constitutes the

remaining 20-25% of total time spent in sleep.

Obstructive sleep apnea syndrome (OSAS) is a disorder of breathing during sleep
that affects between 3-7% of adults (Young et al. 1993, Punjabi 2008) and 1-4% of chil-
dren (Lumeng and Chervin 2008) with differing pathophysiology and presentation in
the two groups (Marcus 2001). Obstructive sleep apnea syndrome (OSAS) is char-
acterized by repetitive partial or complete closure of the upper airways that causes
alterations in the functioning of cardiovascular and respiratory systems. In adults
the association between OSAS and increased cardiovascular morbidity is now well
recognised (McNicholas et al. 2007). While the mechanisms leading to cardiovascular
morbidity are likely to be multifactorial, frequent arousals triggered by episodes of
upper airway obstruction are believed to play a key role via repetitive sympathetic
nervous system activation and destabilisation of cardiorespiratory control (Bradley
and Floras 2009, Pack and Gislason 2009, Verrier and Josephson 2009). Evidence also

suggests that children with upper airway obstruction may also be at increased risk
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of developing cardiovascular disease (Aljadeff et al. 1997, O’Driscoll et al. 2009, Mar-
cus et al. 1998).

Cardiac autonomic nerve activity in OSAS patients has been mainly studied using
heart rate variability (HRV) methodology that is based on the assessment of ECG
RR-interval changes (Roche et al. 1999). Patients with OSAS have elevated sympa-
thetic nerve activity (Narkiewicz et al. 1998, Somers et al. 1995) and their HRV is al-
tered (Narkiewicz et al. 1998), primarily by a great increase in very low frequency
oscillations (VLF) that are caused by the heart rate bouts associated with repeated
arousals (Baumert et al. 2008). Some indices of HRV were shown to be an indepen-
dent predictor of cardiac mortality in different patient populations, including my-
ocardial infarction (Tsuji et al. 1996), dilated cardiomyopathy (Hoffmann et al. 1996),
and congestive heart failure (Sandercock and Brodie 2006). Autonomic modulation
of the heart rate is altered during sleep in OSAS patients (Coruzzi et al. 2006, Wik-
lund et al. 2000, Aydin et al. 2004) and it has been proposed to use HRV as a screening
tool (Roche et al. 1999, Roche et al. 2002).

This chapter explores cardiorespiratory coordination during sleep in a large cohort
of adults with OSAS, healthy children and in children with sleep disordered breath-
ing (SDB). A detailed statistical analysis was performed on the group of adults with
suspected OSA. In children a rather simple analysis was performed by removing all
the spontaneous arousal episodes and SDB related events—apnea, hypopnea and res-
piratory arousal episodes—to test whether cardiorespiratory coordination is affected
during normal sleep episodes in children with SDB compared to healthy controls. It
is hypothesized that cardiorespiratory coordination is reduced due to sleep apnea or
disordered breathing and its assessment provides markers of cardiorespiratory system

disturbances.

4.2 Methods

4.2.1 Ethics statement

The study conformed to principles outlined in the Declaration of Helsinki and was
approved by the local ethics committee of Royal Adelaide Hospital and Women’s and
Children’s Hospital, Adelaide, Australia. For children, parental consent and child as-

sent were obtained for all participants. In the case of adults, since de-identified data

Page 61



4.2 Methods

were collected from participants for this study, the ethics committee waived the need

for written informed consents.

4.2.2 Subjects

Overnight sleep studies were performed in two separate groups of subjects—adults
and children. The first group consisted of 312 adult patients with suspected obstruc-
tive sleep apnea syndrome (OSAS). The PSG data for 64 patients are excluded due to
poor signal quality. From a total of 248 adults (157 males / 91 females) with suspected
OSAS, another 35 with diabetes mellitus are excluded due to suspected diabetic au-
tonomic neuropathy that might potentially confound our results (Javorka et al. 2008).
The age and BMI of the patients ranged 20-77 years (mean=+SD: 49.4 4= 12.3 yrs) and
20.1-73.3 kg/m? (mean=+SD: 34.1 4 8.14 kg/m?) respectively. In this cohort, 69 pa-
tients are reported to have cardiovascular disease. Initially, we separately analyse 144
patients without heart diseases and 69 patients with heart diseases and observe no sig-
nificant differences in the results between the two groups (see Table 4.1). Accordingly,
the subsequent results in OSAS patients are reported taking 213 subjects into account.
However, the effect of age, gender and BMI are studied using linear regression model

on the 144 patients without heart diseases.

In the second group, fifty-three healthy children and fifty-four children with sleep dis-
ordered breathing (SDB) were enrolled. Among the healthy children (controls), none
were reported to snore regularly or were taking medication that would affect sleep ar-
chitecture or cardiovascular physiology. The sub-group of fifty-four children with SDB
are those who had a history of frequent snoring and were scheduled for adenotonsillec-
tomy for suspected SDB, as diagnosed by an experienced paediatric otorhinolaryngol-
ogist at the Adelaide Women’s and Children’s Hospital. Children are excluded if they
had undergone previous ear, nose, throat or craniofacial surgery; had a medical condi-
tion (other than SDB) associated with hypoxia or sleep fragmentation; or were taking
medication known to affect sleep or cardiorespiratory physiology. The PSG data for
13 of the 53 control children and 4 of the 54 children with SDB are excluded due to
poor signal quality. Of the remaining 50 children with SDB, a further 10 are excluded
due to significantly greater age and lower socioeconomic status compared to the con-
trol children. The age and BMI z-score of the subjects ranged 3-12.9 years (mean+SD:
7.7 £2.6 yrs) and -1.7-2.3 (mean=+SD: 0.3 & 0.8) respectively.
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Table 4.1. Cardiorespiratory coordination in patients with and without heart diseases. Per-

centage of coordination (%cordn) and duration of coordinated epochs (AvDurCordn) for

different apnea/hypopnea index (AHI) groups and sleep stages using abdominal signal

(ABDO) for patients with and without heart diseases.

AHI<15 | 15<AHI<30 | AHI>30
o Number 88 25 31
= Age | 431+106 | 51.7+124 | 43.0+89
2 Male 60.2% 60% 80.7%
£ BMI | 313+7.1 | 320459 | 365+83
8 SS1 | 121+61 | 101453 | 67+44
SB[ sS2 | 147465 | 11341 | 78436
8 || sw | 186476 | 164+68 | 141+58
5 REM | 113445 | 89+32 | 72427
2
£ 5| sS1| 78419 | 77418 | 59424
2 S| SS2 | 86+16 | 86421 | 63421
2 |G| sw | 91+16 | 94+18 | 79+22
. <IREM | 77418 | 74419 | 61417
Number 35 15 19
) Age | 541+97 | 619480 |56.1+125
= Male 48.6% 73.3% 68.4%
£ BMI | 3464102 | 324424 | 41.8+83
% [ st 117466 | 163+87 | 8334
S | g ss2 | 150+62 | 12354 | 9.0+46
5 || SsW | 189+93 | 161490 | 151463
P REM | 11.0+40 | 104+47 | 68+41
2 lclss1| 78+23 | 76421 | 63+22
5 | S| ss2| 8522 | 79423 | 68+21
£ |3 sw | 96421 | 84t22 | 75417
<IREM | 72417 | 69419 | 62+16
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4.2.3 Data recordings and analysis

Sleep stages were assigned to consecutive 30 s epochs. Sleep scoring was carried out
according to standard rules (Rechtschaffen and Kales 1968).

Overnight polysomnography

Overnight polysomnography was performed using a E series® system (Compumedics,
Australia). For sleep staging and arousal scoring standard surface, the following stan-
dard parameters were measured and recorded continuously utilizing the appropriate
signal sampling and filtering protocols: electroencephalogram (EEG; C3-A2 or C4-A1l);
left and right electrooculogram (EOG); submental and diaphragmatic electromyogram
with skin surface electrodes; leg movements by piezoelectric motion detection from
surface electrodes on the tibialis anterior muscles of both legs; heart rate by electro-
cardiogram (ECG) using a modified lead II; oronasal airflow by thermistor and nasal
pressure; respiratory movements of the chest and abdominal wall using uncalibrated
respiratory inductive plethysmography bands; arterial oxygen saturation (SaO,) by
tinger pulse oximetry (Nellcor N595 with an averaging time of 3 s); and transcutaneous
CO; (TeCOy) using a heated (41° C) transcutaneous electrode (TINA, Radiometer Pa-

cific, Melbourne, Vic., Australia).

Overnight polysomnography (PSG) was conducted without sedation or sleep depriva-
tion and was only performed if subjects were well on the night and free of any recent
respiratory infection. Overnight PSG began at each subject’s usual bedtime. In the
case of children, a parent accompanied each child throughout the procedure. Each
subject was continuously monitored and observed via infrared camera by a paediatric
sleep technician who also documented observations of sleep behaviour, including the

presence or absence of snoring.

All PSGs were visually scored by a sleep technician experienced in analyzing pae-
diatric sleep studies. Sleep stages were assigned to consecutive 30 s epochs accord-
ing to standard rules (Rechtschaffen and Kales 1968). For the purpose of this study,
sleep stages 3 and 4 are combined and termed slow-wave sleep (SW). Epochs were
scored as movement if the EEG and EOG signals were obscured for >50% of the epoch
by muscle tension or artefact associated with movement of the subject (Rechtschaffen
and Kales 1968). Movement time was scored as a separate category, and was not in-
cluded in either sleep or wake time. Wake time refers to time spent awake during the

recording period after initial sleep onset. Respiratory variables were scored according
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Sleep stages and Synchrogram plots
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Figure 4.1. Sleep stages and synchrogram. Synchrogram plot (second panel) revealing cardiores-

piratory locking at different frequency ratios and sleep stages (rated at the top panel).
Small dots indicate the normalised phases. ‘Diamond’, ‘plus’, and ‘circle’ symbols in-
dicate 9:2, 10:2 and 11:2 coordination respectively. The numbers 0-5 for sleep stage
represent awake, stage 1, stage 2, stage 3, stage 4 and REM sleep respectively. The
recorded data segment for this figure was selected such that all the sleep stages are
available in order to compare the differences. For better visualisation, an expanded time

scale version of the synchrogram plot (second panel) has been shown in the third panel.

to standard guidelines recommended for paediatric sleep studies (American Thoracic

Society 1996). The apnea/hypopnea index (AHI) was calculated as the number of ob-

structive and nonobstructive events per hour of sleep. Cortical spontaneous arousals

were scored according to the criteria of the American Sleep Disorders Task Force (1992),

and are expressed as the total number of arousals per hour of sleep (arousal index). The

point of arousal onset was determined visually from the EEG channel. Periodic limb

movements (PLMS) were scored using standard criteria (American Sleep Disorders

Association 1993). The PLM index (PLMI) was calculated as the number of PLMS per

hour of sleep.
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Artefact such as movements can potentially confound the results (as discussed in Chap-
ter 3) and hence should be removed for data analysis. As a result, all 30 s epochs
containing artifacts together with an artifact-free epoch immediately before and after
each artifact-epoch are excluded from both the groups. In addition, SDB related events
(apnea, hypopnea and respiratory arousal episodes) and spontaneous arousal epochs,
together with one clean epoch each immediately before and after, are also excluded

during data analyses in children with SDB.

Processing of ECG and respiratory signal

The ECG signal (lead II) was digitized at 128 Hz in adults and 500 Hz in healthy chil-
dren and saved for off-line analysis. Herein, ECG R-wave peaks are detected using the
programming library libRASCH (www.librasch.org). The RR intervals time series are

visually scanned for artifacts and, if necessary, manually edited.

Abdominal and thoracic respiratory signals, digitized at 32 Hz, are used for the analy-
sis of cardiorespiratory coordination. Respiratory signals are processed as described in
Chapter 1, Section 1.4.2. To remove noise, the respiratory signals are low-pass filtered
at 0.5 Hz.

Cardiorespiratory coordination analysis

We study the coordination between cardiac and respiratory cycles in all the subjects
using cardiorespiratory synchrogram plot as described in Chapter 1, Section 1.7.2. The
cardiorespiratory synchrogram provides a visual tool to detect cardiorespiratory coor-

dination (Fig. 4.1, second panel).

We employ three parameters for every sleep stage—percentage of coordination (%cordn),
average duration of coordinated epochs (AvDurCordn) and phase-locking ratio—for
characterising cardiorespiratory coordination. If p; and g; are the start and end time
points of the jth coordinated epoch (j = 1,2,...,N) and t,, is the total duration of the

recording, then the equations for calculating the parameters can be given as

Zj]\il(% - pj)

ttotal

Percentage of coordination = x 100 (4.1)

YN (q5—p))

N (4.2)

Average duration of coordinated epochs =
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Table 4.2. Overnight polysomnography in adults. Demographic data and overnight polysomnog-

raphy findings in different groups of obstructive sleep apnea syndrome patients.

AHI<L15 15<AHI<30 AHI>30
Total number of patients, Ntotal 133 51 64
Patients with diabetes mellitus, Npm 10 11 14
Patients analysed, N (Ntotal - Npm) 123 40 50
Male 70 26 38
Age (yrs) 46 £11 56 £12 48 £12
BMI (kg/m?) 32+8 32+5 39+9
Weight (kg) 912+£214 93.4+£19.6 111.2 £23.6
Height (cm) 168.6 =9.2 170.2 £10.2 170.6 £ 8.3
RR interval (ms) 911 £120 956 + 131 845 £ 123
Respiratory interval (ms) 3797.5+335.5 | 3947.4 +315.8 | 3703.7 £ 434.2
Total length of recording (min) 428.8 = 53.4 431.1 +64.6 438.2 +27.1
Sleep time (min) 346.0 £55.4 346.9 £ 60.6 352.8 £ 64.8
Wake time (min) 61.1+424 64.7 £42.3 74.1 £56.8
REM sleep (%) 14.7 £4.1 146 +3.8 12.3+45
Arousals (#/h) 16.4 £ 8.4* 25.3 +8.6* 50.7 +19.6*
Total percentage of coordination (%) 13.5 + 6.2% 11.6 £5.1%* 8.8 £ 4.5*
Mean duration of coordinated epochs (s) 8.3 +1.8* 8.1£2.0* 6.5+2.1*%
Hypertension 26 14 18
Structural heart disease 18 8 6
Smoker 14 2 8
Phase-locking ratios = m; : n;. (4.3)

Surrogate data analysis

In order to determine whether randomness of heart rate variations play any role with

respect to cardiorespiratory coordination, we use surrogate data in adults with sus-

pected OSAS for our analysis. The surrogate data are obtained by randomizing the

order of RR intervals separately for every sleep stage and constructing the new R time

series by starting with the first original R time and cumulating the randomized RR in-

tervals. Accordingly, the phases of the respiratory signal corresponding to the new
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time points of the R-peaks are calculated and analysed for cardiorespiratory coordina-

tion.

Statistical analysis

GraphPad Prism version 5.01 for Windows (GraphPad Software, San Diego California

USA, www.graphpad.com) is used for statistical analysis.

In adults, in addition to GraphPad Prism, statistics computer software SPSS, Inc. ver-
sion 15.0 is used to analyse the data. To determine the effects of age, gender, and
BMI on cardiorespiratory coordination, linear regression models are developed for the
144 patients without heart disease. To determine the effect of OSAS severity on car-
diorespiratory coordination, the cohort is trichotomized based on the apnea-hypopnea
index (AHI): AHI<15, 15<AHI<30, and AHI>30. Differences in cardiorespiratory co-
ordination between the three OSAS groups as well as between different sleep stages
are assessed with 2-way ANOVA for repeated measurements. For post-hoc analysis,

Tukey’s multiple comparison test is used.

In children, analysis of variance (ANOVA) is used to test for group differences in car-
diorespiratory coordination. Repeated measures ANOVA is used to test for differences
in cardiorespiratory coordination across groups and between sleep stages. Post-hoc

analysis is performed using Student’s t-tests.

Data are expressed as mean+tstandard deviation (SD) and p values are 2-tailed with

statistical significance determined at « = 0.05.

4.3 Results—Adults

Respiratory and RR intervals are significantly shortened in patients with severe OSAS
compared to patients with no/mild OSAS (Table 4.2). Cardiorespiratory coordination
is significantly associated with the degree of severity of OSAS. The AHI shows negative
correlations with the mean RR interval (r = —0.244, p < 0.001), percentage of coordi-
nation (%cordn) (r = —0.463, p < 0.001) and average duration of coordinated epochs
(AvDurCordn) (r = —0.437, p < 0.001). Patients with severe OSAS have a signifi-
cantly lower percentage of heart rate - respiratory rate phase-locking states compared
to patients with no or mild OSAS (Fig. 4.2(a)). The average duration of coordinated
epochs is significantly decreased in patients with severe OSAS compared to patients
with moderate or no/mild OSAS (Fig. 4.2(b)).
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Figure 4.2. Cardiorespiratory coordination in adults. Group related comparison of percentage
of coordination (%cordn, mean+SD) and average duration of coordinated epochs (Av-
DurCordn, mean+SD) using original data from abdominal signal. Here, *, ** and ***

represent p < 0.05, p < 0.01, and p < 0.0001, respectively.

4.3.1 Polysomnographic findings

Demographic and polysomnographic data are presented in Table 4.2. Of the 213 pa-
tients, 133 (70 male) presented with no or mild OSAS (AHI<15), 40 (26 male) patients
with mild to moderate OSAS (15<AHI<30) and 50 patients (38 male) with severe
OSAS (AHI>30). Neither age nor BMI are significantly different between the three

subgroups.

Sleep time, wake time and percentage of REM sleep are not significant between the
three OSAS subgroups (p > 0.5). The number of arousals per hour is significantly
higher in patients with severe OSAS (50.7 £ 19.6 /h) compared to patients with mod-
erate (25.3 £8.6 /h) or no/mild (16.4 £ 8.4 /h, p < 0.0001) OSAS.

4.3.2 Predominant phase locking ratios

The most frequent phase locking ratio observed in adults with mild and moderate
OSAS was 4:1 (Table 4.3), followed by 5:1 and 3:1. In adults with severe OSAS, 2:1 was
the most frequent phase locking ratio, followed by 4:1, 5:1 and 3:1.
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OSAS. ‘0’ indicates no phase-locking observed for given ratio.

Table 4.3. Predominant phase locking ratios in adults. Percentage of predominant phase locking ratios for different sleep stages in adults with

Phase locking AHI<15 15<AHI<30 AHI>30

ratios m:n Awake | SS1 | SS2 | SW | REM | Awake | SS1 | SS2 | SW | REM | Awake | SS1 | SS2 | SW | REM
2:1 248 | 174 | 14 | 116 | 19 20 25 | 20 | 125 ] 175 65.3 |59.2 531|265 | 449
3:1 124 132 99 | 9.1 14 5 125 | 175|225 | 15 122 [ 122 | 20 | 6.1 | 10.2
4:1 39.7 | 372|381 |388| 364 40 375 (275|225 | 325 2.1 6.1 | 265|245 | 204
5:1 174 | 215|322 (339 | 248 30 225| 30 | 375| 25 163 | 143|163 | 184 | 16.3
6:1 4.1 9.1 5 41 | 5.8 2.5 2.5 5 25 | 25 2.1 6.1 | 21 [ 122 ] 21
7:1 0.8 08 | 1.7 0 2.5 0 0 0 2.5 2.1 2.1 0 0 0
5:2 0 0 0 0 0 0 0 0 0 0 0 0 0
7:2 0 0 0 0 0 0 0 0 0 0 0 0 0
9:2 0.8 0 0 0 0 0 0 0 0 0 0 0 0 0
8:3 0.9 0 0 0 0 0 0 0 0 0 0 0 0 0 0
11:3 07 | 0 0 0 0 0 0 0 0 0 0 0 0 0
14:3 0 0 0 0 0 0 0 0 0 0 0 0 0 0
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Figure 4.3. RR and respiratory intervals in adults/OSAS patients. Group and sleep related

comparison of RR interval and respiratory interval. Here, *** represents p < 0.0001.

4.3.3 Sleep stage effects on respiratory and RR intervals and car-

diorespiratory coordination in OSAS patients

Mean heart rate and respiratory rate are not significantly different between sleep stages
(see Fig. 4.3). The percentage of coordination (%cordn) is nearly 50% higher during
slow-wave sleep compared to REM sleep (18.7 7.7 vs. 11.2 £ 4.3 %, p < 0.0001), see
Figure 4.4. The average duration of coordinated epochs (AvDurCordn) also depend
on the sleep stage (Fig. 4.5). Post-hoc analysis reveals: i) prolongation of coordinated
epochs in slow-wave sleep compared to REM sleep; and ii) prolongation of coordinated
epochs in stage 1, stage 2 and slow-wave sleep compared to wakefulness. There is no
significant difference in the dominance of phase locking ratios during different sleep
stages (Table 4.3).
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Figure 4.4. Cardiorespiratory coordination. Sleep related comparison of percentage of coordina-
tion (%cordn, mean+SD) using original data from abdominal signal. Here, *, ** and

4% represent p < 0.05 p < 0.01 and p < 0.0001, respectively.

4.3.4 Surrogate data analysis in OSAS patients

The percentage of coordination (%cordn) and average duration of coordinated epochs
(AvDurCordn) is significantly decreased (p < 0.001 and p < 0.0001 respectively) after
randomizing the order of the R wave occurrence, see Table 4.4. Moreover, comparing
the results obtained using surrogate data it is observed that they follow a similar pat-
tern and significance among the different AHI groups and sleep stages as that of the
results obtained using original data. The %cordn and AvDurCordn, obtained using

surrogate data, is significantly higher during slow-wave sleep compared to REM sleep
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Figure 4.5. Cardiorespiratory coordination. Sleep related comparison of average duration of co-
ordination (AvDurCordn, mean=£SD) using original data from abdominal signal. Here,

*, ** and *** represent p < 0.05 p < 0.01 and p < 0.0001, respectively.

(9.9+£39vs.5.7£2.4%,p < 0.0001 and 5.9 £1.9vs.4.4+1.8s, p < 0.0001 respectively,
in patients with no/mild OSAS), see Table 4.4.

4.3.5 Age effects on cardiorespiratory coordination in OSAS patients

Using the linear regression model for the 144 patients without heart disease, we find
no significant association between age and percentage of coordination (%cordn). Like-

wise, age is not significantly associated with the average duration of coordinated epochs
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Table 4.4. Cardiorespiratory coordination: Original vs. surrogate data. Percentage of coordination and average duration of coordinated epochs

for different AHI groups and sleep stages using original (ORG) and surrogate (SUR) data.

Percentage of coordination
AHI<15 15<AHI<30 AHI>30
ORG SUR ORG SUR ORG SUR
Awake | 10.8£5.6% | 5.7+21%* | 10.6£5.6% | 4.8£22%** | 83£45% 3.9£1.5%**
SS1 | 119£69% | 62£33%** | 11.1£65% | 55+28%* | 72+48% 434+22%**
SS2 | 148+£64% | 85£31%** | 126 £4.6% | 6.1 +£3.7%* | 82+45% 44424 %*
SW | 187+£78% | 109+44%* | 144£48% | 81£42%* | 13.3£54% 5.0£2.5 % **
REM | 11.34+43% | 5.7£24%* | 94+£38% |49+22%* | 71£33% 3.5£22%**
Average duration of coordination

Awake | 76+19s | 41+£20s** | 73+£19s |35+£19s** | 59+21s 24£19s**
SS1 82+£21s | 47+21s** | 79£19s |39£22s** | 59£25s 25£23 5%
SS2 86+16s | 54+17s** | 86+£22s |43£21s**| 63£21s 3.0£2.0s***
SW 95£18s | 6.0£19s** | 92+£21s |47£22s**| 81£21s 3.7£2.0s***
REM | 77+£18s | 44+19s** | 74+£19s |3.6x£19s** | 61+£17s 24£1.8s***

Asterisks indicate significant differences with ORG. Here, ** and *** represent p < 0.01 and p < 0.0001.
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(AvDurCordn) and locking ratio. On the other hand, there is a significant positive cor-
relation between the age and the mean RR interval (r = 0.188, p < 0.01) and a signif-
icant positive correlation between age and mean respiratory time interval (r = 0.242,
p < 0.001). To further investigate the age effect on respiratory and RR intervals,
the study group is divided into four arbitrary subgroups: <30 years, 30-45 years,
46-60 years and >60 years. The mean RR interval is significantly longer in patients
above 60 years of age, compared to patients in the range of 30-45 years (967.92 + 88.55
vs. 877.01 £ 114.32 ms). On the other hand, the mean respiratory time interval is sig-
nificantly higher in patients above 60 years of age, compared to patients less than 30
years of age (4051.32 £ 173.67 vs. 3579.95 4 325.63 ms).

4.3.6 Gender effects on cardiorespiratory coordination in OSAS pa-

tients

Analysing 144 patients without heart diseases, we observe that gender has no signifi-
cant effect on RR interval (r = —0.072, p > 0.1) or respiratory time period(r = 0.029,
p > 0.1). Males and females have similar patterns of coordination between heart rate
and respiration. Considering ‘0" as females and ‘1" as males, a negative correlation is
observed between gender and percentage of coordination (%cordn) (r = —0.180, p <
0.01), between gender and duration of coordinated epochs (AvDurCordn) (r = —0.149,
p < 0.05) and between gender and locking ratio (r = —0.204, p < 0.01).

4.3.7 BMI effects on cardiorespiratory coordination in OSAS patients

Although BMI shows no correlation with percentage of coordination (%cordn) (r =
—0.007, p > 0.1) in the 144 patients without heart diseases, a significant correlation is
observed between BMI and duration of coordinated epochs (r = —0.262, p < 0.01).
Notice that BMI shows significant negative correlations with both the mean RR inter-
val (r = —0.343, p < 0.001) the mean respiratory time period (r = —0.144, p < 0.05).
The association of heart rate and respiratory rate with BMI is further assessed by di-
viding the cohort into four groups based on the statistical categories of BMI values:
underweight (<18.5 kg/ m?), normal (18.5-25 kg/ m?), overweight (25.1-30 kg / m?) and
obese (>30 kg/m?). The RR interval and respiratory time period is significantly shorter
in obese patients compared to patients with normal BMI (938.39 £ 135.75 vs. 881.61 £+
111.65 ms, p < 0.001 and 3997.34 & 296.03 vs. 3888.53 & 355.231 ms, p < 0.01). No
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Table 4.5. Abdominal vs. thoracic respiratory signals: Percentage of coordination. Percent-

age of coordination for different AHI groups and sleep stages using abdominal (ABDO)

and thoracic (THOR) signals.

