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ABSTRACT

Cardioventilatory coupling is the temporal alignment between inspiratory onset and
preceding heart beat, and is a determinant of ventilatory timing. Although investigated in
anaesthetised and resting individuals, as well as animals, few studies have examined
cardioventilatory coupling during sleep. This thesis aimed to further work in this area by
investigating the cardioventilatory coupling during sleep.
In the first study, 30 healthy individuals (14 male; 16 female) aged 18-35 years and
nine healthy individuals (4 male; 5 female) aged 60-75 years underwent a level II
polysomnographic study in their own home. Cardioventilatory coupling was observed to
some degree in all healthy individuals. In young adults, strength of coupling (χ2(3) = 12.71, p
= 0.005) and the proportion of the night spent coupling (χ2(3) = 9.80, p = 0.02) differed
significantly between wakefulness, light sleep, slow wave sleep (SWS) and REM sleep. Post
hoc analyses indicated that coupling strength and the proportion of the night spent coupling
during light sleep and slow wave sleep, was significantly different to that during wakefulness.
Decreased strength of cardioventilatory coupling was observed with increasing time post
sleep onset (Spearman, r = 0.20, p = 0.003). Cardioventilatory coupling did not differ
between the young and older age groups, or with gender.
In the second study, 14 (6 male; 8 female) of these individuals aged 18-35 years
underwent an additional home-based polysomnographic study, 14 days after the first study.
In these individuals, both strength of cardioventilatory coupling (ICC = 0.671, p = 0.003), and
proportion of the night spent coupling (ICC = 0.770, p < 0.001), were moderately repeatable
from Night 1 to Night 2.
In the third study, cardioventilatory coupling was examined in 151 individuals with
sleep-disordered breathing (SDB). Cardioventilatory coupling was observed to some degree
in all but one individual with SDB. Decreased strength of coupling (Spearman, r = -0.33, p <
0.001) and decreased proportion of the night spent coupling (Spearman, r = -0.39, p < 0.001)
was observed with increasing apnoea hypopnoea index. As with healthy individuals, both the
strength of coupling (χ2(3) = 12.95, p = 0.005) and the proportion of the night spent coupling
(χ2(3) = 19.37, p < 0.001) differed significantly between wakefulness, light sleep, SWS and
REM sleep, in individuals with SDB. Coupling strength was increased during light sleep,
compared to wakefulness and REM sleep.

iii
It is concluded that cardioventilatory coupling is a phenomenon observed in most
individuals during sleep, but a large degree of inter-individual variability is exhibited in
strength of coupling and the proportion of the night spent coupling. In healthy individuals,
coupling is observed as a moderately repeatable phenomenon from night-to-night. Increasing
severity of SDB is associated with decreased cardioventilatory coupling, which may be
reflective of changes in autonomic activity observed with SDB. Together, these findings have
identified a number of areas for future investigation, which could provide useful insights into
ventilatory control during sleep.
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CHAPTER 1: INTRODUCTION

It has long been known that the cardiac and respiratory systems act in a coordinated
fashion. At a basic level, the circulatory system serves to deliver essential substances, such as
oxygen, to the tissues and carry away metabolic by-products, such as carbon dioxide. This
process is tightly controlled by mechanical and chemical homeostatic feedback systems to
ensure physiologic needs are met.

The overall coordination of cardiac and respiratory

function is achieved via a number of complex interactions at neural, (neuro)chemical and
mechanical levels.
Many examples exist of these types of interactions. For example, arterial pulse
pressure has been shown to modulate respiratory motoneurons in the upper airway (Dick et
al., 2005). Conversely, decreases in pleural pressure that occur with inspiration, lead to
increases in venous return into the right atrium and decreases in left ventricular ejection
fraction (Feihl & Broccard, 2009; Pinsky, 2007). In the brainstem, respiratory control centres
lie in close proximity to both sympathetic and parasympathetic neuronal circuitries (Gilbey et
al., 1984; Haselton & Guyenet, 1989). This anatomic proximity allows a degree of interaction
between the neuronal centres, as well as the ability to be commonly influenced by external
factors (Scharf et al., 2001). This type of interaction is exemplified by the fact that cardiac
vagal neurons are inhibited during inspiration, but receive excitatory inputs during the postinspiratory period (Gilbey et al., 1984; McAllen & Spyer, 1978).
Changes in physiologic state, such as sleep/wake state, exercise or perceived threat,
can also have profound effects on both the cardiac and respiratory systems.

Sleep, in

particular, poses a substantial challenge for both the cardiac and respiratory systems. During
sleep, there is considerable variability in heart rate (Snyder et al., 1964) and in the activity of
respiratory neurons (Horner et al., 1994), as well as decreased activity in respiratory muscles
(Worsnop et al., 1998). Furthermore, the ventilatory responses to hypercapnia and hypoxia
are reduced during sleep, relative to wakefulness (Douglas et al., 1982a; Douglas et al.,
1982b). These changes may, in a vulnerable system, lead to sleep-disordered breathing events
such as obstructive sleep apnoea, central sleep apnoea and hypoventilation.
Although interactions between heart rate and breathing have been studied for some
years, recently, there has been increasing interest in the synchronisation (coupling) of heart
rate and breathing, and the variability of this synchronisation over time and in different
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physiologic states.

Recent improvements in computer processing power, along with

significant advancements in bio-mathematical analysis techniques, have greatly facilitated
research in this area in the last two decades. To date, two primary types of interactions
between the cardiac and respiratory systems have been described: cardioventilatory coupling
and respiratory sinus arrhythmia. Respiratory sinus arrhythmia is the better known cardiorespiratory interaction and is characterised by respiration modulation of heart rate (Yasuma &
Hayano, 2004).

Cardioventilatory coupling on the other hand, describes a phenomenon

whereby heart beats are temporally aligned with inspiratory timing. This thesis focuses on
cardioventilatory coupling and aims to describe cardioventilatory coupling during sleep.
Previous studies have shown that integer relationships exist between heart rate and
respiratory frequency (Bucher, 1944; Coleman, 1920; Galletly & Larsen, 1997).

These

findings have led to the hypothesis that inspiratory onset is triggered by preceding cardiac
activity (Galletly & Larsen, 2001). Additionally, a recent study has demonstrated that this
interaction is mediated via afferent baroreceptor activity (Tzeng et al., 2007). The mechanism
of this interaction is not well understood and furthermore, few studies have been conducted
investigating cardioventilatory coupling during sleep.

However, cardiac modulation of

respiratory activity may well be significant with respect to changes in ventilatory control
during different sleep stages, especially in instances of compromised ventilatory control
during sleep, such as central sleep apnoea or heart failure.
This thesis aims to further knowledge of cardioventilatory coupling during sleep. In
particular, it considers the prevalence of cardioventilatory coupling during sleep and variation
in coupling with sleep stage.

Consideration is also given to whether cardioventilatory

coupling is altered in individuals with sleep-disordered breathing.
As this thesis is approached from the perspective of sleep, this chapter begins by
outlining the detailed structure of sleep, including the characteristics of different sleep stages
and the distribution of sleep stages across the sleep period. In addition, the neurophysiologic
processes that underlie different sleep states are presented, along with an overview of the
processes that regulate the timing of sleep and wake. There is discussion of the changes that
occur in sleep with age and gender.
Cardioventilatory coupling arises from an interaction between the processes that
modulate the cardiovascular and respiratory systems.

Therefore, in order to place

cardioventilatory coupling in this context, an overview of the regulation of both breathing and
heart rate is presented.

These sections are followed by a discussion of the changes in
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breathing and heart rate that occur during sleep in and the degree of variability seen in these
parameters. Consideration is also given to sleep-disordered breathing. A detailed overview
of obstructive sleep apnoea and central sleep apnoea is provided, including definitions of
these events, their measurement, prevalence, mechanisms and health implications.
The final section of this chapter includes a review of cardioventilatory coupling,
including proposed mechanisms and models. In addition, it presents an overview of the thesis
aims and hypotheses, as well as an overview of the thesis structure, outlining the studies
conducted in order to address these aims.

1.1

Sleep
Until the early 20th century, the concept of sleep was dominated by the views of

philosophers and physicians who considered sleep to be a period of complete passivity, absent
of physical and neurophysiologic activity (Swick, 2005). The first electrical recordings of the
sleeping brain were conducted by Berger (1929), a German psychiatrist. Using surface
electrodes, he was able to demonstrate that the electrical activity during sleep was distinct
from that of wakefulness. Berger was also the first to describe a particular brain rhythm,
characterising what is now known as alpha rhythm; a waveform with a frequency range of 813 Hz, dominant in the occipital region during drowsiness. However, his work was initially
overlooked as a cursory finding until Adrian and Matthews were able to replicate his findings
(Adrian & Matthews, 1934).
1.1.1

Sleep structure
Sleep is described in two distinct forms: non-rapid eye movement (NREM) sleep and

rapid eye movement (REM) sleep. Non-rapid eye movement sleep is further defined by
Stages 1-4. The concept of sleep stages was first postulated in 1937 by Loomis et al. who
described five different stages of sleep throughout what is currently known as NREM sleep
(Davis et al., 1938; Loomis et al., 1935, 1937).

These stages were labelled A-E and

characterised the electroencephalogram (EEG) and electrooculogram (EOG) activity observed
during quiet drowsiness, at sleep onset and during sleep. In 1968, a committee of sleep
researchers, chaired by Allan Rechtschaffen and Anthony Kales, developed the first published
guidelines for staging sleep in healthy adults (Rechtschaffen & Kales, 1968).

This
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publication serves as the present guidelines for staging human adult sleep and is known as the
R & K scoring guidelines 1.
Sleep is measured using polysomnography, a process by which multiple physiologic
measurements are recorded simultaneously during sleep. In order to stage human sleep,
electroencephalography (EEG), electrooculography (EOG) and chin electromyography
(EMG) must be recorded (Rechtschaffen & Kales, 1968). Electroencephalogram sites are
selected from the International 10-20 electrode placement system (Jasper, 1958) and although
other electrode sites may also be recorded, at a minimum sleep staging requires that EEG
activity is recorded from the central sites, C3 and C4. These are able to capture the full range
of waveform activity seen during sleep. Stages of human sleep are defined by characteristic
waveforms seen in the EEG, EOG and EMG electrophysiologic signals, individually or in
combination.

Identification of these characteristics is made by visually observing each

consecutive 30 second epoch of EEG, EOG and EMG.
When an individual closes their eyes, a low voltage, monomorphic EEG rhythm in
the range of 8-13 Hz momentarily predominates. This rhythm epitomises EEG activity during
quiet wakefulness and is known as alpha rhythm(Brazier et al., 1961). With eyes closed and
increasing drowsiness, the EOG begins to show slow rolling eye movements and the EMG
may decrease in amplitude. At sleep onset, the alpha rhythm disappears and is replaced by a
low voltage, mixed frequency EEG activity which is slower than alpha rhythm. This rhythm
is known as theta rhythm and is in the range of 4-7 Hz (Brazier et al., 1961). Slow rolling eye
movements often continue from quiet drowsiness through sleep onset and into sleep. An EEG
phenomenon known as vertex sharp waves may also appear during Stage 1 sleep. These are
focal, transient EEG waves that show phase reversal and maximal amplitude at the vertex
(Rechtschaffen & Kales, 1968). The transition from alpha to theta rhythm marks the onset of
sleep and is defined as Stage 1 NREM sleep.
Stage 1 sleep is typically a transient stage and Stage 2 NREM sleep often occurs after
only a few minutes of Stage 1 sleep. The EEG is comprised of a mixture of low and high
voltage activity of mixed frequency during Stage 2 sleep. However, Stage 2 sleep is defined
by the presence of particular EEG waveform phenomena called spindles and K-complexes
(Rechtschaffen & Kales, 1968). These phenomena occur intermittently during Stage 2 sleep.
1

The American Academy of Sleep Medicine has recently proposed new guidelines for the staging of
human sleep, which recommends new methodology for measuring sleep, as well as new rules and terminology
for sleep stages and related events (Iber et al., 2007). However, these new rules are not without significant
controversy (Grigg-Damberger, 2009; Moser et al., 2009; Parrino et al., 2009). This thesis, therefore, refers to
traditional sleep terminology and definitions, on which the majority of research has been based.
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Spindles are transient periods of monomorphic EEG activity in the range of 12-14 Hz, of
minimum duration half a second.

The occurrence rate of spindles varies considerably

between individuals and is generally in the range of 3-8 per minute during Stage 2 sleep. Kcomplexes are defined by a sharp negative deflection, followed by a large positive
component, and duration of at least half a second. On average, K-complexes occur at a rate of
1-3 per minute in adults during Stage 2 sleep. Since spindles and K-complexes are transient
phenomena, long periods of EEG activity can occur without these events being present. Stage
2 sleep requires the presence of spindles and K-complexes and if none have been present for 3
minutes or longer, sleep is scored as Stage 1.
Stages 3 and 4 NREM sleep are defined by the presence of slow wave activity in the
frequency range of 2 Hz or less, with an amplitude of 75 μV or greater (Rechtschaffen &
Kales, 1968). The presence of this high voltage, slow wave activity gives rise to the term
‘slow wave sleep’. Sleep transitions into Stage 3 sleep when the EEG in a 30 second epoch
consists of at least 20% slow wave activity and Stage 4 sleep is defined by the presence of at
least 50% slow wave activity (Rechtschaffen & Kales, 1968). Although Stages 3 and 4 sleep
are defined by the proportion of slow wave activity present, this is not the only EEG activity
that occurs. Low voltage, high frequency EEG activity, in addition to spindles and Kcomplexes may also be present. Slow wave activity is more prominent in the frontal than
occipital lobes and therefore, during sleep Stages 2-4, the EOG signal may be confounded by
the presence of the high voltage EEG activity and is not used for sleep staging (Rechtschaffen
& Kales, 1968). The EMG amplitude observed varies between individuals and generally
shows a slightly lower level of muscle tone than during wakefulness.
REM sleep is characterised by a low voltage, mixed frequency EEG activity similar
to that during quiet wakefulness and Stage 1 sleep, along with rapid eye movements and
muscle atonia (Rechtschaffen & Kales, 1968). The EMG is at its lowest amplitude during this
stage of sleep. REM sleep is comprised of alternating phasic and tonic components. Phasic
components of REM sleep occur intermittently and include bursts of rapid eye movements
and muscle twitches. Tonic components, such as muscle atonia, are continually present.
Scoring of REM sleep requires the presence of rapid eye movements and if none have been
present for 3 minutes or longer, sleep is staged as Stage 1 sleep (or another NREM sleep stage
if the required criteria for that stage are met) (Rechtschaffen & Kales, 1968). The sleep
spindles and K-complexes common in Stage 2 sleep may be observed during REM sleep. If
two or more these phenomena are noted, even in the presence of rapid eye movements, Stage
2 sleep is scored.
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Human adult sleep is entered via NREM sleep and exhibits regular variations in sleep
stage across the night (Dement & Kleitman, 1957). The first stage of sleep in the healthy
young adult is usually Stage 1 sleep. This stage lasts only a few minutes before transitioning
into deeper sleep and in addition to being the first stage observed on sleep onset, Stage 1 sleep
serves as a transition stage throughout the sleep period. Stage 1 sleep comprises up to 5% of
total sleep and the percentage of Stage 1 sleep may be indicative of the degree of sleep
disruption. The arousal threshold during Stage 1 sleep is low; individuals are easily woken by
auditory, visual and touch stimuli (Carskadon & Dement, 2005). Stage 2 sleep generally
follows Stage 1 sleep and continues for 10 to 25 minutes. Stage 2 sleep has a higher arousal
threshold than Stage 1 sleep; the same stimulus resulting in arousal during Stage 1 sleep
usually produces a K-complex in Stage 2 sleep. With the progression of Stage 2 sleep, high
voltage slow wave activity begins to appear in the EEG. The proportion of this slow wave
activity increases until the criteria for Stage 3, and subsequently Stage 4, sleep are met. Slow
wave sleep comprises 10-25% of the sleep period. The arousal threshold is highest during
slow wave sleep and consequently, the transition through Stage 1 to Stage 4 sleep is referred
to as a continuum of the depth of sleep. REM sleep follows after slow wave activity. Arousal
from REM sleep is variable between individuals, as is the proportion of REM sleep seen
during the sleep period. In general, REM sleep comprises 20-25% of the sleep period.
Within a sleep period, NREM and REM sleep alternate in a cycle of approximately
90 minutes (Dement & Kleitman, 1957). (There are usually 4-7 NREM/REM cycles per
night.) NREM/REM cycles are usually shorter at the beginning of the sleep period (average
length 70-100 minutes) and longer at the end of the sleep period (90-120 minutes). The
distribution of sleep stages within each sleep cycle differs according to the sleep cycle’s
position in the sleep period. Slow wave activity (Stages 3 and 4 sleep) predominates in the
first third of the sleep period and the proportion of slow wave sleep is linked to the length of
time spent awake (Webb & Agnew, 1971). REM sleep predominates in the last third of the
sleep period and is linked to the activity of the circadian pacemaker (Czeisler et al., 1980).
The graphical representation of the distribution of sleep stages across the sleep period is
known as a hypnogram and is depicted in Figure 1.1.
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Figure 1.1 : Hypnogram of a healthy young adult (Redrawn with permission from
Gander (2003))

Sleep is also interspersed with brief periods of wake EEG activity, called arousals.
Arousals are transient phenomena and in general, do not result in full awakening from sleep.
They occur frequently during sleep; healthy young adults exhibit approximately 10 arousals
per hour of sleep (Bonnet & Arand, 2007).

Transient interruptions to sleep were not

considered when defining sleep stages and no criteria existed for them until recently. The R
& K scoring guidelines were developed in order to define sleep state alone, and rely on
assignment of sleep stage based on the majority activity in each 30 second epoch of EEG,
EOG and EMG. Arousals during sleep have subsequently been defined as an abrupt shift in
EEG activity, of minimum duration 3 seconds (American Sleep Disorders Association, 1992).
Additionally, arousals during REM sleep require an increase in EMG activity.
1.1.2

Generation of sleep and wake
Early theories of sleep-wake mechanisms were based on the theory that sleep is a

passive process that occurs by default when sensory input falls below a set threshold
necessary to maintain cortical arousal. These theories were supported by research in the early
20th century demonstrating that isolation of the cerebrum from the spinal cord resulted in the
loss of wakefulness and generation of sleep (Bremer, 1929). Based on these findings, it was
postulated that sleep was induced by the absence of sensory inputs from the body and head to
the forebrain. This theory was debunked in the 1940s when it was shown that stimulation of
the rostral pontine reticular formation resulted in a desynchronised EEG and the reticular
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formation was essential for maintaining wakefulness (Moruzzi & Magoun, 1949). However,
the concept of a single arousal system has been supplanted by the knowledge that arousal is
facilitated by several distinct nuclei within and neighbouring the pontine and midbrain
reticular formation, and its projections into the hypothalamus. These nuclei are defined by
their synthesis and release of specific neurotransmitters known to be important in the
generation of wakefulness: acetylcholine (ACh), dopamine (DA), glutamate (Glu), serotonin
(5-HT), norepinephrine (NE), histamine (His) and orexin (ORX). The arousal systems are
also described by their association with REM sleep.

REM sleep exhibits the cortical

activation of wake but is a distinct sleep state. There are, therefore, two classifications of
arousal systems, those that are ‘on’ (ACh, DA, Glu) during REM, linked to the wake-like
characteristics of REM sleep, and those that are ‘off’ (5-HT, NE, His, ORX), linked to the
sleep-like characteristics of REM.
Cholinergic neurons are found in two areas: in the upper pons (the dorsolateral
pontomesencephalic reticular formation (RF) comprised of the pedunculopontine tegmental
(PPT) and laterodorsal tegmental (LDT) nuclei) and the basal forebrain (Mesulam et al., 1983;
Woolf, 1991). The cholinergic neurons in the RF project to the relay and reticular nuclei of
the thalamus, the hypothalamus and the basal forebrain, whereas the cholinergic neurons of
the basal forebrain project in a widespread manner to the limbic system and neocortex.
Neurons in the basal forebrain, and PPT and LDT nuclei, fire most rapidly during
wakefulness and REM sleep (Duque et al., 2000; Lee et al., 2005a; Strecker et al., 2000), and
release of ACh is increased during these states. Dopaminergic neurons are located in the
substantia nigra (A9 cell group) and the ventral tegmental area (A10 cell group) of the
midbrain, as well as the basal and medial hypothalamus (Hillarp et al., 1966). These neuronal
groups fire more rapidly during wakefulness than during sleep, but do not demonstrate a
change in discharge during different stages of sleep (Feenstra et al., 2000; Steinfels et al.,
1983). Glutamate-containing neurons are found throughout the brain, including the midbrain
RF. However, projections from these midbrain neuronal groups have not been well described.
Application of glutamate to numerous sites in the brain results in arousal (Manfridi et al.,
1999).
It was previously thought that serotonergic neurons promoted sleep by dampening
cortical activation and behavioural arousal (Jouvet, 1972). However, it is now known that
serotonin’s immediate effect is arousal (Ursin, 2002). The serotonergic neurons of the dorsal
and median raphe project to the forebrain, diencephalon, limbic system and neocortex (Törk,
1990).

In addition, these neurons project to the spinal cord and influence the overall
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responsiveness of motoneurons and the transmission of sensory input from the body.
Discharge rates of serotonin are highest during wakefulness, lower during NREM sleep and
minimal during REM sleep (Puizillout et al., 1979; Ursin, 2002). The histaminergic neurons
of the tuberomammillary nucleus (TMN) and the norepinephrine neuronal groups of the locus
coeruleus (LC) project widely into the cerebral cortex, with additional input from the orexincontaining neurons in the lateral hypothalamus (Inagaki et al., 1988; Panula et al., 1989). The
monoaminergic neurons that contribute to this pathway fire most rapidly during wakefulness,
exhibit slower firing rates during NREM sleep, and do not fire at all during REM sleep
(Aston-Jones & Bloom, 1981; Fornal et al., 1985; Steininger et al., 1999). Similarly, the
orexin-containing neurons of the lateral hypothalamus are most active during wakefulness and
especially during motor activity, but exhibit complete cessation of firing during NREM and
REM sleep (Estabrooke et al., 2001; Lee et al., 2005b; Mileykovskiy et al., 2005).
Sleep is promoted by the ventrolateral preoptic nucleus (VLPO) which projects to all
the major cells groups that are involved in arousal (TMN, raphe nuclei, LC, hypothalamus)
(Sherin et al., 1996). VLPO neurons are most active during sleep (Szymusiak et al., 1998)
and produce gamma-aminobutyric acid (GABA). Release of GABA at arousal system sites
increases during NREM sleep and further increases during REM sleep in the posterior
hypothalamus, dorsal raphe and locus coeruleus (Nitz & Siegel, 1996), and firing of the sleepactive neurons of the VLPO is reciprocal to that of the wake-promoting His, 5-HT, NE and
ORX neurons. The VLPO receives afferent inputs from each of the major monoaminergic
systems and is inhibited by NE, 5HT and ACh (Gallopin et al., 2000). In this way, the VLPO
can be inhibited by the arousal systems that it inhibits during sleep.
This concept of a mutually inhibitory relationship between sleep and wake is known
as the ‘sleep-wake flip-flop switch’ (Saper et al., 2001; Saper et al., 2005).