AHI<L15 15<AHI<30 AHI>30
ABDO THOR ABDO THOR ABDO THOR
Awake | 10.8+56 % | 83+£45% | 106£5.6% | 79+38% | 83£45% | 6.3+3.6%
SS1 [ 119+£69 % | 10755 % | 11.14+65% | 94+44% | 72+48% | 7.8+£45%
SS2 | 148+64% | 13.7+£61% | 126 £4.6 % | 119+47 % | 82+45% | 83+£42%
SW | 187+78% | 171+75% | 144+48 % | 13.7+52 % | 133+54 % | 11.8£59 %
REM | 113£43 % | 10147 % | 94£38% | 87+38% | 71£33% | 6.9+t4.6 %

Table 4.6. Abdominal vs. thoracic respiratory signals: Duration of coordination. Duration of

coordinated epochs for different AHI groups and sleep stages using abdominal (ABDO)
and thoracic (THOR) signals.

AHIL15 15<AHI<30 AHI>30
ABDO THOR ABDO THOR ABDO THOR
Awake | 76 +19s | 724+45s | 73£19s | 72£1.8s | 59+21s | 65+21s
SS1 | 82£21s|79+23s|794+19s | 78£27s|59+25s|57£17s
SS2 | 86£1.6s|91+18s|86+22s|87£24s|63+21s|62+£21s
SW | 95+18s|97£19s[924+21s|94£24s|81+21s|79£26s
REM | 77+18s | 75£21s |74+19s|744+£18s |61+£17s|51+15s

significant difference in cardiorespiratory coordination is observed between the four

BMI categories.

4.3.8 Effect of respiratory signal source on the quantification of CRC

All results reported above are based on analysing the abdominal respiratory signal. To

determine whether the origin of the respiratory signal (abdomen vs. thorax) affects our

results, we compare the percentage of coordination (%cordn) and average duration of

coordinated epochs (AvDurCordn) obtained from the abdominal trace with those ob-

tained from the thorax (Table 4.5 and 4.6). There is no significant difference in %cordn

and AvDurCordn values obtained from thorax or abdomen (p > 0.05).
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4.3.9 Correlation between CRC and heart and respiratory parameters

The mean RR interval and respiratory interval of the cohort is 906.1 & 126.5 ms and
3821.66 £ 315.76 ms, respectively. The percentage of coordination (%cordn) shows no
significant correlation with mean RR interval (r = 0.095, p > 0.05), respiratory rate
(r = 0.015, p > 0.05) or high frequency power of the HRV (logHF), computed as the
logarithm of power in the frequency range 0.15-0.4 Hz, (r = 0.01, p > 0.05). Average
duration of coordinated epochs (AvDurCordn) is significantly correlated with mean
RR interval (r = 0.383, p < 0.001) and respiratory time interval (r = —0.492, p <
0.001), but not with logHF (r = 0.11, p > 0.05).

4.3.10 Effect of sleep stage and severity of OSAS on HF power of

heart rate

The high frequency power component of HRV (logHF), i.e. the magnitude of RSA, is
significantly different between awake and stage 2 sleep (Fig. 4.6). The degree of OSAS

had no significant effect on the magnitude of high frequency power.
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Figure 4.6. High Frequency Power. Group and sleep related comparisons of log transformed high

frequency power (logHF) (mean+SD). Here, * represents p < 0.05

4.4 Results—Children

Data analyses in healthy controls and children with SDB are performed after excluding

all the artefact, SDB related events and spontaneous arousal episodes together with an
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artifact-free/SDB-event-free /arousal-free episode immediately before and after each

above mentioned episode.

4.4.1 Polysomnographic findings

As anticipated baseline PSG confirms the presence of respiratory abnormalities in the
SDB children who have a significantly higher obstructive apnoea hypopnoea index,
elevated respiratory arousals, increased frequency of SaO, desaturations and a sig-
nificantly lower mean SaO, nadir compared to controls. There are no significant dif-
ferences between groups with respect to sleep architecture, spontaneous arousals or
PLMS (Table 4.7).

4.4.2 Predominant phase locking ratios in children

In healthy children, 4:1 is the most frequent phase-locking ratio observed during stage
1 (45%), during stage 2 sleep (57.5%) and during slow-wave sleep (62.5%), followed
by 5:1 (Table 4.8). In children with SDB, the most frequent phase-locking ratio is 5:1,
observed during stage 1 (32.5%), stage 2 (45%) and REM sleep (40%), followed by 4:1
(Table 4.8). However, most of the control and SDB children show a phase-locking ratio
of 2:1 during awake state (controls: 70% and SDB: 72.5%).
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Figure 4.7. RR interval in healthy and SDB children. Group and sleep related comparison of
RR interval (mean+SD) in healthy and SDB children. Here, *, ** and *** represent
p < 0.05, p < 0.001 and p < 0.0001, respectively.
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Table 4.7. Overnight polysomnography in children. Demographic data and overnight
polysomnography findings in healthy and sleep disordered breathing children.

Control n = 40 SDB n = 40
Age (yrs) 75+£26 75+27
Male (%) 525 62.5
BMI percentile 60.7 £26.4 65.8 £31.9
Socio-economic status 994.9 £93.0 976.9 £93.9
Total sleep time, TST 446.9 £37.3 425.6 £59.5
(min)
Stage 1 sleep (% of TST) 29+15 33+23
Stage 2 sleep (% of TST) 442+6.9 424+6.2
SW sleep (% of TST) 322+63 346 +£65
REM sleep (% of TST) 20.6 £3.9 19.7 £5.7
REM latency (min) 92.8+22.0 85.8 £31.2
Movement time (min) 91+49 8.7+£45
Wake after sleep onset time 39.7 £30.9 53.4 4449
(min)

Periodic limb movement | 3.3 £4.9 (1.2, 0-19.6) | 4.947.3 (1.3, 0-27.2)
index (median, range)
Spontaneous arousal index 94+27 84+24

Respiratory arousal index | 04404 (0.3, 0-1.7) | 3.2+£4.2 (1.1, 0-17.0)***
(median, range)
Sa0; nadir 929+1.9 90.6 £ 5.7*

Sa0, desaturation index | 0.8 £0.8 (0.8, 0-4.9) | 5.1 9.4 (1.3, 0-53.1)***
(median, range)
Obstructive apnoea hypop- | 0.1£0.2 (0.1, 0-0.9) | 5.0 £9.0 (0.9, 0-49.8)***

noea index (median, range)

Here, * and *** represent p < 0.05 and p < 0.001, SDB vs. control
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Table 4.8. Predominant phase locking ratios in children. Percentage of predominant phase
locking ratios for different sleep stages in healthy and SDB children. ‘0" indicates no

phase-locking observed for given ratio.

Phase locking Healthy SDB

ratios m:n Awake | SS1 | SS2 | SW | REM | Awake | SS1 | SS2 | SW | REM
2:1 70 2.5 0 0 0 72.5 15 0 0 0
3:1 75 10 10 10 5 25 25 | 25 | 25 0
4:1 17.5 45 | 575 | 625 | 375 12.5 275 | 325 | 375 | 225
5:1 25 30 | 275|225 | 475 | 125 | 325 | 45 35 40
6:1 25 125 | 5 5 10 0 175|175 | 25 | 375
7:1 0 0 0 0 0 0 0 2.5 0 0
5:2 0 0 0 0 0 0 0 0 0 0
7:2 0 0 0 0 0 0 0 0 0 0
9:2 0 0 0 0 0 0 0 0 0 0
8:3 0 0 0 0 0 0 0 0 0 0
11:3 0 0 0 0 0 0 0 0 0 0
14:3 0 0 0 0 0 0 0 0 0 0

— - ] 3 control group
. * L . ) SDB group
e ==

2 T T T T T T T T T T
AwakeSS1 SS2 SW REM AwakeSS1 SS2 SW REM

Sleep stages

Figure 4.8. Respiratory intervals in healthy and SDB children. Group and sleep related com-
parison of respiratory intervals (mean+SD) in healthy and SDB children. Here, *, **
and *** represent p < 0.05, p < 0.001 and p < 0.0001, respectively.

4.4.3 Sleep stage effects on respiratory and RR intervals and car-

diorespiratory coordination in children

There is no significant difference in mean RR interval between controls and the SDB

children in any of the sleep stages. There is, however, significant shortening in average
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Figure 4.9. Percentage of cardiorespiratory coordination. Group and sleep related comparison
of percentage of coordination (%cordn, mean+SD) in healthy and SDB children. Here,
¥ **and *** represent p < 0.05, p < 0.001 and p < 0.0001, respectively.

RR interval during REM sleep as compared to SW sleep in control and SDB children
(Controls: 0.74 0.1 vs. 0.76 £ 0.1 s, p < 0.0001; SDB: 0.73 £0.1 vs. 0.74 £ 0.1 s, p <
0.001), see Figure 4.7. Awake state is associated with a significantly shorter RR interval

as compared to stage 1, stage 2 and SW sleep (Figure 4.7).

On the other hand, children with SDB show a significant prolongation of respiratory
intervals compared to controls for all the sleep stages except for REM sleep (Figure 4.8).
There is also a significant shortening in mean respiratory interval during REM sleep as
compared to stage 1, stage 2 and SW sleep in children with SDB (3.86 £ 0.5 vs. 4.11 £
0.5,4.09 £ 0.4 and 4.01 £ 0.5 s, respectively). However, mean respiratory intervals are

not significantly different between sleep stages in control group (Figure 4.8).

Percentage of cardiorespiratory coordination and the duration of coordinated of coor-
dinated epochs is strongly associated with sleep stages. A significant increase in per-
centage of cardiorespiratory coordination is observed during SW sleep as compared to
any other sleep stage in controls and children with SDB (SW vs. REM sleep—Controls:
257 £7.8 vs. 153 £3.5 %, p < 0.0001, SDB: 25.2 9.2 vs. 143 £3.9, p < 0.0001),
see Figure 4.9. Average duration of coordinated epochs is also higher during SW
sleep as compared to stage 1 and REM sleep (SW vs. REM sleep—Controls: 8.1 1.2
vs. 71+ 14 and 6.8+£1.0 %, p < 0.0001, SDB: 84 £1.0 vs. 6.8 £ 1.6 and 7.1 £1.2,
p < 0.0001, respectively), see Figure 4.10. However, there are no significant differ-
ences in cardiorespiratory coordination between controls and children with SDB (Fig-
ures 4.9 and 4.10).
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Figure 4.10. Average duration of coordinated epochs. Group and sleep related comparison
of average duration of coordination (AvDurCordn, mean+SD) in healthy and SDB
children. Here, *, ** and *** represent p < 0.05, p < 0.001, and p < 0.0001,

respectively.

4.4.4 Age, BMI and gender effects on cardiorespiratory coordination

in healthy children

The group of healthy children (40 controls) are further divided into sub-groups based
on gender or either the median values of age (median: 7.3 yrs) or BMI z-score (median:
0.37) to study the effects of gender, age and BMI on cardiorespiratory coordination,
respectively. No significant differences are observed in cardiorespiratory coordination

between the corresponding sleep stages of the two groups (Figure 4.11).

4.5 Discussion

Our major findings are: (1) the phase-locking between cardiac and respiratory rhythms
decreases with the severity of OSAS in adults; (2) cardiorespiratory coordination dur-
ing normal sleep episodes remains unaffected in children with SDB compared to healthy
controls; (3) the percentage of cardiorespiratory coordination and the duration of co-
ordinated epochs is significantly higher during slow-wave sleep compared to REM
sleep in adults with OSAS, healthy children and children with SDB; (4) 4:1 is the most
frequent phase locked ratio for cardiorespiratory coordination; (5) cardiorespiratory

coordination is not affected by age or BMI.

Respiratory sinus arrhythmia (RSA) is usually quantified by means of the high fre-
quency power of HRV which is significantly influenced by breathing rate (Hirsch and
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Figure 4.11. Healthy children—Age, BMI and gender effects. Comparison of cardiorespiratory
coordination (mean+SD) between corresponding sleep stages of different sub-groups of
healthy children. There are no significant differences in cardiorespiratory coordination

between the sub-groups.

Bishop 1981, Penttila ef al. 2001). It provides a basic surrogate, but completely lacks in-
formation on the respiratory system. We determine the effects of sleep stage and degree
of OSAS on high frequency power of HRV (Fig. 4.6). Although a significant difference
in high frequency power is observed between awake and stage 2 sleep, the degree of
OSAS showed no effect on high frequency power. This suggests that cardiorespiratory
coordination and RSA can be considered as two independent phenomena. However,
according to Schafer et al., cardiorespiratory coordination can be reduced by an in-
crease in RSA (Schafer et al. 1998, Schafer et al. 1999).

The assessment of cardiorespiratory coordination using the Hilbert transform has some
technical advantages over the traditional approach. Importantly, it does not require

the detection of the inspiratory onset, which can be challenging, in particular when
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large amounts of data need to be processed, e.g. PSG recordings. The phase analy-
sis technique has the advantage of tracing transitions between synchronous and non-
synchronous epochs using the synchrogram plot (Rosenblum et al. 2001) and has been
employed in earlier studies (Bahraminasab et al. 2008, Zhang et al. 2010). Although the
detection of inspiratory onset is not required for the study of cardiorespiratory coor-
dination, it has been used to determine the respiratory time period. The trade-off is
that phase locking in general, independent of the phase between inspiratory onset and
R wave, might not always in line with the physiological model. Despite of this short-
coming, there is evidence that the quantification of phase-coordination might provide
an useful tool to assess cardiorespiratory relationships (Pereda et al. 2005). Using a
surrogate data approach, we find that the percentage of coordination and the average
duration of coordinated epochs decrease significantly when the order of RR intervals
is randomized. This suggests that cardiorespiratory coordination—as we have quanti-
fied and discussed below—indeed represents a deterministic feature of heart rate and
respiration and is not a random observation. However, it also suggests that random-
ized RR intervals can show some coordination; up to 10% of the whole sleep duration,
depending on the variability of the original RR interval series and probably also on the
regularity of respiration. According to a recent study by Kenwright et al. (2008), the
possibility of having an interaction between cardiac and respiratory oscillators is re-
duced by an increase in variation of respiratory frequency. It was shown that cardiores-
piratory coordination is significantly decreased during exercise due to an increase in
cardiac and respiratory frequencies as a result of greater demand for nutrients and oxy-
gen from the blood by various body organs (Kenwright et al. 2008). From our results
it appears that heart rate and/or respiration are more regular during slow-wave sleep
compared to REM sleep, since cardiorespiratory coordination is higher in slow-wave

sleep compared to REM sleep, even when the order of RR intervals is random.

In our study we find that phase coordination between heart and respiratory rhythms
lasts for time intervals of on average 8.3 seconds in adults with no/mild OSAS and 8.1
seconds in healthy children. Although these phase-locked periods are rather short they
account for up to 20% of the whole sleep duration. In accordance with a previous study
(Bartsch et al. 2007), we observe a profound sleep stage effect on cardiorespiratory co-
ordination. Phase-locking occurs more often and for longer periods in slow-wave sleep
compared to REM sleep. This might be the effect of less regular breathing patterns in
REM sleep paralleled by sympathetic cardiac activation, making both rhythms more
erratic and therefore phase-locking less likely. This is in line with the fact that RSA
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has shown to increases during SW sleep (Brandenberger et al. 2005). Note that REM
sleep, characterized by irregular and high-frequency waves in the electroencephalo-
gram is associated with a lack of synchrony between neuron firing rates, possibly due

to desynchronized nervous activity (Guyton and Hall 2006, Gottesmann 1999).

It has been suggested by Hamann et al. (2009) that cardiorespiratory coordination can
be observed as long as the noise from higher brain regions, which affects the cardiac
and respiratory oscillators, is uncorrelated. However, during REM sleep, when the
higher brain regions are more active, long-term correlated noise might be imposed on
the two oscillators and thereby causing a reduction in the cardiorespiratory coordina-
tion (Hamann et al. 2009). It seems probable that the decrease in the amount of phase-
locking between the cardiac and respiratory signals during REM sleep is caused by the
desynchronized activity of the nervous system. Some of the earlier studies have also
found changes in heart rate with the change in sleep stages (Snyder et al. 1964, Pen-
zel et al. 2003, Nalivaiko et al. 2007). However, in this study, significant changes in
RR intervals with sleep stages were only observed in healthy and SDB children but not
adults. As almost one-third of our adult study group consisted of patients with heart

disease their medication might partly explain the different heart rate behaviour.

In our study cardiorespiratory coordination is neither affected by age nor by BMI in
adults as well as in children. These results are consistent with an earlier study by
Bartsch et al. (2007). However, in a recent study by Shiogai Shiogai et al. (2010), it was
reported that although cardiorespiratory coordination showed no correlation with age
for males, it significantly increased with age for females. A different approach for de-
tection of phases with the Hilbert transform, used in this study, compared to marked
events method used for cardiac phase detection by Shiogai et al. (2010), might be a pos-
sible cause of the variation in results. Similarly, the low sampling frequency and filter-
ing approach to the respiratory signal used in this study could also be the contribut-
ing factors for the differences. According to another study, autonomic modulation of
heart rate diminishes with age (Umetani et al. 1998). Interestingly, we have observed
no significant effect of age on cardiorespiratory coordination, suggesting that there is
little association between HRV and the phase-locking between heart and respiratory
rhythms. Also, in our study, a positive correlation between age and RR interval is
unexpected as heart rate (reciprocal of RR interval) was reported to increase with age
(Penzel et al. 2003, Nalivaiko et al. 2007).
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The BMI has an effect on OSAS and is also associated with an increased cardiac sympa-
thetic tone (Ferguson et al. 1995, Busetto et al. 2005). Patients with higher BMI are more
likely to be affected by OSAS. However, in our study, although OSAS has an effect on
the phase locking between heart rate and respiration, BMI shows no association with
cardiorespiratory coordination. On the other hand, the respiratory time period has a

negative correlation with BML

Autonomic modulation of heart rate is altered in OSAS patients (Narkiewicz et al.
1998). Our results indicate a significant increase in heart rate and respiratory rate in
patients with moderate and severe OSAS compared to patients with mild or no OSAS.
This increase in heart rate might be a result of a decrease in cardiac vagal outflow, of
an increase in cardiac sympathetic outflow or both (Narkiewicz and Somers 2003). On
the other hand cardiorespiratory coordination decreased significantly with the severity
of OSAS. This suggests that the amount of phase locking is influenced by autonomic
control, which is affected by the repetitive obstructive episodes in OSAS patients. Mea-
sures of cardiorespiratory coordination seem to be more sensitive to OSAS than con-
ventional HRV metrics alone, since they incorporate both, respiratory and cardiac do-

mains.

However, after removing sleep disordered-breathing related events and spontaneous
arousal epochs, no significant differences in cardiorespiratory coordination are ob-
served between healthy children (controls) and children with SDB. This would suggest
that the coordination between cardiac and respiratory cycles in patients with OSAS is
mainly affected by OSAS related events but remains almost unaffected during normal

quiet sleep episodes.

The location of respiratory signal recording (abdomen vs. chest) might potentially in-
fluence cardiorespiratory coordination analysis. While the abdominal and thoracic ex-
cursions are approximately in phase during normal breathing, a higher difference in
phase is typically observed during airway obstruction. It has been even suggested to
use the phase difference between the two signals to detect sleep apnea (Varady et al.
2003). For the purpose of this study we have primarily used the respiratory signal
obtained from the abdominal transducer. However, our analyses indicate that respi-
ratory signals derived from the thorax can be equally used. There is no significant
difference in the mean percentage of coordination for different AHI groups and sleep
stages. Further, the sampling frequency has an influence on the accuracy of measure-

ment of R-peaks, with a significant decrease in the amplitude of R-peak observed at
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a sampling rate of 125 Hz, compared to 500 Hz, but with no significant influence on
the RR interval (Pizzuti et al. 1985). The ECG sampling frequency of adults for this
study was relatively low (128 Hz). This, together with the technique used for quan-
tifying synchronization and the short intervals of synchronized epochs considered as

signature for cardiorespiratory coordination, could have influenced our results.

4.6 Chapter summary

In this Chapter we have investigated cardiorespiratory coordination in children and
adults suffering from obstructive sleep apnea syndrome. We have illustrated that
OSAS (mainly OSAS related events) perturbs the phase locking between cardiac and
respiratory rhythms. It thus appears that the assessment of cardiorespiratory coordi-

nation may provide an ECG based screening tool for OSAS.

Although the synchrogram technique—an established method for evaluating phase-
locking between cardiac and respiratory oscillators—has been able to detect and show
significant changes in cardiorespiratory coordination in patients suffering from OSAS,
a slight modification by introducing an additional adaptive delay in the cardiac os-
cillator can improve the performance of the synchrogram technique, which will be

discussed in the next Chapter.
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Chapter 5 | |

Time delay correction of
the synchrogram technique

HE cardiorespiratory synchrogram, a graphical tool based on the
stroboscopic technique, is an established method for evaluating
phase-locking between cardiac and respiratory oscillators. In the
original method, the phase of the respiratory oscillator is observed at the in-
stants of time when the phase of the cardiac oscillator attains a certain value.

In this Chapter, we introduce an additional adaptive delay in the cardiac

oscillator based on the maximisation of the cross-correlation or symbolic
coupling traces between the phases of respiration and the delayed RR in-
tervals. We then investigate phase coordination in thirteen normal subjects
(5 males, 8 females; age: 19-24 years) for different body postures. Cardiores-
piratory coordination is observed to be significantly reduced in the upright
position (supine vs. upright: 11.9 £5.1 vs. 6.9 £ 3.6, p < 0.05). Compared
to the original algorithm we observe an increase in the detection of average
cardiorespiratory coordination (supine original vs. delay: 11.9 vs. 18.9 %),
together with a decrease in standard deviation of the percentage of coor-
dination in all the subjects, after introducing the heart rate delay (supine
original vs. delay: 5.1 vs. 44 %). In conclusion, the performance of the
synchrogram technique is improved by including an adaptive delay in the

cardiac oscillator.
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5.1 Introduction

It has previously been reported that delays in coupling between two systems can
have significant influence on their dynamical behaviour (Niebur et al. 1991, Yeung
and Strogatz 1999, Reddy et al. 2000). From the point of view of measurement it has
been demonstrated that higher coordination between two time series of delayed sys-
tems can be observed by introducing a delay, e.g. a time-shifted synchronization index
(Rybski et al. 2003).

Takahashi et al. (2000), Gilad et al. (2005), Takahashi et al. (2005) and Tzeng et al. (2009)
have shown that there exists a delay between phase of respiration and RR interval,
which is further affected by body posture (Gilad et al. 2005). Alvarez-Ramirez et al.
(2009) suggested that the prolongation of phase delay in RR time series can be used
to discriminate healthy subjects from patients with congestive heart failure. However,
phase delay has never been considered in the synchrogram method—a standard visual

tool for the detection of cardiorespiratory coordination.

This Chapter introduces a modification of the synchrogram method that incorporates
an adaptive delay. The modified algorithm is validated by comparing its performance
with that of the original method, investigating the phase-locking between cardiac and

respiratory rhythms during postural changes in normal subjects.

5.2 Methods

5.2.1 Subjects / Experimental protocol

Thirteen healthy subjects (5 males, 8 females) participated in this study. The age of the
subjects ranged between 19-24 years. The study conformed to the principles outlined
in the Declaration of Helsinki and was approved by the institution’s human research

ethics committee. Subjects gave informed consent.

The protocol included 10 minutes of recording for different body postures. A group of
eight subjects (4 males, 4 females) was investigated in the supine position and while
standing during spontaneous normal breathing. A second group of five subjects (1
male, 4 females) underwent graded head-up tilt test at angles: 0, 30 and 60° during
controlled metronomic breathing at 15 bpm. The subjects were instructed not to speak

and to remain absolutely motionless during the recording.
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Figure 5.1. Respitrace. Respitrace calibrator, oscillator and impedance belts for recording respira-

tory signals.

Herein, ECG (leads I and II) and respiratory signals (from abdomen impedance belts
recorded using Respitrace, see Fig. 5.1) were sampled at 1 kHz and recorded using a
PowerLab data acquisition system (ADInstruments, Sydney, Australia), see Fig. 5.2,
and the ChartPro 6.0 software (ADInstruments, Sydney, Australia).
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Respiratory Signal Inputs -
Abdomenal and Chest ECG Input

Figure 5.2. PowerLab data acquisition system. PowerlLab data acquisition system used for ECG

and respiratory signals.

To further validate our results we studied the data from 213 patients with suspected

obstructive sleep apnea syndrome (OSAS) discussed in Chapter 4, Section 4.2.2.

5.2.2 Processing of ECG and respiratory signal

The ECG and respiratory signals are processed as described in Chapter 1, Sections 1.4.1
and 1.4.2. The RR time series are visually scanned for artifacts. Although the R-peaks
have been correctly identified, we have encountered a few ectopic beats that are man-
ually replaced with the average RR interval calculated from the beats prior to and after

the ectopy. The respiratory signals are low-pass filtered at 1.0 Hz to remove noise.

5.2.3 Cardiorespiratory coordination analysis

We studied the coordination between cardiac and respiratory cycles using cardiorespi-

ratory coordination analysis described in Chapter 1.1, Section 1.7.2.