During

wakefulness, the VLPO is inhibited by the inputs from the raphe nuclei, LC, and PPT and
LDT nuclei, which in turn leads to disinhibition of the orexin-containing, monoaminergic and
cholinergic neurons that promote wakefulness. Orexin-containing neurons have projections to
the cerebral cortex, as well as projections to monoaminergic and cholinergic neuronal groups
of the arousal systems (Chemelli et al., 1999). It is also known that there is a mutual pathway
between the orexin neurons and the VLPO, even though the VLPO does not have orexin
receptors (Marcus et al., 2001). Thus, it is hypothesised that orexin acts by facilitating the
neurotransmitter activity of the arousal systems instead of being able to directly inhibit the
VLPO. Orexin may also help stabilise the ‘switch’, preventing frequent transitions between
sleep and wake.
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Modulation of thalamocortical transmission by wake- and sleep-promoting systems
has significant impact on cortical activity and therefore, the patterns seen in sleep EEG
(McCormick, 1989). The thalamocortical circuitry acts in two distinct ways: tonic activity
during wakefulness and REM sleep, evident as desynchronised EEG, and phasic shifts during
NREM leading to rhythmic, synchronised activity (Steriade & Llinás, 1988). These phasic
shifts are evident as spindles and slow wave activity observed during NREM sleep. Interplay
between the reticular and relay nuclei of the thalamus generates spindles, and the pattern burst
of relay neurons transmits the spindle rhythm to the cortex (Destexhe & Sejnowski, 2003;
McCormick & Bal, 1997; Steriade & Llinás, 1988). Slow delta oscillations originate in the
thalamus and cortex (McCormick & Bal, 1997), and both sources of oscillation contribute to
the pattern seen in the sleep EEG. Widespread cortical synchronisation of spindles and slow
wave activity occurs as a function of corticothalamic and cortico-cortical connections
(Steriade et al., 1991). Thus, during sleep the cells of the thalamus and cortex are engaged
with frequent changes in polarity, and are unable to process any sensory information. It is
hypothesised that this may facilitate maintenance of NREM sleep (Steriade et al., 1991). The
transition from sleep to waking occurs when the thalamocortical neurons are influenced by
excitatory neurotransmitters, such as glutamate and acetylcholine, and the rhythm is
interrupted.
While it is known that activation of certain neuronal groups of the arousal systems
results in REM sleep, the exact mechanism of REM sleep generation remains unknown.
Transection, lesion and stimulation studies all suggest that areas in the pons and midbrain are
primarily responsible for generation of REM sleep (Adey et al., 1968; Jouvet, 1962; Jouvet et
al., 1959; Siegel et al., 1984; Vanni-Mercier et al., 1989), and GABA and glycine release onto
motoneurons results in hyperpolarisation and the muscle atonia observed during REM sleep
(Kodama et al., 2003; Morales et al., 2006).
1.1.3

Regulation of sleep and wake
There are currently considered to be two main determinants of the timing of human

sleep, the circadian pacemaker (Process C) and the sleep homeostat (Process S). These two
systems interact to regulate sleep and wakefulness across the 24 hour day (Beersma &
Gordijn, 2007; Borbely, 1982; Edgar et al., 1993).
The neurophysiologic basis of the sleep homeostat is not well understood but it is
believed that an unknown structure or substance accumulates during prolonged wakefulness
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and leads to a ‘need’ or ‘drive’ for sleep (Figure 1.2) (Feinberg, 1974). Adenosine has been
proposed as one sleep-inducing factor. Adenosine is a by-product of depleted energy reserves
in the brain. With prolonged wakefulness, reserves of glycogen and adenosine triphosphate
(ATP) in the brain are depleted.

In addition, during wakefulness ATP is degraded to

adenosine diphosphate (ADP), adenosine monophosphate (AMP) and eventually, adenosine.
Adenosine levels, therefore, rise in parts of the brain, including the basal forebrain. Levels of
adenosine in the basal forebrain fall rapidly during sleep. It has been shown that injection of
adenosine, or an adenosine receptor-agonist, into the basal forebrain of cats induces sleep
(McCarley, 2007). It has also been proposed that adenosine may disinhibit the VLPO by
reducing GABAergic inputs (Porkka-Heiskanen et al., 2002). While the exact relationship is
not understood, power spectral density in the delta frequency band (less than or equal to 4 Hz)
of the EEG is often used to track the homeostatic process. Slow wave activity is predominant
during the first third to half of the sleep period and dissipates as sleep progresses. In addition,
prolonged wakefulness and sleep loss leads to increased power in the delta band (Dijk et al.,
1993; Webb & Agnew, 1971).
Figure 1.2 : The sleep homeostat, known as Process S (Redrawn with permission from
Gander (2003))

12
Figure 1.3 : Models that explain the timing of sleep and wake

Two primary models exist to explain the timing of sleep and wake across the 24-hour period:
A) The Two Process Model (image redrawn from Beersma & Gordijn (2007)) and B) The
Opponent Processes Model (image redrawn from Dijk & Edgar (1999)).

The circadian pacemaker is situated in the suprachiasmatic nuclei (SCN) of the
hypothalamus and maintains all endogenous circadian rhythms, including body temperature,
endocrine function and physical performance. Circadian, derived from the Latin circa and
dies, literally means ‘about a day’ and therefore, all circadian rhythms oscillate with an
approximately 24-hour period. Several lines of evidence have confirmed the SCN as the
circadian pacemaker. Destruction of the SCN in animal models leads to complete loss of all
circadian rhythms, including the sleep/wake cycle (Edgar et al., 1993). The rhythm of the
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pacemaker is self-sustaining and endogenous; SCN neurons situated in vitro continue to
exhibit an intrinsic rhythm in firing rate (Mirmiran et al., 1995). Furthermore, transplantation
of SCN cells from tau-mutant mutant hamsters with a 20-hour pacemaker period into wildtype hamsters with 24-hour pacemaker period, whose SCN is ablated, results in the wild-type
hamsters acquiring a 20-hour period (Ralph et al., 1990). The pacemaker has its own pathway
to the external environment. Melanopsin-containing photopigment cells in the retinal ganglia
activate a monosynaptic afferent pathway from the retina via the retino-hypothalamic tract
(Moore & Lenn, 1972; Moore et al., 1995).
Although numerous models have been proposed, two are foremost in explaining in
the interaction between the sleep homeostat and the circadian pacemaker (Figure 1.3). The
Two-Process Model forms the basis of most current mathematical models of sleep/wake
cycles (Beersma & Gordijn, 2007; Borbely, 1982; Daan et al., 1984). In this model, it is
postulated that sleep need (Process S) increases with prolonged wakefulness and declines
exponentially across the sleep period.

The circadian process (Process C) fluctuates

independently across the 24-hour day and interacts with Process S by modulating the upper
and lower thresholds between which Process S can range. Sleep onset occurs when Process S
reaches the ‘upper threshold’ imposed by Process C, and wake from sleep occurs when
Process S declines to the ‘lower threshold’ imposed by Process C. The underlying physiology
of Process S, and determination the upper and lower thresholds of Process C, remain unclear.
The Opponent Processes Model also proposes that sleep need (Process S) increases
with prolonged wakefulness, and decreases exponentially across the sleep period (Edgar et al.,
1993). Process S is opposed by an alerting signal from the circadian pacemaker (Process C)
that peaks immediately prior to sleep onset. Consequently, sleep onset occurs when the need
for sleep overwhelms the declining circadian alerting signal, and an individual wakes from
sleep when the increasing alerting signal overwhelms the declining need for sleep. Unlike the
Two Process Model, the Opponent Processes Model has not been simulated mathematically,
so its ability to predict timing of sleep and wake is not known.
1.1.4

Sleep and aging across adulthood
Numerous studies have investigated the changes that occur in sleep architecture in

the aging adult and there is now a sufficient body of literature to allow two meta-analyses of
the data. The first of these, describing sleep changes across the entire life span, suggested that
there is an age-related decline in sleep efficiency up to the age of 90 years (Ohayon et al.,
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2004). However, the majority of age-related changes in sleep architecture occur before 60
years of age. Sleep characteristics such as total sleep time and the percentage of REM sleep
show a linear decline with age, whereas others, such as the percentage of slow wave activity
and the amount of wake seen after sleep onset, decline exponentially with age. An additional
meta-analysis has focused only on REM sleep and has found a cubic relationship between the
percentage of REM sleep and increasing age (Floyd et al., 2007). Although the basis of these
findings is not understood, Floyd et al. indicated that the percentage of REM sleep exhibits a
linear decline with age up to 75 years of age, followed by a small increase in percentage REM
sleep from 75-85 years of age, after which percentage REM sleep again declines.
Laboratory studies have indicated that older adults wake more frequently from sleep
but in general, have no difficulty falling back to sleep (Klerman et al., 2004). Older adults
have poorer sleep quality with shorter total sleep time and increased number of arousals per
hour of sleep (arousal index) (Unruh et al., 2008). Data from small samples of aging adults
suggest that the arousal index is greatest in the elderly (aged greater than 60 years) and
arousal indices of 18-27 have been observed (Bonnet & Arand, 2007). However, significant
differences also exist between young adults (aged 18-39 years) (reported arousal indices range
from 6 to 16) and middle-aged adults (aged 40-60 years) (reported arousal indices range from
10 to 24) (Bonnet & Arand, 2007; Boselli et al., 1998). Increased arousal is considered
indicative of fragmented sleep architecture, potentially leading to poorer sleep quality. These
findings are supported by the results of the Sleep Heart Health Study (SHHS), which also
showed small but significant increases in the arousal index with age.
1.1.5

Gender differences in sleep
Large cohort studies have provided substantial data on sleep. The Sleep Heart

Health Study (SHHS) is a large, multi-centre, population-based study primarily investigating
the relationship between sleep-disordered breathing and cardiovascular disease (Quan et al.,
1997). However, the dataset has also yielded a wealth of information on other factors related
to sleep. Using data from the SHSS, in 2,685 individuals aged 37-92 years, Redline et al.
(2004b) have demonstrated significant differences between men and women in sleep
architecture with aging, particular in relation to slow wave sleep. Women showed very little
decline in slow wave activity with age, whereas men showed a significant decline in
percentage slow wave activity with age. However, it should be noted that these gender
differences were not able to be confirmed with meta-analysis. The SHHS also showed gender
differences in markers of sleep fragmentation, with age-related increases in Stage 1 and Stage
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2 sleep and decreases in sleep efficiency only occurring in older men (Redline et al., 2004b;
Unruh et al., 2008). Older women more often reported poor subjective sleep quality and had
more trouble falling asleep, more problems waking during the night and with waking too
early (Unruh et al., 2008).
Relatively subtle differences in sleep exist between the sexes in younger adults.
However, gender differences seem to become more apparent under particular stressors.
Women exhibit a greater increase in power in the delta frequency band (less than or equal to 4
Hz) of the EEG than men in response to sleep deprivation (Armitage et al., 2001) and men
with major depressive disorder have less slow wave activity than women (Armitage &
Hoffmann, 2001). In addition to the overall differences in sleep between men and women,
women may also undergo significant changes in sleep across their menstrual cycle.
Subjective findings from survey and cohort studies indicate that women report more sleep
disruption during the premenstrual week and the first few days of menstruation, however
objective investigation has often failed to replicate these findings (Baker & Driver, 2007).
1.1.6

Inter-individual differences in sleep
Recent research has focussed on inter-individual variability in sleep characteristics in

an effort to better understand trait characteristics and the range of ‘normal’ sleep parameters
for different age groups.

While a number of studies have been conducted in this area

(Linkowski, 1999; Merica & Gaillard, 1985; Tan et al., 2001), many have been confounded
by poor study design and inappropriate statistical analyses. Most notably, early studies used
subjective reports of sleep quantity and quality in their assessments. The most recent studies
have investigated trait differences in young adults using an intraclass correlation co-efficient
(ICC). There is considerable variation in the method using to calculate an ICC, but a basic
definition may be given as ‘a measure of the proportion of variance attributable to a particular
group (class)’.
In 21 individuals aged 22-40 years, across 8 nights of polysomnographic studies,
Tucker et al. (2007) demonstrated significant inter-individual differences in almost all sleep
variables measured including percentages of Stages 1-4 and REM sleep, wake after sleep
onset and total sleep time. The inter-individual differences were the most stable across the 8
nights of study for slow wave sleep and power in the delta frequency band of the EEG,
suggesting that these are physiologic traits of sleep. This work is further supported by Gander
et al. (2010a) who also observed substantial stability in inter-individual differences in slow
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wave sleep, along with percentage Stage 1 sleep and sleep latency, for both full overnight
sleep periods and naps.

1.2

Regulation of breathing
Regulation of breathing is the result of complex interactions between the systems

that generate the intrinsic respiratory rhythm and those that modulate it. Much work has been
conducted during the last 50 years to elucidate these interactions, and it is now known that
there is an intricate network of respiratory neurons in the brainstem that generate the
respiratory rhythm. This rhythm exhibits little variation in the absence of peripheral inputs
(Sammon & Bruce, 1991), and therefore, any variability is due to afferent inputs from arterial
and central chemoreceptors, arterial baroreceptors, and mechanoreceptors of the airway and
lung, which all serve to influence respiratory timing.
The respiratory rhythm has been defined as a sequence of three phases: inspiration
(I), post-inspiration (post-I) or early expiration (E1) and late expiration (E2) (Richter, 1982;
Richter et al., 1992). This pattern of respiratory activity is evident in the neuronal outflow to
the inspiratory muscles, such as the diaphragm and external intercostal muscles, as well as the
expiratory muscles, such as the internal intercostal muscles and abdominal muscles (Bianchi
et al., 1995; Monteau & Hilaire, 1991). During inspiration, there is steady augmentation of
phrenic nerve activity and intercostal nerve activity activating the diaphragm and external
intercostal muscles. Inspiration is immediately followed by steadily declining weaker activity
in the phrenic nerve, which corresponds to the post-inspiratory phase, or early expiration.
Late expiration occurs when all inspiratory activity has ceased and is a result of increased
activity in end-expiratory alpha spinal motoneurons, and activation of abdominal muscles and
internal intercostals muscles. As late expiration may be a passive process during eupnoea,
nerve discharge is not always observed during this phase. During quiet breathing, the entire
respiratory cycle is approximately 3-4 seconds in duration. Exhalation (T E ) is slightly shorter
than inhalation (T I ), and the post-inspiratory phase usually lasts 70-90% of T E (Richter,
1996).
It has been shown that the pattern of the respiratory cycle reflects the interaction of
particular classes of respiratory neurons, which have been classified based on their firing
patterns (augmenting or decrementing) and their activity relative to phrenic nerve activity
(Richter, 1996).

These neurons have been classified as: early-inspiratory (early-I),

inspiratory, late-inspiratory (late-I), post-inspiratory, expiratory and pre-inspiratory (pre-I).
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There is no common consensus on the mechanism for generation of respiratory rhythm, and a
number of hypothetical models have been proposed to explain this phenomenon (Duffin,
1991; Feldman & Del Negro, 2006; Richter, 1996; Rybak et al., 2007; Smith et al., 2000). It
is generally proposed that respiratory neurons interact in phases of inhibition and
disinhibition, whereby inactive neurons are inhibited by active neurons, and active neurons
receive a combination of excitatory and inhibitory synaptic inputs. Inspiration is ‘switched
on’ by disinhibition of early-inspiratory inspiratory neurons, which results in reflex excitation.
While active, inspiratory neurons inhibit post-inspiratory and expiratory neurons. Inspiration
is ‘switched off’ in phases; first, by disinhibition of early-inspiratory neurons and delayed
excitation of late-inspiratory neurons, and secondly, by decreasing inhibition of postinspiratory neurons.

This leads to reflex excitation of post-inspiratory neurons and

irreversible termination of inspiration. Post-inspiratory activity delays the onset of expiration
(E2 phase) by inhibiting these neurons. However, the rapid depolarisation of post-inspiratory
neurons is followed by a gradual membrane repolarisation and therefore, inhibition.
Decreasing inhibition of expiratory neurons, leads to their activation and subsequent
inhibition of all inspiratory and post-inspiratory neurons.

During late-expiration, pre-

inspiratory neurons and post-inspiratory neurons (which are only weakly inhibited by
expiratory neurons) act together to inhibit expiratory neurons. These leads to termination of
expiration, and a phase switch to inspiration.
1.2.1

Generation of respiratory rhythm
Respiratory neurons are located in three main nuclei: the dorsal respiratory group

(DRG) and ventral respiratory group (VRG) located in the medulla, as well as nuclei in the
pons. The DRG is located in the dorsomedial medulla, in the ventrolateral nucleus of the
solitary tract (NTS), and receives vagal afferent inputs from the lung, as well as afferents from
the carotid and aortic chemoreceptors, and baroreceptors. In cats, neurons of the DRG play a
crucial role in transmitting respiratory rhythmic drive to the phrenic nerve and intercostal
motoneurons (Bianchi et al., 1995; Monteau & Hilaire, 1991). Almost all neurons in the
DRG exhibit inspiratory-modulated discharge patterns (Bianchi et al., 1995).
The ventral respiratory group (VRG) is a group of neurons located along the length
of the lateral tegmental field in the medulla that extends from the facial nucleus (in the
ventrolateral pontine tegmentum) to the spinal cord.

It contains both inspiratory and

expiratory bulbospinal respiratory pre-motor neurons, which project to the spinal and
respiratory motoneurons, as well as propriobulbar neurons (Feldman et al., 2003; Rekling &
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Feldman, 1998). Intermingled with neurons of the VRG are several cranial nerves, which
innervate the upper airway, and exhibit patterns of activity dependent on the respiratory
rhythm (Bianchi & Gestreau, 2009; Sériès, 2002). These motoneurons play a critical role in
upper airway patency. Motoneurons of the vagus and its branch, the recurrent laryngeal nerve
(RLN), are active during inspiration and early expiration. Furthermore, glossopharyngeal
nerve and hypoglossal nerve activity during inspiration is responsible for pharyngeal dilation
and tongue protrusion, respectively. On the other hand, the pharyngeal branch of the vagus
nerve is responsible for pharyngeal constriction during expiration.
A small area at the rostral end of the ventral respiratory group was observed to
generate respiratory-related activity in rat preparations and was designated the pre-Bötzinger
complex (Smith et al., 1991). This area lies ventral to the nucleus ambiguus, which contains
motoneurons that innervate the larynx and pharynx (Rekling & Feldman, 1998); halfway
between the facial nucleus and the obex; and caudal to the Bötzinger complex, which contains
expiratory neurons and cranial motoneurons (Duffin, 2004; Rekling & Feldman, 1998). Four
key lines of evidence led to an initial hypothesis that the pre-Bötzinger complex was the
dominant respiratory rhythm generator.

Medullary slices of the pre-Bötzinger complex

generate a rhythm which is indistinct from the respiratory-related rhythm (although the
rhythm is not identical to that seen in vivo) (Ramirez et al., 2002; Richter & Spyer, 2001). In
addition, when isolated from afferent and efferent inputs, the pre-Bötzinger complex produces
three distinct patterns of neuronal activity, which in turn, result in three patterns of breathing
activity: eupnoea, sighs and gasps (Lieske et al., 2001; Lieske et al., 2000). In awake adult
rats, bilateral lesion of a subgroup of pre-Bötzinger complex neurons produces an irreversible,
ataxic breathing pattern, notably dissimilar to normal breathing (Gray et al., 2001). A normal
inspiratory rhythm persists after transection of the brainstem rostral to the pre-Bötzinger
complex. This transection removes all suprapontine and pontine respiratory-related neurons,
along with the RTN/pfRG described below (Janczewski & Feldman, 2006). Nevertheless, the
notion of the pre-Bötzinger complex as the dominant respiratory oscillator has recently been
challenged and it is currently postulated that instead, two sites of respiratory rhythmogenesis
exist.
The RTN is a group of neurons located rostral to the pre-Bötzinger complex in the
ventrolateral medulla (Merrill et al., 1983). Early stages of research of the RTN focussed on
location and neural connections, leading to a suggestion that it was involved in respiratory
control. Concurrent work conducted by Onimaru and his colleagues lead to definition of a
group of neurons in close proximity, and potentially overlapping with the RTN, which was
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subsequently called the parafacial respiratory group (pfRG) (Onimaru & Homma, 1987,
2003).

It has not yet been clarified whether the RTN and pfRG are functionally and

anatomically distinct (Janczewski & Feldman, 2006). Thus, this region is often referred to as
the RTN/pfRG.
Original work in the RTN/pfRG was conducted in isolated preparations of the spinal
cord and brainstem of the newborn rat, in which transient bursts of respiratory activity were
observed in the phrenic and hypoglossal nerves (Suzue, 1984). The preparations exhibited a
unique discharge pattern consisting of twin bursts of action potentials; the first burst
preceding the discharge from the phrenic nerve and another burst in the post-inspiratory
period (Onimaru et al., 1987; Onimaru & Homma, 1987, 2003). At the time, these twin
bursting neurons were designated ‘pre-inspiratory’ (pre-I) neurons. It has been subsequently
proposed that this region also contains a group of neurons that are responsible for the
generation of active expiration (Feldman & Del Negro, 2006; Feldman et al., 2003;
Janczewski & Feldman, 2006; Onimaru & Homma, 2003).
Current opinion is the RTN/pfRG is made up of neuronal centres that modulate
inspiratory and expiratory activity. There is a growing body of evidence to support this.
Activation of the RTN/pfRG region with excitatory neurotransmitters produces an increase in
ventilation, whereas inhibitory neurotransmitters produce the opposite effect (Feldman et al.,
2003; Li & Nattie, 1997; Nattie & Li, 2000). However, discrepancies in the literature mean it
is not known whether this effect is exerted via a change in oscillator rate or amplitude. In
addition, select neurons of the RTN/pfRG target every segment of the ventral respiratory
group, including the pre-Bötzinger complex and therefore may drive inspiration (Abbott et al.,
2009). The evidence for a RTN/pfRG centre of expiratory activity is much less robust.
Anaesthetised neonatal rats, administered an opiate-agonist, exhibit cessation of movement in
the diaphragm for whole number respiratory cycles while the abdominal muscles continue
their periodic movement (that is, skipped cycles or quantal breathing) (Janczewski &
Feldman, 2006; Mellen et al., 2003). On the basis of this dissociation between inspiratory and
expiratory activity, it has been postulated that active expiration may be under the control of an
oscillator that is normally associated with inspiratory activity but is, in some way, able to
separate from it in neonatal mammals.
Many hypotheses exist on mechanisms of respiratory rhythm generation and there is
no current consensus on the site of the inspiratory pacemaker. Overall respiratory rhythm is
considered to be a result of the interaction of synaptic inputs from the pre-Bötzinger complex
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and the RTN/pfRG, and intrinsic bursting pacemaker properties of individual neurons (Butera
et al., 1999a, 1999b; Ramirez et al., 2004; Smith et al., 2000).
In addition to the DRG and VRG, multiple areas in the pons are thought to be
involved in the control of respiration, although the exact nature of this contribution is a
subject of considerable controversy (Alheid et al., 2004). Early research demonstrated that
lesions of the dorsolateral pons converted eupnoea (normal, regular breathing) to apneusis (an
abnormal pattern of breathing characterised by prolonged inspiration and ineffectual
expiration) (Marckwald, 1887). It has subsequently been shown that pontine respiratory
neurons are inhibited by afferent inputs from pulmonary stretch receptors (Cohen & Feldman,
1977; Feldman & Gautier, 1976), and chemical or electrical stimulation of the medial
parabrachial complex or Kölliker-Fuse nucleus of the pons results in phase resetting of the
respiratory cycle and alteration to the inspiratory/expiratory phase transition (Dutschmann &
Herbert, 2006; Oku & Dick, 1992). These findings have lead to the prevailing view that
pontine respiratory neurons are, for the most part, inhibited when sensory feedback from
pulmonary stretch receptors is intact and therefore, do not have a significant contribution to
inspiratory/expiratory phase transition (Mörschel & Dutschmann, 2009).

However, it is

postulated that medullary inspiratory neurons may receive excitatory input from pontine
respiratory neurons under conditions of weak drive from pulmonary stretch receptor inputs
(Cohen & Shaw, 2004; Dick et al., 2008).
1.2.2

Chemoreceptor modulation of breathing
External to generation of respiratory rhythm, the respiratory system is controlled by

two distinct systems: the metabolic (automatic) control system and the behavioural
(voluntary) control system.

The metabolic system receives input from the central and

peripheral chemoreceptors, as well as the mechanoreceptors, while the behavioural system
controls the respiratory muscles for purposes unrelated to breathing, for example, speaking.
The central chemoreceptors respond to changes in pH (notably, changes in hydrogen
ion concentration, [H+]) in the interstitial fluid of the brain, which is directly dependent on
changes in the partial pressure of carbon dioxide (PaCO 2 ). Classically, a region in the rostral
ventrolateral medulla, denoted the rostral chemosensitive zone, was portrayed as the site of all
central chemoreceptors (Mitchell et al., 1963). However, recent research suggests that central
chemoreceptor sites are widespread and a number of locations have been proposed: within the
raphe (Bernard et al., 1996; Corcoran et al., 2009), within the RTN/pfRG (Guyenet et al.,
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2009), within the rostral ventral respiratory group (Nattie & Li, 1996), near the nucleus tractus
solitarii (NTS) (Nattie, 1999), on the ventrolateral surface of the medulla (Okada et al., 2002),
within the locus coeruleus (Putnam et al., 2004) and scattered throughout the brain (Nattie &
Li, 2009).
Peripheral chemoreceptors are responsible for mediating ventilation in response to
changes in arterial pH, and the partial pressure of oxygen (PaO 2 ) and carbon dioxide in the
blood, but are primarily responsible for mediating the increase in ventilation in response to
hypoxia. The peripheral chemoreceptors are generally thought to be located in the carotid
body, which in most mammals is a cluster of neurons at the bifurcation of the carotid artery,
and in the aortic bodies. Aortic bodies are small clusters of chemoreceptors cells found
throughout the thoracic cavity, including the roots of the left and right subclavian arteries, and
the aortic arch. However, tissues similar to those found in the carotid and aortic bodies have
also been observed in the thorax and abdomen (Easton & Howe, 1983).
The chemoreceptor cells of the carotid body are the most well studied of the
peripheral chemoreceptors. Carotid body cells are comprised of neuron-like glomus cells
(Type I cells) that release several types of neurotransmitters and synapse with afferent nerve
fibres, as well as sustenticular cells (Type II cells), which are similar to glial cells. It is
proposed that hypoxia stimulates the release of specific neurotransmitters from glomus cells,
which causes depolarisation of the neighbouring afferent inputs and an increase in neuronal
activity (Prabhakar, 2000). Innervation of the carotid body is primarily via afferent fibres
from the carotid sinus nerve, which is a branch of the glossopharyngeal nerve. The aortic
body cells are primarily innervated via the vagus.

Afferent inputs from the peripheral

chemoreceptors enter the brainstem and travel along the solitary tract before terminating in
the medial subnucleus and the commissural subnucleus of the NTS of the dorsomedial
medulla (Finley & Katz, 1992).
The role of chemoreceptors in the modulation of respiratory timing is not well
understood. It has been postulated that both central and peripheral chemoreceptor inputs
modulate the activity of the respiratory control centres (Dias et al., 2008; Nattie & Li, 2006,
2009). It is known that CO 2 -sensitive glutaminergic neurons are found in the RTN/pfRG, and
are activated by both central and peripheral chemoreceptors (Lazarenko et al., 2009; Mulkey
et al., 2004; Takakura et al., 2006). Serotonergic neurons in the medulla are also highly
sensitive to CO 2 and project to several neuronal groups which modulate respiratory activity
(Richerson, 2004).

On the basis of this and the literature addressing respiratory
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rhythmogenesis, computational models have been developed in an effort to describe the
interaction of the afferent inputs with respiratory control centres (Abdala et al., 2009; Rybak
et al., 2007).
1.2.3

Mechanoreceptor modulation of breathing
The mechanoreceptors modulating the respiratory system are widely dispersed

afferent inputs throughout the airways and the lung parenchyma, which respond to airway and
lung stretch, and irritation. Mechanoreceptors have been classified as one of three types: the
slowly adapting pulmonary stretch receptors, the rapidly adapting ‘irritant’ pulmonary stretch
receptors and the bronchopulmonary C-fibre receptors.
The slowly adapting pulmonary stretch receptors (SARs) were first documented for
their role in the Hering-Breuer inflation reflexes, whereby passive over-inflation of the lung
during inspiration results in early termination of inspiration (shortened inspiratory time), and
prolongation of inspiration at the end of the inspiratory period produces a prolonged
expiratory pause (Hering & Breuer, 1868). These effects were abolished with denervation of
vagal inputs. Lung inflation during inspiration inhibits neurons of the central respiratory
control centres, which in turn inhibits respiratory motoneuron activity via the vagus nerve.
Inhibition is greatest in the hypoglossal and laryngeal nerves of the upper airway, relative to
the phrenic nerve, and vagal feedback results in an early termination of inspiration which in
turn, reduces peak end-expiratory activity in the phrenic nerve (Bartlett & St John, 1988;
Kuna, 1986).
Slowly adapting pulmonary stretch receptors are a group of myelinated and unmyelinated afferent fibres that lie in close association with smooth muscle of the upper airway
(Elftman, 1943; Fisher, 1964; Larsell, 1921; Larsell & Dow, 1933; Spencer & Leof, 1964).
Discharge from SARs may be phasic or tonic, and phasic activity may differ depending on
receptor location.

During inspiration, SARs located in the intrathoracic trachea exhibit

rhythmic patterns of escalating discharge followed by a decline during expiration, whereas
extrathoracic receptors may show little response during inspiration and augmentation in
activity during expiration (Sant'Ambrogio & Mortola, 1977).

Some SARs continually

discharge throughout the respiratory cycle (that is, exhibit tonic activity) (Miserocchi &
Sant'Ambrogio, 1974).
The rapidly adapting pulmonary stretch receptors (RARs) are myelinated fibres
found in and under the epithelium of the trachea, bronchi and bronchioles (Kappagoda et al.,
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1990). These stretch receptors are highly sensitive to lung volume changes and respond with
rapid changes in discharge pattern to large and rapid lung inflations or deflations
(Widdicombe, 2003).

Rapidly adapting stretch receptors are also known as ‘irritant’

receptors, largely due to their sensitivity to exogenous airway irritants such as chemicals,
smoke, dust and toxins.

Bronchopulmonary C-fibre receptors are situated between the

alveolar epithelium and the pulmonary capillaries (J receptors), as well as in the walls of the
airways with extending networks into the epithelium and basement membrane (C receptors)
(Kaufman et al., 1980; Paintal, 1969). Non-myelinated vagal afferent inputs innervate both Jand C-type C-fibre receptors. These receptors exhibit an irregular discharge, and firing may
be minimal or absent during quiet breathing.
Pulmonary stretch receptors are understood to influence tidal volume and the
duration of the inspiratory period, as tidal volume is decreased and inspiratory time shorted
with stimulation of pulmonary stretch receptors during inspiration (Clark & Von Euler, 1972;
Trenchard, 1977). It is also postulated that vagal afferent inputs influence the duration of the
expiratory period (Hering & Breuer, 1868).

In addition to pulmonary stretch receptor

influence on phases of the respiratory cycle, recent research has suggested that vagal feedback
influences breath-to-breath timing. BuSha et al. (2001b) have demonstrated that unloading of
inspiratory muscles with imperceptible augmentation of instantaneous inspiratory effort using
proportional-assist ventilation, produced a significant reduction in the inspiratory period.
Random sequences of flow-assist ventilation applied throughout different phases of the
respiratory cycle also resulted in a reduction in inspiratory period, but only when flow-assist
was applied during early inspiration (BuSha et al., 2001a; BuSha et al., 2002).
Arterial baroreceptors also have an effect on ventilation. Located in the aortic arch
and at the bifurcation of the carotid artery (notably, at the carotid sinuses), baroreceptors
respond to changes in arterial pressure (Persson et al., 1988). Afferent inputs from the carotid
baroreceptors join the glossopharyngeal nerve and project to the nucleus tractus solitarii
(NTS), and their efferent inputs project to the cardiovascular neurons in the medulla and
spinal cord. Afferent inputs from baroreceptors external to the carotid arteries project via the
vagus nerves to the NTS, and their efferent inputs project to the heart, the smooth muscle of
blood vessels, as well as other organ systems.
Stimulation of the baroreceptors produces highly variable, yet substantial, effects on
ventilation. In the anaesthetised dog, activation of baroreceptors with an increase in sinus
pressure has been shown to cause a reduction in ventilation due to an increase in expiratory

24
period (Brunner et al., 1982; Dove & Katona, 1985; Jung & Katona, 1990). Denervation of
the baroreceptors abolishes this response (Grunstein et al., 1975; Simms et al., 2009). Aortic
depressor nerve stimulation in decerebrate non-vagotomised Wistar rats has been shown to
induce complete arrest of respiratory rhythm (Sapru et al., 1981). At present, two primary
hypotheses explain baroreceptor influence on respiratory timing. Dick et al. (2004; 2005)
have demonstrated that respiratory motoneurons may be pulse modulated, and it has
subsequently been proposed that baroreceptor afferent inputs to the respiratory control centres
may trigger inspiratory onset (Tzeng et al., 2007).

Furthermore, the baroreceptors may

modulate respiratory activity during hypotension or hypertension, so that there is
synchronisation of ventilation with blood flow (Bishop, 1968, 1974; Fregosi, 1994).
1.2.4

Variability of breathing
Ventilation exhibits both short- (breath-to-breath) and long-term variation in a

number of measures. Short-term breath-to-breath variations in ventilation have generally
been characterised as either periodic or non-periodic. Early studies investigating ventilatory
variability demonstrated that short-term, non-random oscillations may be observed in both
tidal volume and ventilatory period (Priban, 1963; Priban & Fincham, 1965).

It was

hypothesised that these changes reflected the behaviour of a mechanism that was designed to
maintain ventilatory period and tidal volume at levels at ‘optimal levels’, potentially where
work of breathing was at a minimum. The proposed mechanism was characterised as having
three main components, broadly categorised as chemical, muscle and airway control.
In subsequent studies using power spectral analysis, increased breath-to-breath
variability in tidal volume, minute ventilation and total breath duration has been demonstrated
in infants during active sleep, compared to quiet sleep (Waggener et al., 1982). Additionally,
predominant oscillations in minute ventilation were observed in these infants, with cycle
lengths of approximately 16 seconds and 60 seconds. Oscillations in mean end tidal carbon
dioxide and mean inspiratory flow have been observed in healthy adults, with cycle lengths of
5-12 breaths (approximately 20-60 seconds) (van den Aardweg & Karemaker, 2002). It was
hypothesised that these oscillations resulted from variation in the delays and time constants in
the response of chemoreceptors. Studies using non-linear methods of analysing ventilatory
variability have attempted to further elucidate mechanisms for ventilatory variability. It has
been suggested that several components of the respiratory system (such as chemoreceptor and
mechanoreceptor control systems, vagal afferents and the central respiratory rhythm
generator), in addition to external influences such as sleep/wake state, cardiac output and
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cerebral blood flow, may all interact in a complex manner to modulate variability in
ventilatory period (Bruce, 1996; Khoo, 2000).
In general, within an individual and during quiet wakefulness, the distribution of
ventilatory variables, such as ventilatory period and tidal volume, exhibit a normal
distribution about the mean (Shea et al., 1987).

During anaesthesia, Goodman (1995)

observed a bimodal distribution for expiratory time, while normal (unimodal) distributions
were observed for tidal volume and inspiratory time. Goodman postulated that the bimodality
may result from non-linear, chaotic properties of the central respiratory rhythm generator or
from competing rhythms from multiple oscillators that lie within the respiratory centre.
Multimodal, or quantal, variation in ventilatory period has also been observed during
anaesthesia in human adults (Galletly & Larsen, 1997) and in neonatal rats (O'Keeffe et al.,
2005). In humans, these fluctuations in ventilatory period have been shown to be associated
with cardioventilatory coupling, which will be further described in Section 1.5.
In addition to short-term (breath-to-breath) variation in respiratory timing, ventilation
exhibits subtle long-term circadian oscillations across the 24-hour day. These oscillations are
independent of those observed during sleep. Many studies investigating this phenomenon
have performed discrete measurements twice a day (morning and evening/night) over short
time periods, within an alternating controlled light/dark protocol.

These studies have

produced highly variable results, most likely due to the confounding nature of sleep on the
respiratory measures of interest (Peever & Stephenson, 1997; Piccione et al.; Saiki & Mortola,
1995; Woodin & Stephenson, 1998).

Additionally, discrete measurement of respiratory

activity may not capture changes in the circadian pattern of breathing. In constant routine
protocols, which require prolonged wakefulness in sedentary conditions and seek to isolate
confounding factors from the circadian rhythm(s) of interest, relatively small changes have
been observed in minute ventilation (Stephenson et al., 2000; Vargas et al., 2001) and arterial
partial pressure of carbon dioxide (Mills, 1953; Stephenson et al., 2000; Vargas et al., 2001).
Continuous measurement of minute ventilation in animals has indicated clear circadian
variation in minute ventilation, approximately in phase with oxygen consumption and
elimination of carbon dioxide (Seifert & Mortola, 2002a, 2002b, 2002c).

1.3

Sleep and breathing
Recent research has highlighted the important influence of sleep on respiratory

neurons and motoneurons, which are subject to substantial variation during NREM and REM
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stages of sleep. Moreover, sleep poses a particular challenge for the respiratory system
which, when vulnerable, may lead to sleep-disordered breathing events such as obstructive
sleep apnoea, central sleep apnoea and hypoventilation.
1.3.1

Control of breathing during sleep
At sleep onset, there is a decrease in the activity of postural muscle groups, including

the intercostal and pharyngeal muscles involved in both postural (non-respiratory) and
behavioural (respiratory) functions (Worsnop et al., 1998). These changes occur immediately
at sleep onset, prior to any compensatory response to hypoventilation, suggesting a
suppressant effect of sleep on the respiratory motoneurons. The diaphragm is subject to a
relatively lesser decrease in activity and is not affected by the general muscle atonia present
during REM sleep.

These effects are mediated by the combined effect of tonic- and

respiratory-related inputs to the respiratory motoneurons.
Tonic inputs change respiratory motoneuron membrane potentials in response to
sleep state, along with distinct phasic membrane potential changes exerted by afferent inputs
from the respiratory control centres (Horner et al., 1994; Orem et al., 2000, 2002). In this
way, tonic inputs modulate the excitability of the respiratory motoneurons to afferent
respiratory drive. There is sustained reduction in tonic drive to respiratory motoneurons from
wakefulness to NREM sleep, leading to sleep-related reductions in respiratory muscle activity
and resultant hypoventilation (Horner et al., 1994). A further reduction in tonic drive may
also be observed during REM sleep; however, considerable variability in tonic drive during
this sleep stage can generate transient fluctuations in respiratory muscle activity and minute
ventilation (Orem et al., 2000, 2002). Respiratory motoneurons are differentially influenced
by tonic- and respiratory-related activity during sleep, and the exhibition of varying tonic- or
respiratory-related activity has been linked to sleep-disordered breathing (Duron & Marlot,
1980; Horner, 1996; Remmers et al., 1978).
There is a substantial decrease in input resistance of motoneurons during REM sleep,
compared to during NREM sleep and wakefulness. Input resistance is a measure of the
voltage response of a given membrane potential in response to the receiving synaptic current.
A decrease in input resistance results in a reduction in membrane depolarisation and a
decrease in cell excitability. There are also brief fluctuations in input resistance that occur
alongside phasic episodes of REM sleep, and these are thought to contribute to the more
notable reduction in inspiratory upper airway muscle activity observed during phasic REM
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sleep, compared to tonic REM sleep (Wiegand et al., 1991). In addition, this phasic reduction
in activity of respiratory motoneurons that innervate the diaphragm, intercostal and upper
airway muscles can occur despite continual, and potentially augmented, activity of the central
respiratory neurons during REM sleep, which is unrelated to homeostatic chemoreceptor or
mechanoreceptor feedback loops. This suggests that inhibition or disfacilitation of respiratory
motoneurons is occurring during REM sleep (Orem et al., 2000).
Many neurotransmitters exert an effect on both the respiratory control system and the
brain regions that generate sleep. Serotonergic and norepinephrinergic neurons project to
respiratory neurons; these neurons fire most rapidly during wakefulness, exhibit reduced
activity during NREM sleep and minimal activity during REM sleep.

It is, therefore,

hypothesised that this changing neuronal activity during sleep may contribute to a reduction
in respiratory muscle activity (Horner, 2008; Kubin et al., 1998). Furthermore, reduction in
norepinephrinergic input to the genioglossus muscles is thought to contribute to the hypotonia
observed during REM sleep (Chan et al., 2006). It has also been shown that glutaminergic
inputs contribute to increases in pharyngeal muscle activity during wakefulness, and their
withdrawal leads to a reduction in activity during sleep (Horner, 2008).
Classification of the respiratory neuronal changes that occur during sleep has been
largely influenced by the work of Orem et al. (1980; 1974; 1985) who developed a method to
quantify the strength of the respiratory-related activity of a particular neuron with its overall
activity. Strength was quantified using the ‘eta-squared statistic’ (η2), which ranged from 0 (a
weak relationship) to 1 (a strong relationship), and measured the strength of the relationship
between respiratory neurons and the timing of the breathing cycle. It was demonstrated that
respiratory neurons with high η2 were least affected by the transition from wakefulness to
NREM sleep. Respiratory neurons with low η2 were most affected, to the extent that there
may be a complete cessation of respiratory activity during sleep.

This suggests that

respiratory neurons that are tightly coupled to, and tightly controlled by, the respiratory
control centres are least affected during sleep, whereas respiratory neurons with strong input
from non-respiratory tonic afferents and little control from the respiratory inputs are most
affected. During REM sleep, there are significant decreases in activity of both respiratory and
non-respiratory motoneurons (Horner, 2008; Kubin et al., 1998).

Brief reductions in

breathing frequency are observed during REM sleep and it is thought that this is due to
increased release of acetylcholine into the pontine reticular formation. Breathing is most
variable during REM sleep, compared to other sleep stages, and these variations are
associated with tonic and phasic episodes of REM (Orem, 1980; Orem et al., 2002).
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The ventilatory responses to hypercapnia and hypoxia are reduced during sleep,
relative to wakefulness. The slope of the ventilatory response to carbon dioxide is decreased
during NREM sleep (Birchfield et al., 1959; Gleeson et al., 1989), with a reduced response to
carbon dioxide during slow wave sleep, a further reduction in response during Stage 2 sleep
and the lowest response during REM sleep (Douglas et al., 1982b). This response seems to be
differentiated by gender. Women show little change in ventilatory response to hypercapnia
during NREM sleep (Berthon-Jones & Sullivan, 1982; Davis et al., 1978).

A similar

reduction is seen in the hypoxic ventilatory response during sleep. A decreased response to
hypoxia is seen during NREM sleep, compared to wakefulness, and the lowest response is
observed during REM sleep (Berthon-Jones & Sullivan, 1982; Douglas et al., 1982a;
Hedemark & Kronenberg, 1982; White et al., 1982). The ventilatory response to hypoxia is
lower during NREM sleep than wakefulness in men (Berthon-Jones & Sullivan, 1982;
Douglas et al., 1982a) compared with women. As with the response to hypercapnia, women
demonstrated little variation in response from wakefulness to NREM sleep (Gothe et al.,
1982; Hedemark & Kronenberg, 1982; White et al., 1982). Hypoxia has been shown to be a
poor arousal stimulus from sleep (Douglas et al., 1982a; Gothe et al., 1982), with no
difference in response between NREM and REM sleep, while hypercapnia induces arousal
from sleep at varying levels (Birchfield et al., 1959; Douglas et al., 1982b). Most individuals
will wake from sleep before a 15 mm Hg increase is observed in end-tidal carbon dioxide.
Contrasting results have been found in studies addressing gender differences. Berthon-Jones
and Sullivan (1984) reported that arousal thresholds are higher during slow wave sleep,
compared to Stage 2 sleep or REM sleep, in men but not women. However, Douglas et al.
(1982b) found no difference with gender.
Arousal thresholds are also influenced by mechanical changes in the upper airway.
Occlusion of the upper airway and added inspiratory resistance induce arousal from sleep
(Iber et al., 1982). Airflow resistance increases during sleep and is highest during REM sleep
due to the hypotonia of the upper airway muscles (Orem, 1980). Inspiratory resistance
produces similar levels of arousal across all of the NREM sleep stages and REM sleep
(Gugger et al., 1989). In contrast, airway occlusion during REM sleep induces markedly
more rapid arousals than during NREM sleep (Gugger et al., 1993; Issa & Sullivan, 1983).
Arousal from sleep produces an increase in ventilation (Badr et al., 1997).
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1.3.2

Sleep-disordered breathing
Sleep-disordered breathing encompasses a range of pathologic respiratory conditions

that occur during sleep, including obstructive sleep apnoea, central sleep apnoea,
hypoventilation and increased upper airway resistance. The majority of research has focused
on investigation of obstructive sleep apnoea and as a consequence, it is the most well
understood of the sleep breathing disorders and is also the most well recognised and most
diagnosed.
1.3.2.1 Obstructive sleep apnoea
Although a basic understanding and recognition of sleep-disordered breathing existed
in historical times, obstructive sleep apnoea (OSA) was only first described as a clinical
phenomenon in the early 20th century. William Osler first characterised a syndrome whereby
young, obese individuals had “an uncontrollable tendency to sleep” (Osler & McCrae, 1919).
This syndrome was subsequently labelled ‘Pickwickian syndrome’ (Burwell et al., 1956),
after the young, obese character in Charles Dickens’ novel, Papers of the Pickwick Club.
Substantial research in recent years has characterised OSA as a breathing disorder resulting
from collapse of the upper airway during sleep, which in turn causes impaired ventilation, and
intermittent hypoxia and hypercapnia. There is continual increase in respiratory effort during
upper airway collapse which produces intrathoracic pressure swings and increased work of
breathing, resulting in arousal from sleep and activation of the upper airway muscles in order
to reopen the airway (Gleeson et al., 1990). As a result of the frequent arousals from sleep,
individuals with OSA may exhibit excessive daytime sleepiness or fatigue (Hoffstein &
Szalai, 1993; Ulfberg et al., 1996), impaired work performance, increased risk of accident
(Ellen et al., 2006; Philip et al., 2008), cognitive dysfunction and decreased quality of life
(Finn et al., 1998; Goncalves et al., 2004; Sateia, 2003). Obstructive sleep apnoea has also
been shown to be associated with adverse health outcomes, most notably hypertension,
cardiovascular disease and metabolic dysfunction.
Obstructive sleep apnoea is defined as complete or near cessation of airflow in the
presence of continuing respiratory effort, of minimum duration 10 seconds (American
Academy of Sleep Medicine, 1999). Partial reductions in airflow have also been defined and
are referred to as hypopnoeas. Hypopnoea definitions vary considerably in the literature.
Although clinical definitions have been proposed by the American Academy of Sleep
Medicine (1999) (and have recently been updated (Iber et al., 2007; Redline et al., 2007)),
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there has been little consensus among researchers and unique definitions for hypopnoeas have
often been used. Moreover, small variations in definition have a marked influence on the
identification of sleep breathing events and therefore, classification of sleep-disordered
breathing severity (Redline et al., 2000; Ruehland et al., 2009). The majority of research in
the last decade has been based on the American Academy of Sleep Medicine (1999) criteria,
which defines a hypopnoea as either: a 50% decrease in amplitude of air flow from the
preceding baseline; or a clear decrease in air flow amplitude associated with either an arousal
from sleep or oxygen desaturation equal to 3%, or greater.
Obstructive sleep apnoea is diagnosed via polysomnographic studies and, in addition
to measurement of EEG, EOG and EMG, requires measurement of chest wall movement,
which may be via piezo-electric sensors or respiratory inductance plethysmography, and
measures of oral and nasal airflow (American Academy of Sleep Medicine, 1999; Iber et al.,
2007). Oral and nasal airflow are usually measured simultaneously; oro-nasal airflow is
measured via thermocouple (measuring the voltage differential with changing temperature
between two different metals) or thermistor (a type of resistor sensitive to changes in
temperature), and nasal airflow is measured via a nasal cannula connected to a pressure
transducer. Alongside these primary respiratory measures, oxygen saturation is measured via
pulse oximetry.
Clinical sleep studies are classified by four levels.

Level I denotes a

polysomnographic study attended by a trained polysomnographic technologist or physiologist,
with full monitoring of sleep stages, as well as signals such as respiratory activity, oxygen
saturation, sound, light and movement; and level II an unattended study encompassing the
same degree of measurement as a level I study. Level III describes studies which only
measure respiratory activity during sleep. These studies vary in their composition; they may
or may not be attended, and respiratory measures may range from the gold-standard of
respiratory effort, oro-nasal airflow and pulse oximetry, to a single measure of nasal airflow
alongside pulse oximetry. Level IV studies have the lowest specificity and usually measure a
single channel of activity during sleep; in general, pulse oximetry is measured.
Obstructive sleep apnoea severity is primarily defined by the total number of
obstructive apnoeas and obstructive hypopnoeas per hour of sleep (apnoea/hypopnoea index;
AHI). Severity is most commonly classified using American Academy of Sleep Medicine
(1999) criteria which, based on existing epidemiological evidence (Young et al., 1997a;
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Young et al., 1996; Young et al., 1997c), designated cut points for mild, moderate and severe
OSA (Table 1.1).
Table 1.1 : Severity cut points for obstructive sleep apnoea events (American Academy
of Sleep Medicine, 1999)
OSA Severity Classification

AHI Cut Points

Mild

≥ 5 to < 15 events per hour

Moderate

≥ 15 to < 30 events per hour

Severe

≥ 30 events per hour

The prevalence of OSA in the general population has for the most part been
determined by large, community-based studies conducted in the United States.