We employ three parameters for characterising cardiorespiratory coordination: Firstly,
we calculate the percentage of coordination by adding up the time of all coordinated
epochs observed and then dividing it by the total duration of the segments. Secondly,
we measure the average duration of all coordinated epochs by calculating the arith-
metic mean of the durations of coordinated epochs. Further, the phase locking ratio

for each coordinated epoch is recorded.
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Figure 5.3. Time delay between ECG and respiration. Respiratory signal (top panel) and ECG
signal together with RR interval (bottom panel). The delay is calculated as the time

between the expiratory onset of respiration and the start of the increase in RR interval.

5.2.4 Calculation of time delays for enhanced detection of coordina-

tion
Cross-correlation function

The most common and widely used tool for the calculation of time delay is the cross-
correlation function. The linear association between the respiratory phases, ¢,(k), and
RR-intervals, RR, can be assessed by determining the Pearson correlation coefficients
for the correlation between RR and cos ¢, (k), rrc = c(RR(i), cos ¢(k;)), RR and sin ¢, (k),
rrs = ¢(RR(7), sin ¢,(k;)), and cos ¢(k) and sin ¢,(k), rcs = c(cos ¢r(k;), sin ¢,(k;)), and

subsequently the angular-linear correlation coefficient, rrp, defined as (Zar 1999)

1k + TRg — 2rRCTRSTCS 51
rRp = T2 : (5.1)
—Tcs

The parameters rrc, rrs and rcg are substituted by rp- = ¢(RR(i+7), cos ¢,(k;)), rzg =
c(RR(i+7), sin ¢,(k;)), g = c(cos ¢y(k;), sin ¢r(k;)) to introduce a delay of T R-peaks,
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where T =-6,-5,...,0,...,45,+6 beats. The time delay between respiration and heart beats
is illustrated in Figure 5.3. Circular statistics analysis is performed using the CircStat
MATLAB® toolbox and codes described in Berens (2009).

Symbolic coupling traces

The method of symbolic coupling traces is based on the analysis of structural patterns
through transformation of time series into discretized symbols. From the vectors of the
RR time series and the series of respiratory phases ¢, at the instants of R-peaks, RP, two
symbolic sequences, s"R (HR denoting the heart rate) and s*¥, were formed using the
transformation rule below, based on the differences between successive RR intervals

and R-instant respiratory phases, respectively,

0 ifRR;.; — RR; >0,
si =41 if RR;:+1 — RR; <0, (5.2)
2 ifRR;,; — RR; = 0.

0 if |RP; 1 —RP; [> 0,
si- =41 if |RP;,; —RP; |<0, (5.3)
2 if |RP;;; —RP; |=0.

H

Using the symbol vectors sH® and sk, we constructed words of length 3, w"R and

wRP

—each containing 3 successive symbols. Subsequently, the word distribution den-
sity as described in (Baumert et al. 2002) was estimated after introducing delays, T (7 =
-6,-5,...,0,...,+45,+6 beats), in R-peaks—providing probabilities that a certain word in the

series wR at time (t + T) appears in wX' at time t (Wessel et al. 2009).

The negative delays in the RR time series were achieved by shifting the respiratory
phases while preserving the original RR intervals. For our analysis we selected the
T-delayed RR time series that either provided the highest correlation between the de-
layed RR intervals and respiratory phases or showed highest probability of word simi-
larity between the two series using symbolic coupling traces. Subsequently, the param-
eters for quantifying the cardiorespiratory coordination were obtained after replacing
the original with the delayed RR time series, i.e. by shifting the appropriate R-peaks
based on the delay, .
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Table 5.1. Respiratory intervals. Mean values (£ SD) of the respiratory intervals during supine

and upright postures in eight subjects.

_ Respiratory Interval (s)

Subjects
Supine Upright

Subject 1 | 2.694+0.2 | 3.24+0.1
Subject 2 | 391+0.2 | 4.37+0.2
Subject 3 | 5.954+0.7 | 529 +£0.2
Subject 4 | 3.83+04 | 4.01+0.1
Subject 5 | 471 £0.6 | 5.09 +0.5
Subject 6 | 3.64£0.7 | 3.79+ 0.5
Subject 7 | 437 £0.3 | 498 +0.2
Subject 8 | 348 £0.1 | 3.57+0.3

5.2.5 Statistical analysis

GraphPad Prism version 5.01 for Windows (GraphPad Software, San Diego California
USA, www.graphpad.com) is used for statistical analysis. The measures of cardiores-
piratory coordination obtained with the original synchrogram technique for different
body postures are compared to those obtained with the modified technique using non-
parametric repeated measure analysis of variance (Wilcoxon matched pairs test, Fried-
man test and Dunn’s multiple comparison test). Values with p < 0.05 are considered

statistically significant. Data are expressed as mean+standard deviation (SD).

5.3 Results

5.3.1 Effect of changes in body posture on RR interval

The change in body posture from supine to upright is associated with significant short-
ening of RR intervals (0.87 & 0.07 vs. 0.67 & 0.05 s respectively, p < 0.001). Increase in
head-up tilt angles from 0 to 30 and 60°also show significant shortening in R-R in-
tervals (0 vs. 30 and 60°: 0.90 £ 0.06 vs. 0.83 = 0.05 and 0.71 £0.05s, p < 0.01 and
p < 0.001, respectively).
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Figure 5.4. Correlation plots. Correlation between respiratory phases and delayed RR time series.
In most cases, the highest correlation was observed after introducing a delay of one

R-peak in the RR time series.

5.3.2 Effect of changes in body posture on respiratory interval

In spontaneously breathing subjects, the average respiratory interval increase with the
change in body posture from supine to upright for all but one subject, in whom a slight
decrease in respiratory interval is observed (subject 3: supine vs. upright: 5.95 & 0.7
vs. 5.29 £ 0.2 s), see Table 5.1. Due to this variation in one subject, the overall differ-
ence in respiratory intervals with the change in body posture fails to reach statistical

significance.

5.3.3 Calculation of time-delay using cross-correlation analysis and

symbolic coupling traces

The cross-correlation functions between respiratory phases and RR intervals and the
probabilities of simultaneous words in both the series obtained with delays in the range

of -6 to +6 are calculated for all the subjects and plotted as shown in Figures 5.4 and 5.5,
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Figure 5.5. Probability plots. Probability of occurrence of similar words from the series of respi-
ratory phases and delayed RR time series. In most cases, the highest probability was

observed after introducing a delay of one R-peak in the RR time series.

respectively. From a total of 31 analysed states (5 subjects x 3 tilt positions + 8 sub-
jects x 2 body positions), the highest correlation (max. r = 0.63, p < 0.0001) between
the values of RR intervals and respiratory phases is mostly observed for T = +1 beat
(61.3%) (i.e. one positive delay in R-peak), followed by T = +2 beats (25.8%), while the
highest probability (max. 0.56) of concurrent/synchronous words is mostly achieved
for T = +1 (67.7%) and +2 (25.8%) beats.

5.3.4 Percentage of cardiorespiratory coordination

Original synchrogram

The coordination between cardiac and respiratory cycles significantly decrease with
the change in body posture from supine to upright (11.9 £5.1 vs. 6.9 3.6 %, p < 0.05)
as shown in Figure 5.6 during spontaneous breathing. Increase in head-up tilt angles
during controlled breathing also show a significant decrease in cardiorespiratory coor-
dination (0 vs. 60°: 16.9 4.4 vs. 11.8 + 4.0 %, p < 0.05) as shown in Figure 5.6.
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Figure 5.6. Percentage of coordination for different body positions. Percentage of coordination
using original and delayed RR intervals (calculated using cross-correlation and symbolic
traces) for supine and upright postures and different body tilt-angles. Higher tilt-angles
showed a lower percentage of coordination. By appropriate delaying of the RR time
series, an increase in the overall percentage of coordination was observed together with
a decrease in standard deviation. The lines connecting the points are notional for
illustrative purposes only, for grouping pairs of points. The lines are not intended for

describing a linear relationship.

Modified synchrogram

After choosing the delayed RR interval that provided either the highest correlation
with the respiratory phases or the highest probability of concurrent/synchronous words,
cardiorespiratory coordination show a relative increase with a reduction in standard
deviation when considering all subjects (supine position—mean using original data
vs. mean using delayed data through analysis of cross-correlation and symbolic traces:
11.9 vs. 18.0 %, p < 0.05 and 18.9 %, p < 0.05, respectively, and SD: 5.1 vs. 2.8 %,
p < 0.05and 4.4 %, p < 0.05, respectively) as seen in Figure 5.6.
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5.3.5 Average duration of coordinated epochs

Original synchrogram

The average duration of coordination between cardiac and respiratory cycles signifi-
cantly decrease with the change in body posture from supine to upright during spon-
taneous breathing (7.5 £3.1 vs. 5.0 £2.1 s, p < 0.01) as shown in Figure 5.7. Increase
in head-up tilt angles during controlled breathing also show a significant decrease in
the average duration of coordinated epoch (0 vs. 60°: 8.6 3.4 vs. 5.9 +2.3 s, p < 0.05)

as shown in Figure 5.7.

Modified synchrogram

The delay in RR interval based on either the highest correlation between the delayed
RR time series and respiratory phases or the highest probability of synchronous words
cause an overall, but not significant, increase in average duration of coordination (supine
position—mean using original data vs. mean using delayed data through analysis of
cross-correlation and symbolic traces: 7.5 vs. 9.2's, p > 0.05and 9.2 s, p > 0.05, re-
spectively, and SD: 3.1 vs. 2.3 s, p > 0.05 and 2.3 s, p > 0.05, respectively) as shown in
Figure 5.7.

5.3.6 Phase-locking ratio

The different phase-locking ratios observed in the subjects include 2:1, 3:1, 4:1, 5:1, 6:1,
7:2 and 9:2. The most frequent phase locking ratios observed in the supine posture dur-
ing spontaneous breathing are 3:1 (3 subjects), 4:1 (3 subjects) and 5:1 (2 subjects), and
during metronomic breathing 4:1 (4 subjects) and 9:2 (1 subject), as seen in Table 5.2.
The change in posture from supine to upright and higher tilt angles show slight varia-
tions in the phase-locking ratios (Table 5.2). The phase-locking ratios observed with the
modified synchrogram technique also varied but are not notably different from those
observed with the original method (Table 5.2).

5.3.7 Cardiorespiratory coordination in patients with OSAS using

modified synchrogram

Using the modified synchrogram, there is a slight but significant increase in cardiores-

piratory coordination in patients with OSAS during night-time sleep (see Figure 5.8).
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Figure 5.7. Average duration of coordination for different body positions. Average duration of
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and tilt-angles. Higher tilt-angles cause a significant decrease in the average duration
of coordinated epochs. However, delaying of RR time series has no significant effect on
the duration of coordination. The lines connecting the points are notional for illustrative

purposes only, for grouping pairs of points. The lines are not intended for describing a

linear relationship.

5.4 Discussion

The major findings of this study are: (1) the detection of epochs of cardiorespiratory
coordination can be increased by appropriate delaying of RR intervals, (2) a RR interval
delay of one was required to maximise the detection process in most cases, and (3) the
percentage and average duration of cardiorespiratory coordination decreases with the

change in body posture from supine to upright.

Our results show that the upright posture, as compared to supine, causes a shortening
in the RR intervals with no significant change in respiratory intervals, which is con-
sistent with the findings by Gilad et al. (2005). It is well known that a postural change
in human body, from upright to supine, causes an increase in vagus nerve activity
and a decrease in sympathetic nerve activity (Robinson et al. 1966, Rowell 1993, Buch-
heit et al. 2009).
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Table 5.2. Frequent phase locking ratios. Most frequent phase locking ratios using original and

modified synchrograms in two groups of subjects for different body positions.

(a) Group 1
_ Supine Upright
Subjects - -
Original | Modified | Original | Modified

Subject 1 | 3:1(59%) | 3:1(63%) | 4:1(75%) | 4:1(83%)

Subject 2 1(60%) 1(70%) | 2:1(70%) 1(87%)

Subject 3 | 4:1(44%) | 4:1(40%) | 5:1(56%) | 4:1(34%)

Subject 4 | 5:1(37%) | 5:1(47%) | 6:1(50%) | 5:1(50%)

Subject 5 | 4:1(65%) | 3:1(75%) | 5:1(60%) | 5:1(67%)

Subject 6 | 3:1(40%) | 3:1(47%) | 4:1(75%) | 4:1(78%)

Subject 7 1(55%) 1(67%) | 2:1(50%) 1(50%)

Subject 8 1(50%) 1(45%) | 6:1(36%) 1(55%)

(b) Group 2
_ 0° tilt 30° tilt 60° tilt

Subjects : - :

Original | Modified | Original | Modified | Original | Modified
Subject 1 | 4:1(60%) | 5:1(90%) | 2:1(75%) | 3:1(75%) | 6:1(50%) | 4:1(40%)
Subject 2 2(65%) 2(50%) 1(80%) 1(67%) 1(83%) 1(67%)
Subject 3 | 4:1(79%) | 4:1(67%) | 5:1(94%) | 5:1(95%) | 6:1(96%) | 6:1(93%)
Subject 4 1(91%) | 4:1(89%) | 5:1(60%) | 9:2(67%) 1(83%) | 5:1(89%)
Subject 5 1(75%) 1(80%) 1(40%) 1(45%) 1(67%) 1(75%)

There are mechanical effects of posture on both the respiratory and cardiovascular sys-
tems. Passive head up tilt (HUT) greater than 60° increases minute ventilation and
tidal volume and increases functional residual capacity (Chadha et al. 1985, Loeppky
and Luft 1975, Miyamoto et al. 1982, Yoshizaki et al. 1998, Chang et al. 2005). The
mechanisms are not clear, but it has been suggested that descent of the diaphragm
may alter the point at which tidal breathing occurs on the volume pressure curve
(Navajas et al. 1988), leading to an increase in lung compliance. This is consistent with

the observation that moving from a supine to a sitting posture produces a progressive
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Figure 5.8. Percentage of coordination in patients with OSAS. Percentage of cardiorespiratory
coordination using original and delayed RR intervals in patients with mild, moderate and
severe OSAS. Severe OSAS show a lower percentage of coordination. By appropriate
delaying of RR time series, an increase in the overall percentage of coordination is

observed. In some cases there is a decrease in standard deviation. Here, * ** and ***
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Page 102



Chapter 5 Time delay correction of the synchrogram technique

reduction of rib cage displacement and a concomitant increase of abdominal contribu-
tion to breathing mechanics (Sharp et al. 1975, Vellody et al. 1978, De Troyer 1983, But-
ler et al. 2001). However, effects on tidal volume and ventilation for passive HUT, as
opposed to active standing, tend to be minor. Romei et al. (2010) showed that absolute
tidal volume and minute ventilation were increased when sitting without back sup-
port (by about 20% for each), but these effects were not seen when the values were
normalised to subject body weight, and no change was seen with 80° sitting with
back support. In this study, respiratory rate is not changed by posture. Importantly,
these effects appear to be wholly mechanical—no change in neural drive to the res-
piratory muscles has been demonstrated following passive tilting or active standing
(Butler et al. 2001). Although many studies have been done on the effect of posture on
heart rate variability (HRV), demonstrating, for example a phase shift in respiratory
sinus arrhythmia (RSA) with posture (Kotani ef al. 2008), no studies have examined the

effect of posture on cardiorespiratory phase coordination.

In this study, a significant decrease in cardiorespiratory coordination is observed in
upright and higher tilt-angled postures as compared to a supine posture. Also, there
are variations in the average phase-locking ratio with the change in body posture.
Cysarz et al. (2004b) reported that a strong cardiorespiratory coordination can be ob-
tained through a breathing pattern caused by poetry recitation as compared to con-
trolled breathing. Our results suggest that autonomic nerve activity has an influence
on cardiorespiratory coordination. This observation has further been supported by a
recent study (Kabir et al. 2009).

The analysis of physiological systems are complicated as they are highly non-linear
and non-stationary and are usually contaminated with intrinsic and measurement noise.
As a result, the conventional techniques such as linear cross-correlation analysis often
prove to be inadequate for characterizing their complex dynamics (Hoyer et al. 1998b,
Rosenblum et al. 1998). Symbolic coupling traces analysis, which is based on simplified
description of the system’s dynamics through symbolic representation by employing a
coarse-graining procedure (Baumert et al. 2002, Baumert et al. 2005), has been suggested
to be more reliable due to its insensitivity towards noise and non-stationeries com-
pared to cross-correlation analysis (Wessel et al. 2009). By employing cross-correlation
functions and symbolic coupling traces, we find that the highest correlation between
RR intervals and respiratory phases is obtained through a delay of usually one heart

beat in RR time series. The delay in heart rhythm in regard to the respiratory cycle
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is apparent in the example displayed in Fig. 5.3. Rybski et al. (2003) suggested that
the coordination between two time-delayed systems can be increased by introducing a
synchronization index into the phase synchronization method. The method based on
synchronization index has been compared with the traditional cross-correlation tech-
nique and also with a technique based on a model reconstruction and suggested to be

the most efficient technique (Cimponeriu et al. 2004).

A recent study has also reported the existence of delay between the respiratory phase
and RR interval pattern (Gilad et al. 2005). Consequently, we add the appropriate delay
in RR time series for the cardiorespiratory coordination analysis which show a signif-
icant increase in the detection of the phase-locking between cardiac and respiratory
rhythms and yields more consistent results. However, there is no significant change in
the average duration of coordination or phase-locking ratio after the delay. This would
suggest that the cardiac and respiratory cycles are usually phase-locked within short
intermittent periods (Hoyer et al. 1997, Schafer et al. 1998). Although the physiological
origin of cardiorespiratory coordination still needs to be explored in more detail, the
increase in detection of the interaction between cardiac and respiratory rhythms after
incorporating the delay in R-peaks could be explained by the possible involvement of
mechanisms such as the well known respiratory influence on cardiac timing known as
respiratory sinus arrhythmia and influences of heart on respiratory timing through the

baroreceptor nerves (Tzeng et al. 2007).

From a statistical point of view the study is sufficiently powered to detect a signif-
icant increase in cardiorespiratory coupling with the phase delay method compared
to the standard method. This study is able to show this effect in two independent
study groups under different conditions (active standing vs. tilt; spontaneous breath-

ing vs. metronomic breathing) and also in a large cohort of patients with OSAS.

5.5 Chapter summary

In this Chapter, we have shown that a change in body posture is associated with the
changes in cardiorespiratory coordination in humans and there exists a delay in heart
rhythm in regard to the respiratory cycle which should be taken into account during
the study of phase coordination between cardiac and respiratory rhythms. This Chap-

ter introduces a modification in the synchrogram technique that substantially enhances
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the sensitivity of the detection of cardiorespiratory coordination, and this may facilitate

unravelling its physiological role.

Although the time delay introduced in this Chapter provides enhanced detection of
cardiorespiratory coordination, we are interested in a relatively simple approach that
could show improved performance and also provide us with some additional informa-
tion. Data analysis using symbolic dynamics has become a topic of interest in recent
years due to its reliability. In the following Chapter, we develop a novel technique

based on joint symbolic dynamics for the detection of cardiorespiratory coordination.
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Chapter 6. |

Cardiorespiratory
interaction using joint
symbolic dynamics

ARDIAC and respiratory rhythms are highly non-linear and
non-stationary. As a result traditional time domain techniques
are often inadequate to characterize their complex dynamics.
In this Chapter, we introduce a novel technique to investigate the inter-
actions between RR intervals and respiratory phases based on their joint
symbolic dynamics. First, to evaluate the technique, we simulate two non-

linearly coupled systems using the Lorenz system and an autoregressive

process. Both time series are transformed into ternary symbol vectors based
on the changes between two successive time points. Subsequently, words
of different symbol lengths are formed and the correspondence between
the two series of words is determined to quantify their interaction. Second,
this technique is applied on 13 healthy subjects in different body postures
during spontaneous and controlled breathing to study the interaction be-
tween cardiac and respiratory cycles. To validate our results respiratory
sinus arrhythmia (RSA) is further studied using the phase-averaged char-
acterization of the RSA pattern.
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6.1 Introduction

The association between cardiac and respiratory rhythms has long been recognised
(Schafer et al. 1998, Schafer et al. 1999, Lotric and Stefanovska 2000). Some of the
conventional signal-processing techniques such as power spectral density and cross-
correlation analysis have shown linear dependencies between heart and respiratory
rate (Akselrod et al. 1987, Baselli et al. 1986). However, as these biological signals are
inherently non-linear, non-stationary and contain superimposed noise, the techniques
mentioned above often prove to be inadequate for characterizing their complex dy-
namics (Hoyer et al. 1998c, Rosenblum et al. 1998). Dynamic relationships between
heart rate and respiratory rate were assessed by various approaches, and consequently
there is still substantial terminological and conceptual confusion in this field. For this
reason, we consider it important to clearly define terms used in the current work.
We will use cardio-respiratory interaction as the most generalized umbrella term. The
quantification of cardiorespiratory interaction appears to have clinical merit for risk
stratification of cardiac mortality (Casolo et al. 1992, Moser et al. 1994) and diagnosing
obstructive sleep apnea (Cysarz et al. 2004a, Bartsch et al. 2007, Kabir et al. 2010b).

We are interested in a new and relatively simple approach that could also provide us
with some additional information about cardiorespiratory interactions. While assess-
ment of coherence function can lead us to the detection of changes in cardiorespiratory
interaction with postural changes, it lacks the temporal information contained in the
pattern of either the RR intervals and respiratory phases or their interaction. The con-
cept of symbolic dynamics allows for an easy interpretation of physiological data by
a simplified description of the system’s dynamics and offers a framework for explor-
ing the nature of a system through a means of simplified analysis (Kurths et al. 1995,
Voss et al. 1996, Baumert et al. 2002, Baumert et al. 2005, Baier et al. 2006). The basic
idea of this concept is to partition the state space into a finite number of regions, each
of which is represented by a pre-defined symbol. In this case the dynamics of the sys-
tem is studied by the alteration of symbols rather than representing a trajectory by
infinite sequences of numbers. By employing a coarse-graining procedure some of the
time series’ detailed information is lost while the robust properties of the dynamics are
preserved (Voss et al. 1996, Baumert et al. 2002). In this Chapter we introduce a novel
approach to quantify cardiorespiratory interaction that is based on the joint symbolic

dynamics of respiratory phase and heart rate.
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6.2 Methods

6.2.1 Simulated data analysis using Lorenz system and an autore-

gressive model

Simulated data is an useful way to determine the credibility of a technique. We use the
Lorenz system to represent one of the non-linear dynamic system. The Lorenz system
is defined by the equations of a three-dimensional dynamical system, represented by
three variables, x, y and z, that exhibits chaotic behavior. The equations, introduced by

Lorenz (Lorenz 1963), that govern the Lorenz system are given as

dx

()

dy

- x(p—z) -y, (6.1)
dz

i xy — Bz.

where ¢ and p are the Prandtl and Rayleigh numbers.

By solving the three differential equations, the three components of the Lorenz-system,
x, y and z are obtained. For our analysis we considered the x-component of the Lorenz
system. A second order auto-regressive process was used to generate the time series

of the second non-linear system y,,, coupled with x,, given by

yYn = 1.095y,, 1 — 0.4000y,,_» + 0.700&, + 0.300x2 . (6.2)

where ¢ is white noise and x is normalized to its standard deviation.

The time series of the two coupled systems x,, and v, are shown in Figure 6.1. Initially,
we calculate the probability of appearance of similar words, P, at a particular instant
in both the series, by dividing the total number of words in a series (11y) or (1) by the

total combination of words from both the series, given by

P:nxorny

) 6.3
Ny X 1y (6:3)

Consequently, joint symbolic dynamics is applied on the coupled systems to determine

the percentage of interaction between the two systems. In order to determine whether
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0 10 20 30 40 50

_5 1 1 1 1
0 10 20 30 40 50

Time (s)

Figure 6.1. Simulated data analysis. Figure representing the time series of nonlinear system, y,,

coupled with the x-component of the Lorenz system, x,,.

joint symbolic dynamics is an effective approach for detecting interaction between non-
linear systems, we randomize the data by shuffling the values of x, 50 times. For the
purpose of statistical analysis, and considering that the values of white noise change

in every realization, we generate 20 realizations to obtain a sequence of results.

6.2.2 Subjects / Experimental protocol

Data from 13 healthy subjects discussed in Chapter 5, Section 5.2.1 are used in this
study.

6.2.3 Data analysis

Recording of ECG and Respiration

The ECG and respiratory signals are processed as described in Chapter 1, Sec-
tions 1.4.1 and 1.4.2. Respiratory signals are low-pass filtered at 1.0 Hz to remove

noise.
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Figure 6.2. Schematic illustration of symbolic dynamics. The top left panel shows the RR inter-
vals as obtained from the time points of R-peaks while the bottom left panel represents
the respiratory phase cycle and the respiratory phases at the time points of R-peaks
(dots represent the time points while dotted lines show the correspondence between the
two time series). Both the time series can be transformed into symbolic sequences as
defined in the methods section. In this study, three consecutive symbols were used to
form words (underlined in the symbolic sequence). The right panel illustrates the phase
space representation of symbolic dynamics using 10 consecutive cardiac cycles (shown

in bold symbols in the left panel).

If k; is the k' sample of ECG corresponding to the appearance of an ih R-peak, then
¢r(k;) represents the k' phase of respiration at the instant of the i" R-peak. In this
Chapter, the parameter ‘RP’ contains the series of respiratory phases at the instants of

R-peaks.

Calculation of time delays for enhanced detection of coordination

The time delay in the RR time series was calculated using cross-correlation analysis
discussed in Chapter 5, Section 5.2.4.

Joint symbolic dynamics

Symbolic analysis involves transformation of time series into a series of discretized

symbols to extract information about the behaviour of the system generating the time

Page 111



6.2 Methods

series. In this process, the phase space of the dynamical system is partitioned into a
tinite number of cells in order to obtain a coordinate grid of the phase space. Using
the method of time delayed phase space embedding the time series generated by a
dynamical system would form an orbit, known as a phase trajectory, within a closed
and bounded space. Each cell visited by the trajectory at a time instant can be denoted
by a specific symbol among a set of defined symbols (Ray 2004). Subsequently, the
phase space trajectory can be mapped onto a symbol space by generating a sequence
of symbols corresponding to partitions in the space defining each state of the system
(Kitchens 1998, Robinson 1999, Devaney 2003). This is illustrated in Figure 6.2.

Phase space embedding requires knowledge of the system’s dimension, which is dif-
ficult to obtain from physiological data. In this paper we follow a more pragmatic
approach, using an embedding delay of one and varying the embedding dimension

with the aim to optimize the classification of our experimental data.

For simulated data analysis, two symbolic sequences s* and s¥ are formed from the
vectors of the two time series x and y using the transformation rule below, based on

the differences between successive x and y values, respectively,

0 if Xip1 — X < 0,
S?C =41 ifxj;g—x >0, (6.4)

2 ifxi+1 —X; = 0.

0 ifyi1—yi <O,
1 if YViv1 —Yi > 0, (6.5)

~ie
I

\2 ifyi—|—1 —Yi= 0.
For real data analysis, the vectors of the RR time series and the series of respiratory

phases ¢, at the instants of R-peaks, RP, are used to form two symbolic sequences,

sHR (HR denoting the heart rate) and s®F, using the transformation rule below, based

on the differences between successive RR intervals and R-instant respiratory phases,

respectively,

0 ifRRj;; —RR; >V,
S =341 if RRi+1 — RRZ' <V, (66)
2 ifRR;;; —RR; = V.
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0 if | RP; 4 — RP; |> 0,
si” =41 if |RP;q —RP; |<0, (6.7)
2 if |RP;q —RP; |=0,

where V is a threshold value. For the purpose of this study we have used V' =0,2,4,6,8,10

ms.

The formation of words from the symbol vectors and the analyses of their interaction
are similar for both the simulated and real data, and hence only the real data (RR inter-

vals and respiratory phases) has been used below in order to explain the procedure.

HR and sRP , we construct series of words (bins), wkHR and

Using the symbol vectors s
wiP of lengths k=1,2,...,5—containing k successive symbols. Consequently, 3% different

word types are obtained for each vector.

After applying the delay in RR intervals leading to the highest correlation between
respiratory phases and delayed RR intervals, the interaction between RR intervals and
respiratory phases during supine and upright posture is studied using symbolic dy-
namics for the lengths of words and threshold values mentioned earlier. Subsequently,
the word length and threshold value that provided the highest significance level is

chosen for our analysis.

The interaction between cardiac and respiratory cycles is studied by comparing the j

(j =1,2,...,n, where n is total number of words) word from the distributions, w}}IR
w}?P, of a particular word length k. If the sequence of symbols in w%]{.R corresponded to

%]{.R = wEP), the two words and hence the cardiac and respiratory epochs are

considered to be coordinated. The total interaction is calculated by dividing the total

and
RP (:
wy; (i.e. w

count of coordinated words by the total number of words and subsequently determin-

ing the percentage of interaction for different body postures.

Theoretically, the cardiac and respiratory cycles are also considered to be coordinated
when the two series are in complete phase opposition. In this study, however, we limit
the assessment of cardiorespiratory interaction to the case of identical words in both
the series, such that the proposed approach resembles the concept of respiratory sinus
arrhythmia (RSA).
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Figure 6.3. Phase-averaged respiratory sinus arrhythmia plot. Respiratory sinus arrhythmia
(RSA) of a subject during supine position for 39 respiratory cycles clustered together
(thin lines) and the overall RSA (thick red line) obtained by averaging the clustered
RSA. Each thin line indicates the RR interval deviation for one respiratory cycle. The

origin is the expiratory onset of respiration.

RSA pattern analysis

The pattern of RSA is evaluated by selective averaging of RR interval changes from
multiple respiratory cycles over the respiratory phase. As explained in more detail
in Gilad et al. (2005), for all n respiratory cycles, the RR intervals in each respiratory
cycle are interpolated into 50 data points using cubic spline interpolation. The 50 data
points for each of all the n respiratory cycles correspond to 27t (Fig. 6.3)— the origin in
the figure being the expiratory onset of respiration. The overall RSA pattern is obtained
by taking the average of all the RSA patterns for n respiratory cycles (Fig. 6.3). For the
purpose of our analysis we defined two RSA parameters: RSA amplitude and phase.
The RSA amplitude is calculated by taking the difference between the maximum and
the minimum peaks of the overall RSA pattern. The phase of RSA is defined as the

respiratory phase at the point of maximum overall RSA.
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Figure 6.4. Interaction between coupled systems using symbolic dynamics. Interaction be-
tween two coupled systems using original and surrogate data. A significant decrease
in interaction was observed using surrogate data as compared to original coupled data.

Here, *** represents p < 0.0001.

Statistical analysis

GraphPad Prism version 5.01 for Windows (GraphPad Software, San Diego Califor-
nia USA, www.graphpad.com) is used for statistical analysis. The interaction between
cardiac and respiratory rhythms between different body postures is compared using
non-parametric repeated measure analysis of variance (Wilcoxon matched pairs test,
Friedman test and Dunn’s multiple comparison test). Values with p < 0.05 are consid-

ered statistically significant. Data are expressed as mean=+SD.

6.3 Results

6.3.1 Theoretical probability analysis

For our simulated data analysis to determine the interaction between two coupled
non-linear systems, we use words of length ‘3" as suggested by previous studies
(Baumert et al. 2002, Caminal et al. 2005). Since 3 symbols (0, 1 and 2) are used to form

words of length 3, the probability of appearance of one word out of total possible words

1 _
3

. . . . 3
in both the series at a particular instant would be 333733

in a series is 0.037. Consequently, the probability of appearance of similar words

= 3.7%. However, we observe
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that although the symbol “2’, representing no difference between two successive val-
ues in a series, is assigned in the formula, it rarely appeared in the symbolic sequences.

Based on this observation the probability is recalculated to be % = 12.5%.

6.3.2 Analysis of joint symbolic dynamics of the non-linearly coupled

system

Using the joint symbolic dynamics approach for the coupled systems defined by Equa-
tions 6.1 and 6.2, an overall interaction of 15.8 &+ 3.4 % is observed for 20 realizations
(Figure 6.4). After shuffling the values of x;, 50 times and calculating its interaction
with the original v, for 20 realizations using joint symbolic dynamics approach, a sig-
nificant decrease in the percentage of interaction is observed (15.8 =3.4 vs. 10.5+1.9 %,
p < 0.0001), see Figure 6.4.

6.3.3 Effect of changes in body posture on respiratory and RR inter-

val

The effect of changes in body posture from supine to upright and with the increase in
head-up tilt angles from 0 to 30 and 60 degrees on respiratory and RR interval has been
discussed in Chapter 5 section 5.3.1.

6.3.4 Symbolic dynamics approach—Optimisation of word length
and threshold value, and analysis of cardiorespiratory inter-

action

The interaction between respiratory phases and delayed RR intervals is determined
by calculating the percentage of similarity of the sequence of symbols between the re-
spective words of the two series. The word length and threshold values are optimized
using the recordings of 8 subjects obtained during standing and in the supine position.
The Wilcoxon p value between standing and supine recordings is the output variable
under consideration. A word length of 3 provides consistently low p-values for dif-
ferent threshold values (Fig. 6.5). Setting the threshold value to 6 ms (Fig. 6.5, upper
panel) and the word length to 3, provides the most significant result (p = 0.008). The

suitability of this parameter setting is validated with the second data set consisting of
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Table 6.1. Joint symbolic dynamics approach. Transformation of RR intervals (RR;) and respi-

ratory phases (RP;) into symbol vectors, sRR and sRP, and words of length 3, w?Ff].R and

wgp, respectively. The words can be placed in a 27 x 27 table matrix. In the table,
the ‘star’ indicates that sequence of symbols in w?]-R corresponds to ijP and hence is
considered coordinated. The ‘plus’ sign indicates the pair of words with a difference
in sequence of symbols. The blank spaces indicate that the respective combination of

words do not appear in the selected RR/RP series.

RR;
0.834 | 0.788 | 0.808 | 0.85 | 0.858 | 0.856 | 0.798 | 0.77 | 0.858 | 0.832
skR: 0 1 1 1 0 0 0 1 0
shR: 1 0 0 0 1 1 1 0 1
whR:- - 100 000 001 011 111 110 101

| RP i

1.979 | 1.323 | 0.146 | 1.688 | 2.820 | 2.276 | 1.259 | 0.130 | 1.407 | 2.907
skP: 1 1 0 0 1 1 1 0 0
wg.P:- - 110 100 001 011 111 110 100
wHR

ap % 1000|001 | 010|011 | 100 | 101 | 110 | 111 | 200 | ... | 211 | ... | 222
wsj

000

001 *

010

011 *

100 + +

101

110 + *

111 *

200

211

222
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p - value

Length of word

p - value

Length of word 5

Figure 6.5. Significance test results. Wilcoxon test results (p values) obtained from cardio-
respiratory interaction analysis for different lengths of words and threshold values in
two groups of subjects: Group l1—supine vs. upright posture with spontaneous nor-
mal breathing (upper panel); Group 2—head-up tilt test with controlled metronomic

breathing (lower panel).

recordings during graded head-up tilt (Fig. 6.5, bottom panel). The word types span
over a 27 x 27 vector matrix from [000, 000]T to [222, 222]" (Table 6.1). There is a signif-
icant decrease in cardiorespiratory interaction with the change in body posture from
supine to upright (26.4 £ 4.7 vs. 20.5 + 5.4 %) during spontaneous breathing (Fig. 6.6).
Head-up tilt during controlled breathing also shows a significant decrease in cardiores-
piratory interaction (0 vs. 60°: 41.8 £ 5.3 vs. 23.5 £ 6.1 %), as seen in Fig. 6.6.
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Figure 6.6. Cardiorespiratory coordination using symbolic dynamics. Percentage of cardiores-
piratory interaction using the symbolic dynamic approach for the supine and upright

postures (top) and different graded head-up tilt (bottom).

6.3.5 Effect of changes in body posture on RSA

The magnitude of RSA maxima in upright posture is significantly lower than in supine
posture (0.08 £ 0.01 vs. 0.11 £0.02 s, p < 0.05, respectively) see Fig. 6.7, upper panel.
On the other hand, the phase of the RSA pattern maxima is significantly higher in
upright posture as compared to supine posture (5.1 £0.7 vs. 4.0 £ 0.6 rad, p < 0.05,
respectively), see Fig. 6.7, bottom panel.
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Figure 6.7. RSA in supine and upright posture. Amplitude (top) and phase delay (bottom) of
RSA of healthy subjects in supine and upright postures.

Increase in head-up tilt angles from 0 to 60°also results in significant decrease in magni-
tude and significant increase in phase of the RSA pattern maxima (magnitude: 0.12 &

0.02 vs. 0.07£0.01 s, p < 0.05 and phase: 2.97 +0.73 vs. 4.51 £ 0.23 rad, p < 0.05,
respectively), see Fig. 6.8.

Page 120



Chapter 6 Cardiorespiratory interaction using joint symbolic dynamics

* p=0.042
0.15+
0 S
< o104
2
g |
< 0.05
%)
(14
0.00- T .
0° 30° 60°
Tilt Angles
* p=0.042
5- I
—
— 47 |
(72}
g
T 37
S
g 2
©
L
o 14
0- T |
30° 60°

Tilt Angles

Figure 6.8. RSA during head-up tilt. Amplitude (top) and phase delay (bottom) of RSA in healthy
subjects during graded head-up tilt.

6.3.6 Correlation between results obtained using symbolic dynamics

and RSA analysis

The cross-correlation between the results of cardiorespiratory interaction analysis for
each body posture obtained using joint symbolic dynamics approach and RSA pattern

analysis is calculated and presented in Table 6.2. Although moderate correlations are
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Table 6.2. Correlation analysis. Correlation between the results of cardiorespiratory interaction

analysis obtained using joint symbolic dynamics approach and RSA pattern analysis.

) Joint symbolic dynamics approach
RSA pattern analysis : : p-values
Supine | Upright | 0° 30° 60°
Supine 0.12 0.19
Upright 0.09 0.11
0° -0.30 0.29
30° -0.39 0.18
60° -0.27 0.23

observed between the measures obtained using the two techniques, the results of cross-

correlation analysis are not statistically significant.

6.4 Discussion

In this chapter we introduce a novel approach for the investigation of interaction be-
tween cardiac and respiratory cycles based on their joint symbolic dynamics (JSD).
Our main finding is that the joint symbolic dynamics approach reveals significant dif-
ferences in the cardiorespiratory interaction in different body postures. It appears that

JSD is more sensitive to postural changes than phase-averaged RSA pattern analysis.

Symbolic dynamics has become a standard tool for the identification and interpre-
tation of key dynamic structures and behaviours of dynamical systems, particularly
when studying chaotic systems (Kitchens 1998, Robinson 1999, Devaney 2003). Anal-
ysis of respiratory data by symbolic dynamics has been suggested to provide better
results than time-domain analysis (Caminal ef al. 2005). In a study by Caminal et al.
(2005), the transformation of the respiratory time series into symbols and their anal-
ysis was based on different parameters—non-dimensional parameter a, number of
overlapped symbols in consecutive words T, and probability threshold of word oc-
currences pTH—whose values had to be suitably selected. Our study uses a novel
methodology that is based on the changes in consecutive respiratory phases corre-
sponding to the changes in RR intervals and involves optimization of the transforma-
tion rules, threshold values and word lengths and delay. The optimum word length

identified in this study is ‘3" and is well in line with several previous studies that used a
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pragmatic approach instead of true phase space embedding (Baumert et al. 2002, Cam-
inal et al. 2005, Caminal et al. 2010).

However, to validate the effectiveness of the proposed approach, it is important to
use simulated data (Pikovsky et al. 2001). In addition, cross-correlation and coher-
ence functions, which determine the presence of a particular functional relationship
between two time series, are based on linear measures and hence can detect little or
no couplings between non-linear systems. In order to further evaluate the sensitivity
and effectiveness of joint symbolic dynamics in detecting coupling between non-linear
systems, we use surrogate data for our analysis. First, we determine the probability of
appearance of similar words in both the time series. For words of length ‘3" and us-
ing ‘3’ different symbols, the probability of interaction appeared to be very low (3.7%).
However, two successive values in either of the time series of simulated data are hardly
similar and hence one of the defined symbols in each of the two series remained un-
used. Based on this observation, a probability of interaction of 12.5% is estimated.
Second, using shuffled values (surrogate) of x,, and hence affecting the coupling, an
interaction of 10.5% with y, is obtained, which is close to the estimated probability.
Consequently, as hypothesized, a higher percentage of interaction (15.8%) is observed
when the systems are coupled. This would suggest that the joint symbolic dynamics

approach can effectively detect interaction between two non-linear coupled systems.

In Chapter 5 we found that introducing a time delay between cardiac and respira-
tory symbol strings increases the amount of observed cardiorespiratory interaction. It
has recently been demonstrated that introducing a time delay may be useful to detect
coordination between two time series when the coupling of the underlying systems in-
cludes a delay (Rybski et al. 2003). Consequently, we introduce a delay in the RR time

series accordingly for subsequent symbolic cardiorespiratory interaction analysis.

Our results show that the upright posture, as compared to supine, causes a shortening
in RR intervals with no significant change in respiratory intervals, which is consistent
with the findings by Gilad et al. (2005). It is well known that a postural change from
supine to upright causes a decrease in vagus nerve activity and an increase in sympa-
thetic nerve activity (Robinson et al. 1966, Rowell 1993, Buchheit et al. 2009) and this is

the most likely cause of the decrease in RR interval.

Using a symbolic dynamics approach, a significant decrease in cardiorespiratory inter-
action is observed in the upright position and also with increasing tilt angles compared

to supine posture. This finding is in line with several other studies that used different
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approaches to investigate cardiorespiratory interaction during head-up tilt. Porta et al.
(2000) used a non-linear approach to assess the casual interactions between heart pe-
riod and respiration based on the evaluation of conditional entropy. Censi et al. (2003)
employed a multivariate embedding approach, and Krishnamurthy et al. (2004) inves-

tigated coherence spectrum of heart rate variability and respiration.

Our analysis of the phase-averaged RSA pattern confirms previous studies (Saul et al.
1991, Gilad et al. 2005). The upright position is associated with a decrease in amplitude
of RSA indicating less influence of respiration on heart rate in upright posture. The
phase delay of the RSA pattern with regard to the respiratory signal is significantly
higher in the upright posture, compared with the supine posture and is in line with
the findings by Gilad et al. (2005).

Comparing the results obtained by the analysis of symbolic dynamics to those ob-
tained with the phase-averaging method, the significance level is higher when using
the novel method (p = 0.008 vs. p = 0.023 in group 1, and p = 0.008 vs. p = 0.042 in
group 2, respectively), suggesting improved performance in detecting changes in car-
diorespiratory interactions. In addition, the lack of correlation between the symbolic
dynamics measure and the amplitude and phase of the RSA pattern suggest that the
proposed methodology provides additional information about the cardiorespiratory

coordination—hence establishing a framework for further studies.

The results in this study are obtained by analysing the data from a small number of
subjects. Although the study is sufficient to detect statistically significant differences,
the results need to be validated using another group of subjects. For the quantifica-
tion of symbolic dynamics we considered only patterns that resemble RSA due to its
predominant role in cardiorespiratory interaction. Future work should extend this ap-

proach to bidirectional interactions (Mrowka et al. 2003).

6.5 Chapter summary

In this Chapter, we have introduced a novel methodology based on joint symbolic
dynamics of heart rate and respiratory rate that provides a new representation of car-
diorespiratory interaction and shows significant differences in cardiorespiratory co-
ordination for different body postures and appears to be more sensitive to postural

changes than phase-averaged RSA analysis.
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In the following Chapter we will apply this technique in children and adults with
obstructive sleep apnea syndrome (OSAS) to determine the technique’s efficiency as
screening tool for OSAS and possibly gain some understanding about the underlying
physiological mechanism and relationship between cardiorespiratory interaction and

sleep apnea.
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Chapter 7@ |

Sleep apnea detection
using joint symbolic
dynamics

HIS Chapter investigates the interaction between heart rhythm
and respiration using an approach based on joint symbolic dy-
namics (JSD) in adults with mild, moderate and severe obstruc-

tive sleep apnea syndrome (OSAS), in healthy children and in children with

sleep disordered breathing (SDB). It also reports cardiorespiratory response

to spontaneous arousals in healthy children.
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7.1 Introduction

It has been reported that about one third of the human population suffers from vari-
ous sleep disorders possibly due to increase in obesity, increased stress or decreased
physical activity (Jurkovicova and Celec 2004). Obstructive sleep apnea is disorder
of breathing during sleep, which is characterized by prolonged partial and intermit-
tent obstruction of upper airway that affects normal sleep patterns (American Tho-
racic Society 1996). Apnea/hypopnea indexes greater than 1 in children and greater
than 5 in adults are considered to be abnormal (Witmans et al. 2003). Respiratory
disorders such as upper airway obstruction/sleep disordered breathing and chronic
lung disease are thought to be worse during sleep than wakefulness (Marcus 2001,
Chervin et al. 2006). Patients suffering from obstructive sleep apnea syndrome (OSAS)

are more likely to suffer from hypertension and heart diseases (Marcus 2001).

With the increasing evidence of the association of arousals with sleep disorders such as
daytime sleepiness and cardiovascular dysfunction, investigation of the physiological
events related to arousals from sleep has gained much interest (Baumert et al. 2010).
Although arousal from sleep is considered to be an important physiological response
to adverse stimuli, excessive arousals can affect normal sleep physiology. Arousal
from sleep is associated with transient and abrupt cardiorespiratory changes, includ-
ing an increase in heart rate and blood pressure (Horner 2003). While the cardiores-
piratory response to arousal has been investigated substantially in adults, compara-
tively little work has been done in children. It is now becoming evident that chil-
dren with SDB may also be at increased risk of adverse cardiovascular outcomes, in-
cluding abnormal heart rate and blood pressure regulation and cardiac remodeling,
and that arousals may also contribute to this pathology (Aljadeff et al. 1997, Mar-
cus et al. 1998, Amin et al. 2002, Amin et al. 2004, Amin et al. 2005). However, eluci-
dating the pathways underlying the development of cardiovascular disorders in SDB
requires an understanding of cardiorespiratory response to spontaneous arousals in

healthy individuals.

In Chapter 6, we introduced a novel approach that is based on the joint symbolic dy-
namics (JSD) of respiratory phase and heart rate to quantify cardiorespiratory interac-
tion. Symbolic dynamics, which provides the opportunity for an easy interpretation
of physiological data by allowing a simplified description of the dynamics of a system
by means of a few symbols, has been suggested to provide improved performance in

detecting changes in cardiorespiratory interactions (Chapter 6).
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The aim of this Chapter is to investigate: a) the efficiency of JSD approach in deter-
mining the effect of sleep stages and severity of obstructive sleep apnea syndrome on
cardiorespiratory interaction in adults, b) the effect of sleep disordered breathing on
cardiorespiratory interaction in children, and c) cardiorespiratory interaction during

pre- and post-spontaneous arousals from sleep in healthy children.

7.2 Methods

7.2.1 Subjects

In this study, data from 213 adults with suspected OSAS, 40 healthy children (controls)
and 40 children with sleep disordered breathing (SDB) as described in Chapter 4, Sec-
tion 4.2.2 are used. The study conformed to the principles outlined in the Declaration
of Helsinki.

7.2.2 Overnight polysomnography and data processing

Details on the study protocol, overnight polysomnography in adults and children,
and processing of ECG and respiratory signals have been reported in Chapter 4, Sec-
tion 4.2.3. In this Chapter, abdominal respiratory signal is used for the analysis of

cardiorespiratory interaction.

For our data analysis, we first investigate 213 adults with obstructive sleep apnea syn-
drome (OSAS) to determine the effect of sleep stages and severity of OSAS on car-
diorespiratory interaction using joint symbolic dynamics approach. The approach is
later employed in 40 healthy children and another 40 children with SDB. All the arte-

fact such as movement are removed for data analysis.

In children with sleep disordered breathing (SDB), cardiorespiratory interaction is stud-

ied and compared with healthy controls,
1. first, by calculating cardiorespiratory interaction for every sleep stage and com-
paring the results with those of healthy controls,

2. second, after removing all the spontaneous arousals and SDB related events (ap-

nea, hypopnea and respiratory arousal episodes) together with epochs before and
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after each, to determine whether there are any significant differences in cardiores-
piratory interaction during normal/quiet sleep episodes between healthy and
SDB children.

For the analysis of cardiorespiratory interaction during pre- and post-spontaneous
arousal episodes, only stage 2 sleep (during which the arousals are mostly observed)
from healthy children is considered. Furthermore, the spontaneous arousal episodes
are selected such that the first 30-second epoch before and after each arousal episode
is artefact-free and belongs to stage 2 sleep. For statistical analysis, the first 10 arousal
episodes from stage 2 sleep of each subject are considered. Subjects with less than
10 arousal episodes after applying the above criteria are excluded from this analysis.
Since the data lengths are short, results in each subject are averaged to obtain overall
cardiorespiratory interactions before and after the arousal episodes. To further under-
stand the physiology behind the cardiorespiratory response to spontaneous arousals,
epochs 30-60 seconds before and after each arousal episode are also investigated, under

the condition that the epochs are artefact-free and belongs to stage 2 sleep.

7.2.3 Joint symbolic dynamics

The RR time series and respiratory phases at the instants of R-peaks are transformed
into symbolic sequences and words based on the transformation rule described in
Chapter 6, Table 6.1 and Section 6.2.3. However, in children, words of length 2’ (in-
stead of ‘3" as in adults) are used (see Table 7.1) to analyze cardiorespiratory interaction,
since they show more significant results as determined by the procedure described in
Chapter 6, Section 6.3.4.

7.2.4 Statistical analysis

GraphPad Prism version 5.01 for Windows (GraphPad Software, San Diego Califor-
nia USA, www.graphpad.com) is used for statistical analysis. We investigate the
relation between cardiorespiratory interaction and sleep stage using repeated mea-
sures ANOVA. Post-hoc analysis and group differences in cardiorespiratory interac-
tion are tested using ANOVA. Values with p < 0.05 are considered statistically signif-
icant. Data are expressed as mean+standard deviation (SD). To determine the effect

of OSAS severity on cardiorespiratory interaction, the adult cohort was trichotomized
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Table 7.1. Word formations using joint symbolic dynamics. Transformation of RR intervals
(RR;) and respiratory phases (RP;) into symbol vectors, sRR and sR”, and words of length
2, ijR and wzp, respectively. The words can be placed in a 9 X 9 table matrix. In the
table, the ‘star’ indicates that sequence of symbols in w%R corresponds to szjP and hence
is considered coordinated. The ‘plus’ sign indicates the pair of words with a difference in
sequence of symbols. A blank entry indicates that the respective combination of words

do not appear in the selected RR/RP series.

0.730.69 | 0.71 | 0.75 | 0.76 | 0.75 | 0.70 | 0.67
sfR: 0 1 1 1 0 0 0
shR: 1 0 0 0 1 1 1
w';jR:- 10 00 00 01 11 11

1.89 | 1.21 | 0.43 | 1.71 | 292 | 235 | 1.18 | 0.15
sRP: 1 1 0 0 1 1 1
w;.":- 11 10 00 01 11 11

00| 0102|1011 |12 20|21 |22

00 *
01 *
02
10 +
11 4| e
12
20
21
22
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Figure 7.1. Sleep related comparison of cardiorespiratory interaction in adults with OSA.
Cardiorespiratory interaction is strongly associated with sleep stages for all the three

groups. Here, * ** and *** indicate p < 0.05, p < 0.01, p < 0.0001, respectively.

based on the apnea-hypopnea index (AHI): no/mild OSAS (AHI<15), moderate OSAS
(15<AHI<30), and severe OSAS (AHI>30); see Chapter 4 for details. Further, the adult
cohort with mild OSAS is divided into subgroups, while the healthy children cohort
is dichotomized based on gender and on median values of age and BMI, to study the

effects of gender, age and BMI on cardiorespiratory interaction.
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Figure 7.2. Association between cardiorespiratory interaction and severity of OSA in adults.
Using symbolic dynamics approach, a strong association between cardiorespiratory in-
teraction and severity of OSAS was observed in adults. Here, * ** and *** represent

p < 0.05 p <0.01, p < 0.0001, respectively.