Due to

technological and economic constraints of polysomnographic measurement, the first of these
was not conducted until the early 1990s. The Wisconsin Sleep Cohort study, a stratified
random sample of Wisconsin state employees aged 30 to 60 years, first suggested that OSA
(defined as AHI greater than or equal to 5 events per hour) was prevalent in 24% of men and
9% of women (Young et al., 1993). However, subsequent studies have demonstrated wide
population prevalence estimates, due in most part to discrepancies in method of sleep
assessment and disease definition; prevalence of mild OSA (AHI greater than or equal to 5)
ranges from 3% to 28% and moderate OSA (AHI greater than or equal to 15) from 1 to 14%
(Bearpark et al., 1993; Bixler et al., 2001; Bixler et al., 1998; Duran et al., 2001; Gislason et
al., 1988; Kripke et al., 1997; Stradling & Crosby, 1991; Young et al., 1997b; Young et al.,
1993). More uniformity in prevalence estimates is observed when considering only studies
using polysomnography. The Wisconsin Cohort study and its counterparts have demonstrated
that when considered as a clinical ‘syndrome’ 2 (requiring AHI greater than or equal to 5, as
well as impairment in daytime functioning, such as hypersomnolence), the prevalence of OSA
was approximately 4% in men and 2% in women.
Mihaere et al. (2009) have estimated New Zealand population prevalence of OSA to
be 11% (16% in men, 5% in women). These data also suggested disparity in OSA prevalence
between Māori and non-Māori (13% versus 8%) (Mihaere, 2004). Obstructive sleep apnoea
prevalence is considerably higher in Māori men (22% in Māori men, 11% in non-Māori men;
2

The syndrome defined by the presence of OSA along with daytime impairment was, at the time of
these studies, referred to as obstructive sleep apnoea syndrome (OSAS). This term is no longer in use and OSA
is currently used to characterise an obstructive apnoea event, as well as obstructive sleep apnoea (AHI ≥ 5)
observed with and without daytime impairment.
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6.3% in Māori women, 3.0% in non-Māori women). As known risk factors for OSA were
considered in calculation of population prevalence estimates, these findings suggest that
additional risk factors relative to geographic location contribute to OSA prevalence.
Many of the population studies have considered risk factors for OSA. In addition to
gender, and potentially ethnicity, it is known that obesity and age contribute to OSA
prevalence. As indicated above, the majority of population studies have found that OSA
prevalence is two to three times higher in men than women.

Aside from the male

predominance in population studies, Ye et al. (2009) have recently demonstrated
polysomnographic differences in OSA severity in men and women presenting for clinical
sleep studies. Women tended to have milder OSA than men, exhibited a greater proportion of
OSA events during REM sleep than men, and had a higher tendency to have OSA events
exclusively during REM sleep. These findings are most likely a consequence of genderrelated differences in factors that predispose individuals to OSA, such as upper airway
anatomy, obesity, fat distribution and ventilatory control.
The prevalence and severity of OSA is higher in obese individuals when compared to
normal weight controls. The Wisconsin Sleep Cohort study illustrated that a 10% increase in
body mass index (BMI) was associated with a three-fold increase in AHI (Peppard et al.,
2000a), and the Sleep Heart Healthy Study has shown that individuals with the highest BMI
(greater than 30 and up to 56.5) were more likely to have moderate to severe OSA (Young et
al., 2002b). A 5 kg/m2 increment increase in BMI increased the odds of having moderate to
severe OSA by 60%. Increases in OSA severity with increasing BMI were greater in men
than women; in particular, men who were already overweight (Newman et al., 2005).
The incidence and prevalence of OSA increase with age. Population studies have
demonstrated that OSA prevalence increases with each decade of life, up to the age of 65
years (Punjabi, 2008; Young et al., 2002b).

Longitudinal studies considering disease

progression and OSA incidence have demonstrated that 11.1% of men and 4.9% of women
with no OSA at baseline (AHI less than 5) developed moderate to severe OSA (AHI greater
than or equal to 15) over a 5 year period (Newman et al., 2005). However, these studies have
generally been conducted on adults aged 30-60 years. On the contrary, a linear relationship
with OSA prevalence or severity is not observed with increasing age across childhood,
adolescence (Marcus, 2001) or in the elderly (Hoch et al., 1990). Obstructive sleep apnoea is
highly prevalent in the elderly and on average the prevalence of moderate to severe OSA
(AHI greater than or equal to 15) is two times greater than in adults in their mid-life (Bixler et
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al., 2001; Bixler et al., 1998; Young et al., 2002b). Ancoli-Israel et al. (1991) have found
70% of men and 56% of women aged 65-95 years have an AHI greater than or equal to 10.
These findings have led some researchers to propose that the clinical presentation of OSA in
the elderly is different and potentially has less severe health consequences (Ancoli-Israel &
Coy, 1994; Phillips et al., 1994; Phillips et al., 1992).
Recent research has led to an increased understanding of the factors that predispose
individuals to OSA and the resulting health consequences. Upper airway anatomy plays a
major role in OSA.

Individuals with OSA exhibit a higher pharyngeal critical closing

pressure (P crit ) than healthy individuals (Patil et al., 2007), leading to a higher degree of upper
airway collapsibility. This is thought to result from the smaller cross-sectional area of the
upper airway in individuals with OSA (Burger et al., 1992; Schwab et al., 1995) and may
explain a mechanism by which increased fat deposition and therefore, obesity, may
predispose to OSA.

It has also been proposed that other anatomical factors, such as

craniofacial structure, and increased airway length, lateral wall thickness and tongue size,
contribute to OSA (Schwab et al., 2003; Watanabe et al., 2002). However, as altered airway
anatomy would exist during both wakefulness and sleep, other factors must also predispose
individuals to OSA.
It is proposed that upper airway dilator muscle activity and ventilatory control
instability also contribute to OSA. During wakefulness, there is a high level of activation of
the upper airway dilator muscles, keeping it open. This activity is reduced during sleep
causing narrowing of the upper airway (Schwab et al., 2003). The largest dilator muscle is the
genioglossus, which forms the bulk of the tongue and receives input from neurons controlling
sleep and wakefulness, generation of respiratory rhythm and chemoreception, as well as
negative pressure sensors in the upper airway (Horner et al., 1991; Onal et al., 1981a, 1981b;
Orem, 1990). Activity in the genioglossus is reduced at sleep onset (Mezzanotte et al., 1996),
but may increase above waking levels with increased airway resistance and hypercapnia
(Worsnop et al., 1998). In spite of this, upper airway patency may still be compromised
because other upper airway muscles do not receive this augmentation in activity.
Individuals with OSA have been shown to have greater instability in ventilatory
control and higher loop gain 3 than control subjects (Asyali et al., 2002; Hudgel et al., 1998).
The concept of loop gain is generally described in relation to central sleep apnoea (refer
3

Loop gain is an engineering concept which measures the stability of a feedback control system and
describes the magnitude of a response to a stimulus relative to the size of the stimulus. Thus, a system with high
loop gain will tend to perpetuate the effects of a stimulus while low loop gain will attenuate them.
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1.3.2.2). Pertaining to OSA, it is postulated that the respiratory control centres influence
stability of the upper airway by promoting periods of reduced respiratory drive, or
hypoventilation. Respiratory muscle activity in both the diaphragm and upper airway is
reduced during hypoventilation. However, in OSA, a cyclical pattern in central respiratory
drive, along with a mismatch in output to the diaphragm versus the upper airway, may result
in airway collapse. The degree of sleep fragmentation also plays a role in this model.
Arousals occurring at the termination of OSA events lead to hyperventilation, which may
cause hypocapnia and reduction in respiratory drive (Younes, 2004).
Obstructive sleep apnoea has been associated with adverse health outcomes such as
hypertension, cardiovascular disease, cerebrovascular disease and metabolic dysfunction.
Although previous studies had been conducted, the strongest evidence for an association
between hypertension and OSA was first reported in the Wisconsin Sleep Cohort study
(Peppard et al., 2000b), which showed that, after controlling for known risk factors, the
likelihood of developing hypertension over four years was two-fold for those with mild OSA
(AHI of 5-15) and three-fold for those with an AHI of 15 or greater, compared to those with
no OSA (AHI less than 1) at baseline. These findings prompted the AHI cut point of 5 events
per hour of sleep (in reference to the presence of OSA or not) used in the majority of
population based studies. Cross-sectional data from other population studies supported these
findings (Bixler et al., 2000; Duran et al., 2001; Hla et al., 1994; Nieto et al., 2000).
However, recent prospective data have shown a lesser incidence of hypertension in
individuals with OSA, which is no longer statistically significant once BMI has been
accounted for (O'Connor et al., 2009). These contrasting findings may be a result of a wider
range for AHI in control subjects in the latter study (AHI less than 5, compared with AHI less
than 1.5 in earlier studies).
Cross-sectional studies have shown an association of OSA with cardiovascular
disease (Shahar et al., 2001), including myocardial infarction (Hung et al., 1990; Mooe et al.,
2000), reduced left ventricular ejection fraction (Alchanatis et al., 2002; Laaban et al., 2002)
and coronary artery disease (Schafer et al., 1999). Recent longitudinal studies have found an
association with OSA and incident cardiovascular disease, in those who declined treatment for
OSA (Marin et al., 2005; Peker et al., 2002). These studies were only conducted in men.
Most recently, Gottlieb et al. (2010), in a prospective study of 4,422 individuals in the Sleep
Heart Health Study, demonstrated that OSA significantly predicted incident cardiovascular
disease (defined as first occurrence of myocardial infarction, death from coronary heart
disease, or coronary revascularization procedure), in men but not women. Arrhythmias are
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also common in those with OSA. Longitudinal studies have demonstrated that individuals
with OSA have an increased risk of developing atrial fibrillation (Gami et al., 2007), and
greater rates of recurrence of atrial fibrillation following cardioversion have been observed in
those with untreated OSA, compared with those receiving treatment (82% versus 42%)
(Kanagala et al., 2003).
The mechanisms of the cardiovascular effects of OSA are complex and not fully
understood. Cessation of breathing during an apnoea produces intermittent hypoxia and
hypercapnia, as well as marked changes in intrathoracic pressure and heart rate. Intermittent
hypoxia may result in decreased myocardial oxygen delivery (and therefore, hypoxia), which
may contribute to myocardial infarction and arrhythmias.

In addition, it is known that

intermittent hypoxia and intrathoracic pressure swings trigger overactivity of the sympathetic
nervous system and surges in blood pressure (Shimizu et al., 1994; Somers et al., 1989a).
Although the exact mechanism leading to cardiovascular disease is not understood, a
proposed mechanism for sympathetic overdrive is baroreceptor dysfunction; individuals with
OSA have reduced baroreflex sensitivity (Bertinieri et al., 1988; Parati et al., 1988; Ryan et
al., 2007) that may be reversed with OSA treatment (Bonsignore et al., 2006; Parati et al.,
1997). It is postulated that these effects are mediated via peripheral chemoreceptors (Cooper
et al., 2005).

Systemic inflammation is thought to contribute to development of

atherosclerosis in individuals with OSA, and markers of systemic inflammation have been
shown to be elevated in individuals with OSA (Guilleminault et al., 2004; Ohga et al., 1999;
Shamsuzzaman et al., 2002).

Endothelial cell dysfunction contributes to vascular

inflammation and remodelling, thereby worsening atherosclerosis, atherothrombosis and left
ventricular dysfunction (Biegelsen & Loscalzo, 1999; Mombouli & Vanhoutte, 1999).
Individuals with OSA have been shown to exhibit endothelial dysfunction (Ip et al., 2004;
Kato et al., 2000), which is also a risk factor for cardiovascular disease (Drager et al., 2005).
1.3.2.2 Central sleep apnoea
Central sleep apnoea (CSA) is defined as complete or near cessation of airflow in the
absence of respiratory effort, of minimum duration 10 seconds (American Academy of Sleep
Medicine, 1999).

Identification of the absence of respiratory effort is most accurately

achieved via an oesophageal balloon which measures changes in intrathoracic pressure
(Boudewyns et al., 1997). However, this method is burdensome to researchers and invasive
to subjects and therefore, commonly accepted measurement techniques are the same as for
OSA; that is, measures of chest wall movement, in conjunction with oro-nasal airflow.
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Definition of CSA as a clinical phenomenon requires a frequency of 5 events per hour of
sleep, or greater (American Academy of Sleep Medicine, 1999).

There are several

manifestations of CSA that may be broadly categorised as idiopathic central sleep apnoea,
Cheyne-Stokes respiration, and central sleep apnoea associated with neurologic disease.
These manifestations include CSA exhibited on ascent to high altitude and CSA induced by
opioid ingestion.
There is a paucity of data on CSA prevalence; current evidence suggests that
prevalence of CSA varies depending on the individuals investigated and the form of CSA.
Central sleep apnoea rarely occurs in isolation and many patients with CSA also have OSA.
Central sleep apnoea is common in the elderly (Ancoli-Israel et al., 1996; Ancoli-Israel et al.,
1991) and population-based studies have indicated that CSA is more prevalent in older adults
relative to middle-aged adults. An early polysomnographic study conducted in 40 individuals
aged 62-85 years found that 37.5% of individuals over the age of 65 had sleep-disordered
breathing, of which most events were central in nature (Carskadon & Dement, 1981). More
recently, Bixler et al. (2001) have demonstrated that the prevalence of CSA increased from
1.7% in middle-aged adults to 12.1% in those aged over 65 years.
Central sleep apnoea events may arise from numerous physiologic and
pathophysiologic processes.

In addition, although the term CSA relates to cessation of

inspiratory effort with a seemingly similar appearance in polysomnography, it does not denote
a singular breathing entity. During sleep, the ventilatory control system is modulated by
chemoreceptor inputs modulating PaO 2 and PaCO 2 , and the varying mechanistic pathways
for central apnoeas can be explained by the loop gain model of ventilatory control stability,
which describes the gain of the negative feedback loop that regulates ventilation. This model
is comprised of three components: the plant (denoting the storage sites for CO 2 including the
lungs, blood and tissues), the circulatory delay (the time it takes for pulmonary capillary
blood to reach the chemoreceptors, which is primarily influenced by cardiac output) and the
controller (the chemoreceptors). Plant gain explains the change in alveolar P CO2 in response
to a change in ventilation. Controller gain is the change in ventilation in response to a change
in arterial P CO2 . Loop gain results from the interaction of the plant and controller gains, and is
defined as the ratio of the ventilatory response to the magnitude of the ventilatory disturbance.
A large ratio (high loop gain) is indicative of an unstable ventilatory control system. A highly
sensitive chemoreceptor response and delays in circulation time may produce a significant
ventilatory response, relative to the magnitude of the disturbance.
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In addition to known mechano- and chemoreceptor inputs to the respiratory control
centres, it is thought that during wakefulness, there also exists an independent augmentation
of respiratory drive, known as the ‘wakefulness drive to breathe’ (Orem, 1990). Withdrawal
of this stimulus during sleep may produce a significant reduction in respiratory drive. During
sleep, all individuals are subject to apnoeic episodes if PaCO 2 is reduced below a critical
threshold (known as the ‘apnoea threshold’) (Dempsey, 2005).

Predisposition to CSA,

therefore, may also be influenced by individual differences in the apnoea threshold to
reduction in PaCO 2 . Furthermore, individual differences in arousal thresholds during sleep,
and ventilatory response to arousal, may facilitate CSA.

Individuals with low arousal

thresholds may have frequent transitions from sleep to wakefulness producing rapid changes
in both ventilatory control and set points for chemoresponse to hypoxia and hypercapnia.
Apnoea may occur if the reduction in PaCO 2 is sufficient to cross the apnoea threshold (Xie
et al., 1994).
Sleep onset is a period of relative ventilatory instability and central sleep apnoea
events are often seen during the wakefulness to sleep transition in healthy individuals (Trinder
et al., 1992). These apnoeas most likely result from the withdrawal of the wakefulness
stimulus at the transition from wakefulness to sleep (Khoo et al., 1991), as well as reduced
activity in upper airway muscles (Kay et al., 1994; Worsnop et al., 1998) and reduced
chemosensitivity (Dunai et al., 1999). Central sleep apnoea events observed at sleep onset are
generally not periodic, and are short lived.
Conditions that manifest from impaired ventilatory output leading to hypercapnia are
associated with CSA. A shift in the threshold for a ventilatory response to increasing PaCO 2 ,
such as in prolonged opioid use, may produce prolonged and periodic CSA in up to 50% of
individuals, in association with hypoventilation (Farney et al., 2003b). Individuals with a
dampened ventilatory response to hypercapnia, producing a significant reduction in
respiratory drive, exhibit non-periodic CSA, along with hypoventilation, as demonstrated in
central alveolar hypoventilation syndrome (Mellins et al., 1970) and obesity hypoventilation
syndrome (Tassinari et al., 1972). Central sleep apnoea is common in diseases, such as
poliomyelitis, that affect the respiratory control centres of the brainstem, and disease
progression is usually associated with a worsening of apnoea severity (Plum & Swanson,
1958). Central sleep apnoea has been observed in individuals with autonomic dysfunction,
such as motor neuron disease, familial dysautonomia and diabetes mellitus (McNicholas et
al., 1983).
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Central sleep apnoea may also arise in individuals who are eucapnic or hypocapnic,
such as those with Cheyne-Stokes respiration and idiopathic central sleep apnoea. CheyneStokes respiration (CSR) is characterised by a repeated waxing and waning of ventilation,
with either a central apnoea or central hypopnoea at the ventilatory nadir, and is most highly
associated with congestive heart failure and left ventricular systolic dysfunction (Ancoli-Israel
et al., 1994), although it has also been reported in individuals with cerebrovascular disease
(Nachtmann et al., 1995).

It was originally postulated that CSR resulted entirely from

ventilatory control system instability (high loop gain), caused by a prolonged circulation time
(Hall et al., 1996). It was assumed the delay in circulation time produced a delay in the
response to ventilatory disturbance (CSA) and therefore, greater changes in blood gas and a
greater ratio of ventilatory response to magnitude of disturbance. Despite this assertion,
animal models had demonstrated that an increased circulation time alone was not sufficient to
produce CSR (Lange & Hecht, 1962), and it has subsequently been postulated that additional
mechanisms such as high ventilatory drive (Naughton et al., 1993; Solin et al., 2000) and
small differences between stable PaCO 2 during sleep and the apnoea threshold (Xie et al.,
2002) also contribute to CSR.
The mechanism of idiopathic CSA remains unclear.

It is known that during

wakefulness, these individuals exhibit a large ventilatory response to hypercapnia and
hypoxia (Bradley et al., 1986; Solin et al., 2000; Xie et al., 1994), which suggests that high
loop gain may play a role in its pathogenesis. Central sleep apnoea events during idiopathic
CSA are generally terminated with an abrupt, large breath, as opposed to a gradual increase in
ventilation. It is thought that hyperventilation on resumption of breathing may lead to rapid
hypocapnia, possibly further destabilising breathing.

1.4

Regulation of heart rate
Heart rate is the product of the intrinsic discharge frequency of specialised

pacemaker cardiac myocytes in the sinoatrial node, as well as afferent inputs to the sinoatrial
node from the sympathetic and parasympathetic nervous systems, mechanoreceptors and
chemoreceptors, which modulate the frequency of discharge. Discharge from the sinoatrial
node generates a multi-phase action potential, which is conducted through the atrial
myocardium to the atrioventricular node, and then throughout the ventricular myocardium via
the bundle of His and Purkinje fibres.

Transmission of the action potential along this

conduction pathway results in depolarisation of the myocardium and therefore, contraction.
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Situated in the posterior wall of the upper right atrium near the superior vena cava,
the sinoatrial node (SA node) is responsible for initiating each heart beat. Sinoatrial node
pacemaker cells have been shown to have unique ion channel properties. Unlike other cardiac
myocytes (and other excitable cells such as neurons and other myocytes in the body),
sinoatrial pacemaker cells lack fast sodium channels and depolarisation of their cell
membranes occur via slow calcium currents. These slow currents produce a slower rate of
depolarisation than other cardiac myocytes. Although all cardiac myocytes have the ability to
generate action potentials, the spontaneous firing rate of the SA node is fastest at 100 to 110
beats per minute. Additionally, unlike other cardiac myocytes, the pacemaker cells of the SA
node produce action potentials with regular rhythmicity. By discharging at a faster frequency,
SA node cells are able to entrain all cardiac myocytes to its rhythm.
The spontaneous sinus rhythm of the beating heart is usually in the range of 60 to
100 beats per minute and exhibits short- and long-term beat to beat variation. This reduction
and variation in the discharge rate of the SA node from the regular, intrinsic rhythm, results
from modulation of SA node activity. Modulation of the SA node is complex and via a
myriad of modifiable and non-modifiable factors. Primary factors affecting the beat to beat
variation in heart rate are outlined below.
1.4.1

Modulation of heart rate
The SA node is the most densely innervated region in the heart (Crick et al., 1994)

and receives input from both the sympathetic and parasympathetic branches of the autonomic
nervous system via the nucleus tractus solitarii (NTS) in the medulla. Sympathetic efferent
inputs to the SA node originate from pre-ganglionic fibres in upper thoracic spinal neurons
(T1-T5), which synapse with post-ganglionic fibres in the cervical and upper thoracic
vertebral ganglia. Post-ganglionic sympathetic fibres innervate the heart via the cardiac
plexus (situated at the aortic arch) and release norepinephrine. Sympathetic stimulation of the
SA node increases the discharge rate of the pacemaker cells (Raab et al., 1958).
Parasympathetic efferent inputs innervate the SA node via branches of the vagus
nerve. Vagal nerve fibres stemming from the dorsal vagal nucleus segregate into superior and
inferior cervical cardiac vagal branches, and thoracic cardiac vagal branches. These innervate
the heart via the cardiac plexus and are responsible for maintaining resting heart rate, as well
as decreasing heart rate. At rest, parasympathetic tone is dominant over sympathetic tone,
leading to a reduction in heart rate to resting levels of 60 to 80 beats per minute. It has been
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shown that vagal denervation produces a sudden increase in SA node discharge rate, if the
resting heart rate is below 100 beats per minute (Lewis et al., 2001).
In addition to the effects of the chemoreceptors on ventilation, stimulation of the
chemoreceptors also mediates significant cardiovascular responses.

Activation of the

chemoreceptors increases sympathetic activity, heart rate and blood pressure (Marshall,
1994). The peripheral chemoreflex response is unique in that it simultaneously increases
sympathetic and parasympathetic activity; in the resting state, parasympathetic activity
predominates.

Parasympathetic dominance is substantiated by studies showing that the

carotid body is primarily innervated by the vagus nerve (Daly & Scott, 1958; Daly &
Kirkman, 1989; Davidson et al., 1976; Kunze, 1972) and carotid body stimulation produced
bradycardia (Carmody & Scott, 1974; Daly & Scott, 1958; Daly et al., 1978; Hainsworth et
al., 1979). In addition, increased heart rate is observed during carotid body stimulation after
vagotomy (MacLeod & Scott, 1964).
Although investigation of peripheral chemoreflex response in humans and animal
models have produced conflicting results (Bernthal et al., 1951; Daly & Scott, 1962; Heymans
et al., 1932), it is largely accepted that the chemoreflex response to hypoxia and hypercapnia
produces tachycardia (Daly & Scott, 1958).

It is postulated that the cardiovascular

chemoreflex response is influenced by the level of ventilatory activity; bradycardia occurs
when ventilatory activity is low, whereas tachycardia occurs with hyperventilation (de Burgh
Daly et al., 1978). Animal models have demonstrated that vagal afferent inputs to the carotid
bodies facilitate tachycardia (Daly & Scott, 1958).

Tachycardia is also facilitated via

sympathetic inhibition of the cardiovascular chemoreflex response.

The increase in

ventilation observed in response to chemoreceptor stimulation exerts negative feedback on the
cardiovascular system, acting to dampen cardiovascular chemoreflex responses (Somers et al.,
1989a, 1989b). A similar negative feedback loop exists between arterial baroreceptors and
the peripheral chemoreceptors, whereby activation of the baroreceptors leads to attenuation of
the chemoreflex response (Somers et al., 1991).
The arterial baroreceptors are primarily responsible for short-term regulation of
blood pressure and sympathetic activity. As outlined in Section 1.2.3, the baroreceptors
respond to arterial wall stretch, particular in the carotid arteries and aortic arch, by increasing
discharge frequency of the afferent carotid and aortic fibres. Afferent inputs from the arterial
baroreceptors project via the vagus nerve to the NTS, and efferent inputs project to the heart
and blood vessels via both branches of the autonomic nervous system.

The NTS is
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particularly important in relation to reflex responses mediating cardiovascular changes, as this
centre integrates afferent input from both the chemoreceptors and baroreceptors. Stimulation
of the baroreceptors produces an increase in parasympathetic efferent input and a decrease in
sympathetic efferent input to the cardiac motoneurons (Fritsch et al., 1991).

Aortic

baroreceptors may exert a greater influence on sympathetic cardiac motoneurons, than carotid
artery baroreceptors (Ferguson et al., 1985; Sanders et al., 1988; Sanders et al., 1989). In
addition to the baroreceptors, mechanoreceptors, located within the myocardium, also
influence heart rate. The long established Bainbridge reflex describes the increase in heart
rate in response to atrial wall distension (that is, rapid increase in atrial blood volume),
detected by atrial stretch receptors (Bainbridge, 1915; Jones, 1962).
1.4.2

Variability of heart rate
Heart rate exhibits both short- and long-term fluctuations. Circadian variation in

heart rate has been demonstrated in numerous studies and most have shown a decrease in
heart rate during sleep (Ben-Dov et al., 2007; Massin et al., 2000). However, the majority of
these studies have been neither controlled nor conducted under constant conditions, and
therefore, have not considered the masking effects of sleep on the circadian rhythm of heart
rate. During constant routine and in a small sample of nine subjects, Krauchi et al. (1994)
have shown that heart rate does indeed exhibit circadian variation. Heart rate is at minimal
levels between 2300h and 0600h, and is maximal during 1000h and 2000h. The difference in
heart rate between minimal and maximal levels was 6.4 beats per minute.
Short-term fluctuations in heart rate are commonly denoted by the term ‘heart rate
variability’ (HRV), which describes the variation in heart beat-to-beat intervals. Heart rate
variability was first noted by Hon and Lee (1965) who, in distressed foetuses, observed
variations in beat-to-beat interval before an overall change in heart rate. However, it was
Wolf et al.’s (1978) observed association of the degree of variation in the interval between
ECG R waves (RR interval) with myocardial infarction that has prompted substantial clinical
and research interest in heart rate variability. Stemming from the sudden clinical interest in
HRV as a non-invasive determinant of cardiovascular autonomic function, standardised
guidelines for measurement of HRV were proposed by a joint Task Force of the European
Society of Cardiology and the North American Society of Pacing and Electrophysiology
(1996). Measurement techniques for HRV may include time domain measures, frequency
domain measures and more recently, non-linear measures. Time domain measures are the
simplest of the HRV measures to perform and express the variance of all RR intervals. Two
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types of time domain statistical analyses exist; those that are drawn from the measurement of
RR intervals and those that are calculated from the differences between RR intervals. Many
methods have been proposed for analysing HRV data in this way but as several measures
produce identical results, select time domain measures have been recommended for standard
use (Table 1.2) (Task Force of the European Society of Cardiology and the North American
Society of Pacing and Electrophysiology, 1996).
Table 1.2 : Selected time domain measures of HRV*
Variable

Units

Description

SD RR

msec

Standard deviation of all RR intervals

SDARR

msec

RMSSD

msec

SD RR Index

msec

SDSD

msec

Standard deviation of the averages of RR intervals in all 5 min
segments of the entire recording
The square root of the mean of the sum of the squares of differences
between adjacent RR intervals
Mean of the standard deviations of all RR intervals for all 5 min
segments of the entire recording
Standard deviation of differences between adjacent RR intervals
Number of pairs of adjacent RR intervals differing by more than 50

RR50 count

msec

msec in the entire recording. Three variants are possible counting
all such RR intervals: pairs, or only pairs in which the first or the
second interval is longer

PRR50

%

RR50 count divided by the total number of all RR intervals

* Time domain measures were drawn from Task Force of the European Society of Cardiology
and the North American Society of Pacing and Electrophysiology (1996)
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Table 1.3 : Selected frequency domain measures of HRV*
Variable

Units

Total power

msec2

VLF

msec2

Power in very low frequency range

≤ 0.04 Hz

LF

msec2

Power in low frequency range

0.04 – 0.15 Hz

HF

msec2

Power in high frequency range

0.15 – 0.4 Hz

LF/HF

Description

Frequency Range

Variance of RR intervals over time period
of interest

≤ 0.4 Hz

Ratio of LF to HF

* Frequency domain measures were drawn from Task Force of the European Society of
Cardiology and the North American Society of Pacing and Electrophysiology (1996)

Frequency domain measures using power spectral analysis are presented in Table
1.3.

Standardised power spectral analysis of RR intervals over 5 minute periods have

indicated three peaks in the power spectra. (Denoted very low frequency, low frequency and
high frequency, these HRV components are defined in Table 1.3, and depicted in Figure 1.4
and Figure 1.5).

There is clear evidence linking frequency domain measures with

cardiovascular mortality and morbidity (Bigger, 1988; Fauchier et al., 1999; Fauchier, 1997;
Kleiger et al., 1987; Nolan et al., 1998).

In spite of this, the exact mechanisms and

physiological significance of individual HRV components are not established.
Figure 1.4 : Example of power spectral density of RR intervals obtained from a 24-hour
Holter monitor recording*
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Figure 1.5 : Examples of power spectral density from 256 consecutive RR intervals
calculated using fast Fourier transform*

*Images redrawn from Task Force of the European Society of Cardiology and the North
American Society of Pacing and Electrophysiology (1996))
The high frequency component of HRV is representative of ventilatory modulation
of RR intervals; a phenomenon commonly known as respiratory sinus arrhythmia (RSA).
Respiratory sinus arrhythmia is characterised by an increase in heart rate during inspiration to
accommodate increased venous return, which results in increased cardiac output. During
expiration, there is a progressive slowing of heart rate. First described by von Haller in 1778,
RSA has been observed in humans and many animal models (Anderson, 1966; Anrep et al.,
1936; Daly & Scott, 1958; Taylor et al., 1999). Respiratory sinus arrhythmia has been shown
to reflect the activity of vagal afferent inputs to the SA node and therefore, the high frequency
component of HRV is thought to primarily reflect parasympathetic activity (Eckberg, 2003;
Hedman et al., 1995).
The interpretation of the low frequency component is much more complex. Most
agree that low frequency power is related to a combination of influences, including both vagal
and sympathetic activity. Cholinergic blockage in vagotomised dogs has been shown to
abolish the low frequency component of HRV (Akselrod et al., 1981) and bilateral
stellectomy abolishes the reflex increase in low frequency power observed with hypotension
(Pagani et al., 1986). However, an increase in low frequency power is not always observed
with increased sympathetic activity (Ahmed et al., 1994; Yamamoto et al., 1991). It has also
been suggested that low frequency power arises from both sympathetic and parasympathetic
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activity (Kim et al., 1997), or from variation in baroreflex response to beat to beat changes in
arterial blood pressure (Sleight et al., 1995).
Two mechanisms have been proposed for very low frequency oscillations of heart
rate: thermoregulation and the renin-angiotensin-aldosterone hypothesis. Hyndman (1971)
and Kitney (1980) demonstrated that spontaneous oscillations in peripheral vascular tone
could be entrained by oscillations in thermal stimuli, and hypothesised that thermoregulation
may be responsible for very low frequency oscillations in heart rate by mediating baroreflex
response to arterial blood pressure oscillations. However, slow oscillations in core body
temperature have not been demonstrated in vivo and investigation of the relationship between
arterial blood pressure and RR intervals has not supported a baroreflex link between arterial
blood pressure and very low frequency oscillations in heart rate (Taylor et al., 1998). More
recently, it has been proposed that very low frequency oscillations in heart rate reflect the
modulation by the renin-angiotensin-aldosterone system. Increases in very low frequency
power have been observed after angiotensin converting enzyme (ACE) blockade in dogs
(Akselrod et al., 1981) and in patients after myocardial infarction (Bonaduce et al., 1994).
However, these findings have not been replicated in healthy individuals (Kaufman et al.,
1993) and investigation of the renin-angiotensin-aldosterone hypothesis has suggested that
parasympathetic activity is also responsible for very low frequency oscillations in heart rate
(Taylor et al., 1998).
Almost all measures of heart rate variability have been observed to decrease with
increasing age (Antelmi et al., 2004; Bigger et al., 1995; Umetani et al., 1998). Antelmi et al.
(2004) demonstrated that all time and frequency domain measures of heart rate variability,
with the exception of LF/HF ratio, decreased with increasing age.

Additionally, low

frequency power was significantly higher in men than women, and high frequency power
significantly higher in women than men, across all age groups. These gender effects have
been observed in other studies (Bigger et al., 1995; Ryan et al., 1994).
Findings from several studies have highlighted a link between heart rate variability
and hypertension (Liao et al., 1996; Schroeder et al., 2003; Singh et al., 1998). In particular,
these studies suggest that vagal modulation of cardiac activity is decreased in those with
hypertension compared to normotensive individuals, and that changes in heart rate variability
may predict incident hypertension. Likewise, a number of other medical conditions and
health outcomes are associated with changes in measures of heart rate variability. High
frequency power is reduced in those with diabetes, compared to those without (Liao et al.,
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1995). Decreased high frequency power is associated with incident myocardial infarction,
incident coronary heart disease and fatal coronary heart disease (Liao et al., 2002). Reduced
vagal tone is observed in cigarette smokers (Hayano et al., 1990), and those with increased
body mass index (Karason et al., 1999; Petretta et al., 1995).
1.4.3

Heart rate during sleep
Although a perceptive knowledge of heart rate changes during sleep exists amongst

sleep clinicians and physiologists, this area has not been extensively studied at an
observational level. The transition into sleep, and the various sleep stages, is associated with
pronounced changes in heart rate. As mentioned in Section 1.4.2, heart rate decreases during
sleep compared to wakefulness.

This change has been observed in subjects who were

ambulant during wakefulness, as well as those kept in the supine position for 24 hours (van de
Borne et al., 1994). During NREM sleep, there is relative autonomic stability, with vagal
dominance and increased baroreceptor sensitivity. A decline in cardiac sympathetic nerve
activity is observed in the transition from wakefulness through to Stage 4 sleep; sympathetic
nerve activity during Stage 4 sleep is less than half of that during wakefulness (Somers et al.,
1993). Sympathetic activity exhibits little variability during NREM sleep and thus, heart rate
is fairly stable. Together, these changes lead to increased respiratory sinus arrhythmia during
NREM sleep, as well as hypotension, bradycardia and reductions in cardiac output. It is
thought that the hypotension results from a reduction in sympathetic vasomotor tone, whereas
bradycardia stems from an increase in vagal nerve activity (Baccelli et al., 1969).
In contrast, surges in heart rate have been observed during REM sleep in both
humans and animals (Snyder et al., 1964). In dogs, heart rate increases of 35-37% have been
observed during phasic REM sleep, which are associated with increases in arterial blood
pressure, followed by a baroreceptor-mediated decrease in heart rate (Dickerson et al., 1993).
This acceleration-deceleration sequence is abolished by bilateral stellectomy and coronary
stenosis, suggesting that the effects are mediated by the sympathetic nervous system (Kirby &
Verrier, 1989a, 1989b).

Similar heart rate surges have been observed in cats, and are

associated with strong hippocampal theta oscillations, ponto-geniculo-occipital (PGO)
activity and rapid eye movements (Rowe et al., 1999). Surges in heart rate are abolished with
cardio-selective adrenergic blockage suggesting that, as in dogs, this effect is most likely due
to increased activity in cardiac sympathetic efferent fibres.

47
Furthermore, a sudden decrease in heart rate has been observed during tonic REM
sleep in both humans and cats (Taylor et al., 1985; Verrier et al., 1998). These decelerations
are not associated with any preceding or subsequent changes in heart rate or arterial blood
pressure. The exact mechanisms of these abrupt decelerations remains unknown, but it is
postulated that they result from a decrease in sympathetic nerve activity or an enhancement in
vagal tone, or a combination of both.
1.4.3.1 Heart rate variability during sleep
The transition from Stage 1 to Stage 4 sleep is associated with an increase in the high
frequency component and a decrease in the low frequency component of heart rate variability
(Bonnet & Arand, 1997; Somers et al., 1993; van de Borne et al., 1994), suggestive of an
increase in cardiac parasympathetic drive and a decrease in cardiac sympathetic activity.
Reductions in the high frequency component are observed up to 2 hours prior to sleep onset
(Burgess et al., 1997), whereas reductions in the low frequency component are only observed
after sleep onset (Burgess et al., 1997; Somers et al., 1993). Twenty-four hour studies
conducted under constant routine conditions have shown a nocturnal fall in heart rate and
markers of parasympathetic activity, such as respiratory sinus arrhythmia, while there is a less
marked decrease in markers of sympathetic activity, such as pre-ejection period (Burgess et
al., 1997).

These findings suggest that heart rate and parasympathetic activity may be

modulated by circadian influences, whereas sympathetic activity is modulated by the
sleep/wake cycle.
In addition, baroreflex sensitivity is increased during NREM sleep compared to
wakefulness (Legramante et al., 2003), which most likely serves to maintain the stable heart
rate observed during NREM sleep. During REM sleep, there is an increase in the low
frequency component of HRV, as well as a shift in the ratio of the low frequency to high
frequency components towards sympathetic predominance (van de Borne et al., 1994).

1.5

Cardioventilatory coupling
Walter Coleman (1920, 1921), first documented an interaction between the

cardiovascular and respiratory systems while working at the London Zoological Gardens in
Regents Park. Coleman conducted a number of observational studies in various animal
species, monitoring heart rate by watching chest wall movement, whisker movement or the
carotid pulse, and concluded that there was a stable, whole number relationship between the
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number of heart beats and each breath. Galli (1924) first observed this phenomenon in
humans when he noted a tendency towards a constant heart rate to respiratory frequency ratio
(HR/f) in young men. Inspiration tended to occur at the same time as cardiac systole, leading
Galli to hypothesise that the cardio-respiratory interaction was due to a cardiac influence on
the respiratory control centres.
1.5.1

Mechanisms of cardioventilatory coupling
With the advent of computers, and subsequent improvements in computer processing

capacity, digitisation of physiological signals and development of innovative analytical
techniques for digital data, there has been renewed interest in the interaction between the
cardiovascular and respiratory systems. Several mechanisms have been proposed to explain
the interaction of these two systems, which can broadly be categorised as cardioventilatory
coupling mediated via cardiac activity, cardioventilatory coupling mediated via respiratory
activity and cardioventilatory coupling as a result of mutual interaction between the
cardiovascular and respiratory systems. The hypothesis that cardioventilatory coupling is
mediated via the effect of cardiac activity on ventilatory timing is the best established, and is
presented below.
1.5.1.1 Cardiac mediation hypothesis of cardioventilatory coupling
Studies led by Karl Bucher, in the 1950s and 1960s, further investigated this
phenomenon. In spontaneously breathing anaesthetised rabbits, it was demonstrated that
inspiration tended to occur within specific regions of the cardiac interval, in particular when
the HR/f ratio was a whole number (Bucher, 1944). This cardio-respiratory interaction did
not occur when the HR/f ratio was not at integer ratios, and was eliminated with bilateral
vagotomy (Bucher, 1956, 1960, 1965; Bucher & Battig, 1960, 1961). As with previous
research, Bucher surmised that the ventilatory cycle was influenced by cardiac activity. In
subsequent studies, Bucher examined the workings of the system by altering respiratory
frequency and heart rate (Bucher et al., 1974). It was observed that with small changes in
heart rate or breathing frequency, the onset of inspiration still tended to occur in particular
regions of the cardiac cycle. Large alterations to the cardiac cycle disrupted the coupling
relationship. Coupling between onset of inspiration and the cardiac cycle could be also
induced in vagotomised rabbits receiving pulsatile perfusion of the carotid artery (Bucher &
Bucher, 1977). This suggested that ventilation was able to be influenced by both true and
artificial cardiac activity. As the coupling was based on the frequency of the cardiac activity,
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rather than the amplitude of the artificial carotid pulse wave, it was hypothesised that coupling
resulted from input to the brainstem respiratory neurons. Collectively these early studies
suggested:
•

Coupling between ventilation and heart rate was most likely to be observed
when HR/f was a whole number ratio; and

•

The cardiac cycle exerted influence on ventilatory timing, and not vice versa

The current understanding of cardioventilatory coupling stems from research
conducted in the last two decades. During anaesthesia, it was observed that heart beats tended
to occur at particular phases of the ventilatory cycle and there existed a preference for whole
number ratios of heart rate to breathing frequency (Galletly & Larsen, 1997). The temporal
relationship between ventilation and heart rate was examined by calculating the time interval
between inspiratory onset (via pneumotachometer) and both the preceding and following ECG
R waves (denoted RI intervals). Time intervals for R waves preceding inspiration onset were
given a negative subscript (that is, RI-1 , RI-2 … RI-n ) and a positive subscript for R waves
following inspiratory onset (RI +1 , RI+2 … RI+n ).

Visual examination of all RI intervals

demonstrated a peak in R wave occurrence corresponding to 0.5 seconds before the onset of
inspiration. It was therefore, hypothesised that onset of inspiration was triggered by cardiac
afferent activity.
To confirm this hypothesis, cardioventilatory coupling was examined in individuals
with atrial fibrillation (Larsen et al., 1999a) and during paced intermittent positive pressure
ventilation (IPPV) (Larsen et al., 1999b). Cardioventilatory coupling was observed to persist
in atrial fibrillation but was absent in individuals receiving IPPV. During states of chaotic
atrial activity, vagal modulation of the heart is severely limited and it was argued that the
temporal alignment between inspiratory onset and heart beats was most likely a result of
triggering of inspiration by a preceding heart beat, rather than modulation of heart rate by
vagal activity.
Using

visual

depictions

of

cardioventilatory

coupling

called

RI

plots,

cardioventilatory coupling has been described by five different patterns, denoted pattern I, II,
III, IV, and uncoupled (Table 1.4) (Galletly & Larsen, 1999; Larsen & Galletly, 1999). (RI
plots depict the time interval between inspiration and preceding ECG R waves.) Patterns of
coupling were classified according to the variation in the time interval between onset of
inspiration and the immediately preceding R wave (RI-1 interval) and HR/f ratio.
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Table 1.4 : Patterns of cardioventilatory coupling
Pattern
I

II

III

IV

Description
Constant RI-1 alignment and a constant number of heart beats in each ventilatory
period
Constant RI-1 alignment but with varying number of heart beats within each
ventilatory period
RI-1 intervals for one breath are similar to those two breaths in advance, however
consecutive breaths have different RI -1 intervals
RI-1 interval alignment slowly changes (increases or decreases from breath-tobreath, but holds transiently at the RI alignment associated with coupling

In addition, investigation was made of the relationship between cardioventilatory
coupling and heart rate, ventilatory frequency, the consecutive difference between R waves,
the consecutive difference between each inspiratory onset and the RI -1 interval (Galletly &
Larsen, 1999). In order to examine the HR/f for each pattern of coupling, heart rate was
plotted against breathing frequency (HR/f plot) for each pattern. It was observed that the HR/f
plot varied according to the different patterns of coupling. Pattern I coupling was observed
when the HR/f ratio was an integer; pattern II coupling was also observed at integer ratios of
HR/f but at lower breathing frequencies than pattern I; pattern III was only observed at noninteger HR/f ratios; and pattern IV coupling was seen at HR/f ratios that were either slightly
above or below integer values. It was noted that uncoupled epochs tended to occur at
respiratory frequencies of approximately 10-12 breaths per minute, while a lower respiratory
frequency was commonly associated with coupling. Furthermore, patterns II and III coupling
were associated with multimodal, or quantal, variation in respiratory frequency and HR/f.
Quantal variation examined during pattern II coupling was associated with variation in HR/f
only, whereas quantal variation observed during pattern III coupling was associated with
changes in both HR/f and RI-1 interval. It has subsequently been shown that the quantal
variation seen during pattern II coupling is associated with changes in expiratory duration,
and quantal variation seen during pattern III coupling is associated with reciprocal variation in
both inspiratory and expiratory time (Larsen et al., 2003).
Examination of changes in heart rate and respiratory frequency in relation to specific
coupling patterns showed that HR/f tended to move along integer ratios, or fluctuate towards
and/or between HR/f integer ratio lines (Galletly & Larsen, 1999). These fluctuations in HR/f

51
result from changes in ventilatory period. The finding that coupling pattern varied according
to HR/f strongly supported the hypothesis that coupling pattern is determined by cardiac
activity. Based on this hypothesis, a model of cardioventilatory coupling was developed.
This model is described further in Section 1.5.3.1.
Most recently, in rats, Tzeng et al. (2007) have demonstrated that cardioventilatory
coupling is mediated via the arterial baroreceptors. Baroreflex sensitivity was evaluated by
measuring reflex changes in heart rate in response to bolus injections of phenylephrine, an αadrenergic agonist, or sodium nitroprusside, which has vasodilator properties.

After

establishing baseline baroreflex responses, measures of heart rate, breathing frequency and
RI-1 interval were examining during cardiac pacing, whereby heart rate was increased in 5
beats per minute increments, every 2 minutes (Figure 1.6). This was followed by three
different protocols: (1) vagotomy followed by cardiac pacing; (2) sinoaortic denervation
followed by tests of baroreflex sensitivity and cardiac pacing; and (3) sinoaortic denervation
and vagotomy followed by tests of baroreflex sensitivity and cardiac pacing.
Cardioventilatory coupling was observed in 10 of 13 animals prior to vagotomy, and
nine animals subsequent to vagotomy (Tzeng et al., 2007). In three of the four animals that
showed no coupling after vagotomy, cardiac pacing induced cardioventilatory coupling. In a
separate group of animals, cardioventilatory coupling was observed in all subjects prior to
sinoatrial denervation.

After sinoaortic denervation, brief periods of cardioventilatory

coupling were observed in two of nine animals.

Cardiac pacing was performed in the

remaining seven rats that did not show coupling, and did not induce any observable
cardioventilatory coupling in these animals. The dual effect of sinoaortic denervation and
vagotomy was investigated in seven animals. After denervation, none of the rats showed
cardioventilatory coupling, and cardioventilatory coupling was not induced by cardiac pacing.
This study supports the abovementioned research by Galletly and Larsen (Galletly & Larsen,
1999), suggesting that cardioventilatory coupling is a major determinant of variability in
ventilatory period, as evidenced by changes in the consecutive difference between I-I intervals
with transitions between different patterns of coupling.

Moreover, the changes in

cardioventilatory coupling observed with vagotomy and sinoaortic denervation suggest that
baroreceptors play a crucial role in cardioventilatory coupling, and vagal afferents have little
importance.
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Figure 1.6 : Heart rate, breathing frequency and RI -1 interval during cardiac pacing

Image redrawn from Tzeng et al. (2007). An example of heart rate (HR), breathing frequency
(f), RI -1 interval, HR/f ratio, consecutive time interval difference between each inspiratory
onset (CD I-I) and calculated proportional Shannon entropy (SHα) obtained during cardiac
pacing. Heart rate was increased by 5 beats per minute, every 2 minutes. Patterns I and IV
coupling were observed, along with periods of no coupling (uncoupled). Transitions between
different patterns of cardioventilatory coupling was associated with stepwise changes in f and
CD I-I. SHα is a measure of the strength of cardioventilatory coupling and will be described
in more detail in Chapter 2.

1.5.1.2 Respiratory mediation hypothesis of cardioventilatory coupling
In addition to the hypothesis that cardioventilatory coupling is mediated via cardiac
activity, it has been hypothesised that cardioventilatory coupling arises from a respiratory
forcing of the cardiac oscillator.

Rzeczinski et al. (2002) quantified cardioventilatory

coupling by measuring the phase difference between the respiratory and heart rate signals. It
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was not indicated whether the transducer was placed in a thoracic or abdominal position.
Coupling was measured in six individuals, during paced respiration, while awake and supine.
The frequency of respiratory pacing was increased by 1 breath per minute increments, in the
range of 3 to 30 breaths per minute. The phase difference was calculated between the
respiratory and heart rate signals. In addition, two dimensional plots were generated from the
amplitude of the respiratory signal against respiratory frequency, and against the normalised
respiratory frequency (respiratory frequency as a function of baseline heart rate). From their
findings they concluded that all individuals demonstrated cardioventilatory coupling during
paced respiration, and that this coupling arose from forcing of a cardiac oscillator, as
predicted. Subsequently, Prokhorov et al. (2003) demonstrated similar findings in seven
healthy individuals during paced respiration.

Although these research groups noted

acknowledged sample sizes and the requirement for follow-up work, further studies in larger
samples, using this framework, have not been conducted.
1.5.1.3 Mutual interaction hypothesis of cardioventilatory coupling
Cardioventilatory coupling has also been considered from the point of view phase
synchronisation of two chaotic, oscillating systems (Pikovsky et al., 1997; Rosenblum et al.,
2001; Rosenblum et al., 1996, 1997). It is hypothesised that this synchronisation arises from
mutual interactions of self-sustained brainstem oscillators.
Using this framework, Niizeki et al. (1993) investigated interactions between heart
rate, ventilation (onset of expiratory flow) and locomotor rhythms (gait) in five healthy male
subjects during quiet wakefulness. Spectral and coherence analysis of these signals indicated
that cardio-locomotor and ventilatory-locomotor coupling was present in all subjects.
Weakening of cardioventilatory coupling was observed with increased strength in cardiolocomotor coupling.
Schafer et al. (1998) investigated cardioventilatory coupling in eight healthy
individuals, and demonstrated that coupling was present in six of eight subjects. Using phase
synchrograms and histograms, several different phase locking ratios of heart rate to
ventilatory frequency were able to be observed, within the same individual. This work was
extended in subsequent studies (Rosenblum et al., 1998; Schäfer et al., 1999), where various
measurement techniques for identifying cardioventilatory coupling were considered. From
their findings, it was concluded that cardioventilatory coupling resulted from mutual
interactions between the cardiac and respiratory systems.
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Within the mutual interaction framework, Toledo et al. (2002) have demonstrated
cardioventilatory coupling in 13 healthy individuals and 13 heart transplant recipients, while
resting in each of three different postural positions: sitting, supine and standing.