7.3 Results—Adults

7.3.1 Sleep stage effects on cardiorespiratory interaction in adults
with OSAS

Cardiorespiratory interaction is strongly associated with sleep stages. A significant
increase in cardiorespiratory interaction is observed during slow-wave sleep (SW) as
compared to any other sleep stages (patients with mild OSAS—SW vs. stage 1, stage 2
and REM sleep: 209 4.7 vs. 155+ 4.2,17.0 £4.1 and 13.4 £ 2.6 %, p < 0.0001, re-
spectively), see Figure 7.1.

7.3.2 Group effects on cardiorespiratory interaction in adults with
OSAS

A strong association is observed between cardiorespiratory interaction and degree
of severity of obstructive sleep apnea. Cardiorespiratory interaction is significantly
lower in patients with severe OSAS compared to patients with no or mild OSAS (SW
sleep—severe vs. mild: 15.5 +4.7 vs. 20.9 4.7 %, p < 0.0001, respectively), see Fig-

ure 7.2.
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Figure 7.3.
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Association between cardiorespiratory interaction and age, BMI or gender in
adults. Using symbolic dynamics approach to quantify cardiorespiratory interaction, no
association is observed between cardiorespiratory interaction and age, BMI and gender

in adults.

7.3.3 Age, gender and BMI effects on cardiorespiratory interaction

in adults

To investigate the age effect on cardiorespiratory interaction, the group of adults with

mild OSAS (AHI<15) is divided into four arbitrary subgroups: <30 years, 30-45 years,
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Figure 7.4. Analysis of cardiorespiratory interaction in children considering respiratory
arousal episodes. Comparison of cardiorespiratory interaction (mean+SD) between
healthy children and children with SDB for different stages of sleep, considering only
the respiratory arousals together with the normal sleep episodes. Here, ** represents
p < 0.01.

46-60 years and >60 years. Similarly, the association of cardiorespiratory interaction
with BMI is assessed by dividing the cohort into four groups based on the statistical
categories of BMI values: underweight (<18.5 kg/m?), normal (18.5-25 kg/m?), over-
weight (25.1-30 kg/m?) and obese (>30 kg/m?). No significant difference in cardiores-
piratory interaction is observed between any two of either the age or BMI categories
(Figure 7.3). Also, there is no association between gender and cardiorespiratory inter-

action (Figure 7.3).

7.4 Results—Children

Demographics and polysomnographic (PSG) results for the overnight PSG in healthy
and SDB children are reported in Chapter 4, Section 4.4.1.

7.4.1 Effect of SDB—Group effects on cardiorespiratory interaction
between healthy children and children with SDB

The interaction between cardiac and respiratory cycles is significantly reduced in chil-
dren with SDB as compared to healthy controls during stage 1 (7.6 £1.8 vs. 9.4 £2.2 %,
respectively) and stage 2 (9.2 £ 1.7 vs. 11.3 & 2.5 %, respectively) sleep (Figure 7.4).
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Figure 7.5. Analysis of cardiorespiratory interaction in children after excluding SDB related

events. Group and sleep related comparison of cardiorespiratory interaction (mean+SD)

in healthy and SDB children, analyzed after removing all the artefact, spontaneous

arousals and SDB related events. The top panel shows the results (mean+SD) for

cardiorespiratory interaction in all the children. Here, *, ** and *** represent p < 0.05,

p < 0.001 and p < 0.0001, respectively. Further, the two groups are divided into two

sub-groups of 20 children each (bottom panel)—20 healthy children and another 20

children with SDB with the highest apnea/hypopnea index (AHI). Again, no significant

differences between the respective sleep stages of the two groups are observed. Note

that the purpose of the figure in the bottom panel is to determine group differences and

hence the comparison between sleep stages of a particular group has not been reported.
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Table 7.2. Comparison of cardiorespiratory interaction in healthy children. Mean values
(+standard deviation) of the percentage of cardiorespiratory interaction during differ-
ent sleep stages in 40 healthy children dichotomized based on gender or the median

values of age or BMI z-scores

Age (yrs) BMI z-score Gender
<7.3 >7.3 <0.37 >0.37 Male Female
Awake 54+2 | 6.9+3 | 7.34£3 | 5.1+2 | 6.6£3 | 5.8£3

Sleep stages

SS1 5543 | 6.2+4 | 6.9+4 | 48+2 | 6.0+4 | 5.7£3
SS2 7.9+£2 | 88+4 | 9.3£4 | 7.5+2 | 8.2£3 | 8.6%3
SW 11743 | 11.5+£3 | 11.94£3 | 11.24+3 | 11.7£3 | 11.4£3
REM 72+3 | 84+4 | 8.6+4 | 6.9+3 | 8.0+£3 | 7.6+4

7.4.2 Analysis of cardiorespiratory interaction in healthy children and

in children with SDB after excluding SDB related events

Sleep stage effects on cardiorespiratory interaction in children during normal quiet

sleep

A strong association between cardiorespiratory interaction and sleep stages is observed
in healthy and SDB children. A significant increase in cardiorespiratory interaction
is observed during SW sleep as compared to any other sleep stages (SW vs. stage 1,
stage 2 and REM sleep—controls: 11.6 £2.9 vs. 5.9 £ 3.3, 84 £ 3.0 and 7.8 + 3.3 %,
p < 0.0001; SDB: 12.7 £3.6 vs. 5.6 £2.9,9.1 3.5 and 9.1 £ 3.9 %, p < 0.0001, respec-

tively), as seen in Figure 7.5 (upper panel).

Group effects on cardiorespiratory interaction between healthy children and children

with SDB during normal quiet sleep

There are no significant differences in cardiorespiratory interaction between respective
sleep stages of control and SDB children, as seen in Figure 7.5 (upper panel). Fur-
ther, the two groups, consisting of 40 children each, are divided into two sub-groups
containing 20 children from the control group and another 20 children from the SDB
group with the highest apnea/hypopnea index (AHI), and subsequently compared the
cardiorespiratory interaction between the two subgroups. Again, no significant differ-
ences in cardiorespiratory interaction are observed between respective sleep stages of

the subgroups of control and SDB children, see Figure 7.5 (bottom panel).
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Figure 7.6. Cardiorespiratory response to spontaneous arousals in healthy children. Compari-
son of cardiorespiratory interaction (mean+SD) 30 seconds before and after spontaneous
arousals during stage 2 sleep in healthy children. A significant increase in cardiorespira-
tory interaction is observed immediately after as compared to before an arousal episode.

Here, *** represents p < 0.0001.

Age, gender and BMI effects on cardiorespiratory interaction in healthy children

The group of healthy children (n = 40) is divided into sub-groups based on the median
values of age (median: 7.3 yrs) and BMI z-score (median: 0.37). No significant differ-
ences are observed in cardiorespiratory interaction between the corresponding sleep

stages of the subgroups (Table 7.2).

7.4.3 Analysis of cardiorespiratory response to spontaneous arousals

in healthy children

Six subjects have less than 10 arousals and are excluded from the analysis. Investigat-
ing cardiorespiratory interaction before and after spontaneous arousals during stage
2 sleep, a significant increase in cardiorespiratory interaction is observed during 30-
second post-arousal episode as compared to 30-second pre-arousal episode (8.3 3.5
vs. 5.3 £3.3 %, p < 0.0001, respectively), see Fig. 7.6.

After including additional epochs between 30-60 seconds from stage 2 sleep before
and after each spontaneous arousal episode, a total of 10 subjects has to be excluded
as they failed to satisfy the criteria mentioned in Section 7.2.2. A significant increase

in cardiorespiratory interaction is observed during the first 30-second post-arousal
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Figure 7.7. Cardiorespiratory response to spontaneous arousals in healthy children. Com-
parison of cardiorespiratory interaction (mean+SD) 0-30 and 30-60 seconds before and
after each spontaneous arousal during stage 2 sleep in healthy children. A significant
increase in cardiorespiratory interaction is observed 0-30 seconds after as compared to
0-30 and 30-60 seconds before and 30-60 seconds after an arousal episode. Here, **

and *** represent p < 0.01 and p < 0.0001, respectively.

episode as compared to both the 30-second pre-arousal episode (7.5 £3.4vs. 52 +£3.7 %
(p < 0.0001) and 5.7 £4.1 % (p < 0.01), respectively), see Fig. 7.7. The next 30-
second post-arousal episode showed a significant decrease in cardiorespiratory inter-
action as compared to the first 30-second post-arousal episode (5.3 +2.6 vs. 7.5 + 3.4 %,
p < 0.0001, respectively), see Fig. 7.7. However, there are no significant differences in
cardiorespiratory interaction during 30-60 seconds episode after arousal as compared

to 0-30 and 30-60 seconds before arousal.

7.5 Discussion

In this Chapter, we investigate cardiorespiratory interaction in adults with suspected
obstructive sleep apnea syndrome (OSAS) and in healthy children and children with
sleep disordered breathing (SDB) during night-time sleep using a novel approach based
on joint symbolic dynamics. The major findings using joint symbolic dynamics ap-
proach (JSD) are: (1) a strong association between cardiorespiratory interaction and
sleep stages is observed, which is the highest during slow-wave (SW) sleep—a finding
already reported in Chapter 4; (2) cardiorespiratory interaction is affected by OSAS
and significantly decreased in patients with severe OSAS compared to patients with
no/mild OSAS; (3) a significant decrease in the interaction between cardiac and res-

piratory cycles is observed during stage 1 and stage 2 stages of sleep in children with
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SDB as compared to healthy controls; (4) there are no significant differences in car-
diorespiratory interaction during normal/quiet sleep episodes in children with SDB
(after removing SDB related events) as compared to healthy children; and (5) there are
no effects of age, gender or BMI on cardiorespiratory interaction, which is in line with
the findings reported in Chapter 4 and by Bartsch et al. (2007).

Employing JSD approach in adults with OSAS, healthy children and children with SDB
for the detection and analysis of the association between cardiorespiratory interaction
and sleep stages showed similar results but with improved performance as compared

to the results obtained using the synchrogram technique reported in Chapter 4.

Cardiorespiratory interaction is significantly decreased in children with SDB during
stage 1 and stage 2 sleep (during which the arousals and apnea mostly occur) as com-
pared to healthy controls. After removing SDB related events, no significant differ-
ences in cardiorespiratory interaction between healthy children and children with SDB
are observed. It thus appears that the interaction between cardiac and respiratory cy-
cles has the ability to recover soon after an arousal episode. It is apparent from the
analysis of cardiorespiratory interaction during two consecutive 30-second (0-30 and
30-60 s) pre- and post-arousal episodes, where a significant increase in cardiorespira-
tory interaction during the first 30-second post-arousal episode is followed by a return
to baseline level. It has been reported by Baumert et al. (2010) that the respiratory rate
significantly increased for a brief period following arousal and demonstrated maximal
response at the first breath following arousal with a return to baseline level by the third
breath post-arousal. In another study, a significant increase in heart rate/shortening
in RR interval after arousal (spontaneous and respiratory) has also been observed
(Nalivaiko et al. 2007, Baumert et al. 2007b). The brief changes in heart and respi-
ratory rates after arousal are the possible cause of a brief but significant increase in
cardiorespiratory interaction. Also, it appears that there is a temporal relationship be-
tween cardiorespiratory interaction and spontaneous arousals and can be related to
the findings by Kesler et al. (1999) that induced changes in arterial blood pressure in
human adults are capable of eliciting arousal from sleep. However, further studies are
required to understand the cause of spontaneous arousal during quiet sleep and its

association with cardiorespiratory interaction.
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7.6 Chapter summary

In this Chapter, we have successfully used JSD approach for the quantification of car-
diorespiratory interaction in adults with OSAS and children with SDB. In line with
Chapter 6, the JSD approach has shown improved performance. Also, this is the first
study to report the relation between cardiorespiratory interaction and spontaneous
arousals in healthy children. It appears that the interaction between cardiac cycle and
respiration is associated with spontaneous arousal and significantly increases during

the first 30 seconds but returns to baseline about 30 seconds after the arousal episode.

This Chapter has verified the ability of our proposed JSD approach to provide im-
proved performance even in patients with OSAS. Although, Respiratory sinus arrhyth-
mia (RSA) is a widely studied topic and has been investigated in children in recent
studies, a detailed study on the association of RSA with sleep stages, arousals and
sleep disordered breathing in children has never been explored. In the next Chapter
we will study respiratory sinus arrhythmia in healthy children and children with SDB
using phase-averaged RSA technique.
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Respiratory sinus
arrhythmia in children

HIS Chapter investigates respiratory sinus arrhythmia in healthy
children and children with sleep disordered breathing using
phase-averaged characterization of the respiratory sinus arrhyth-

mia pattern.
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8.1 Introduction

Respiratory sinus arrhythmia (RSA), i.e. subtle rhythmic heart rate accelerations /de-
celerations that oscillate at the respiratory frequency and defined by the high-frequency
component of heart rate variability, is a widely studied topic that has been linked to
cardiac vagal tone in studies using autonomic blockade (Akselrod et al. 1981). The
influence of the vagus nerve activity on RSA has been demonstrated through its sig-
nificant attenuation or elimination by pharmacological blockade (Hayano et al. 1991,
Berntson et al. 1997). Basal RSA reflects the status of the parasympathetic nervous
system at rest and has been suggested as an appropriate index of vagal activity for
research with children (Grossman and Taylor 2007). Also, breathing frequency has a
profound influence on the magnitude of RSA, independent of actual changes in cardiac
vagal outflow (Angelone and Coulter 1964, Pitzalis et al. 1998, Pinna et al. 2006).

Frequent arousals triggered by episodes of upper airway obstruction are believed to
play a key role via repetitive sympathetic nervous system activation and destabilisa-
tion of cardiorespiratory control (Loredo et al. 1999, Blasi et al. 2003, Pack and Gislason
2009). The cardiovascular effects of obstructive sleep apnea syndrome (OSAS) have
been widely studied (Bonsignore et al. 1994, Blasi et al. 2002). In the previous Chapter
we have gained some understanding about the effect of sleep disordered breathing on
cardiorespiratory interaction in children. Although a few studies have examined RSA
in children (Nakra et al. 2008, Staton et al. 2009, Gentzler et al. 2011), a detailed study
on the association of RSA with sleep stages, arousals and sleep disordered breathing in
children has never been explored. In this Chapter we will study the influence of sleep

stages, spontaneous arousals and sleep disordered breathing on RSA in children.

8.2 Methods

Children in this study were participating in an investigation of sleep, breathing and
psychological performance before and after treatment for suspected sleep disordered
breathing by adenotonsillectomy. Further details on the study protocol are given in
Chapter 4, Section 4.2.3.
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8.2.1 Subjects

In this study, data from two groups of children—one with 40 healthy controls and an-
other comprising of 40 children with sleep disordered breathing (SDB)—as described
in Chapter 4, Section 4.2.2 are used. The study conformed to the principles outlined
in the Declaration of Helsinki and was approved by the Human Ethics Committee,
Women’s and Children’s Hospital, Adelaide. Parental consent and child assent were

obtained from all participants.

8.2.2 Overnight polysomnography and data processing

Details on the study protocol, overnight polysomnography in children, and processing
of ECG and respiratory signals have been reported in Chapter 4, Section 4.2.3. Epochs
containing artifacts such as movement or associated with movement are excluded dur-
ing data analysis. While both groups experienced spontaneous arousals during sleep,
the group of children with SDB also suffered from SDB related events which include

episodes of apnea, hypopnea and respiratory arousals.

The group of healthy children (40 controls) are further divided into sub-groups based
on gender or either the median values of age (median: 7.3 yrs) or BMI z-score (me-
dian: 0.37) to study the effects of gender, age and BMI on cardiorespiratory interaction,

respectively.

The study/data analysis is structured as follows:

1. In healthy children, the effect of sleep stages on RSA is studied by calculating and

comparing the average magnitude and phase delay of RSA for every sleep stage.

2. Ten episodes of spontaneous arousals together with 30 and 60 seconds of pre-
and post-arousal normal quiet sleep epochs are selected in healthy children to
study the effect of spontaneous arousals on RSA. Details on selection of epochs

for analysis has been clearly described in Chapter 7, Section 7.2.2.

3. The group of healthy children is dichotomized based on gender or medians of
age or BMI index to study their effect on RSA.

4. In children with SDB, average magnitude and phase delay of RSA is calculated
for every sleep stage to investigate the effect of sleep stages and also sleep disor-

dered breathing by comparing the results with those of healthy controls.
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Figure 8.1. Sleep stages effects on RSA in healthy children. Magnitude of RSA shows strong
association with sleep stage and is highest during slow-wave (SW) sleep. Also, RSA
phase delay is significantly reduced during REM sleep as compared to stage 2 and SW
sleep. Here, *** and *** represent p < 0.05, p < 0.01 and p < 0.0001, respectively.

5. For further analysis to determine whether there are any significant differences in
RSA during normal quiet sleep episodes between healthy and SDB children, data
are analysed after removing all the sleep disordered breathing events (apnea,
hypopnea and respiratory arousals) and spontaneous arousal episodes together

with epochs before and after each.

8.2.3 Phase-averaged RSA

The evaluation of the pattern of RSA has already been discussed in Chapter 6, Sec-
tion 6.2.3.

8.2.4 Statistical analysis

Two-way analysis of variance (ANOVA) for repeated measures is used to test for dif-
ferences in RSA across groups and between sleep stages. Post-hoc analysis is per-
formed using ANOVA. Data are expressed as mean=+standard deviation (SD). Values

with p < 0.05 are considered statistically significant.
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Figure 8.2. Effect of spontaneous arousals on RSA in healthy children. Magnitude and phase
delay of RSA show strong association with spontaneous arousals and increase signif-
icantly during the first 30 seconds post-arousal compared to 30 seconds pre-arousal

episode. Here, *** and *** represent p < 0.05, p < 0.01 and p < 0.0001, respec-

tively.

8.3 Results

8.3.1 Effect of sleep stage on RSA in healthy children

Mean amplitude of RSA show a strong association with sleep stages in healthy children
and is significantly increased during SW sleep as compared to REM sleep (0.09 & 0.04
vs. 0.06 £0.03 s, p < 0.01, respectively), see Fig. 8.1. A significant decrease in RSA
phase delay during REM sleep compared to stage 2 and SW sleep is observed in
healthy children (3.0 £ 0.06 vs. 3.1 £ 0.04 and 3.1 +0.04 rad, p < 0.05, respectively),
see Fig. 8.1.
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Figure 8.3. Age effect on RSA in healthy children. Comparing RSA magnitude and phase delay
between two sub-groups comprising of 20 healthy children each, dichotomized based on

the median age (median: 7.3 yrs), no significant differences are observed.

Table 8.1. Correlation analysis. Correlation between age and the magnitude and phase delay of

RSA for different stages of sleep.

Correlation coefficients RSA magnitude
and p-values Awake | SS1 | SS2 | SW | REM
r -0.20 | -0.20 | -0.23 | -0.27 | -0.25
Age
p 024 | 022 | 0.16 | 0.10 | 0.12
Correlation coefficients RSA phase delay
and p-values Awake | SS1 | SS2 | SW | REM
r -0.07 | -0.22 | -0.21 | -0.11 | -0.11
Age
p 0.66 | 0.18 | 0.21 | 0.50 | 0.49

8.3.2 Effect of spontaneous arousals on RSA in healthy children

Respiratory sinus arrhythmia is associated with spontaneous arousals. Mean ampli-
tude and phase delay of RSA is significantly increased during the first 30 seconds
post-arousal episode compared to 30 seconds pre-arousal episode (mean amplitude:
0.07 &= 0.05 vs. 0.06 =0.04 s (p < 0.01) and phase delay: 3.4 £ 0.9 vs. 2.7 £ 0.8 rad
(p < 0.0001), respectively), see Fig. 8.2.

8.3.3 Effect of age, gender and BMI on RSA in healthy children

There are no significant differences in magnitude and phase delay of RSA between the
respective sleep stages of the two age groups (dichotomized based on median value:

7.3 yrs) of 20 healthy children each, as seen in Fig. 8.3. However, negative correlations

Page 148



Chapter 8 Respiratory sinus arrhythmia in children

0.15+ 40
— [ Male
E 2 1 Female
3 010 g 3
§o :
TE:. Z 30
[}
< 0.05-] S
< @
%) g 25
x £
o
0.00 T T T T T T T T T T 20 T T T T T T T T T T
SS0 SS1 §S2 SW REM  SS0 SS1 SS2 SW REM SSO SS1 SS2 SW REM  SS0 SS1 SS2 SW REM
Sleep stages Sleep stages
(a) Gender
*

015 ] 40 —— £ BMI index< 0.37
. I | I | & T ] I [ BMIindex > 0.37
O S 35
(] 8 .

g o1 3
3 3 30
2 00 8
5 & 25
4 £
o
oop L L L UL 1L L L UL L L 1L ol L L UL DL L L L L L L
SS0 SS1 SS2 SW REM  SS0 SS1 SS2 SW REM SSO SS1 SS2 SW REM  SSO SS1 SS2 SW REM
Sleep stages Sleep stages

Figure 8.4. Gender and BMI effects on RSA in healthy children. Gender has no significant
effect on the magnitude and phase delay of RSA. On the other hand, children with higher
BMI index show a significant decrease in RSA magnitude and a significant increase in

phase delay as compared to children with lower BMI index. Here, * represents p < 0.05.

between age and magnitude/phase delay of RSA for all the sleep stages are observed,
as seen in Table 8.1. Also, gender has no significant effect on magnitude or phase delay
of RSA in healthy children, see Fig. 8.4(a). However, children with higher BMI index
show significant decrease in magnitude (for example, slow-wave sleep: 0.08 £ 0.05
vs. 0.06 = 0.02 s) and significant increase in phase delay (for example, slow-wave sleep:
3.1£0.05vs.3.240.02 rad) of RSA compared to children with lower BMI index, as seen
in Figure 8.4(b).

8.3.4 Effect of sleep stage on RSA in SDB children before removing

SDB related events and comparison with healthy controls

The magnitude of RSA shows strong association with sleep stages in children with
SDB and is significantly higher during slow-wave (SW) sleep compared to rapid-eye-
movement (REM) sleep (0.08 £0.04 vs. 0.06 =0.04 s, p < 0.05, respectively), see Fig. 8.5.

There are no significant differences in phase delay of RSA between sleep stages in
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Figure 8.5. Group and sleep stage effects on RSA in children before removing SDB related
events. Significant differences in RSA amplitude and phase delay between sleep stages
are observed in children with SDB. Also, significant decrease in magnitude of RSA during
stage 1 and stage 2 sleep of children with SDB compared to healthy children (healthy
group) are observed. However, there are no significant differences in phase delay of
RSA between the two groups. Here, * ** and *** represent p < 0.05, p < 0.01 and
p < 0.0001, respectively.

children with SDB except for the awake stage, during which it is significantly lower
compared to stage 1, stage 2 and SW sleep (3.0 £ 0.1 vs. 3.1 £0.2 rad (p < 0.05), 3.1 £
0.1rad (p < 0.01) and 3.1 0.1 rad (p < 0.01), respectively), see Fig. 8.5.

Compared with healthy controls, significant decrease in magnitude of RSA during
stage 1 and stage 2 sleep is observed in children with SDB (stage 1: 0.08 £0.04 vs. 0.07 &
0.04 s (p < 0.05) and stage 2: 0.08 £ 0.04 vs. 0.07 £0.03 s (p < 0.05), respectively), see
Fig. 8.5 (top panel), with no significant changes in phase delay.
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Figure 8.6.
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Group and sleep stage effects on RSA in children after removing SDB related

events. Significant differences in magnitude and phase delay of RSA between sleep

stages are observed in children with SDB. However, there are no significant differences

in mean amplitude or phase delay of RSA between healthy children and children with

SDB. Here, *** and *** represent p < 0.05, p < 0.01 and p < 0.0001, respectively.

8.3.5 Effect of sleep stage on RSA in SDB children after removing

SDB related events and comparison with healthy controls

Analysing normal quiet sleep episodes in children with SDB, a significant increase in

mean amplitude of RSA is observed during SW sleep as compared to REM sleep (0.08 =

0.04 vs. 0.06 £0.03 s, p < 0.0001, respectively) as can be seen in Figure 8.6. However,

there is no significant effect of sleep stage on RSA phase delay except for awake state,

during which it is significantly lower compared to other sleep stages (Figure 8.6).

Excluding SDB related events from analysis in children with SDB has shown a signif-

icant increase in magnitude of RSA during stage 2 sleep compared to RSA magnitude
computed with SDB related events (0.08 - 0.03 vs. 0.07 +=0.03 s, p < 0.05, respectively),
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which has further removed the differences in magnitude of RSA during stage 1 and

stage 2 sleep between healthy children and children with SDB, as seen in Figure 8.6.

8.4 Discussion

This is the first study to investigate respiratory sinus arrhythmia (RSA) in healthy chil-
dren and children with sleep disordered breathing (SDB), and the association between
spontaneous arousals and RSA during night-time sleep. The major findings are: (1)
there is a strong association between RSA and sleep stages in healthy children and
children with SDB; (2) RSA is the highest during slow-wave (SW) sleep; (3) there is
a significant increase in RSA during 30 seconds post-arousal (spontaneous) episode
compared to 30 seconds pre-arousal epoch; (4) RSA decreases with the increase in BMI
index in healthy children; (5) a significant decrease in RSA is observed during stage 1
and stage 2 sleep in children with SDB as compared to healthy controls; and (6) there
are no significant differences in RSA during normal/quiet sleep episodes in children
with SDB (after removing SDB related events) as compared to healthy children, which

is in line with the response of cardiorespiratory interaction reported in Chapter 7.