For

comparison, surrogate datasets were also generated by associating the respiratory signal of
every individual with the heart rate signal of all other individuals. It was argued that this
approach eliminated all elements of coupling, while preserving the linear and nonlinear
characteristics of the original signals. Cardioventilatory coupling was observed in all healthy
individuals, heart transplant recipients and in the surrogate datasets. Comparison of the
original data with the surrogate data for the healthy individuals showed a 12% reduction in the
standardised number of synchronisation epochs.

Interestingly, a higher prevalence of

cardioventilatory coupling was observed in heart transplant recipients (20-76% of the
recording duration) than in healthy individuals (1-21% of the recording duration). From these
findings, Toledo et al. concluded that at a degree of cardioventilatory coupling occurred at
random, while others result from a true interaction between the cardiac and respiratory
systems. It was also postulated that a unique form of interaction existed in heart transplant
recipients that facilitated greater synchronisation.
Additionally, Hoyer et al. (2002), using various mutual information indices,
demonstrated decreased cardioventilatory coupling in patients after acute myocardial
infarction, compared with controls.
Other researchers investigating cardioventilatory coupling hold the viewpoint that
coupling arises from the mutual interaction of central oscillators. As these studies have been
conducted in the context of sleep, they will be reviewed in Section 1.5.4.
1.5.2

Measurement of cardioventilatory coupling
Cardioventilatory coupling may be measured by both graphical and statistical

methods.

The methods that have been used to date are based on the assumption that

cardioventilatory coupling is either a function of time or phase. In relation to coupling, it is
assumed that temporal relationships are those where there is a constant timing relationship
between inspiratory and cardiac activity. That is;
•

Inspiration is triggered by preceding cardiac activity.

A constant time

interval is observed between inspiratory onset and a preceding heart beat (R
wave); or
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•

Cardiac activity (heart beat) is triggered by a preceding inspiration.

A

constant time interval is observed between inspiratory onset and a following
heart beat (R wave).
In addition, in relation to coupling, it is assumed that phase relationships are those
where activity in the ventilatory cycle is coupled (synchronised) to activity in the cardiac
cycle. That is;
•

Inspiration is synchronised to a specific phase of the cardiac cycle. Phase is
calculated by identifying a phase marker (R wave), calculating the period
(length) of the cycle, and determining the phase within the cardiac cycle, at
which inspiratory onset occurs. Or similarly;

•

Heart beats are synchronised to specific phase points of the ventilatory cycle.

The recent increased interest in synchronisation between physiologic systems has
resulted in numerous approaches to quantifying cardioventilatory coupling. As the number of
approaches is large, a thorough description of all of these methods is beyond the scope of this
chapter. The most commonly used have been presented below.
1.5.2.1 Graphical measurement of cardioventilatory coupling
Original measurement of cardioventilatory coupling involved graphical methods.
Kenner et al. (1976) have proposed that coupling may be visually quantified using an IR plot.
This plot is based on the assumption that cardioventilatory coupling is the triggering of a heart
beat by the preceding inspiration. IR plots are generated by determining ECG R wave times
as well as the timing of each inspiration. IR intervals are determined as the time interval
between each inspiratory onset and the following R wave, and are plotted against time (IR
plot). Cardioventilatory coupling is observed as horizontal bands. Derived from of Kenner’s
IR plot, Galletly and Larsen (1997) developed the RI plot, which is based on the principle that
inspiration is triggered by a preceding heart beat. ECG R wave and inspiratory onset times
are determined. RI intervals are defined as the time interval between each inspiratory onset
and the preceding R wave (Figure 1.7), and are plotted against time (RI plot) (Figure 1.8).
Cardioventilatory coupling is observed as horizontal bands. RI intervals may also be visually
examined as a histogram. Cardioventilatory coupling is observed as peaks in the RI interval
histogram corresponding to the temporal relationship between onset of inspiration and ECG R
waves.
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Figure 1.7 : Schematic diagram of RI interval calculation

Figure 1.8 : Example of an RI plot during Pattern I coupling

Other graphical formats have been employed to quantify cardioventilatory coupling.
Diastolic phase plots calculate the phase of the cardiac cycle, at which point inspiratory onset
occurs (Bucher, 1944).

Cardioventilatory coupling is observed as distinct peaks in a

histogram of all diastolic phase points. However, Larsen et al. (1999a) have demonstrated
that inspiratory onset does not occur at a constant position (phase) of the cardiac cycle. An
alternative graphical method is the phase synchrogram, which is based on the belief that the
cardiovascular and respiratory systems demonstrate oscillator-like properties that interact and
become coupled (Niizeki et al., 1993; Schäfer et al., 1998).
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Figure 1.9 : Phase synchrograms indicating cardioventilatory coupling (Toledo et al.,
2002)

Figure 1.9 depicts characteristics phase synchrograms (from Toledo et al. (2002)).
Synchronisation is indicated by the black dots and is characterised by the arrangement of the
dots into horizontal lines. (A) A normal subject with 5:1 synchronisation epochs around 1200
sec and 1500 sec. (B) A heart transplant patient with synchronisation of duration 200 sec,
and between 2600 and 2800 sec. (C) A synchrogram generated from a surrogate data series
of the respiratory activity of a normal subject, and the heart rate of a heart transplant patient.
One 70 sec epoch is observed, and two short ones.

This technique requires calculation of the ‘relative phase’ of heart beats during the
ventilatory cycle. The synchrogram plots the phase at which each ECG R wave occurs, over
each ventilatory cycle. Cardioventilatory coupling is observed as horizontal bands in the
synchrogram.

Larsen et al. (1999a) have shown that although phase synchrograms

demonstrate horizontal banding, this was not as well defined by visual inspection as banding
in the RI plot, which depicts a temporal relationship. It was demonstrated that the phase
relationship was always more variable than the temporal relationship. In addition, generalised
phase difference may be used to measure cardioventilatory coupling (Prokhorov et al., 2003;
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Rzeczinski et al., 2002; Schäfer et al., 1999). Coupling is observed as horizontal plateaus in a
plot of generalised phase difference over time. This technique is limited by the requirement
to manually set HR/f for each iteration, and assess the presence of cardioventilatory coupling
by trial and error (Schäfer et al., 1999).
1.5.2.2 Statistical measurement of cardioventilatory coupling
Derived from information theory, entropy describes the uncertainty of the
information within a signal, based on the information contained within that signal.
Proportional Shannon entropy (SHα) (Shannon & Weaver, 1948), which quantifies the
expected information in a time series, has been used to quantify cardioventilatory coupling by
measuring the uncertainty in RI -1 intervals (Galletly & Larsen, 1999).

During perfect

coupling, SHα = 0. In the absence of coupling, SHα = 1. In this way, proportion SHα
provides a statistical index of ‘apparent’ coupling strength. (Calculation of SHα is explained
in more detail in Chapter 2). Other entropy measures, such as conditional and approximate
entropy, have also been used to measure cardioventilatory coupling (Peupelmann et al., 2009;
Porta et al., 1999). Approximate entropy measures unpredictability in a time series; that is,
the likelihood that the next window of data will not have a pattern similar to the one that
precedes it (Pincus, 1991). Conditional entropy quantifies the amount of information carried
by a time series when its past values are known.
Several other spectral and non-linear techniques have been used to measure
cardioventilatory coupling, such as coherence analysis (Niizeki et al., 1993; Unbehaun et al.,
1996), and mutual information indices (Hoyer et al., 2002; Pompe et al., 1998). Coherence
analyses quantify similarities between the individual power spectrums of the respiratory and
heart rate time series.

Mutual information indices calculate the strength of statistical

dependencies between time series. If two systems are independent of each of other MI
indices are 0; coupling is indicated by a positive MI index (Hoyer et al., 1998).
1.5.3

Models of cardioventilatory coupling
Two models have been proposed to explain cardioventilatory coupling.

1.5.3.1 Model proposed by Galletly and Larsen (2001)
The Galletly and Larsen model was based on the findings from human and animal
studies. This model (Figure 1.10) assumes the presence of a spontaneous intrinsic inspiratory
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pacemaker (φ(I)) and a cardiac burst (B c ). The intrinsic inspiratory pacemaker is represented
in the model by a constant gradient that increases linearly from baseline levels immediately
following inspiratory onset. When the intrinsic inspiratory pacemaker reaches a specific
threshold (denoted the inspiratory firing threshold (Th i )), inspiration is triggered.

The

intrinsic ventilatory period is denoted fi.
An afferent cardiac burst stimulus occurs with each heart beat. This stimulus acts to
transiently augment the intrinsic inspiratory pacemaker activity. Therefore, inspiration will
occur if the intrinsic inspiratory pacemaker or the cardiac burst augmented intrinsic
inspiratory pacemaker signal exceeds the inspiratory firing threshold. Cardiac burst triggered
breaths will occur earlier than the intrinsic ventilatory frequency and will therefore, produce
an observed ventilatory frequency (fo) that is greater than fi.
Figure 1.10 : Schematic representation of the Galletly and Larsen model (redrawn from
Galletly and Larsen (2001))

Model features include the inspiratory function (φ(I)) and super-imposed cardiac-related
bursts (B C ) of magnitude M BC .

φ(I) increases linearly towards a threshold (Th i = 1).

Inspiration is triggered at the threshold and φ(I) is reset to zero. M BC transiently augments
φ(I). Inspiration may be triggered by either the inspiratory function or by a cardiac burst.
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By adjusting values for the slope of the intrinsic inspiratory pacemaker, (φ(I)), the
magnitude of the cardiac burst (M Bc ) and heart rate, this model has been able to replicate each
of the patterns of coupling, as well as the absence of coupling. In addition, Galletly and
Larsen (2001) demonstrated that different coupling patterns can be organised according to
geometric zones called ‘Arnold tongues’ (Figure 1.11); these are radiating lines which depict
the HR/fi integer relationship.
Figure 1.11 : Pattern zones on the map of HR/fi versus M BC (adopted from Galletly &
Larsen, 2001)

Pattern zones (or Arnold tongues) on the map of HR/f versus cardiac burst magnitude (M BC )
are presented for (A) 3:1 domain and (B) between the 7:1 and 2:1 domains. Pattern I occurs
over a range of HR/fi regions but when M BC is low, Pattern I coupling only occurs when the
HR/fi ratio is equal to or slightly greater than integer. Pattern III coupling was observed in
non-integer HR/fi regions. Pattern IV coupling occupies regions immediately adjacent to
integer HR/fi regions. Patterns A, B, C were theoretical patterns of coupling predicted by the
model.

Using the model, Galletly and Larsen (2001) also considered the relationship
between the model parameters and proportional Shannon entropy, as a measure of ‘apparent’
coupling strength.

It was demonstrated that proportional Shannon entropy differed by

coupling pattern, with patterns of high complexity having higher proportional Shannon
entropy than those with perfectly ordered coupling (SHα: Pattern I = Pattern II < Pattern III <
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Pattern IV < uncoupled). Based on the model, coupling was observed as a function of both
the strength of the cardiac activity to the intrinsic pacemaker and the HR/f ratio. In this way,
two individuals with similar cardiac burst magnitudes, but differing HR/f ratios, may exhibit
different patterns of coupling and different values for proportional Shannon entropy.
Additionally, an individual with a weak cardiac input will exhibit cardioventilatory coupling
(and decreased proportional Shannon entropy) if the HR/f ratio is just above an integer value,
whereas an individual with a relatively strong cardiac input may exhibit weaker coupling (and
a relatively higher proportional Shannon entropy) if their HR/f ratio is just below an integer
value. Proportional Shannon entropy is, therefore, a measure indicative of both the strength
of the cardiac activity and the HR/f ratio, whereas the true measure of coupling strength
would be the underlying strength of the cardiac input to the intrinsic pacemaker.
1.5.3.2 Model proposed by Kotani et al. (2002)
This model was based on the simple model of DeBoer et al. (1987), which described
the relationships between blood pressure, ventilation, peripheral vascular resistance and
cardiac beat-to-beat interval. The model proposed by Kotani et al. (2002) outlined complex
mathematical equations to describe the interaction of three components:
1. Neural afferent input from the baroreceptors to the autonomic nervous system
2. Parasympathetic and sympathetic neural efferents from the brain stem
cardiovascular centres
3. Mechanical signal transductions within the cardiovascular system that set
arterial blood pressures
The model assumed that in the first instance, baroreceptor activity was set by arterial
blood pressure.

Subsequently, this baroreceptor activity determined the efferent

parasympathetic and sympathetic nerve activities, after modulation by a proposed ‘respiratory
influence’, to the respiratory control centres that could prolong ventilatory period. (This
assumption was based on the work of Jung and Katona (1990) and Dove and Katona (1985)).
In discussion of the success of their model, Kotani et al. concluded that they had determined
that in addition to the respiratory influence on the heart beat, there also existed a simultaneous
cardiac influence that was important in determining cardioventilatory coupling. However,
this model differs from that of Galletly and Larsen by suggesting that there is prolongation of
ventilatory period, as opposed to shortening. It is not clear whether the model of Kotani et al.
replicates the various patterns of coupling.
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1.5.4

Physiologic significance of cardioventilatory coupling
As outlined above, several studies have considered the interaction between heart rate

and breathing. However, the physiologic significance of cardioventilatory coupling remains
unknown. From experimental work and on the basis of their model, Galletly and Larsen
(2001) have hypothesised that cardioventilatory coupling may be maximal when respiratory
rate is low. The Galletly and Larsen model of coupling dictates that triggering of inspiratory
onset by cardiac activity leads to an increased respiratory frequency, above the intrinsic rate
set by the inspiratory pacemaker. With low respiratory drive, it is likely that every breath will
result from cardiac-related activity. Thus, it is suggested that in this scenario, coupling may
act as an intrinsic support mechanism.
It has been demonstrated that during cardioventilatory coupling, heart beats are
positioned so that they are maximally affected by respiratory sinus arrhythmia (Galletly &
Larsen, 1998).

Hayano et al. (1996) demonstrated that, in dogs, artificially induced

respiratory sinus arrhythmia improved efficiency of pulmonary gas exchange. Along this
line, cardioventilatory coupling may, therefore, act to optimise respiratory sinus arrhythmia
and pulmonary gas exchange (Galletly & Larsen, 1998).
1.5.5

Cardioventilatory coupling during sleep
Coupling of the respiratory and cardiac systems during sleep was perhaps first

demonstrated by Raschke (1986, 1987, 1991) using diastolic phase plots. Comparing a
number of physiologic states, Raschke demonstrated that coupling was increased during
sleep, compared to wakefulness (Raschke, 1986). In 16 healthy males, cardioventilatory
coupling was observed in all sleep stages (Raschke, 1987). A higher HR/f ratio was observed
during Stage 1 sleep and REM sleep, compared to other stages. In addition, many different
HR/f ratios were observed for any given sleep stage.
Cardioventilatory coupling has been shown to be present in resting adults (Tzeng et
al., 2003), and in infants during sleep (Elder et al., 2010). Cardioventilatory coupling was
measured using RI plots and proportional Shannon entropy.

Elder et al. examined

cardioventilatory coupling in 13 pre-term and 19 term infants during sleep. Signal movement
artefact was a significant issue in this population and coupling was quantified from short time
periods of ECG and nasal air flow via pressure transducer that were of acceptable quality.
Comparisons were made of cardioventilatory coupling with sleep state and body position. (In
infants, sleep state is defined as active sleep or quiet sleep. Active sleep approximates the
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REM sleep seen in adults and quiet sleep approximates NREM sleep.) It was demonstrated
that cardioventilatory coupling varied significantly by sleep state in both pre-term and term
infants, with stronger coupling exhibited during quiet sleep than active sleep. There was no
effect of position. At 3 months of age, there was no difference in cardioventilatory coupling
in active sleep versus quiet sleep, in either pre-term or term infants.
A statistical threshold for cardioventilatory coupling was calculated to quantify the
proportion of coupling observed during the period of interest at the 0.05 probability level. A
higher proportion of coupling was observed during the period of interest in term infants than
pre-term infants, during both active sleep and quiet sleep. A lower proportion of coupling
was observed at 3 months than at birth. In addition, there was no difference in the proportion
of coupling observed during active sleep and quiet sleep.
These findings are consistent with other studies in infants and children.
Cardioventilatory coupling, measured by moving squared coherence analysis (which
identifies similarities in power spectral activity in different signals), was observed in children
aged 12 to 14 years (Unbehaun et al., 1996).

Mrowka et al. (2003) investigated

cardioventilatory coupling across the first 6 months of life.

Assuming a bi-directional

relationship between the cardiovascular and respiratory systems, the directionality of the bidirectional relationship was investigated.

Mrowka et al. asserted that if the coupling

relationship was one-directional (that is, cardiac activity influences the respiratory
pacemaker), the power spectrum of the respiratory pacemaker would show peaks at the
frequency common to both systems. Likewise, if the relationship was bi-directional, the
power spectra would reflect frequency components of its counterpart signal. A ‘directionality
index’ was calculated from the relative power spectra of both signals. It was demonstrated
that there was a shift towards predominance of the cardiovascular system over the respiratory
system in the coupling relationship, across the first 6 months of life.
In 150 subjects and using an automated phase synchrogram, Hamman et al. (2009)
have confirmed a greater proportion of the night spent coupling during NREM sleep (3.8%),
compared to REM sleep (0.6%). Interestingly, wakefulness after sleep onset was associated
with an increased percentage of coupling (1.6%), compared to REM sleep. Unfortunately,
these differences were not assessed with any statistical analyses.
Using

detrended

fluctuation

analysis

and

phase

synchrograms,

reduced

cardioventilatory coupling has been observed in patients during periods of obstructive sleep
apnoea, compared with periods of regular breathing (Penzel et al., 2007). In 213 patients with
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obstructive sleep apnoea, Kabir et al. (2010) have demonstrated a greater proportion time
spent exhibiting cardioventilatory coupling in slow wave sleep than REM sleep, and longer
duration of coupled epochs in slow wave sleep than REM sleep. Cardioventilatory coupling
was measured using phase synchrograms.

Apnoea hypopnoea index was negatively

correlated with the proportion of time spent exhibiting cardioventilatory coupling, and with
the average duration of coupled epochs. This study also considered the relationships between
age, gender and cardioventilatory coupling and showed no significant differences in coupling
with age and cardioventilatory coupling. Females spent a greater of proportion of the night
coupling, than males.
Using a single measure of ECG alone, Thomas et al. (2005) have developed a
technique to assess the cardioventilatory coupling during sleep by analysing coherence in
spectral components of the RR interval and an ECG-derived measure of ventilation (EDR)
(Moody et al., 1986; Moody et al., 1985). This group has subsequently demonstrated, in
5,247 Sleep Heart Health Study participants, that age and male sex were associated with low
frequency oscillations in cardioventilatory interactions. Low frequency cross power spectral
density was associated with increased sleep-disordered breathing. A ‘sleep spectrogram’ was
also developed, which plotted cross spectral power with respect to time, and it was proposed
that specific visual patterns (narrow band or broad band cross power spectral density)
observed in the spectrogram correlated with each of obstructive and central sleep apnoea.
However, the technique overestimated the presence of central sleep apnoea when compared
with conventional respiratory scoring methods.

1.6

Overview
There is a paucity of research on cardioventilatory coupling during sleep. Moreover,

most studies conducted to date have considered phase relationship(s) between the
cardiovascular and respiratory systems, rather than the temporal relationship.

To date,

cardioventilatory coupling as a temporal phenomenon during sleep has only been observed in
infants (Elder et al., 2010).

It has been shown that cardioventilatory coupling was

significantly different with sleep state, but that this relationship dissipated with increased age.
It is not known if cardioventilatory coupling, considered as a temporal phenomenon and
measured statistically using proportional Shannon entropy, is present during sleep in adults
and if so, whether it varies by sleep state or other modifiable and non-modifiable factors. The
aim of this thesis was to address these questions.
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Chapter 2 outlines in detail the common methodology commonly used in each
subsequent study. As this thesis investigates cardioventilatory coupling in the context of
sleep, Chapter 2 outlines the method of measuring sleep and quantifying sleep stages, as well
as the techniques used to quantify cardioventilatory coupling.
All subsequent chapters present results related to individual studies.

For each

chapter, additional methodology specific to the study in question is outlined and results
presented. The findings of each study are discussed, study limitations and strengths are
addressed, and future research considerations are presented.
Chapter 3 investigates cardioventilatory coupling in healthy adults and examines
whether cardioventilatory coupling differs by sleep stage, age and gender.

In addition,

Chapter 3 considers whether cardioventilatory coupling changes across the sleep period. In
line with previous research, and given that there is substantial variation in heart rate during
REM sleep coinciding with increased cortical activity, it was postulated that cardioventilatory
coupling would be reduced during REM sleep compared to NREM sleep, and during NREM
sleep compared to wakefulness. It was anticipated that cardioventilatory coupling would
decrease across the sleep period, as there is a shift in sleep architecture, across the sleep
period, from a predominance of slow wave sleep to a predominance of REM sleep.
There has been no investigation of the repeatability of cardioventilatory coupling in
any study conducted to date. Chapter 4 examines whether cardioventilatory coupling during
sleep is a consistent phenomenon within individuals during sleep, in general, and in relation to
sleep stage. As a secondary aim, this chapter also examines whether heart rate variability
during sleep is a consistent phenomenon within individuals.
Chapter 5 explores cardioventilatory coupling in individuals with a primary
diagnosis of obstructive sleep apnoea, and considers whether coupling differs by severity of
obstructive sleep apnoea. Cessation of breathing during obstructive sleep apnoea results in
intermittent hypoxia and hypercapnia, as well as marked changes in intrathoracic pressure and
heart rate.

These events trigger overactivity of the sympathetic nervous system and

diminished cardiovagal activity.

Based on these observations, it was hypothesised that

decreased cardioventilatory coupling would be observed with increasing severity of sleepdisordered breathing.
The overall findings and conclusions from Chapters 3-5 are discussed in relation to
previous research, along with their potential significance, and implications in the final chapter
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(Chapter 6). The overall study limitations and strengths are addressed, and future research
considerations are presented.
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CHAPTER 2: METHOD

This chapter describes the method used to conduct ambulatory and attended
laboratory polysomnographic (sleep) recordings in the following studies investigating
cardioventilatory coupling during sleep in healthy adults and adults with sleep-disordered
breathing. Initial data processing, variable definitions and statistical analyses common to all
studies are outlined below. Detailed information on study participants, as well as specific
data processing, variables and statistical analyses are presented in the relevant chapters.

2.1

Polysomnographic recordings

2.1.1

Polysomnographic data
Electroencephalography (EEG), electrooculography (EOG) and electromyography

(EMG) were recorded to allow staging of sleep. Gold Grass™ electrodes were placed at EEG
sites C3 and C4 according to the International 10-20 EEG electrode placement system (Jasper,
1958). The 10-20 system takes into account varying head sizes and requires lateral and
longitudinal reference measurements across the scalp. The longitudinal measurement was
taken from the nasion (the intersection of the frontal and nasal bones) to the inion (the most
prominent projection on the occipital bone), while the lateral measurement was the distance
between each pre-auricular crease (a small indentation situated above the tragus of the ear).
From these measurements, calculations could be made for the 24 electrode sites of the 10-20
system.