Variation in the sympathetic-vagal balance happens throughout the sleep cycles
from non-rapid-eye-movement (NREM) sleep to rapid-eye-movement (REM) sleep
(Brandenberger et al. 2001) with a switch from pronounced cardiac vagal tone during
slow-wave (SW) sleep to sympathetic dominance during REM sleep (Buchheit et al.
2004). Slow-wave sleep—a parasympathetic state and the deepest stage of sleep is
characterized by high electrocardiographic (ECG) stationarity and spontaneous regu-
lar respiratory patterns (Zemaityte et al. 1984, Buchheit et al. 2004). The presence of high
parasympathetic tone during SW sleep (Zemaityte et al. 1984, Vanoli et al. 1995, Ver-
rier et al. 1996) explains the prominence of RSA during SW sleep compared to other
sleep stages in this study. Consequently, the suppression of cardiac efferent vagal tone
explains the decrease in RSA during REM sleep in healthy children and children with
SDB.

According to Morgan et al. (1996), arousal from sleep is linked to increase in heart
rate in healthy subjects. We observe significant increase in RSA 0-30 seconds after an
arousal episode possibly due to an increase in ventilatory response, which is in line
with an earlier study by Blasi et al. (2002).
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Aging is associated with the changes in sympathovagal balance, with a significant in-
crease in sympathetic nervous system input to the cardiovascular system in old age
(Pfeifer et al. 1983, De Meersman 1993). In adults, Hellman and Stacy (1976) reported a
significant decrease in RSA with age. However, according to Marshall and Stevenson-
Hinde (1998), the mean RSA increased across children with age span from 4.5 to 7 yrs
while another study of subjects between 8 to 17 yrs of age reported no significant
change in RSA (Salomon 2005). In our study, no significant differences in RSA between
the two age groups (3.4-7.3 yrs and 7.3-12.6 yrs) consisting of 20 healthy children each,
are observed. Further, using cross-correlation analysis, we find lack of correlation be-

tween age and RSA, suggesting that RSA is independent of age.

In this study, a significant decrease in RSA in children with sleep disordered breathing
(SDB) has been observed during stage 1 and stage 2 sleep, as compared to healthy con-
trols. In previous studies, increased sympathetic activity has been reported in adults
and children with obstructive sleep apnea (Somers et al. 1995, Coy et al. 1996, Kadi-
tis et al. 2009), which possibly explains the decrease in RSA in children with SDB. Since
SDB related events (apnea, hypopnea and respiratory arousal episodes) are the main
episodes during sleep that differentiate children with SDB from healthy controls, RSA
is re-analysed in children with SDB during sleep after excluding the SDB related events
from our analysis. Subsequently, no significant differences in RSA between healthy
children and children with SDB is observed suggesting that the mechanism responsi-

ble for RSA remains unaffected during normal/quiet sleep episodes.

8.5 Chapter Summary

In this Chapter, we have investigated respiratory sinus arrhythmia (RSA) in healthy
children and children with sleep disordered breathing (SDB). It appears that RSA sig-
nificantly increases immediately after spontaneous arousal episode but returns to base-
line after about 30 seconds—similar to our observation for cardiorespiratory interac-
tion in children (Chapter 7). Also, it is observed that RSA is affected by SDB related
events in children with SDB, but shows similar behavior to that of healthy controls

during normal quiet sleep episodes.

The next Chapter will summarize the key findings of this Thesis and suggest directions

for future work.
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Thesis conclusion and
future work

HIS chapter summarizes the key findings of this Thesis and sug-
gests directions for future work.
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9.1 Introduction

Although the association between cardiac and respiratory rhythms and the clinical
merit of its quantification has long been recognized, the development of an efficient
technique for the effective detection and easy interpretation of cardiorespiratory in-
teraction and its underlying physiological mechanisms has been a major challenge in
this field of Biomedical Engineering. The primary factors that affect the detection and
analysis of cardiorespiratory are signal noise and non-linear/non-stationary nature of
physiological systems. Therefore, to overcome these issues, it is required to develop
a technique that is less sensitive to noise, robust and possibly provides additional in-
formation about the interaction between cardiac rhythms and respiration. This The-
sis has proposed an approach based on joint symbolic dynamics that shows improved
performance in the detection of cardiorespiratory interaction compared to the synchro-
gram or phase-averaged respiratory sinus arrhythmia (RSA) technique. This Chapter
summarizes the research and main findings of this Thesis that led to the successful
discovery of the novel technique and discusses possible future directions for contin-
ued development of techniques for clinical research applications and understanding

of physiological mechanisms in human body.

9.2 Thesis summary and conclusions

Chapter 1 provides brief review of the electrocardiogram (ECG) and respiratory sig-
nals and their processing techniques. It also discusses coupling between cardiac and

respiratory signals and some of their quantification techniques.

Understanding the physiology and underlying mechanisms responsible for cardiores-
piratory coordination is an important step towards improving its detection. It has long
been known that cardiorhythm is influenced by respiration (a phenomenon termed as
respiratory sinus arrhythmia) that can further have influence on cardiorespiratory in-
teraction. In Chapter 2, the influence of heart rate and respiration has been investigated
independently in rats: first, applying isoflurane—a volatile anesthetic that affects the
heart rate; second, changing the ventilation rates to investigate cardiorespiratory in-
teraction under paced respiration. We have demonstrated that with the increase in
the level of isoflurane there is a marked increase in heart rate and cardiorespiratory
coordination. It has also been illustrated that the interaction between cardiac and res-

piratory cycles varies with the change in ventilation rates but is significantly increased
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at a suitable choice of breathing frequency. Since the autonomic nervous system has a
great influence on heart rate, investigating its role on the interaction between cardiac
and respiratory cycles has been considered crucial. We have demonstrated that block-
ade of the parasympathetic nervous system caused a decrease while blockade of the
sympathetic nervous system caused an increase in cardiorespiratory interaction, indi-
cating that cardiorespiratory rhythms are strongly modulated and coordinated by the

autonomic nervous system.

Although there have been several studies on respiratory physiology, one aspect of it re-
ceived very little attention—the association between respiratory pattern and voluntary
movement. In Chapter 3, we have investigated the impact of movement on respiratory
rate and cardiorespiratory interaction in awake rats. This is the first study where a
novel framework for analyzing respiratory-motor relations in small laboratory animals
has been developed. To quantify motor activity, we have developed an index which
we called the movement power index. From the study, we have illustrated a high extent
of variability in the respiratory rate and heart rate during voluntary movement, and
a strong association between respiration and movement. At rest or at low-intensity
movements respiratory rate is observed to be lower and more variable compared to
high-intensity movements when it is invariably high. It has been observed that the
onset of respiratory rate acceleration either coincide with the onset of a movement or
even slightly precede it, but is never delayed. However, significant changes in heart
rate are only observed during longer bouts of movement. Also, a significant decrease
in cardiorespiratory interaction has been illustrated during high-intensity movement

as compared to low-intensity movement.

Quantification of cardiorespiratory interaction has been suggested to have clinical merit
e.g. estimating the prognosis of cardiac diseases after myocardial infarction in patients.
In Chapter 4 cardiorespiratory interaction during sleep has been assessed as a marker
of cardiorespiratory system disturbances in a large cohort of adults children suffering
from obstructive sleep apnea syndrome (OSAS). Although there has been a significant
decrease in the interaction between cardiac and respiratory cycles with the severity of
OSAS in adults, it remains unaffected during normal/quiet sleep episodes in children
with sleep disordered breathing as compared to healthy controls. This suggests that
the assessment of cardiorespiratory interaction may provide an ECG based screening
tool for OSAS.
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It has previously been reported that delays in coupling between two systems can have
significant influence on their dynamical behaviour. Studies have shown that there
exists a delay between phase of respiration and RR interval. Accordingly, in Chap-
ter 5, we have introduced a modification of the synchrogram by incorporating an
additional adaptive delay in the cardiac oscillator based on the maximisation of the
cross-correlation or symbolic coupling traces between the phases of respiration and
the delayed RR intervals. We have illustrated that the modification in the synchro-
gram technique by including an adaptive delay in the cardiac oscillator substantially

enhances the sensitivity of the detection of cardiorespiratory coordination.

Data analysis using symbolic dynamics has become a topic of interest in recent years
due to its reliability. Although the time delay introduced in Chapter 5 has provided
enhanced detection of cardiorespiratory interaction, our interest in a relatively simple
approach that potentially shows reliable improved performance and provides addi-
tional information resulted in the development of a novel technique based on joint
symbolic dynamics (JSD) for the detection of cardiorespiratory interaction. In Chap-
ter 6, we have introduced a novel approach to quantify cardiorespiratory interaction
that is based on the joint symbolic dynamics of respiratory phase and heart rate. We
have illustrated that the JSD approach reveals significant differences in the cardiorespi-
ratory interaction in different body postures and is more sensitive to postural changes

than phase-averaged respiratory sinus arrhythmia pattern analysis.

In order to test the efficiency of JSD approach and its ability to quantify cardiorespira-
tory interaction in patients suffering from obstructive sleep apnea syndrome (OSAS),
we have applied the JSD approach in children and adults with OSAS discussed in
Chapter 4. As expected, our proposed JSD approach has verified the ability to provide
improved performance even in patients with OSAS. We have further demonstrated

that cardiorespiratory interaction is associated with spontaneous arousals.

Respiratory sinus arrhythmia (RSA) reflects the status of the parasympathetic nervous
system at rest and has been suggested as an appropriate index of vagal activity for
research with children. In Chapter 8 we have studied the influence of sleep stages
and sleep disordered breathing (SDB) on RSA in children. We have demonstrated that
RSA is associated with sleep stage and is affected by SDB related events in children
with SDB but remains unaffected during normal quiet sleep episodes as compared to

healthy controls.
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0.3 Potential future directions

In summary, this Thesis has explored the interaction between cardiac rhythm and res-
piration in humans and rats, and has discussed some of the mechanisms that are di-
rectly or indirectly associated with it. Our proposed methodology based on joint sym-
bolic dynamics has shown improved performance in the detection of cardiorespiratory
interaction and hence can be useful for clinical research applications. Here, we discuss

in brief, some of the directions in which this work can be advanced further.

9.3.1 Early detection of diseases

In this Thesis we have investigated adults suffering from obstructive sleep apnea syn-
drome (OSAS) and observed a significant decrease in cardiorespiratory response/in-
teraction with the severity of OSAS. In future studies, it would be interesting to inves-
tigate if cardiorespiratory interaction is affected even before the development/early
stages of OSAS and whether the treatment of OSAS improves the interaction between

cardiac and respiratory cycles.

0.3.2 Assessment of stress and mental-disorders

Breathing is influenced by and responds to emotions such as happiness, anxiety or
fear. The relationship between emotion and respiration is reflected in numerous ex-
pressions such as “breathtaking” and “a sigh of relief”. Abnormal breathing has been
observed in various behavioural and mental disorders, e.g. panic disorder and depres-
sion. Future study on cardiorespiratory interaction in subjects suffering from stress
or mental-disorders may provide us with information on physiological processes and

patho-physiological changes.

9.3.3 Cardiorespiratory interaction during inspiration and expiration

Previous techniques used for the quantification of interaction between cardiac rhythms
and respiration (for example, synchrogram technique or phase-averaged analysis of
RSA pattern) utilize complete/full respiratory cycles for analysis. With the joint sym-
bolic dynamics approach, partial respiratory cycles can be used which gives the op-

portunity to analyse cardiorespiratory interaction independently for inspiration and
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expiration. The experiment can be carried out for different inspiration to expiration
time ratios for investigating if cardiorespiratory interaction varies between inspiration
and expiration and if varying inspiration to expiration ratios has any effect on car-

diorespiratory interaction.

9.4 Summary of author’s original contributions

In summary, the key contributions are as follows:

¢ Influence of autonomic nervous system and isoflurane on cardiorespiratory in-
teraction: Through experimental studies, carried out in rats, this Thesis demon-
strates that isoflurane, forced ventilation and autonomic nervous system has in-

fluence on cardiorespiratory interaction (Kabir et al. 2008, Kabir et al. 2009),

* Effect of voluntary movement on respiration: A novel framework for analyz-
ing respiratory-motor relations in small laboratory animals has been developed
for the first time. This Thesis illustrates a strong association between movement
and respiration, and also between movement and cardiorespiratory interaction
(Kabir et al. 2010a, Kabir et al. 2010c¢),

¢ Cardiorespiratory interaction as a marker for sleep apnea: This Thesis demon-
strates that quantification of cardiorespiratory interaction in patients suffering
for obstructive sleep apnea syndrome (OSAS) can be used to identify the severity
of OSAS (Kabir et al. 2010b),

¢ Time delay correction of synchrogram: This Thesis illustrates that the modifica-
tion in the synchrogram technique by including an adaptive delay in the cardiac
oscillator substantially enhances the sensitivity of the detection of cardiorespira-

tory coordination (Kabir et al. 2011c),

¢ Joint symbolic dynamics: This Thesis introduces a novel approach to quantify
cardiorespiratory interaction that is based on the joint symbolic dynamics of res-
piratory phase and heart rate. We have illustrated its ability to provide improved
performance by comparing it with other techniques (Kabir et al. 2011d, Kabir et al.
2011b, Kabir et al. 2011a),

* Respiratory sinus arrhythmia in children: A detailed study on RSA during sleep
in healthy children and children suffering from sleep disordered breathing (SDB)
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has been carried out for the first time. This Thesis demonstrates that RSA is

associated with sleep stages and SDB in children.

9.5 In closing

This Chapter summarises the major findings and conclusions of this Thesis accompa-
nied by recommendations for future work. This Thesis has made a number contribu-
tions towards understanding some of the physiological functioning in a human body,
through quantification of cardiorespiratory interaction. The work herein is unique and
original, laying groundwork for an improved detection of cardiorespiratory interaction

for future clinical research applications.
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Influence of age on
cardiorespiratory
Interaction

HIS appendix investigates the influence of age on the interaction
between cardiac and respiratory cycles in healthy subjects using

the approach based on joint symbolic dynamics.
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A.1 Introduction

Symbolic dynamics, a concept which provides a simplified description of the sys-
tem’s dynamics through transformation of the time series into a symbol sequence
achieved by a coarse-graining procedure, has successfully been applied in several
studies (Voss et al. 1996, Baumert et al. 2002, Baumert et al. 2005) and in the quantifi-
cation of cardiorespiratory interaction (Schiek et al. 1998, Kabir et al. 2011d). It has
been suggested in Chapter 6 that data analyses using joint symbolic dynamics (JSD)
provide improved performance compared to time-domain techniques (Caminal et al.
2005, Kabir et al. 2011d).

Also, in Chapter 5, it has been suggested that the delay in heart rhythm in regard to
the respiratory cycle should be taken into account in the study of interaction between
cardiac and respiratory rhythms, as this substantially enhances the sensitivity of the

detection of cardiorespiratory interaction (Kabir et al. 2011c).

In this Chapter, we apply the approach based on joint symbolic dynamics in healthy
subjects while taking the delay in heart cycle into account to study the effect of age
on cardiorespiratory interaction. It is hypothesized that cardiorespiratory interaction

decreases with age.

A.2 Methods

A.2.1 Subjects

Here, ECG and respiratory signals of two groups of healthy subjects, 20 young (range:
21-34 yrs, mean: 27 yrs) and 20 elderly (range: 68-85 yrs, mean: 74 yrs) from the
Physionet database (http:/ /physionet.org/physiobank/database/fantasia/) were col-
lected for this study. Each group consisted of 10 men and 10 women. Subjects were

non-smokers and had no medical condition/history.

A.2.2 Processing of ECG and respiratory signal

The sampling rate of ECG and respiratory signals were 250 Hz and the recording time
was 120 minutes in the supine position for each subject. Custom written computer
software developed under MATLAB® is used to detect the R-peaks from the recorded
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ECG signal using parabolic fitting, described in Chapter 1, Section 1.4.1. The RR time

series are visually scanned for artifacts.

To remove noise, as discussed in Chapter 1, Section 1.4.2, respiratory signals are low-
pass filtered at 1.0 Hz using a zero-phase forward and reverse digital filter, which first
filtered the raw signal in the forward direction using a 4" order Butterworth filter, and
subsequently filtered the reversed signal. The phases of the filtered respiratory signal

are calculated using the Hilbert transform.

A.2.3 Calculation of time delays for enhanced detection of cardiores-

piratory interaction

The time delay in the RR time series is calculated using cross-correlation analysis dis-

cussed in Chapter 5, Section 5.2.4.

A.2.4 Joint symbolic dynamics

The RR time series and respiratory phases at the instants of R-peaks are transformed
into symbolic sequences and words based on the transformation rule described in
Chapter 6, Table 6.1 and Section 6.2.3.

A.2.5 Statistical analysis

GraphPad Prism version 5.01 for Windows (GraphPad Software, San Diego Califor-
nia USA, www.graphpad.com) is used for statistical analysis. Considering normally
distributed data, we investigate cardiorespiratory interaction between two age groups
using Student’s t-test. Values with p < 0.05 are considered statistically significant.

Data are expressed as mean =+ standard deviation (SD).
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Figure A.1. Cardiorespiratory interaction vs. age. Figure showing the affect of age on cardiores-
piratory interaction using original RR intervals. Elderly subjects show a lower percentage

of interaction compared to young subjects. Here, * represents p < 0.05.

A.3 Results

A.3.1 Age effect on cardiorespiratory interaction using original RR in-

terval

Using original RR interval, the interaction between cardiac and respiratory cycles shows
significant decrease in elderly subjects as compared to young subjects (17.6 £5.1 vs. 21.6 £
4.2 %, p < 0.05, respectively), see Figure A.1.

A.3.2 Age effect on cardiorespiratory interaction using delayed RR in-

terval

After choosing the delayed RR interval that provides the highest correlation with the
respiratory phases, cardiorespiratory interaction shows a relative and more significant
decrease in elderly subjects as compared to young subjects (16.5 + 6.6 vs. 22.8 £ 6.7 %,
p < 0.01, respectively), see Figure A.2.
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Figure A.2. Cardiorespiratory interaction vs. age using delayed RR interval. Figure show-
ing the effect of age on cardiorespiratory interaction using delayed RR intervals. By
appropriate delaying of the RR time series, an increase in the overall percentage of inter-
action in young subjects and more significant difference in cardiorespiratory interaction

between young and elderly subjects is observed. Here, ** represents p < 0.01.

A.4 Discussion

In this Chapter, the approach based on joint symbolic dynamics, designed for the de-
tection of cardiorespiratory interaction, is used to determine the influence of age. A
significant decrease in cardiorespiratory interaction is observed in elderly subjects as

compared to young subjects.

Respiratory sinus arrhythmia (RSA), modulation of heart rate by respiration, is influ-
enced by age and is more prominent in children than in adults (Hrushesky et al. 1984,
Yasuma and Hayano 2004). Our analysis based on joint symbolic dynamics shows
a significant decrease in cardiorespiratory interaction in elderly subjects compared to
young subjects. Also, more significant differences are observed after introducing a
time delay between cardiac and respiratory symbol strings based on the highest corre-
lation between RR intervals and respiratory phases, which is in line with our previous
studies (Kabir et al. 2011d, Kabir et al. 2011c).

From this study it appears that the approach based on joint symbolic dynamics pro-
vides a simple technique for the effective quantification of interaction between two

non-linearly coupled systems.
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A.5 Summary

The study shows that cardiorespiratory interaction in healthy subjects is influenced by
age and is more prominent in young subjects as compared to elderly subjects. It further
emphasizes that joint symbolic dynamics provides a simple and more efficient tool to

quantity the relation between cardiac and respiratory rhythms.
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Respiratory sinus
arrhythmia and
cardiorespiratory phase
coordination

HIS appendix investigates the relation between respiratory si-
I nus arrhythmia (RSA) and cardiorespiratory phase coordination
(CRC) by comparing RSA during CRC, with the RSA immediately

before and after the CRC episode.
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B.1 Introduction

Respiratory sinus arrhythmia (RSA) is the change in heart rate variability (HRV) in-
duced by respiration (Grossman and Taylor 2007); during which the heart rate in-
creases at inspiration and decreases at expiration (Bonsignore et al. 1995). Also, res-
piration and cardiac rhythms are weakly coupled (known as synchronization), whose
patterns differ at different breathing rhythms and are transient rather than permanent
phenomena, with a driving effect of respiration on HRV (Schafer et al. 1998, Censi et al.
2000). Respiratory sinus arrhythmia is a physiological phenomena reflecting cardiores-
piratory interaction (Hayano and Yasuma 2003). Cardiorespiratory interaction similar
to RSA has been reported in species of vertebrates from fishes to mammals and birds
(Taylor et al. 1999), indicating a strong biological phenomenon throughout the evolu-

tion (Hayano and Yasuma 2003).

Respiratory sinus arrhythmia (RSA), which is the synchronization between respiration
and HRV, has long being been investigated in previous studies (Hirsch and Bishop
1981, Saul et al. 1991, Taha et al. 1995, Bettermann et al. 2000, Neff et al. 2003, Yasuma
and Hayano 2004, Kabir et al. 2011d) but its relation with cardiorespiratory phase co-
ordination has never been studied. In this Chapter, we investigate the association be-
tween RSA and cardiorespiratory phase coordination by comparing the RSA prior to,

during and after a coordinated epoch.

B.2 Methods

B.2.1 Subjects / Experimental protocol

Ten healthy subjects (5 males, 5 females) participated in this study. The age of the
subjects ranged between 19-24 years. The study conformed to the principles outlined
in the Declaration of Helsinki and was approved by the institution’s human research

ethics committee. Subjects gave informed consent.

The protocol included 10 minutes of ECG and respiration recording for different body
postures. The subjects underwent graded head-up tilt test at angles: 0, 30 and 60° dur-
ing controlled metronomic breathing at 15 bpm. The subjects were instructed not to

speak and to remain absolutely motionless during the recording.
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Herein, ECG (leads I and II) and respiratory signals (from abdomen impedance belts)
were sampled at 1 kHz and recorded using a PowerLab data acquisition system (ADIn-
struments, Sydney, Australia) and the ChartPro 6.0 software (ADInstruments, Sydney,
Australia), as described in Chapter 5.

B.2.2 Processing of ECG and Respiratory signal

The ECG and respiratory signals are processed as described in Chapter 1, Sections 1.4.1
and 1.4.2. The RR time series are visually scanned for artifacts. Although the R-peaks
are correctly identified, we have encountered a few ectopic beats that are manually
replaced with the average RR interval calculated from the beats prior to and after the

ectopy. The respiratory signals are low-pass filtered at 1.0 Hz to remove noise.

B.2.3 Cardiorespiratory phase coordination and RSA pattern analysis

The coordination between cardiac and respiratory cycles is determined using cardiores-
piratory coordination analysis described in Chapter 1.1, Section 1.7.2. The duration
of each coordinated epoch is noted and epochs of similar duration before and after
each coordinated epoch are selected for RSA analysis. The coordinated epochs that are

shorter than 5 seconds are excluded for this analysis.

The evaluation of the pattern of RSA has already been discussed in Chapter 6, Sec-
tion 6.2.3.

Statistical analysis

GraphPad Prism version 5.01 for Windows (GraphPad Software, San Diego California
USA, www.graphpad.com) is used for statistical analysis. The magnitude and phase
delay of RSA before, during and after cardiorespiratory phase coordination for differ-
ent body postures are compared using non-parametric repeated measure analysis of
variance (Wilcoxon matched pairs test, Friedman test and Dunn’s multiple comparison
test). Values with p < 0.05 are considered statistically significant. Data are expressed

as mean+standard deviation (SD).
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Figure B.1. RSA magnitude and cardiorespiratory phase coordination. Although the mag-
nitude of RSA significantly decreased with the increase in tilt angles, there was no
significant change in RSA amplitude before, during and after the occurrence of car-

diorespiratory phase coordination.

B.3 Results

B.3.1 Duration of coordinated epochs

Since the main focus of this study is to analyse magnitude and phase delay of RSA, the
results for percentage of cardiorespiratory phase coordination has not been reported.
However, the average duration of coordinated epochs is reported, being required for

selecting the duration of epochs before and after a coordinated epoch for RSA analysis.

Increase in head-up tilt angles during controlled breathing show a significant decrease
in average duration of coordinated epoch (0 vs. 60°: 9.2 £2.3 vs. 7.0 £2.1 %, p < 0.05).

For more information on the effect of postural changes on cardiorespiratory phase co-

ordination, please refer to Chapter 5.

B.3.2 Association between RSA and cardiorespiratory phase coordi-
nation
Increase in head-up tilt angles from 0 to 30 and 60° results in significant decrease in

magnitude and significant increase in phase delay of RSA in all the three stages: prior

to, during and in post-coordinated episodes, as seen in Figures B.1 and B.2. However,
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Figure B.2. RSA phase and cardiorespiratory phase coordination. Although there was a signif-
icant increase in the phase delay of RSA with the increase in tilt angles, no significant
change in RSA phase delay was observed before, during and after the occurrence of

cardiorespiratory phase coordination.

there are no significant differences in magnitude or phase delay of RSA among the

pre-, during and post-stages of coordinated epochs for all the head-up tilt angles.

B.4 Discussion

This is a preliminary study investigating the association between respiratory sinus ar-
rhythmia and cardiorespiratory phase coordination. We have analysed respiratory si-
nus arrhythmia (RSA) for different body postures during a cardiorespiratory phase
coordination of duration equal to or greater than 5 seconds, and for episodes of similar
duration before and after the coordinated epoch. According to this study, no significant

differences in RSA prior to, during and in post-coordinated epoch are observed.

According to Yasuma and Hayano (2004), RSA improves respiratory efficiency by the
pairing of increases in heart rate with inhalation. However, this phase relationship
only occurs under specific circumstances and is specifically relevant for sympatheti-
cally medicated heart rate variability, or for respiratory sinus arrhythmia associated
with slow breathing (Vaschillo et al. 2004). The phase relationship between heart rate
and respiration is nonlinear but shows frequency dependence (Eckberg 1983). It is
reported that the prolongation of the RR interval begins shortly after the onset of
expiration and is independent of respiratory frequency, while the shortening of the

RR interval begins progressively earlier in reference to the onset of inspiration with
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the decrease in respiratory frequency (Eckberg 1983). This would suggest that the
timing of the maximum instantaneous heart rate occurs instantly after end of inspi-
ration (Vaschillo et al. 2004). Also, an increase in detection of the interaction between
cardiac and respiratory rhythms has been observed after incorporating the delay in
R-peak in regard to the onset of respiration (Chapter 5), which could be explained by
the possible involvement of mechanisms such as the well known respiratory influence
on cardiac timing (respiratory sinus arrhythmia) and influences of heart on respiratory
timing through the baroreceptor nerves (Tzeng et al. 2007). Accordingly, we expected to
observe a higher RSA during cardiorespiratory phase coordination compared to RSA
during pre- and post-coordinated episodes. However, in this study, no significant dif-

ferences are observed.

Our observation is supported by an earlier study by Rosenblum et al. (1998) who stated:
‘It appears that subjects with epochs of synchronization between the cardiac and res-
piratory rhythm have no remarkable respiratory modulated heart rate fluctuations,
whereas the subjects with the higher RSA exhibit no distinct epochs of cardiorespira-
tory synchronization’. According to Schafer et al. (1999), the phase locking of cardiac
rhythms and respiration, and the respiratory modulation of heart rate, are “two com-
peting aspects of cardiorespiratory interaction’. However, further studies are required
to better understand the underlying mechanisms and relation between RSA and car-

diorespiratory phase coordination.

B.5 Summary

In this appendix, we have investigated the association between respiratory sinus ar-
rhythmia (RSA) and cardiorespiratory phase coordination. From this study;, it appears
that RSA during a cardiorespiratory phase coordination is not significantly different

from RSA before and after a coordinated episode.
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Matlab Codes

HIS appendix presents some of the Matlab algorithms used in
this Thesis. These algorithms are available as m-files on the at-
tached DVD-ROM.
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C.1 Detection of R-peaks

%%9%%% %% %% %% % %% %% % %% %% %% % %% %% %% % %% %% %% %% %% %% %% % %% %% %0 %

% Matlab code for detection of R —peaks of ECG signal %
% using parabolic fitting %
% %
% Muammar M. Kabir %
% The University of Adelaide %
% September 2008 %

%%9%%%%%%% %% % %% %% %% %% % %% % %% %% %% % %% %% %% % %% %% %% % %% %% %% %% %% % %% % %Y

clear all
close all
clc

time=[]; ECG=[;

% Extract time and ECG signal from saved file 'A’
A=load(‘A.txt");

t ime=A(:,1);

ECG=A(;,2);

sfreq=1000;

% Filter ECG signal
ECGFilter=[];

[ b,a] = butter(4,(30/(sfreq/2)));
ECGFilter = filtfilt(b,a,ECG);

% Setting for Parabolic fitting

width=10; % It can be varied based on resolution
halfWindow=(1/width):(1/width):1;

f ullWindow=sqgrt([halfWindow,1,fliplr(halfWindow)])’;

% Processing ECG with parabola
rebuiltECG=[]; ECGparl=[]; ECGpar2=[];

parabolaWin = [ —(( —width:width).”2)', ones(2 *width+1,1)];
parabolaWin = fullWindow(:,[1 1]) . * parabolaWin;
parabolaWininv = inv(parabolawin' * parabolaWin) *parabolawin’;
for parCT=(width+1):(length(ECGFilter) —width)

ECGwin = ECGFilter((parCT  —width):(parCT+width));
ECGwin = fullWindow. *ECGwin;
ECGpoints = parabolaWininv * ECGwin;
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ECGparl(parCT) = ECGpoints(1);
ECGpar2(parCT) ECGpoints(2);

end
rebuitECG = ECGparl. *ECGpar2; % scaled ECG

%Sort rebuiltECG
sortedrebuiltECG=[];
sortedrebuiltECG=sort(rebuiltECG);

%Assign '0" to 95% of the lower ECG values
ECGvalue95p = sortedrebuiltECG(round(length(sortedrebu iItECG) +0.95));
rebuiltECG(find(rebuiltECG <ECGvalue95p)) = 0;

%Find R—peaks (maximum point)

cqgSamples = round(0.25  =*sfreq); %consecutive samples — 25% sampling ...
frequency

Rpeaksindex=[]; RpeakCT=1,

RWstartPT = 1; % Rwave start point

RWendPT = 0; % Rwave end point

for rpCT=(1+cqSamples):length(rebuiltECG) —cqgSamples
if any(rebuitECG(rpCT)) & "any(rebuitECG((rpCT —cqSamples):(rpCT 1))
RWstartPT = rpCT;
end
i f any(rebuitECG(rpCT)) & "any(rebuitECG((rpCT+1):(rpCT +cqSamples)))

RWendPT = rpCT,;
[val,idx] = max(rebuitECG(RWstartPT:RWendPT));

Rpeaksindex(RpeakCT) = idx + RWstartPT - 1
RpeakCT = RpeakCT+1;
end

end

timeRpeak=[]; ECGrpeak=[];

t imeRpeak = time(Rpeaksindex); %time of R —peaks

ECGrpeak = ECGFilter(Rpeaksindex); %R-peaks

figure(1);

plot(time,ECGFilter); hold on; plot(timeRpeak,ECGrpeak, “r'); hold off

%RR interval

rrint=[];

tint=[];

for i=1l:length(timeRpeak) -1

Page 177



C.1 Detection of R-peaks

rrint(i)=timeRpeak(i+1) —t imeRpeak(i);
tint(i)=timeRpeak(i+1);
end

figure(2);
plot(tint,rrint);
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C.2 Detection of inspiratory and expiratory onsets

%%9%%% %% %% %% % %% %% %% % %% %% %% % %% %% %% % %% % %% %% % %% %% %% % %% %0 %

% Matlab code for detection of inspiratory onset (minima) %

% and expiratory onset (maxima) %
% %
% Muammar M. Kabir %
% The University of Adelaide %
% November 2008 %

%%9%%%%%%% % %% %% %% % %% %% %% % %% %% %% % %% %% %% % %% %% % %% %% %% % %% %% %% %Y

clear all
close all
clc

time=[]; Respiration=[J;

% Extract time and respiratiory signal from saved file 'A’
A=load('A.txt");

t ime=A(:,1);

Respiration=A(:,2);

sfreq=1000;

%Setting start time to 0+(1/sfreq)
time=time —time(1)+(1/sfreq);
tmax = max(time);

tmin = min(time);

tdiff = tmax — tmin;

%Filter Respiration

RespFilter=[];

[ b,a] = butter(4,(1/(sfreq/2)));
RespFilter = filtfilt(b,a,Respiration);

figure(1);
plot(time,Respiration); hold on; plot(time,RespFilter,'r'); hold off;

xder=[];
xder = diff(RespFilter);

%Minima Detection
maxminr = [];
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maxminpos = [];
maxminpost=[];

=1
for i=1:length(xder)
if xder(i) <1.5 & xder(i) >=0 % xder(i) <1.5 xder(i)
maxminr(j) = RespFilter(i);
maxminpos(j) = i;
maxminpost(j)=time(i); % position in time (s)
=i+,
end
end

figure(2);

plot(RespFilter);

hold on;
plot(maxminpos,maxminr, “r);
hold off;

maxi=[]; maxipos=[]; maxipost=[];
mini=[]; minipos=[]; minipost=[];
k=1,

if length(maxminr)==0
continue ;
end

mini(1) = maxminr(l);
ninipos(1) = maxminpos(1);

minipost(1) = maxminpost(1);

for i=2:length(maxminr) -1

<1.0

if  (maxminr(i —1)—maxminr(i)) <(maxminr(i) —maxminr(i+1))...

& (maxminr(i) —maxminr(i+1)) >0
maxi(k) = maxminr(i);
maxipos(k) = maxminpos(i);
maxipost(k) = maxminpost(i);
mini(k+1) = maxminr(i+1);
minipos(k+1) = maxminpos(i+1);
minipost(k+1) = maxminpost(i+1);
k=k+1;
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end
end

minifinal=[]; miniposfinal=[]; minipostfinal=[]; 11=1;

contl=0;
for cl=1:length(minipost) -1
if contl==1
contl=0;
continue ;
end
i f abs(minipost(cl+1) —minipost(cl)) <0.1
% contl=1,;
if  mini(cl+1l) <nini(cl)
minifinal(I1)=mini(c1+1);
miniposfinal(I1)=minipos(c1+1);
minipostfinal(I1)=minipost(c1+1);
11=I1+1;
contl=1,
else
minifinal(I1)=mini(cl);
mniposfinal(I1)=minipos(cl);
minipostfinal(I1)=minipost(cl);
11=11+1;
end
else
minifinal(I1)=mini(cl);
niniposfinal(I1)=minipos(cl);
minipostfinal(I1)=minipost(cl);
11=11+1;
end
end
minifinal(I1) = mini( end);
mniposfinal(Il) = minipos( end);
ninipostfinal(Il) = minipost( end);
nmaxifinal=[]; maxiposfinal=[]; maxipostfinal=[]; 12=1;
cont2=0;
for c2=1:length(maxipost) -1
if cont2==1
cont2=0;
continue ;
end
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if abs(maxipost(c2+1) —maxipost(c2)) <0.3
cont2=1,;
if  maxi(c2+1) >maxi(c2)
maxifinal(12)=maxi(c2+1);
maxiposfinal(I2)=maxipos(c2+1);
maxipostfinal(I2)=maxipost(c2+1);
12=12+1;
else
maxifinal(12)=maxi(c2);
maxiposfinal(l2)=maxipos(c2);
maxipostfinal(I2)=maxipost(c2);
12=12+1;
end
else
maxifinal(l2)=maxi(c2);
maxiposfinal(I2)=maxipos(c2);
maxipostfinal(I2)=maxipost(c2);

12=12+1;
end
end
maxifinal(l2) = maxi(end );
mexiposfinal(l2) = maxipos( end);
maxipostfinal(I2) = maxipost( end);
mnifinaltemp=[]; tc1=1;
for tt1=1:length(minifinal) -1
for tt2=1:length(maxifinal)
if  maxipostfinal(tt2) >minipostfinal(ttl)...
& maxipostfinal(tt2) <minipostfinal(tt1+1)
if  maxifinal(tt2) —minifinal(tt1) <0.03
minifinaltemp(tc1)=minifinal(tt1);
tcl=tcl+1,
elseif maxifinal(tt2) —minifinal(tt1+1) <0.03
minifinaltemp(tc1)=minifinal(tt1+1);
tcl=tcl+1,
else
continue ;
end
end
end
end

minifinal2=[]; miniposfinal2=[]; minipostfinal2=[]; nl1=
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bk1=0;
for c3=1:length(minifinal)
bk1=0;
for c4=1:length(minifinaltemp)
if  minifinal(c3)==minifinaltemp(c4)
bk1=1;
break ;
end
end
if bkl==1 | minifinal(c3) >0
continue ;
else
minifinal2(n1)=minifinal(c3);
niniposfinal2(n1)=miniposfinal(c3);
minipostfinal2(n1)=minipostfinal(c3);
nl=nl+1;
end
end

%Reprocessing minima
minifinaltemp2=[]; tcl=1,;

for ttl=1:length(minipostfinal2) -1
if  minipostfinal2(tt1+1) —minipostfinal2(tt1)
if  minifinal2(ttl) <mnifinal2(tt1+1)
minifinaltemp2(tc1)=minifinal2(tt1+1);
tcl=tcl+1,
else

minifinaltemp2(tc1)=minifinal2(tt1);
t cl=tcl+1;
end
else
continue
end
end

minifinal3=[]; miniposfinal3=[]; minipostfinal3=[]; nl=
bk1=0;
for c3=1:length(minifinal2)
bk1=0;
for c4=1:length(minifinaltemp?2)
if  minifinal2(c3)==minifinaltemp2(c4)
bk1=1;

<2.0
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break ;

end

end

if bkl==1 | mnifinal2(c3) >0 %%%% Changed
continue ;

else
minifinal3(n1)=minifinal2(c3);
nminiposfinal3(n1l)=miniposfinal2(c3);
minipostfinal3(n1)=minipostfinal2(c3);
nl=nl+1,

end

end

%Final processing minima
minifinaltemp3=[]; tcl=1;

for ttl=1:length(minipostfinal3) -1
if  minipostfinal3(tt1+1) —minipostfinal3(tt1) <2.0
if  minifinal3(tt1) <minifinal3(tt1+1)
minifinaltemp3(tc1)=minifinal3(tt1+1);
tcl=tcl+1,
else

minifinaltemp3(tc1l)=minifinal3(tt1);
t cl=tcl+1;
end
else
continue ;

end
end

minifinal4=[]; miniposfinal4=[]; minipostfinal4=[]; nl=

bk1=0;
for c3=1:length(minifinal3)
bk1=0;

for c4=1:length(minifinaltemp3)
if  minifinal3(c3)==minifinaltemp3(c4)
bk1=1;
break ;
end
end
if bkl==1 | minifinal3(c3) >0 %%%% Changed
continue ;
else
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minifinal4(n1)=minifinal3(c3);
niniposfinal4(n1)=miniposfinal3(c3);
minipostfinal4(n1l)=minipostfinal3(c3);
nl=nl+1;

end

maxifinal2=maxifinal,
maxiposfinal2=maxiposfinal;
maxipostfinal2=maxipostfinal;

%Reprocessing maxima
maxifinaltemp2=[]; tc1=1;

for ttl=1:length(maxipostfinal2) -1
if  maxipostfinal2(tt1+1) —maxipostfinal2(ttl)
if  maxifinal(ttl) >maxifinal2(tt1+1)
maxifinaltemp2(tcl)=maxifinal2(tt1+1);
tcl=tcl+1,
else

maxifinaltemp2(tcl)=maxifinal2(tt1);
t cl=tcl+1,;
end
else
continue ;
end
end

maxifinal3=[]; maxiposfinal3=[]; maxipostfinal3=[]; nl=
bk1=0;
for c3=1:length(maxifinal?)
bk1=0;
for c4=1:length(maxifinaltemp?2)
if  maxifinal2(c3)==maxifinaltemp2(c4)
bk1=1;
break ;
end
end
if bkl==1 | maxifinal2(c3) <0
continue ;
else

<2.0
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maxifinal3(n1)=maxifinal2(c3);
maxiposfinal3(n1)=maxiposfinal2(c3);
maxipostfinal3(nl)=maxipostfinal2(c3);
nl=nl+1;
end
end

%Final processing maxima
maxifinaltemp3=[]; tc1=1;

for ttl=1:length(maxipostfinal3) -1
if maxipostfinal3(tt1+1) —maxipostfinal3(tt1)
if  maxifinal3(ttl) >maxifinal3(tt1+1)
maxifinaltemp3(tcl)=maxifinal3(tt1+1);
tcl=tcl+1,
else
maxifinaltemp3(tc1l)=maxifinal3(tt1);
t cl=tcl+1;
end
else
continue
end
end

maxifinal4=[]; maxiposfinal4=[]; maxipostfinal4=[]; nl=
bk1=0;
for c3=1:length(maxifinal3)
bk1=0;
for c4=1:length(maxifinaltemp3)
if  maxifinal3(c3)==maxifinaltemp3(c4)
bk1=1;
break ;
end
end
if bkl==1 | nmaxifinal3(c3) <0
continue ;
else
maxifinal4(n1)=maxifinal3(c3);
maxiposfinal4(nl)=maxiposfinal3(c3);
maxipostfinal4(nl)=maxipostfinal3(c3);
nl=nl+1;
end
end

<2.0
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figure(3);

plot(time,RespFilter);

hold on;

plot(minipostfinal4,minifinal4, Lr);
plot(maxipostfinal4,maxifinal4, Lr);
hold off;

xlabel( 'Time"); ylabel('Respiration');

%Respiratory period
resPeriod=[];
for rpd=1:length(maxipostfinal4) -1
r esPeriod(rpd)=maxipostfinal4(rpd+1) —maxipostfinal4(rpd);
end

avgResPeriod=0; avgResFreq=0;
avgResPeriod=mean(resPeriod(“isnan(resPeriod)));
avgResFreq=1/avgResPeriod;

%minima between two maximas
%Calculating inspiration and expiration times
mxbm=[]; mxbct=1; mxst=1;

expTime=[]; inspTime=[];

for mbml=1:length(maxipostfinal4) -1
for mbm2=mxst:length(minipostfinal4)
if  minipostfinal4(mbmz2) >maxipostfinal4(mbml) &
minipostfinal4(mbm?2) <maxipostfinal4(mbm1+1)
mxbm(mxbct)=minipostfinal4(mbmz2);
expTime(mxbct)=minipostfinal4(mbm2) —maxipostfinal4(mbm1);
inspTime(mxbct)=maxipostfinal4(mbm1+1) —minipostfinal4(mbm2);
mxbct=mxbct+1;
mxst=mbm?2;
break ;
else
continue ;
end

end
end
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C.3 Respiration analysis during movement in rats

%%9%%% %% %% %% % %% %% % %% %% %% % %% %% %% % %% %% %% %% %% %% %% % %% %% %0 %

% Matlab code for respiration analysis during %
% voluntary movement in rats %
% %
% Muammar M. Kabir %
% The University of Adelaide %
% June 2009 %

%%9%%%%%%% %% % %% %% %% %% % %% %% % %% %% % %% %% %% % %% %% %% % %% %% %% %% %% % %% % %Y

% Rat Movement analysis

% Using average movement between two inspiratory onsets

% square —>integration —>integrated interval —>median of points
% square —>points —>integration —>sum of integrated points

% movement, same cont. movement and non —movement
% 0.1s — 0.4s(max.) non —movement = movement

% slope of movement integral for each individual movement

clear all
close all
cle

% load RR and QT time series from QTanalysis output results
[fnrame,pname] = uigetfile(' *' 'Verzeichnis whlen");

t achofiles = dir(pname);

anz=length(tachofiles);

for Ip=3:1l.anz
f ilename=tachofiles(lp).name;
file=strcat(pname,filename);
[pathstr, name, ext, versn] = fileparts(file);
% read RR.QT data
% load(strcat(pathstr,’ \',name,".mat’));

clear ratc ratctime ratcResp ratcResRate ratcECG
clear ratcHR ratcPiezo t1 ratcPiezosqr

clear inintsum inintsumdiv mmint

ratc = [;
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ratc = load(strcat(pathstr,’ \',name,".txt")); % file containing data
disp(strcat(pathstr,’ \',name,".txt"));

r atctime=ratc(:,1); % Respiration

ratcResp=ratc(;,2); % Respiration

ratcResRate=ratc(:,3); % Respiration Rate

ratcECG=ratc(:,4); % ECG

ratcHR=ratc(:,5); % Heart rate

ratcPiezo=ratc(:,6); % Piezo

sfreq=1000;

r atctime = ratctime — ratctime(1) + 1/sfreq;

%pFiltering respiratory signal
ratcResp2=]];

[ b,a] = butter(4,0.02);
ratcResp2 = filtfilt(b,a,ratcResp);

%% % ==—============== MOVEMENT AnalySiS ===————=—=========9/,0p0
ratcPiezosqr=[];
r atcPiezosqr=ratcPiezo. * ratcPiezo;

ratcPiezosqr2=[];
rPsCt=1,;
for i=1:length(ratcPiezosqr)
if ratcPiezosqr(i) >=0
ratcPiezosqr2(rPsCt)=ratcPiezosqr(i);
rPsCt=rPsCt+1,
else
ratcPiezosqr2(rPsCt)=0;
r PsCt=rPsCit+1;
end
end
ratcPiezosqr2=ratcPiezosqr2’;

t hres=0.008; %12 ( median(ratcPiezosqr2) —(Plgmct *107(chkct —chkct2 —1)));
wintime1=0;
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wintime2=ratctime(1);
winlength=0.05;
movct=0;
movctplus=0;
movctminus=0;
totmovtime=0;
totmovct=0;
sepmovtime=[];
sepmovct=1;
sepmovtime(sepmovct)=0;
sepmovtime2=[];
sepmovct2=1;
sepmovtime2(sepmovct2)=0;
ymov=0;

nonmov=0;

tmetmv=[]; tmvct=1;

tmctnmv=[]; tnmvct=1;

movstTime=[];

movendTime=[];

stendct=0;

for tmct=1:winlength
movstore=[];
wintimel=wintime2;
wintime2=wintimel+winlength;

movstore=ratcPiezosqr(round(wintimel

if max(movstore) >t hres
movctplus=movctplus+1;
movct=movct+1,;

% total movement count

* 1000:length(ratctime)

% total movement time

% separate movement time
% separate movement count

% separate movement time
% separate movement count

—(winlength  +1000)

* 1000):round(wintime2

sepmovtime(sepmovct)=sepmovtime(sepmovct)+winlength;

tmctmv(tmvct)=tmct/sfreq;
tmvct=tmvct+1,;

else
movctminus=movctminus+1;
novct=movct+1;
sepmovct=sepmovct+1;
sepmovtime(sepmovct)=0;
tmctnmv(tnmvct)=tmct/sfreq;
tnmvct=tnmvct+1,;

end

i f movct==4

if (movctplus —mnovctminus)

>2

+1000));
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else

end

if  ymov==1 & nonmov<3 % same continuous movement

else

end

totmovct=totmovct;

t otmovtime=totmovtime+(movctplus * winlength);

sepmovtime2(sepmovct2)=sepmovtime2(sepmovct2)+
(movctplus  *winlength);

movendTime(stendct)=tmctmv( end)+winlength;

novct=0;

movctplus=0;

movctminus=0;

tmctmv=[]; tmvct=1;

tmctnmv=[]; tnmvct=1;

totmovct=totmovct+1,; % new movement

totmovtime=totmovtime+(movctplus *winlength);

sepmovct2=sepmovct2+1;

sepmovtime2(sepmovct2)=0;

sepmovtime2(sepmovct2)=sepmovtime2(sepmovct2)+
(movctplus *winlength);

stendct=stendct+1;

movstTime(stendct)=tmctmv(1);

movct=0;

movctplus=0;

movctminus=0;

ymov=1;

nonmov=0;

tmctmv=[]; tmvct=1;

tmctnmv=[]; tnmvct=1;

% non movement

movct=0;

novctplus=0;

movctminus=0;

nonmov=nonmov+1,

if

else

end

nonmov<3
ymov=ymov;

ymov=0;

tmctmv=[]; tmvct=1;

t mctnmv=[]; tnmvct=1;

% if (movctplus —movctminus)  >2
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% totmovtime=totmovtime+(movctplus *Wwinlength);
% sepmovtime2(sepmovct2)=sepmovtime2(sepmovct2)+...
% (movctplus  *winlength);
% movct=0;
% movctplus=0;
% movctminus=0;
% else
% movct=0;
% movctplus=0;
% movctminus=0;
% sepmovct2=sepmovct2+1;
% sepmovtime2(sepmovct2)=0;
% end

else

continue ;
end
end

movstTime2=[];
novendTime2=[];
stendct2=1;
for msect=1:length(movendTime)
if movendTime(msect)==0
continue ;
else
movstTime2(stendct2)=movstTime(msect);
nmovendTime2(stendct2)=movendTime(msect);
stendct2=stendct2+1;
end
end

movstTime3=[];
novendTime3=[];
stendct3=1,
if length(movstTime2) >0
novstTime3(stendct3)=movstTime2(1);
for msect2=1:length(movstTime2) -1
if movstTime2(msect2+1) —novendTime2(msect2) <=0.7 %1.0
if msect2+1==length(movstTime2)
nmovendTime3(stendct3)=movendTime2(msect2);
else
continue ;
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end
else
movendTime3(stendct3)=movendTime2(msect2);
if msect2+1==length(movstTime2)
break ;
else
stendct3=stendct3+1;
nmovstTime3(stendct3)=movstTime2(msect2+1);
end
end
end
end

mvtincl=[];
if length(movendTime3) >0
for mvtin=1:length(movstTime3)
mvtincl(mvtin)= movendTime3(mvtin) —movstTime3(muvtin);
end
end

inintsum=(];
i nintsumdiv=[];
cumsummov=][];
cumsummovdiv=[];
isct=1;
in2=1;
if length(movendTime3) >0
for in=1:length(movendTime3)
i nsa=[;
inct=1;
stpt=in2;
inint=[];
for in2=stpt:length(ratctime)
if ratctime(in2) >nmovendTime3(in)
break ;
elseif ratctime(in2) >=movstTime3(in) &...
ratctime(in2) <=movendTime3(in)
insqg(inct)=ratcPiezosqr(in2);
inct=inct+1;
else
continue ;
end
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%

%
%

%
%

%
%
%
%
%
%

%
%
%
%

end
inint=cumtrapz(insq);

i nintsum(isct)=median(diff(inint)); %inintsum(isct)=sum(inint);
inintsum(isct)=median(insq);
inintsumdiv(isct)=inintsum(isct)/(movendTime3(in) —novstTime3(in));
cumsummov(isct)=inint( end);
cumsummovdiv(isct)=cumsummov(isct)/(movendTime3(in) —movstTime3(in));
isct=isct+1;
end
else
continue ;
end
Op=== %

figure(4);plot(mvtincl,inintsum,"."); xlabel('mm interval(s)’);...
ylabel('integrated interval of movement');

figure(5);plot(mvtincl,inintsumdiv,"."); xlabel('mm interval(s)");...
ylabel('sum of integrated interval of movement div by ...
interval’);

fidl = fopen('RatDataAnalysis.txt','a");
for i=l:length(mvtincl)

f printf(fid1, '%2.3f  \t %2.3f \t ',mvtincl(i),inintsumdiv(i));
f printf(fid1, "A\n");

end

fclose(fidl);

fidl = fopen('RatDataAnalysis2.txt','a");

for i=1:length(mvtincl)
fprintf(fid1,'%2.3f \t %2.3f \t " mvtincl(i),cumsummovdiv(i));
fprintf(fidl,' \nY);

end

fclose(fidl);

fidl = fopen('MovementTime2.txt','a’);

for i=1:length(sepmovtime2)
fprintf(fidl,'%2.3f \t ',sepmovtime2(i));
fprintf(fidl,' \n");
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% end