Placement for electrode sites C3 and C4 was calculated by determining the

intersection of the longitudinal and lateral measurements (Cz) and also 30% of the distance
between each pre-auricular crease. Electrodes C3 and C4 were placed along the lateral line
passing through Cz, between each pre-auricular crease; C3 was placed at the 30%
measurement above the left pre-auricular crease and C4 at the 30% measurement above the
right pre-auricular crease.
Two EEG reference electrodes, M1 and M2, were placed on a flat section of each
mastoid process (a small projection from the temporal bone, situated behind the ear). The
mastoid process is preferred over scalp reference sites since it provides a site of relatively
minimal cortical activity. Contralateral referencing of the EEG electrodes C3 and C4 to the
electrodes on the mastoid process gave derivations of C3/M2 and C4/M1. Contralateral, as
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compared to ipsilateral, referencing provides maximal signal amplitude and prevents artificial
inflation of EEG activity in one hemisphere (Rechtschaffen & Kales, 1968; Teplan, 2002).
The EEG signals recorded from C3/M2 and C4/M1 are almost identical and recording from
these two sites simultaneously provided redundancy in the event of signal failure. These sites
capture a broad range of EEG activity including K-complexes and slow wave activity
prominent in the cerebral cortex, spindle activity at the centrally-sited thalamic reticular
nuclei and alpha activity prominent in the occipital area, allowing for the detection of sleep
onset and scoring of NREM Stages 1-4 and REM sleep (Rechtschaffen & Kales, 1968).
Each electrode site was swabbed with alcohol to remove oil from the skin and then
gently abraded with Nuprep™ skin preparation gel (Grass™, Rhode Island, USA) to reduce
signal impedance to less than 5 kilo-ohms (kΩ) as per the accepted international standard
(Iber et al., 2007; Nuwer et al., 1998) and ensure signal quality. Grass™ EC2® conductive
paste was used to fill each electrode cup. Each electrode cup was slightly overfilled to ensure
the cup would be void of air bubbles on application, while avoiding unnecessarily spreading
the electrode paste and increasing the area of measurement. Electrodes were attached to the
skin using squares of layered medical dressings approximately 2 centimetres squared (cm2) in
dimension: Tegaderm™ (3M™, Minnesota, USA), which is sufficiently adhesive for an
overnight recording, beneath a layer of Hypafix™ (Smith & Nephew™, London, United
Kingdom) to provide retention. These dressings had the added benefit of reducing the extent
of electrode paste hardening during the recording period. (Hardening of the electrode paste
can increase signal impedance by reducing the flow of current between the scalp and
electrode.)
Left and right EOG were recorded from the left and right outer canthus of the eye
(the outer intersection of the upper and lower eyelids), with the left electrode positioned 1
centimetre (cm) below the horizontal plane and the right electrode 1 cm above the horizontal
plane. A supra-nasion reference lead for EOG (EOG-ref) was placed mid-forehead to record
vertical eye movements (Rechtschaffen & Kales, 1968). An advantage of using a supranasion electrode for EOG referencing is the ability to easily distinguish vertical from
horizontal eye movements, which is not possible with contralateral referencing to the mastoid
process (Rechtschaffen & Kales, 1968). However, minor limitations of this configuration
include potential confusion of vertical eye movements with artefact and contamination of the
EOG signal with EEG recorded at the supra-nasion electrode site (Rechtschaffen & Kales,
1968). It was ensured that the supra-nasion reference electrode site was at least 3 cm from a
neighbouring electrode to prevent conductive salt bridges forming between electrodes across
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the skin. (Salt bridges significantly reduce signal impedance and act as an electrical shunt
between electrodes, effectively short-circuiting the electrode voltage potential differences.)
EOG sites were prepared in the same manner as EEG. Right and left EOG were each
referenced to the supra-nasion electrode to give electrode derivations of EOG-R/EOG-ref and
EOG-L/EOG-ref, respectively.

These electrode derivations allowed the recording of

horizontal eye movements, prominent during REM sleep (Rechtschaffen & Kales, 1968).
Horizontal eye movements were observed as out-of-phase deflections in the EOG signal,
whereas vertical eye movements, such as blinks, were observed as in-phase movements.
Artefact and EEG activity were also observed as in-phase deflections. Vertical movements
were observed as slow rolling eye movements during quiet drowsiness and Stage 1 sleep, and
also as blinks.
Bipolar EMG was recorded from two gold-cup electrodes positioned on the
mentalis/submentalis muscles. For convenience of application, to avoid sites with excessive
fatty tissue and to maximise participant comfort, on most occasions EMG electrodes were
placed on the mentalis muscle (situated at the anterior prominence of the chin). Alternative
sites along the mentalis/submentalis muscles were chosen if a participant had significant hair
regrowth or a very narrow chin. EMG sites were prepared in the same manner as EEG and
the EMG electrodes were placed at least 3 cm apart to avoid salt bridges forming between
electrodes across the skin. Electrical interference was minimised on EEG, EOG and EMG
signals with the use of a ground electrode placed above the right eye at a distance of greater
than 3 cm from the supra-nasion EOG reference electrode. The grounding electrode was
connected internally to the ground input of the sleep recorder’s differential amplifier, which
utilised common mode rejection to minimise electrical interference. All EEG, EOG and EMG
electrodes were bundled at the crown of the head and secured with gauze ties along the length
of the electrode wires to minimise electrical interference during recording.
These electrode derivations were combined to form the resulting montage for sleep
staging: C4/M1; C3/M2; EOG-R/EOG-ref; EOG-L/EOG-ref; chin EMG.
Nasal and oral airflow were measured simultaneously using a thermistor with nasal
and oral sensors (Compumedics®, Melbourne, Australia). Nasal pressure was measured (as a
surrogate of nasal airflow) using smooth-bored, 2.13 metre nasal cannula tubing, connected to
a purpose-built pressure transducer port (Compumedics®) on the recording unit. Signal gain
was adjusted for each participant to maximise nasal pressure signal amplitude. To maximise
comfort during sleep and prevent tangling with the participant, the thermistor was applied
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first, flat against the top lip, after which the nasal cannula was inserted into the nares. The
sensor wire of the thermistor, together with the tubing of the nasal cannula, was looped over
the ears and secured against the cheek with a square of Hypafix™ approximately 2 cm2 in
dimension.

Thoracic and abdominal respiratory effort were measured via piezo-electric

respiratory belts (Compumedics®), placed around the participant’s thoracic and abdominal
cavities. An external tracheal microphone (Compumedics®) was used to capture snoring and
was placed at the supra-sternal notch. Position was recorded via a purpose-built position
sensor (Compumedics®) attached to the thoracic piezo-electric belt so that the sensor was
positioned mid-chest.
After preparing electrode sites with alcohol, two snap-on electrocardiogram (ECG)
electrodes attached to purpose-built adhesives (3M™ Red Dot) were placed in a modified
limb lead II position (Mason Likar; M-L II) to maximise signal quality and allow motility
during sleep (Mason & Likar, 1966). The 12-lead ECG configuration with standard electrode
placement on the wrists and ankles is prone to movement artefact (Papouchado et al., 1987).
The M-L II configuration measured ECG via a positive electrode placed along the left anterior
axillary line between the iliac crest and costal margin, relative to a negative electrode placed
at the medial border of the right deltoid, 2 cm below the lower border of the clavicle in the
infra-clavicular fossa.
Piezo-electric limb movement sensors (Compumedics®) were attached to each
anterior tibialis muscle so that limb movements could be detected. Limb movements are
characterised by extension of the muscles in the foot, and often flexion of the ankle, calf and
sometimes hip. They may also occur in the upper limbs of the body. Limb movements often
result in arousal from sleep, and may result in sleep fragmentation. Piezo-electric limb
movement leads were led along the length of the body, under the respiratory belts to prevent
tangling with the participant. To minimise dislodgement during sleep, the nasal cannula
tubing, along with thermistor, respiratory belts, microphone, body position, ECG and limb
movement sensor wires, were looped loosely and secured at the top of a shoulder. Shoulder
preference was indicated by the participant and based on their intended placement of the
recorder during sleep.
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Figure 2.1 : An individual prepared for an ambulatory polysomnographic study (with
permission)

Oxygen saturation via pulse oximetry (SpO 2 ) was measured using a Nonin® sensor
(Nonin Medical Incorporated, Minnesota, USA). The method for SpO 2 data collection varied
by recording device. During ambulatory monitoring, SpO 2 was measured using a dedicated
Nonin® flex sensor connected directly to the recording unit. The flex sensor was placed over
the tip of a suitably sized finger so that the light-emitting diode sources of the flex sensor
were directly opposite each other. The flex sensor was secured using custom-developed
FlexiWrap® adhesives (Nonin®). An auxiliary Nonin® oximeter with finger clip sensor was
used in laboratory recordings. The external oximeter sampled SpO 2 at 1 sample per second,
with an averaging time of 4 seconds. The DC output of the external oximeter was connected
to the sleep system amplifier and the signal re-sampled by the recording system.
Prior to recording, all signals were visually inspected, and bio-calibration and
electrical impedance testing conducted. Bio-calibration included standardised tasks for eye
movements (moving eyes left/right; eyes up/down; blink), muscle tone (clench jaw; swallow),
measurement of alpha EEG frequency (sit/lie quietly with eyes closed), breathing (regular
breathing; hold breath) and leg movements (kick leg) to confirm signals were being recorded
and were of sufficient quality for subsequent analysis. Sleep study recording was started once
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the bio-calibration tasks had been accurately completed and all impedances on EEG, EOG,
EMG and ECG channels were less than 5 kΩ.
2.1.2

Home-based recordings
All home-based (level II) polysomnographic recordings were conducted in a

participant’s home environment and data were recorded using a P-Series Plus™ ambulatory
recorder (Compumedics®, Melbourne, Australia) (Figure 2.2).
Figure 2.2 : Compumedics® P-Series Plus™ Ambulatory Sleep Recorder

All inputs to the recording unit were sampled simultaneously and digitised by an
analog-digital converter. All signals were then filtered with a low order, -3 dB band pass
filter, which functioned to isolate the frequency band of interest from the myriad of
frequencies present in the signal. (In a -3dB band pass filter, all frequencies are passed within
two non-zero finite limits at which the normalised power of the signal is reduced to 0.5. This
is also the frequency at which the signal amplitude is reduced by approximately 30%. All
frequencies not within these limits are attenuated.) The upper and lower limits for the band
pass filters for each signal are outlined in Table 2.1. These filter settings were set in the
hardware and could not be adjusted by the user.
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Table 2.1 : Band pass filter settings of signals recorded using the P-Series Plus™
ambulatory recorder
Signal

High Pass Filter (Hz -3db)

Low Pass Filter (Hz -3db)

EEG

0.48

70

EOG

0.48

30

EMG

7.0

70

ECG

0.48

30

Nasal Airflow

0.016

4

Thermistor

0.068

4.1

Thoracic Movement

0.068

4.1

Abdominal Movement

0.068

4.1

SpO2

-

-

Sound (Snore)

0.065

1.2

Position

-

6.0

Limb movement

0.38

16

Data were digitally recorded directly on to a Type II PCMCIA memory card within
the recording unit. Each home-based polysomnographic study consisted of the standard
measures of sleep: EEG (C3/M2; C4/M1), left and right EOG (EOG-R/EOG-ref; EOGL/EOG-ref), chin EMG, oro-nasal airflow via nasal cannula and thermistor, respiratory effort,
limb movement, body position, ECG (M-L II), pulse oximetry and sound. In addition, a light
sensor on the recording unit was able to measure ambient light and, along with participant
report of sleep times, was used to determine lights on and off. The signal sampling rate and
data digitisation differed depending on the signal recorded and are outlined in Table 2.2. As
the ECG and nasal airflow were determined to be the primary signals of interest for in-depth
data processing (refer Sections 2.2.2 and 2.2.3), sampling rate was set at the maximum
allowed by the recording system.

Following the polysomnographic study, data were

transferred to a PC for analysis and storage.
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Table 2.2 : Sampling rates and data digitisation of signals recorded using the P-Series
Plus™ ambulatory recorder
Signal

Sampling Rate (Hz)

Digitisation

EEG

128

8 bit

EOG

128

8 bit

EMG

128

8 bit

ECG

256

8 bit

Nasal Airflow

256

8 bit

Thermistor

16

8 bit

Thoracic Movement

16

8 bit

Abdominal Movement

16

8 bit

SpO2

1

16 bit

Sound (Snore)

16

8 bit

Position

1

16 bit

Limb movement

4

8 bit

2.1.3

Laboratory recordings
Data for all laboratory (level I) polysomnographic recordings were recorded using an

S-Series™ laboratory sleep system (Compumedics®, Melbourne, Australia) (Figure 2.3 and
Figure 2.4).
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Figure 2.3 : An individual prepared for a polysomnographic study using the S-Series™
laboratory sleep system (with permission)

Figure 2.4 : Schematic of a two-bed laboratory configuration using the S-Series™
laboratory sleep system
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All inputs to the recording unit were sampled simultaneously and digitised by an
analog-digital converter. All input signals were then filtered by the recording system with a
low order, -6 dB high pass filter. (A -6dB high pass filter passes all frequencies above the
lower limit, at which the normalised power of the signal is reduced to 0.25. All frequencies
below this limit are attenuated.) The upper and lower limits for the band pass filters for each
signal are outlined in Table 2.3. A 50 hertz (Hz) (mains frequency) notch filter was applied to
all recorded signals to eliminate electrical interference from environment electrical
equipment.
Table 2.3 : Band pass filter settings of signals recorded using the S-Series™ laboratory
sleep system
Signal

High Pass Filter (Hz -6db)

Low Pass Filter (Hz)

EEG

0.3

30

EOG

0.3

30

EMG

22

100

ECG

0.3

30

Nasal Airflow

0.05

15

Thermistor

0.05

15

Thoracic Movement

-

-

Abdominal Movement

-

-

SpO2

-

-

Sound (Snore)

0.1

10

Position

-

-

Limb movement

22

30

Data were digitally recorded directly on to the hard drive of an assigned PC. Each
laboratory polysomnographic study included standard measures of sleep: EEG (C3/M2;
C4/M1), left and right EOG (EOG-R/EOG-ref; EOG-L/EOG-ref), chin EMG, oro-nasal
airflow via nasal cannula and thermistor, respiratory effort, limb movement, body position,
ECG (M-L II), pulse oximetry and sound. Lights out and on were noted by the attending
Clinical Physiologist (KO, MI). As with home-based recordings, the signal sampling rate and
data digitisation varied according to the signal recorded, and the sampling rates for ECG and
nasal airflow were set at the maximum allowed by the recording system. Sampling rate and
signal digitisation are outlined in Table 2.4.
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Table 2.4 : Sampling rates and data digitisation of signals recorded in the laboratory
Signal

Sampling Rate (Hz)

Digitisation

EEG

250

8 bit

EOG

125

8 bit

EMG

250

8 bit

ECG

500

8 bit

Nasal Airflow

500

8 bit

Thermistor

500

8 bit

Thoracic Movement

25

8 bit

Abdominal Movement

25

8 bit

SpO2

1

16 bit

Sound (Snore)

25

8 bit

Position

1

16 bit

Limb movement

25

8 bit

2.2

Data processing

2.2.1

Sleep staging
Sleep was staged according to standard criteria (Rechtschaffen & Kales, 1968) using

Profusion PSG 2™ (Compumedics®, Melbourne, Australia), an off-line sleep scoring
software package. C3/M2 was used as the primary EEG channel so that all EEG-based sleep
scoring decisions were based on this signal. C4/M1 was used only in the event of C3/M2
signal loss. Arousals from sleep were scored according to standard criteria (American Sleep
Disorders Association, 1992). Arousals from sleep were defined as a brief increase in EEG
activity from sleep to waking EEG frequencies, of duration greater than 3 seconds, and were
scored independently of sleep stages.

American Sleep Disorders Association criteria

determine that arousals must be separated by 10 continuous seconds of sleep EEG and
arousals from REM sleep must be accompanied by a concomitant increase in EMG amplitude.
Arousals from NREM sleep do not require an increase in EMG amplitude.
All sleep records were scored by the researcher, an experienced sleep scorer. EEG
and EOG signals were digitally filtered within the scoring software program with a low pass
filter of 30 Hz and a high pass filter of 0.3 Hz to limit the signal bandwidth to the EEG
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frequencies of interest for sleep scoring and arousal detection. In this way, band pass filtering
minimised localised interference that had been digitally recorded, including changes in
electrical potential across the skin or high frequency movement artefact. The EEG was
viewed at an amplitude of 125 microvolts per centimetre (µV/cm). The EMG channel was
viewed at the necessary amplitude to detect changes in the signal (usually 20-30 µV/cm), with
a high pass filter of 10 Hz and a low pass filter of 70 Hz applied.

All signals were

individually filtered with a notch filter set at 50 Hz (mains frequency) to eliminate
interference from environmental electrical equipment.

The accepted international sleep

scoring epoch length of 30 seconds was used for sleep staging.
Sleep-disordered breathing events and periodic limb movements of sleep were
determined using standard criteria (American Academy of Sleep Medicine, 1999; American
Sleep Disorders Association Atlas Task Force, 1993). Sleep-disordered breathing events can
be categorised as apnoeas or hypopnoeas (partial apnoeas), and further classified in nature as
obstructive or central. An obstructive event was defined by the absence of oro-nasal airflow
in the presence of continued ventilatory effort, whereas a central event was characterised by
cessation of both airflow and effort. Breathing events that showed a cessation of airflow were
defined as apnoeas. Hypopnoeas were characterised by either a greater than 50% reduction in
a validated measure of airflow (nasal pressure), or a clear amplitude reduction that did not
meet the 50% criterion but was associated with either an arousal from sleep and/or oxygen
desaturation of greater than or equal to 3%. Each breathing event was required to be at least
10 seconds in length (American Sleep Disorders Association Atlas Task Force, 1993). In
order to determine sleep-disordered breathing events, oro-nasal airflow and respiratory effort
were viewed in 5 minute epochs at the amplification (gain) necessary to detect amplitude
changes in the signal. Scoring of sleep-disordered breathing and limb movement events was
conducted independently, and subsequent, to sleep staging.
Limb movements were classified by a marked increase in amplitude in either of the
leg EMG signals of duration 0.5 to 5 seconds. The increase in amplitude was required to be at
least 25% that of the average amplitude recorded in leg movements during bio-calibration.
Periodic limb movement sequences were those with four or more limb movements that
repeated at an approximately even interval of at least 5 seconds and not greater than 90
seconds (American Sleep Disorders Association Atlas Task Force, 1993; Walters et al., 2007).
The raw ECG signal, nasal pressure signal and distribution of sleep stages (a
hypnogram) were exported as .txt (text) files from the Profusion PSG 2™ software for
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subsequent analysis. All subsequent analyses were conducted using custom-built software in
LabView™ Version 7.1 (National Instruments, Texas, USA), developed as part of this thesis.
Detailed information on each LabView™ program is presented below.
Reporting software within the Profusion PSG 2™ program was used to generate
variables of sleep quantity and quality. Sleep quantity and quality were assessed in all studies
and as such, the following variables were generated in all cases:
Measures of Sleep Quantity
•

Time in bed (TIB) – total time (minutes) from lights out until lights on (the
total time available for sleep)

•

Total sleep time (TST) – total time (minutes) from sleep onset until the last
wake epoch before lights on

•

Sleep onset latency (SOL) – total time (minutes) from lights out until sleep
onset. Sleep onset was defined as the first 3 consecutive epochs of Stage 1
sleep, or the first epoch of any other stage of sleep.

•

Total time Stage 1 sleep – total time (minutes) of Stage 1 sleep in the time
available for sleep (TIB)

•

Total time Stage 2 sleep – total time (minutes) of Stage 2 sleep in the time
available for sleep (TIB)

•

Total time Stage 3 sleep – total time (minutes) of Stage 3 sleep in the time
available for sleep (TIB)

•

Total time Stage 4 sleep – total time (minutes) of Stage 4 sleep in the time
available for sleep (TIB)

•

Total time REM sleep – total time (minutes) of REM sleep in the time
available for sleep (TIB)

Measures of Sleep Quality
•

Sleep efficiency (SE) – total sleep time (TST) expressed as a percentage of the
total time available for sleep (TIB)

•

Percentage Stage 1 sleep – total time (minutes) of Stage 1 sleep expressed as
a percentage of total sleep time

•

Percentage Stage 2 sleep – total time (minutes) of Stage 2 sleep expressed as
a percentage of total sleep time
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•

Percentage Stage 3 sleep – total time (minutes) of Stage 3 sleep expressed as
a percentage of total sleep time

•

Percentage Stage 4 sleep – total time (minutes) of Stage 4 sleep expressed as
a percentage of total sleep time

•

Percentage REM sleep – total time (minutes) of REM sleep expressed as a
percentage of total sleep time

•

Wake after sleep onset (WASO) – total time (minutes) of wake after sleep
onset.

•

Arousal index – total number of arousals expressed as an index of the total
number of hours of sleep (TST) (arousals per hour of sleep)

2.2.2

Determination of R wave times
The process used to determine R wave times is described in detail below. It may be

summarised with the following steps:
1. Division of ECG recording into segments for ease of analysis
2. Determination of R wave times from raw ECG signal
a. If appropriate, remove low frequency signal artefact from raw ECG
signal using a Butterworth filter
b. After Butterworth filtering, re-determine R wave time series from raw
ECG signal
3. Removal of incorrect R wave time points from the R wave time series
4. Re-assembly of R wave time series segments into one full night R wave time
series
5. Calculation of summary variables from R wave time series
A custom-built LabView™ program was developed and used to divide each ECG
recording into a number of segments at user-determined data points. Segmentation of the
whole night recordings allowed for ease of data processing within computer processing limits.
Where possible, segment boundaries were aligned with substantial changes in the ECG
baseline caused by movements during sleep. This allowed individual segments of the raw
ECG signal to have a more stable ECG baseline.
The time of each R wave was determined from the raw ECG signal in a custom-built
program in LabView™ v7.1. A representative complex including a singular P wave, QRS
complex and T wave was selected from each segment and compared with the entire raw ECG

81
signal in order to determine the time of each R wave. The representative complex was
selected randomly from a visually-apparent stable period of the ECG recording. Comparison
was made by moving the representative complex sequentially along the data points of the raw
ECG signal, and calculating the covariance of the data points in the representative complex
and the data points of the raw ECG signal. Standardised covariance (as a Pearson productmoment correlation coefficient, r) was determined with the following formula:

𝑟=

Where

∑(𝑥𝑖 − 𝑥̅ )(𝑦𝑖 − 𝑦�)
cov𝑥𝑦
=
(𝑁 − 1)𝑠𝑥 𝑠𝑦
𝑠𝑥 𝑠𝑦

cov𝑥𝑦 is the covariance of the data points in the representative
complex with the data points in the raw ECG signal

𝑥𝑖 is a data point at an index point, i, in the representative
complex

𝑦𝑖 is a data point at an index point, i, in the raw ECG signal

𝑥̅ and 𝑦� are the respective means of all values in the
representative complex and the ECG signal

𝑠𝑥 and 𝑠𝑦 are the respective standard deviations of data points in
the representative complex and the ECG signal

N is the number of data points in the representative complex

A user-determined threshold for acceptable correlation coefficients could be set
within the LabView™ program. In general, this was set to 0.9, which assumed that there was
minimal variation in the ECG waveform across the segment of data. However, there were
occasions where the raw ECG signal was not of sufficient quality, or the ECG baseline
exhibited drift caused by movement during sleep, so that R wave times could not be
accurately determined. In these instances, reduced correlation coefficients of no lower than
0.6 were accepted.
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Indices for data (time) points within the raw ECG signal, where the calculated
correlation with the representative complex was above the user-determined threshold, were
noted by the LabView™ program (correlation index point). A small epoch of 40 data points
was selected following each correlation index point and each epoch differentiated to
determine points of inflexion (Δ𝑦/Δ𝑥 = 0). Points of inflexion were examined to determine

the maximum value (highest amplitude) and an index value for the maximum values noted by
the program. Index values for all maximum inflexion points were used in conjunction with
the sampling rate to determine R wave times.
A time series of consecutive R waves, derived from individual segments, were then
reassembled to create a time series of R waves for the entire overnight recording. From this
complete overnight time series, the intervals between R waves (RR intervals) were
determined.

For each RR interval time series, the following summary variables were

calculated:
•

Mean RR – mean of all RR intervals

•

SD RR – standard deviation of RR intervals

•

CD RR – mean of all time interval differences between consecutive RR
intervals

2.2.2.1 Removal of Low Frequency Signal Artefact from the Raw ECG Signal
Where possible, the raw unfiltered ECG signal was used to determine R wave times.
However, there were cases where the signal was not of sufficient quality for accurate R wave
detection, or the ECG signal showed signs of baseline drift caused by movement during sleep.
In these instances, the representative complex was not able to be accurately correlated with
portions of the raw signal and resulted in either failure of the LabView™ program to detect
any R waves for sections of the recording or incorrect detection of a T wave as an R wave.
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Figure 2.5 : Example of removal of low frequency ECG signal artefact using bidirectional Butterworth filter

The upper panel (A) depicts a 7,084 second epoch of ECG extracted from Profusion PSG 2™.
Low frequency artefact is evident as baseline drift in the ECG signal. The lower panel (B)
depicts the same 7,084 second epoch of ECG after application of a bi-directional Butterworth
filter. The low frequency artefact has been successfully removed by the filtering process.

If, after analysis using the raw ECG signal, an accurate R wave time series could not
be generated, a custom-built LabView™ program was used to apply a second order
Butterworth filter with a high cut frequency of 35 Hz and low cut frequency of 0.35 Hz to the
raw ECG signal (Figure 2.5). The filtered ECG was then used for R wave detection. A
limitation of using a Butterworth filter is phase shift. To eliminate the phase shift effect, the
raw signal was reverse-filtered; the array of data points within the resulting signal reversed,
and the signal re-filtered using the same parameters (Simson, 1981). The reverse-filtered
array of data points was again reversed and the signal visually compared with the raw ECG
signal for accurate removal of artefact.
2.2.2.2 Removal of Incorrect R Wave Time Points from the R Wave Time Series
After generation of the R wave time series, the time interval between each R wave,
and the R wave that immediately preceded it, was used to create a time series of RR intervals
(𝑅𝑛 𝑅𝑛+1 ) in a custom-built LabView™ program.

The time series of RR intervals was

visually examined to detect incorrect R wave times within the series. Premature ventricular
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contractions, ectopic beats and artefact were interpreted as RR intervals of duration less than
350 milliseconds, or RR intervals of duration greater than 1.5 times the mean RR interval.
Index data points for RR intervals (𝑅𝑖 𝑅𝑖+1 ) of duration less than 350 milliseconds were

determined and the associated R wave time (𝑅𝑖+1 ) deleted from the R wave time series
(Figure 2.6).