% fclose(fidl);

% fidl = fopen('TimeNMovPerMin.txt','a’);

% fprintf(fid1,'%2.3f \t %2.3f \t %2.1f ...
\t',ratctime(end),totmovtime,totmovct);

% fprintf(fid1,'%2.1f \t',((totmovtime/ratctime(end)) *60));

% fprintf(fid1,'%2.1f \ t',((totmovct/ratctime(end)) *60));

% fprintf(fidl,'%2.2f \t',mean(sepmovtime2));

% fprintf(fidl,' \n");

% fclose(fidl);

end

figure(6);

r dap=load( 'RatDataAnalysis.txt");

plot(rdap(:,1),rdap(:,2), W)

% figure(7);
% rdap2=load('RatDataAnalysis2.txt");
% plot(rdap2(:,1),rdap2(:,2),".");
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C.4 Phase-averaged RSA analysis

%%9%%% %% %% %% % %% %% % %% %% %% % %% %% %% % %% %% %% %% %% %% %% % %% %% %0 %

% Matlab code for analysing respiratory sinus arrhythmia %

% using phase —averaged RSA technique %
% %
% Muammar M. Kabir %
% The University of Adelaide %
% March 2010 %

%%9%%%%%%% %% % %% %% % %% %% %% %% % %% %% % %% %% %% %% % %% %% % %% %% %% % %% %% %% % % Y

clear all
close all
clc

ECG=[]; time=[]; Respiration=[];

time=A(;,1);
Respiration=A(;,2);
ECG=A(:,4);

sfreq=1000;

iPol=50; %interpolation

maxipostfinal4=[];
nmaxipostfinal4=maximaDetection(time,Respiration);

D = rpeak(ECGFilter,1000);
trp = time(D); %time of R —peaks
rp = ECGFilter(D); %R-peaks

%RR interval

rrint=[l;

tint=[];

for i=1:length(trp) -1
rrint(i)=trp(i+1) —trp(i);
tint(i)=trp(i+1);

end

%Using Maximas

%0Origin = Maxima

%Using interpolation — 50
%Low-pass filtering @ 1Hz
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Tent=1;
Tmat=[]; rrmat=[];
Tmat(:,:)=0; rrmat(:;,:)=0; tmct=1;

for

%
%
%
%
%
%
%

end

cctl=1:length(maxipostfinal4) -1

for

end

cct2=Tcnt:length(tint)
if  tint(cct2) <maxipostfinal4(cctl)
continue ;
elseif  tint(cct2) >=maxipostfinal4(cctl)...
& tint(cct2) <maxipostfinal4(cct1+1)
Tmat(tmct,cctl)=tint(cct2);
rrmat(tmct,cctl)=rrint(cct2);
tmct=tmct+1,
if tmct==1
tmct=tmct+1,
else
rrmat(tmct,cctl)=Tmat(tmct,cctl)
tmct=tmct+1;
end
tmct=tmct+1;
else
Tent=cct2;
t mct=1;
break ;
end

[rro0,rcol0]=size(rrmat);

r ripolmat=[]; tmipolmat=[J;

rripolmat(:,:)=0; tmipolmat(:,:)=0;
rctl=1:rcol0
r ripolmattempO=[];

for

tmipolmattempO=[];

romct=1,
for rct2=2:rro0
if rct2==1 | rrmat(rct2,rctl) >0
rripolmattempO(rpmct)=rrmat(rct2,rctl);
tmipolmattempO(rpmct)=Tmat(rct2,rctl);
romct=rpmct+1;
else

—Tmat(tmct

—1,cctl);
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break ;
end
end
tempAO=[];tempBO=[];

if  length(tmipolmattempO) <2
continue
else
tempAO=tmipolmattempO(1):((tmipolmattempO(end ) —t mipolmattemp0(1))

/(iPol  —1)):tmipolmattempO(end );
t empBO=spline(tmipolmattemp0,rripolmattemp0,tempA0);
end
for tpct=1:length(tempA0)
t mipolmat(tpct,rctl)=tempAO(tpct);
rripolmat(tpct,rctl)=tempBO(tpct);
end
end

[n,m]=size(rripolmat);
x0=[]; x0(n,1)=0;
for rctl=1:n
x0ct=0;
for rct2=1:m
if  rripolmat(rctl,rct2)==0
continue
else
x0(rct1,1)=x0(rct1,1)+rripolmat(rctl,rct2);
x0ct=x0ct+1;
end
end
if  xOct==0
continue
else
x0(rctl,1)=x0(rct1,1)/x0ct;
end
end

%phaseDom=0:(2 * pi)/(iPol —1):2 *pi; % Phase Domain 0 —2pi
phaseDom=0:(2 *pi)/((n —1):2 =*pi;

% RRI Deviation
rrmatMean=[];
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rridevmat=[]; rridevmat(:,:)=0;
for rrictl=1:m
r rmatTemp=[]; rmct=1;
for rrict2=1:n
if  rripolmat(rrict2,rrict1)==0
continue ;
else
rrmatTemp(rmct)=rripolmat(rrict2,rrictl);
r mct=rmct+1;
end
end
rrmatMean(rrictl)=mean(rrmatTemp);

for rrict3=1:length(rrmatTemp)
r ridevmat(rrict3,rrictl)=rrmatTemp(rrict3) —rrmatMean(rrictl);
end
end

x0dev(n,1)=0;
for rctl=1:n
x0ct=0;
for rct2=1:m
if  rridevmat(rctl,rct2)==0
continue ;
else
x0dev(rctl,1)=x0dev(rctl,1)+(rridevmat(rctl,rct2));
x0ct=x0ct+1;

end
end
if x0ct==0
continue ;
else
x0dev(rctl,1)=x0dev(rctl,1)/x0ct;
end
end
RSAamplnit=max(x0dev) —nin(x0dev); % RSA amplitude before removing outliers

phaseDelaylInit=0;
for xdct=1:length(x0dev)
if  x0dev(xdct)==min(x0dev)
phaseDelaylnit=phaseDom(xdct);
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break ;
end
end

phaseDelay2Init=0;
for xdct2=1:length(x0dev)
if  x0dev(xdct2)==max(x0dev)
phaseDelay2Init=phaseDom(xdct2);
break ;
end
end

figure(7);

plot(phaseDom,rripolmat); xlabel( 'Respiratory phase [rad]);...
ylabel(RR Intervals (s)' );

f igure(8);

plot(phaseDom,rridevmat * 1000); xlabel( 'Respiratory phase [rad]);...
ylabel('RRI deviation (ms)?;

f igure(9);

plot(phaseDom,x0); xlabel( 'Respiratory phase [rad]' );...
ylabel(Avg RR Intervals (s));

f igure(10);

plot(phaseDom,x0dev ~ *1000); xlabel( 'Respiratory phase [rad]);...
ylabel('Avg RRI deviation (ms)' );

%Hilbert Transform RSA
htAvRSA=hilbert(x0);
magRSA=abs(htAvRSA); % magnitude
phsRSA=angle(htAvRSA); % Phase

phi0O=angle(max(htAvRSA)); % phase of maximum value

% Variance
[XOR,x0C]=size(x0);
Vi(1,m)=0;
for i1=1:m
for i2=1:n
if  rripolmat(i2,i1)==0
continue ;
elseif i1 >x0R
Vj(1,i1)=0;
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else
Vj(1,i1)=Vj(1,i1)+((x0(i1,1) —r ripolmat(i2,i1)).”2);
end
end
end

%Phase Respiration
htRes=hilbert(RespFilter);

phiJ=[]; Rmct=1,; %maxRPmat=[]; phase of jth respiration cycle max value
Tent=1,
for cct3=1:length(maxipostfinal4) -1

mmHTmat=[]; Hmct=1;
for cct4=Tcnt:length(time)
if time(cctd) <maxipostfinald(cct3)
continue ;
elseif  time(cctd) >=maxipostfinal4(cct3)...
& time(cctd)  <maxipostfinald(cct3+1)
mmHTmat(Hmct)=htRes(cct4);
Hmct=Hmct+1,
else
Tcnt=cct4;
break ;
end
end
phiJ(Rmct)=angle(max(mmHTmat));
Rmct=Rmct+1,;
end

%Phase difference
deltaPHI=[];
for i=1l:m
deltaPHI(i)=abs(phi0 —phid(i));
end

%Sort
sortVj=sort(V));
delVj=sortVj(round(0.9 *m): end);
ncol=[]; mcct=1; %deleted 'm' collections
for dtl=1:length(delVj)
for dt2=1:length(Vj)
if  Vj(1,dt2)==delVj(dt1)
ncol(mcct)=dt2;
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mcct=mcct+1,;
break ;
else
continue ;
end
end
end

deltaPHI2=[]; dPct=1; dPstart=1,;
for dtl=1:length(mcol)+1
for dt2=dPstart:length(deltaPHI)
if dtl <=length(mcol) & dt2==mcol(dtl)
dPstart=dt2+1;
break ;
else
deltaPHI2(dPct)=deltaPHI(dt2);
dPct=dPct+1;
end
end
end

sortdeltaPHI2=sort(deltaPHI2);

delDPHI=sortdeltaPHI2(round(0.8 *m): end);
for dtl=1:length(delDPHI)
for dt2=1:length(deltaPH]I) % Note the use of deltaPHI and not deltaPHI2

if deltaPHI(dt2)==delDPHI(dt1)
ncol(mcct)=dt2;
mcct=mcct+1;
break ;

else
continue ;

end

end
end

% Subset RR intervals
rrmatsub(:,:)=0; rrsct3=1;
for rrsctl=1:m
entr=0;
for rrsct2=1:length(mcol)
if  rrsctl==mcol(rrsct2)
entr=1;
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break ;
else
continue ;
end
end
if entr==1
continue ;
else
for dmat=1:n
r rmatsub(dmat,rrsct3)=rripolmat(dmat,rrsctl);
end
rrsct3=rrsct3+1;
end

end

[n1,m1]=size(rrmatsub);
x1(n1,1)=0;
for i1=1:n1
x1ct=0;
for i2=1:m1
if  rrmatsub(il,i2)==0
continue ;
else
x1(i1,1)=x1(i1,1)+rrmatsub(il1,i2);
x1lct=x1ct+1;
end
end
x1(i1,1)=x1(i1,1)/x1ct;
end

% RRI Deviation
rrmatsubMean=[];
r ridevmatsub(:,:)=0;
for rrictl=1:m1
r rmatsubTemp=[]; rmct=1,
for rrict2=1:n1
if  rrmatsub(rrict2,rrict1)==0
continue ;
else
rrmatsubTemp(rmct)=rrmatsub(rrict2,rrictl);
r mct=rmct+1;
end
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end
rrmatsubMean(rrictl)=mean(rrmatsubTemp);

for rrict3=1:length(rrmatsubTemp)
r ridevmatsub(rrict3,rrictl)=rrmatsubTemp(rrict3)
end
end

[n11,m11]=size(rridevmatsub);
x1ldev(nl1,1)=0;
for rctl=1:n11
x1ct=0;
for rct2=1:m11
if  rridevmatsub(rctl,rct2)==0
continue ;
else
x1ldev(rctl,1)=x1dev(rctl,1)+(rridevmatsub(rctl,rct2)
x1lct=x1ct+1;
end
end
x1dev(rctl,1)=x1dev(rctl,1)/x1ct;
end

RSAamp=max(x1dev) —mn(x1ldev); % RSA amplitude

phaseDom2=0:(2 =*pi)/((n11 —1):2 *pi;

phaseDelay=0;
for xdct=1:length(x1dev)
if xldev(xdct)==min(x1ldev)
phaseDelay=phaseDom2(xdct);
break ;
end
end

phaseDelay2=0;
for xdct2=1:length(x1dev)
if xldev(xdct2)==max(x1dev)
phaseDelay2=phaseDom2(xdct2);
break ;
end
end

—rrmatsubMean(rrictl);
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figure(11);
plot(phaseDom?2,rridevmatsub *1000); ...
xlabel('Respiratory phase [rad]); ylabel('RRI deviation (ms));

figure(12);
plot(phaseDom2,x1dev  *1000); xlabel( 'Respiratory phase [rad]);...
ylabel('Avg RRI deviation (ms)?;
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C.5 Joint symbolic dynamics approach

%%9%%% %% %% %% % %% %% % %% %% %% % %% %% %% % %% %% %% %% %% %% %% % %% %% %0 %

% Matlab code for Joint Symbolic Dynamic Approach %
% %
% Muammar M. Kabir %
% The University of Adelaide %
% April 2011 %

%%9%%%%%%% %% % %% %% %% %% % %% %% % %% %% %% % %% %% %% % %% %% %% % %% %% %% %% % %% % % %

clear all
close all
clc

% load RR and QT time series from QTanalysis output results
[fname,pname] = uigetffile(' *' 'Verzeichnis whlen");

t achofiles = dir(pname);

anz=length(tachofiles);

fidl = fopen( 'JSDanalysis.xls','a’);

f printf(fid1, 'File ID \tY);

f printf(fidl, Total time (s) \t )

f printf(fid1, 'Mean RR Interval (S) \t);

f printf(fid1, 'Shift \t ")

f printf(fid1, '‘Length of word \t )

f printf(fid1, "Threshold (ms) \t ),

f printf(fid1, 'Percent RSA using current word length \t )
f printf(fid1, 'Average duration of coordination (s) \t )
f printf(fidl, 'Median duration of coordination (s) \t )
f printf(fid1, 'Max. duration of coordination (s) \t )

f printf(fid1, 'Average duration of interaction (s) \t ),
f printf(fid1, 'Median duration of interaction (s) \t )

f printf(fid1, 'Max. duration of interaction (s) \t )

f printf(fid1, "\nY;

f printf(fid1, "A\nY;

f close(fidl);

for fileCT=3:1:anz
f ilename=tachofiles(fileCT).name;
file=strcat(pname,filename);
[pathstr, name, ext, versn] = fileparts(file);
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clear A D ECG Respiration RespFilter totsyncount totsyntime
clear synctimedur rrint rspmf

clear miniposfinal miniposfinal4 minipostfinal minipostfinal4
clear lockRatio freqLockRatio recordRSApercent

disp(strcat(pathstr,’ \',name,".txt")); % Display current file
A =1
A = load(strcat(pathstr, “\',name, ‘".ixt )); % Load data

time=[]; Respiration=[]; ECG=[];
A=A(60000: end—30000,);
time=A(;,1);

Respiration=A(:,2);

ECG=A(:,4);

sfreq=1000;

time=time —time(1)+(1/sfreq);
tmax = max(time);

tmin = min(time);

tdiff = tmax — tmin;

%ECG processing

D = rpeak(ECG,1000);

trp = time(D); %time of R —peaks
rp = ECG(D); %R-peaks

figure();
plot(time,ECG); hold on; plot(trp,rp, "r); hold off
xlabel( 'Time (s)' ); ylabel(ECGY);

%RR interval

rrint=[];

for i=1:length(trp) -1
r rint(i)=trp(i+1) —trp(i);
tint(i)=trp(i+1);

end

%Filter Respiration
RespFilter=[];
[ b,a] = butter(4,(1/(sfreq/2)));
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RespFilter = filtfilt(b,a,Respiration);

RespFilter = RespFilter — mean(RespFilter);
figure(2);
plot(time,Respiration); hold on; plot(time,RespFilter, '™); hold off;

%Respiratory phase
htRs = []; phRs = [];
htRs = hilbert(RespFilter);

phRs = angle(htRs); % phase

phil = phRs(D); % corresponding respiratory reading

phil = phil(2: end);
0p== e s %
%% %% % Correlation — SHIFT %%%%%%%
%%== e e %

recordCorr=[];
for delyLP=1:5 %8
[recordCorr(delyLP),xp]...
=circ _corrcl(rrint(1+delyLP: end),phil(1: end—delyLP)";
end

shft=0;
for delyLP1=1:length(recordCorr)
if recordCorr(delyLP1)==max(recordCorr)
shft=delyLP1 —1;
break ;
end
end

rrint=rrint(1+shft:end );
t int=tint(1+shft: end);

t rp=trp(1+shft: end);
phil=phil(l:end  —shft);

fidl = fopen('JSDanalysis.xls', ‘ay;
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fprintf(fid1,'%s \t ',name);
f printf(fid1, '%2.3f  \t tdiff);
f printf(fid1, '%2.3f \t ' ,mean(rrint));
f printf(fid1, '%2.1f  \t ',shft);
f printf(fid1, “An');

980%%% %% Symbolic Analysis %%%%%%%

f close(fidl);

oo s :___%

recordRSAword=[];
t imeWORD-=[];

for symbolicWord=1:5

fidl = fopen( 'JSDanalysis.xls','a’);

f printf(fid1, AEOANE Nt At
f printf(fid1, '%2.1f  \t ' ,symbolicWord);
f printf(fid1, “A\nY;

f close(fidl);

for threshold=2:2:10

% Threshold
rrintShort=[];

r rintShort=round(rrint/(threshold/1000)) * (threshold/1000);
% Symbolics for RR interval — two symbols
% Symbolics for Heart Rate — two symbols

% 0 means rrint decrease; 1 means rrint increase;

symRR=[]; symRRCt=1; symHR=[]; timeATsym=[];
for sRRct=1:length(rrintShort) -1

if  (rrintShort(sRRct+1) —r rintShort(sRRct))

symRR(symRRCt)=0;
symHR(symRRCt)=1;
timeATsym(symRRCt)=tint(sRRct+1);
symRRCt=symRRCt+1;

elseif (rrintShort(sRRct+1) —r rintShort(sRRct))

symRR(symRRCt)=1,;
symHR(symRRCt)=0;
timeATsym(symRRCt)=tint(SRRct+1);
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symRRCt=symRRCt+1;

else
symRR(symRRCt)=2;
symHR(symRRCt)=2;
timeATsym(symRRCt)=tint(sRRct+1);
SsymRRCt=symRRCt+1,

end

end

% Symbolics for Respiratory phases
% 0 means expiration, +1 means inspiration
symRsPh=[]; symRsPhct=1;
for sRPct=1:length(phil) -1
if  (abs(phil(sRPct)) —abs(phil(sRPct+1))) <0
symRsPh(symRsPhct)=0;
symRsPhct=symRsPhct+1;
else
symRsPh(symRsPhct)=1;
symRsPhct=symRsPhct+1;
end
end

% Word formation for RR interval using 2 symbols
wordRR=[]; wordRRcnt=1,;
for cntRR=1:length(symRR)  —(symbolicWord —1)
wordRR(wordRRcnt)=0;
for wordFormLoop=1:symbolicwWord
wordRR(wordRRcnt)
=wordRR(wordRRcnt)+symRR(cntRR+wordFormLoop
(10°(symbolicWord ~ —wordFormLoop));
end
wordRRcnt=wordRRcnt+1;
end
% figure(4); hist(wordRR2);

% Word formation for Heart Rate using 2 symbols
wordHR=[]; wordHRcnt=1; timeWORDst=[]; timeWORDend=[];
for cntHR=1:length(symHR) —(symbolicWord —1)

wordHR(wordHRcnt)=0;
for wordFormLoop=1:symbolicWord
wordHR(wordHRcnt)=wordHR(wordHRcnt)+...

~1). w
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symHR(cntHR+wordFormLoop —1). *...
(10" (symbolicword ~ —wordFormLoop));
end
timeWORDst(symbolicWord,wordHRcnt)=timeATsym(cntHR);
% Start time of a 'word' epoch
timeWORDend(symbolicWord,wordHRcnt)=...
timeATsym(cntHR+symbolicWord -1);
% End time of a 'word' epoch
wordHRcnt=wordHRcnt+1;
end

% figure(5); hist(wordHR?2);

% Word formation for Respiratory phase using 2 symbols
wordRsPh=[]; wordRsPhcnt=1;
for cntRsPh=1:length(symRsPh) —(symbolicword —1)
wordRsPh(wordRsPhcnt)=0;
for wordFormLoop=1:symbolicwWord
wordRsPh(wordRsPhcnt)=wordRsPh(wordRsPhcnt)+
symRsPh(cntRsPh+wordFormLoop —1). *...
(10°(symbolicword ~ —wordFormLoop));
end
wordRsPhcnt=wordRsPhcnt+1;
end
% figure(6); hist(wordRsPh2);

% uration of interaction — based on word length of '1'
ent=0;
t imeStart=0; timeEnd=0;
DurCordn=[]; DurCorCnt=1,
for cntRR=1:length(symHR)
if  (symHR(cntRR)==0 && symRsPh(cntRR)==0) [...
(symHR(cntRR)==1 && symRsPh(cntRR)==1)

if ent==0
t imeStart=timeATsym(cntRR);
ent=1;

else
timeEnd=timeATsym(cntRR);

end

else
ent=0;
if timeStart==0 || timeEnd==0

Page 211



C.5 Joint symbolic dynamics approach

continue ;

else
DurCordn(DurCorCnt)=timeEnd —t imeStart;
DurCorCnt=DurCorCnt+1,
timeStart=0;
timeEnd=0;

end

end
end

% Total count RSA/not —RSA for 2 symbols and...
% 'n" symbols used to form word
cntRSAword=0; % HR increase/decrease with ...
% Resp increase/decrease in terms of words
cntNotRSAword=0; % HR increase/decrease with ...
% Resp decreasel/increase in terms of words
recordRSAword=[]; % 1 means RSA, 0 means not RSA
timeRSAst=[]; timeRSAend=[];
t imeNotRSAst=[]; timeNotRSAend=[];
for cntRSA=1:length(wordHR)
if  wordHR(cntRSA)==wordRsPh(cntRSA)
cntRSAword=cntRSAword+1;
recordRSAword(symbolicWord,cntRSA)=1;
timeRSAst(cntRSAword)=timeWORDst(symbolicWord,cntRSA);
timeRSAend(cntRSAword)=timeWORDend(symbolicWord,cntRSA);
else
cntNotRSAword=cntNotRSAword+1;
r ecordRSAword(symbolicWord,cntRSA)=0;
timeNotRSAst(cntNotRSAword)=timeWORDst(symbolicWord,cntRSA);
timeNotRSAend(cntNotRSAword)=timeWORDend(symbolicWord,cntRSA);
end
end

%Duration of interaction — based on total length of word
Durlntr=[];
Durintr=timeRSAend  —timeRSAst;

fidl = fopen( 'JSDanalysis.xls','a' );
f printf(fidl,’ \t o\t A\t \t \t");

f printf(fidl, '%2.1f \t 'threshold);

f printf(fid1, '%2.3f  \t ',(cntRSAword/...

(cntRSAword+cntNotRSAword)) *100);
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end

end

end

forintf(fid1, %2.3f

f printf(fidl, '%2.3f
f printf(fidl, '%2.3f
f printf(fidl, '%2.3f
f printf(fid1, '%2.3f
f printf(fidl, '%2.3f
f printf(fid1, "A\nY;

f close(fidl);

\t
\t
\t
\t
\t
\t

", mean(DurCordn));

", median(DurCordn));
", max(DurCordn));

", mean(Durlintr));

", median(DurlIntr));

", max(Durlntr));

clear rrintShort symRR symHR timeATsym symRsPh Durintr
clear wordRR wordHR timeWORD wordRsPh DurCordn recordRSAword
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Glossary

ANOVA
ANS
AHI
BMI
CRC
CVC
ECG
EMD
EOG
HF
HR
HRV
IMF
JSD
LF
MPI
OSAS
PLMI
PLMS
PNS
PSG
PSNS
REM
RP
RR
RSA
Sa0O,
SNS
SD
SDB
SS1

analysis of variance
autonomic nervous system
apnea-hypopnea index
body-mass index
cardiorespiratory coordination
cardioventilatory coupling
electrocardiogram

empirical mode decomposition
electrooculogram
high-frequency power

heart rate

heart rate variability

intrinsic mode function

joint symbolic dynamics
low-frequency power
movement-power index
obstructive sleep apnea syndrome
periodic leg movement index
periodic leg movements
peripheral nervous system
polysomnography
parasympathetic nervous system
rapid-eye-movement sleep
respiratory phase

ECG R to R interval
respiratory sinus arrhythmia
arterial oxygen saturation
sympathetic nervous system
standard deviation

sleep disordered breathing
stage 1 sleep
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Glossary

SS2 stage 2 sleep

SW slow-wave sleep

TcCO, transcutaneous carbondioxide
TST total sleep time
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Index

apnea/hypopnea index (AHI), 63, 65, 68, 128,
132, 137
arousal
respiratory, 61, 66, 78, 129, 145, 146, 153
spontaneous, 4, 61, 65, 66, 77, 78, 86, 128—
130, 140, 144, 145, 152, 158
autonomic
blockade, 26, 28, 34, 35, 37, 144
modulation, 61, 85
nerve activity, 61, 103
nervous system (ANS), 3, 23, 26, 157, 160
neuropathy, 62

cardiac
activity, 5, 13, 46, 123, 128, 158
cycle, 4, 29, 35, 45, 66, 86, 92, 104, 111, 122,
135, 139, 156, 157, 159, 166, 171
disease, 16, 21, 61, 108, 157
rhythm, 2, 5, 82, 90, 104, 108, 156, 159, 164,
170,174
vagal tone, 22, 56, 144, 152
cardiorespiratory
coordination, 4, 16, 18, 19, 23, 26, 29, 35, 36,
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coupling, 2, 16, 36, 59, 90, 104, 123, 156, 158
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synchrogram, 17, 66, 90
synchronization, 24, 12, 31, 36, 87, 90, 104,
170, 174

electrocardiogram (ECG), 5, 21, 23, 27, 28, 41, 43,
61, 87,91, 111, 129, 145, 152, 156, 157,
164, 171

empirical mode decomposition (EMD), 9, 11, 28

expiration, 22, 160, 170

expiratory onset, 7, 93, 114

heart, 5, 26

beat, 13, 16, 17, 20, 22, 103

disease, 61, 62, 75, 85, 90, 128
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Hilbert transform, 8, 15, 83, 85, 165
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inspiratory onset, 7, 13, 20, 43, 44, 83, 173
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