Index data points for RR intervals, of duration greater than 1.5 times the mean of all RR
intervals, were also determined by the program. These index points were used to determine
the number of, and insertion points for, R wave times to be inserted into the R wave time
series. For each index data point associated with an abnormally long RR interval, the long
RR interval was divided by the mean RR interval. The quotient was then rounded down to
the nearest whole number integer, and the number of R wave times to be inserted was
calculated as this value minus 1. The long RR interval was then divided by the whole number
integer to determine the points for insertion of R wave times (Figure 2.6). This method of
interpolation provided the closest approximation to the R wave times that were not detected in
the original analysis, and reduced the likelihood of adding undue variance to the RR wave
time series.
Long RR interval = 𝑅𝑖 𝑅𝑖+1
𝑅𝑖 𝑅𝑖+1
Number of R wave times to be inserted = �
�−1
����
𝑅𝑅

Time interval between inserted R wave times = 𝑦 =

𝑅𝑖 𝑅𝑖+1
𝑥+1

Insertion points for R wave times = 𝑅𝑖 + 𝑦, 𝑅𝑖 + 2𝑦, … 𝑅𝑖 + 𝑥𝑦

intervals exhibiting a short RR interval (< 350 seconds in length). Panel C2 demonstrates removal of this RR interval.

seconds. Panel B2 demonstrates correction of these intervals using interpolation. Panel C1 is a 300 second epoch of RR

in the upper panel (A), as well as lower panel B. Panel B1 is a 300 second epoch of RR intervals exhibiting RR intervals > 1.8

seconds, equivalent to 8 hours 20 minutes). Failure to detect R wave times resulted in long RR intervals and these were evident

A time series of RR intervals (seconds) is shown in the upper panel (A) calculated for a whole night sleep period (30,000
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Figure 2.6 : Example of Removal of Incorrect R Wave Time Points from the R Wave

Time Series
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2.2.3

Determination of inspiratory onset
The process used to determine inspiratory onset times is described in detail below. It

may be summarised with the following steps:
1. Division of raw nasal pressure recording into segments for ease of analysis
2. Filter raw nasal pressure with Chebyshev filter
3. Determination of inspiratory onset times from raw nasal pressure signal
4. Re-assembly of inspiratory onset time series segments into one full-night
inspiratory onset time series
5. Calculation of summary variables from inspiratory onset time series
As with the ECG signal, a custom-built LabView™ program was developed and
used to divide each recording of nasal pressure into a number of segments at user-determined
data points to allow for ease of data processing within computer processing limits. Where
possible, segment boundaries were aligned with changes in the baseline of the nasal pressure
trace, often caused by movements during sleep.
An additional custom-built LabView™ program was written and used to determine
the time of each inspiratory onset from the raw nasal pressure signal. The nasal pressure trace
is subject to artefact from the beating heart. In addition, snoring during sleep can result in
high frequency oscillations in the nasal pressure signal. To minimise signal artefact, the nasal
pressure trace was filtered using a second order Chebyshev filter with a low frequency cut of
10 Hz.
The filtered nasal pressure signal was visually examined for the point of inspiratory
onset (I) and a user-determined threshold was set in the program at this amplitude on the yaxis. The curve of the nasal pressure signal that sat above the threshold was examined and the
average number of data points in this area of the curve determined. By setting both the
threshold for inspiratory onset, and the minimum number of data points that must be at an
amplitude greater than the threshold value, inspiratory onset could be determined. This
method minimised inaccurate detection of inspiratory onset times in instances of small
deflection in the filtered signal. (Small deflections in the signal may result from movement
during sleep, movement of the nasal cannula, partial inspiration and chest wall movement
artefact from the beating heart.) Index data points for threshold-determined inspiratory onset
points were used in conjunction with the sampling rate to determine times of inspiratory onset
(I times).
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Consecutive I time series, derived from individual segments, were then reassembled
to create a time series of I times for the entire overnight recording. From the complete time
series, the interval between inspiratory onset times (II intervals) were determined. For each II
interval time series, the following variables were calculated:

2.2.4

•

Mean II – mean of all II intervals

•

SD II – standard deviation of II intervals

•

CD II – mean of all time interval differences between consecutive II intervals

Cardioventilatory coupling
The time interval between each inspiratory onset and the R waves that precede it (RI

intervals) were calculated in a custom-built LabView™ program and plotted as a time series
(RI plot). The interval between the inspiratory onset and the R wave that immediately
precedes it was designated RI -1 . In order to determine the consistency of the RI -1 intervals
over time, proportional Shannon entropy (SHα) was calculated from the time series of RI -1
intervals.
A 30-breath moving window was applied from the beginning of each RI -1 interval
time series. Each window was advanced by one breath and the total number of windows
across the RI -1 interval time series was equal to the total number of breaths in the time series
minus 30. Thus, there was a 29-breath (97%) overlap between windows, and the final
window contained the final 30 RI-1 intervals in the time series. Within each window, the RI-1
intervals were placed into a 15 bin histogram with outer limits set at zero and the mean of all
RR intervals found within the window. From the bin occupancy of this histogram, SHα was
calculated as:
𝑁

Shannon entropy = SH = � P𝑏. log(P𝑏)
𝑏=1

1
Maximum Shannon entropy = 𝑆𝐻max = − log � �
𝑁
Proportional Shannon entropy = 𝑆𝐻𝛼 =

𝑆𝐻
𝑆𝐻max
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Where

P = actual histogram bin probability
b = bin number
N = number of histogram bins

The median value of SHα derived from all windows across the RI -1 interval time
series was used as a measure of the consistency of RI-1 intervals across the entire sleep period.
In the event of perfect temporal alignment between inspiratory onset and the
immediately preceding heart beat (R wave), RI -1 intervals will show no variation over time
and all RI-1 intervals will fall into a single histogram bin when deriving proportional Shannon
entropy. In this instance, SHα = 0. In the absence of any coupling between inspiratory onset
and R wave times, RI -1 intervals will occupy all histogram bins in equal proportion; SHα = 1.
In order to better quantify the presence of cardioventilatory coupling across an entire
sleep period and the proportion of coupling exhibited in individuals, threshold values for SHα
were derived to indicate the presence of coupling at the 0.05 and 0.01 probability levels.
Surrogate time series of 30 random numbers between 0 and 1 (representative of the RI-1
intervals in one 30 breath window used to calculate Shannon entropy as described above), and
a mean RR interval of 1 second were passed through the Shannon entropy algorithm for 5,000
repetitions. The derived values for Shannon entropy were then ranked and the 250th value
was used for the statistical threshold at 5% significance (SH T5 ), and the 50th value for the
statistical threshold at 1% significance (SH T1 ). This gave values of 0.84 for the statistical
threshold at 5% significance, and 0.81 for the statistical threshold at 1% significance.
This method differs from that used in previous research (Elder et al., 2010; Tzeng et
al., 2003, 2007). Tzeng et al. and Elder et al. calculated probability limits for proportional
Shannon entropy by passing a surrogate time series of n random numbers (with outer limits 0
and 1) (where n was equal to the number of data points in the moving window of the
algorithm) and a mean RR interval of 1 second through the Shannon entropy algorithm for
1,000 repetitions.

These studies used varying time series lengths in the calculation of

statistical thresholds. Tzeng et al. (2003) and Elder et al. (2010) passed their moving window
of interest through a surrogate time series of 200 random numbers. Similar to the studies in
this thesis, Tzeng et al. (2007) passed their moving window through a surrogate time series
equal in length to the moving window.
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While developing the method to be used in each study and investigating factors
affecting calculation of thresholds for Shannon entropy, it was determined that calculation of
probability limits was influenced by the total number of breaths in the time series through
which the moving window passes, and the number of repetitions of the Shannon entropy
algorithm used. As a 30 breath moving window was used to calculate Shannon entropy
(described above), surrogate time series of 30 random numbers between 0 and 1, and a mean
RR interval of 1 second, were passed through the Shannon entropy algorithm for 1,000,
2,000, 5,000, 10,000, 50,000, 100,000, 500,000, 1,000,000 and 5,000,000 repetitions.
Calculation of threshold values at each repetition level was repeated 5 times. Stability in the
thresholds for SHα at 5% and 1% statistical significance was observed with repetitions of
5,000 or greater (that is, at 5,000 or greater repetitions, thresholds at 5% and 1% significance
were consistently determined to be 0.84 and 0.81 (to 2 significant digits), respectively). As
the Shannon entropy algorithm used a 30-breath moving window and a 15 bin histogram, and
only 30 breaths were entered into the Shannon algorithm on each execution, this method
calculated the statistical threshold for SHα in one window only.
For all analyses in this thesis, proportional Shannon entropy of a time series was
calculated from the median value of SHα, derived from all 30-breath moving windows across
the RI-1 interval time series. In general, the RI -1 interval time series during the time period of
interest was longer than 30 data points. Therefore, for subsequent analyses, the proportion of
the night spent below each statistical threshold was calculated as the total number of 30breath windows with SHα below the statistical threshold, relative to the total number of 30breath windows in the defined period of interest.
From the calculation of RI-1 intervals and Shannon entropy, the following variables
were generated:
•

Mean RI -1 – mean of all time intervals between each inspiratory onset and the
R wave that immediately precedes it

•

SHα – proportional Shannon entropy

•

Percentage below SH T5 (Time < SH T5 ) – total number of windows with SHα
below the statistical threshold at 5% significance (SH T5 ) expressed as a
percentage of the total number of windows in the time period of interest

•

Percentage below SH T1 (Time < SH T1 ) – total number of windows with SHα
below the statistical threshold at 1% significance (SH T1 ) expressed as a
percentage of the total number of windows in the time period of interest

90
2.2.5

Heart rate variability
All measures of heart rate variability were determined according to standard criteria

(Task Force of the European Society of Cardiology and the North American Society of Pacing
and Electrophysiology, 1996). Prior to determination of R wave times, low frequency artefact
was removed from the raw ECG signal using a bi-directional Butterworth filter (refer 2.2.2.1).
The R wave times were then derived from the filtered signal and RR intervals determined.
Each time series of RR intervals was visually examined for artefact. For all RR intervals less
than 0.35 seconds, the associated R wave time was deleted from the R wave time series.
Where RR intervals were greater than 1.5 times the mean of all RR intervals, RR values were
interpolated and inserted into the R wave time series (refer Section 2.2.2.2).
In addition to time domain measures of heart rate variability (mean RR, SD RR, CD
RR), frequency domain measures of heart rate variability were calculated in a custom-built
LabView™ program using a 256-second moving window across all R wave times, with a
50% overlap (128 seconds) between windows.

Fast-Fourier transform-based frequency

domain measures of heart rate variability require even sampling of all data points. Therefore,
for each 256-second window, all R wave data points within the window were re-sampled at 4
Hz (0.25 second intervals) to generate a 1024 data point time series for analysis. The resampled time series was smoothed using a 3-point moving average and to reduce leakage in
the Fourier transform, a Hanning window was applied. For each window (1024 data points),
total power spectral density was calculated using a fast Fourier transform (FFT), as well as
power in the low frequency (LF; 0.04-0.15 Hz) and high frequency (HF; 0.15-0.4 Hz) bands.
This LabView™ program was used to calculate heart rate variability for all time periods of
interest. This included time periods taken from the whole night sleep period, as well as much
shorter time periods calculated from the time spent in a sleep stage of interest (refer Section
2.2.6). Sleep stages are transient phenomena observed during sleep and sleep stage transitions
are frequent. In this way, very short time periods may be observed in a sleep stage of interest
before transition into another sleep stage. Calculation of power in the very low frequency
range (VLF; less than or equal to 0.04 Hz) required a time period longer than 256 seconds for
accurate analysis. Therefore, as this heart rate variability algorithm was applied universally to
all time periods of interest, calculation of power in the very low frequency range was not
considered for analysis. Absolute values for all power spectral variables for each window
were exported as a time series and summary values calculated for the time period of interest.
Therefore, for each R wave time series, the following variables were calculated:
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•

Total Power – (msec2) median of all values of absolute power spectral
density calculated from each window of R wave times

•

LF – median of all values of absolute power in the low frequency band (0.040.15 Hz) calculated from each window of R wave times

•

HF – median of all values of absolute power in the high frequency band
(0.15-0.4 Hz) calculated from each window of R wave times

Additionally, the following derived measures were calculated:
•

Percentage LF – mean of all values of absolute power in the low frequency
band (0.04-0.15 Hz) calculated from each window of R wave times,
expressed as a percentage of total power

•

Percentage HF – mean of all values of absolute power in the high frequency
band (0.15-0.4 Hz) calculated from each window of R wave times, expressed
as a percentage of total power

•

LF/HF – ratio of power in the low frequency band to power in the high
frequency band

To minimise the effects of both within- and between-subject variability in total
power, low frequency and high frequency power were expressed in normalised units (LFnu
and HFnu, respectively) by calculating the percentage power of each band with respect to the
sum of the power in the low and high frequency bands.
•

LFnu – (𝐿𝐹/(𝐿𝐹 + 𝐻𝐹) × 100) absolute power in the low frequency band,
expressed in normalised units

•

HFnu – (𝐻𝐹/(𝐿𝐹 + 𝐻𝐹) × 100) absolute power in the high frequency band,
expressed in normalised units

2.2.6

Analysis by sleep stage
As sleep stage transitions can be frequent, and as calculation of Shannon entropy

requires 30 breath moving window analysis of R and I time series, a custom-built LabView™
program was used to examine the distribution of sleep stages (hypnogram) and extract
variables for RR intervals and inspiratory onset times, as well as heart rate variability and
cardioventilatory coupling, for any given sleep stage.
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A custom-built LabView™ program was written and used to recode the values
within the extracted hypnogram from Profusion PSG 2™. The hypnogram was exported as a
.txt (text) file with alpha-numeric coding determined by the Profusion PSG 2™ program.
Table 2.5 outlines recoding of the exported hypnogram alpha-numeric categories to numeric
categories for use within additional LabView™ programs, as well as statistical software.
Table 2.5: Recoding of hypnogram variables for analysis by sleep stage
Sleep Stage

Exported Hypnogram

Recoded Value

Wake

W

0

Stage 1

1

1

Stage 2

2

2

Stage 3

3

3

Stage 4

4

4

REM

R

5

An additional custom-built LabView™ program was used to examine the hypnogram
for contiguous epochs of a user-determined sleep stage that were at least 300 seconds (5
minutes) in duration (ten 30 second epochs). Index data points for the onset of each of these
periods of contiguous sleep epochs were noted by the system and R wave and I times within
the epochs extracted. Within each segment, the R wave times and inspiratory onset times
were examined and time series of RR intervals, II intervals, and RI -1 intervals and SHα
derived. Time series from consecutive segments of a given sleep stage were then recompiled
as one time series for subsequent analysis of heart rate, ventilatory period, heart rate
variability and cardioventilatory coupling.

2.3

Statistical analyses
Statistical analyses and graphing were conducted by the researcher within Microsoft

Office Excel 2007 (Microsoft, Washington, USA), SPSS Version 17 (SPSS Incorporated,
Illinois, USA), PASW Statistics Version 18 (SPSS Incorporated) and GraphPad Prism 4
(GraphPad Software, California, USA).
Data were assessed for normality of distribution according to the grouping required
for each analysis, using both graphical and statistical methods. Data for all variables (within
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each group of interest) were plotted with histograms and, where additional information was
considered useful, scatter or box plots to assess the distribution of the data and the presence of
outliers. In addition, data distribution was graphically examined using P-P plots (a scatter
plot of normalised data (z-scores) against the z-scores one would expect to observe if the data
were normally distributed). Values of skew and kurtosis were examined to assess the shape
of the distribution. In addition, from standardised values of skew and kurtosis, significance
tests were conducted using conservative alpha levels (p < 0.01) considered appropriate for
small to moderate sample sizes (Field, 2009; Tabachnick & Fidell, 2001). Dependent on
sample size, Shapiro-Wilk and Kolmogorov-Smirnov statistics were used to assess whether
the distribution differed significantly from a normal distribution. As many of the sample sizes
were small, a Shapiro-Wilk test was generally used.
Specific statistic analyses relevant to each study are presented in the relevant
subsequent chapters.
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CHAPTER 3: CARDIOVENTILATORY COUPLING
DURING SLEEP IN HEALTHY INDIVIDUALS

As outlined in Chapter 1, several studies have been conducted investigating the
interaction between heart rate and breathing in adults during sleep (Hamann et al., 2009;
Kabir et al., 2010; Raschke, 1986, 1987, 1991; Thomas et al., 2005).

However,

cardioventilatory coupling, considered as the temporal alignment between inspiratory onset
and the preceding heart beat, is yet to be described in adult humans during sleep. In addition,
few studies use statistical measures of coupling, such as proportional Shannon entropy. This
chapter considers cardioventilatory coupling in two groups of healthy individuals: one group
aged 18-35 years and one group aged 60-75 years.
As proportional Shannon entropy is yet to be used to measure cardioventilatory
coupling during sleep in adults, this chapter has a primarily exploratory focus and examines
cardioventilatory coupling in healthy adults between different sleep stages and across the
sleep period. Changes in cardioventilatory coupling with sleep stage have been considered in
a number of ways. In addition, cardioventilatory coupling has been examined in relation to
age and gender. In this regard, this chapter aims to address the following research questions:
1. Does cardioventilatory coupling differ by sleep stage?
A decline in cardiac sympathetic nerve activity is observed in the transition from
wakefulness through to Stage 4 sleep; sympathetic nerve activity during Stage 4 sleep is less
than half of that during wakefulness (Somers et al., 1993). REM sleep is associated with
sympathetic activation and cortical activation, leading to increased variability in heart rate
(Snyder et al., 1964).

In addition, baroreflex sensitivity is increased in NREM sleep,

compared to wakefulness (Legramante et al., 2003). It has been shown that cardioventilatory
coupling is mediated via the arterial baroreceptors (Tzeng et al., 2007).

Thus, it was

hypothesised that: (a) increased strength in cardioventilatory coupling would be observed
during NREM sleep, compared to wakefulness, with highest coupling strength observed
during slow wave sleep (Stages 3 and 4 sleep); and (b) a greater proportion of time would be
spent below probability thresholds for statistically significant coupling in NREM sleep,
compared to wakefulness. The proportion of time spent coupling would be greatest during
slow wave sleep. Given the increased sympathetic activation and cortical activation observed
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during REM sleep, it was expected that cardioventilatory coupling would not differ between
REM sleep and wakefulness. However, it was expected that cardioventilatory coupling would
be reduced during REM sleep, compared with slow wave sleep.
2. Does cardioventilatory coupling differ with sleep quantity and quality?
A number of factors interact in a complex manner to influence sleep structure.
Notably, prior sleep history (including prior wakefulness and sleep loss) (Dijk et al., 1993),
age (Ohayon et al., 2004) and circadian rhythms (Czeisler et al., 1980) all influence sleep
structure.

These influences affect measures of sleep quality and quantity, including

percentage slow wave sleep.

It was hypothesised that if increased strength in

cardioventilatory coupling was observed during slow wave sleep (outlined above),
concomitant relationships would also be observed between percentage time spent in slow
wave sleep and strength of cardioventilatory coupling. Similar relationships would also be
observed between percentage time spent in slow wave sleep and percentage time spent below
probability thresholds for statistically significant coupling.
3. Are changes in cardioventilatory coupling observed across the sleep period?
It is known that slow wave sleep predominates in the first third of the sleep period
(Webb & Agnew, 1971), while REM sleep predominates in the last third of the sleep period
and is linked to the activity of the circadian pacemaker (Czeisler et al., 1980). If increased
strength in cardioventilatory coupling was observed during slow wave sleep, it would
therefore be expected that strength of, and time spent exhibiting, cardioventilatory coupling
would decrease across the sleep period.
4. Does cardioventilatory coupling differ by age?
Numerous changes in sleep structure are observed with age. In particular, there is an
age-related decline in sleep efficiency, slow wave sleep and REM sleep (Ohayon et al., 2004).
It was therefore hypothesised that the reduction in slow wave sleep in older adults, alongside
increased wake after sleep onset, would result in reduced strength of coupling, and reduced
percentage time spent exhibiting coupling, in whole night measures.
5. Does cardioventilatory coupling differ by gender?
Gender differences in cardioventilatory coupling have not been reported in healthy
individuals. Among healthy young adults, few gender differences are observed in sleep
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quality and quantity. Males tend to have a greater age-related decline in slow wave sleep,
although large inter-individual differences in this decline are observed (Redline et al., 2004b).
It was not expected that gender differences would be observed in cardioventilatory coupling.

3.1

Method
This section describes the methodology used to conduct an investigation of

cardioventilatory coupling in healthy adults aged 18-35 years and 60-75 years.

The

methodology outlined in this chapter is specific to this study, and includes description of
participant selection and recruitment, data analysis and statistical analyses. It serves as an
extension of the overall methodology describing polysomnographic recordings and initial data
processing outlined in Chapter 2.
3.1.1

Participants
After gaining approval from the Central Regional Ethics Committee (ref

WGT/01/06/067) and written informed consent, 31 healthy adults (14 male; 17 female) aged
18-35 years and 13 healthy adults (7 male; 6 female) aged 60-75 years underwent a level II
polysomnographic study in their own home. Prior to inclusion in the study, all participants
were screened by telephone using a standardised interview to investigate general health status,
diagnosed health conditions known to the participant, and current medication. Targeted
questions were used to investigate the presence of cardiovascular, respiratory, neurologic and
sleep disorders. Sleep disorder diagnostic and treatment services in New Zealand currently do
not meet the population need.

Therefore, in order to determine if individuals had an

undiagnosed sleep disorder, symptoms of common sleep disorders such as snoring, stopping
breathing during the night, waking frequently during the night, and excessive limb movement
or restlessness at night were investigated, along with the presence of daytime sleepiness
measured by the Epworth Sleepiness Scale (ESS) (Johns, 1991). The Epworth Sleepiness
Scale is an internationally used, validated 8-point scale examining daytime sleepiness in
recent times. Each scale point may achieve a score from 0-3. Total ESS scores greater than
10 indicate abnormally elevated levels of daytime sleepiness.
Participants were included in the study if they were a non-smoker, and without
known respiratory, cardiovascular, neurologic and sleep disorders.

Participants were

excluded if self-reported symptoms, along with an ESS score greater than 10, suggested the
presence of a sleep disorder. Participants were also excluded if they were taking regular
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medication known to affect the central nervous system. Exception was made for participants
aged 60-75 years diagnosed with hypertension and taking anti-hypertensive medication.
Hypertension is a common disorder affecting 50-75% of individuals aged 60-79 years in
modern, industrialised countries (Kearney et al., 2005; Lloyd-Jones et al., 2005). Therefore,
participants aged 60-75 years diagnosed with hypertension and taking anti-hypertensive
medication, who had not had a change in medication type or dose in the previous 6 months,
were eligible for inclusion in the study.

Participants did not need to be naïve to

polysomnography to be included in the study.
Participants were asked to refrain from consuming caffeinated products (including,
but not limited to coffee, black leaf tea, green leaf tea, caffeinated soft drinks and energy
drinks, hot chocolate drinks, eating chocolate and caffeine tablets) and alcohol from midday
on the day of the polysomnographic study. Prior to preparation for a polysomnographic
recording, participants were asked to report their usual bed and rise time.
A greater number of individuals expressed interest in participating in the study than
comprised the final study group. Thirty-five adults aged 18-35 years expressed interest in
participating. All 35 individuals in this age group met the inclusion/exclusion criteria and
were invited to undergo a polysomnographic study.

However, three individuals were,

subsequently, not able to commit to scheduled dates for home polysomnographic studies, and
one individual withdrew from the study prior to their polysomnographic recording. Twenty
three adults aged 60-75 years expressed interest in participating in the study. Ten of these
older individuals did not meet the study inclusion/exclusion criteria and were not invited to
complete a polysomnographic study. Of those 10 excluded individuals, one was aged outside
the 60-75 year age range; five individuals reported having a sleep disorder; three individuals
lived outside the Wellington area so that a home-based polysomnographic study was not
feasible; and one individual was on medication known to affect the central nervous system.
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Figure 3.1 : Flow diagram of study inclusion/exclusion criteria

The flow diagram indicates key processes from recruitment to data processing
(indicated with shaded boxes). Study exclusion criteria are presented in white boxes. The
number of individuals proceeding through the recruitment and data collection pathway is
indicated (N).
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In order to ensure that the sample consisted of individuals with no known sleep
disorders, and were representative of the healthy, normal population, participants aged 18-35
years exhibiting an apnoea/hypopnoea index (AHI) greater than or equal to 5 events per hour
of sleep (Peppard et al., 2000b; Young et al., 1997a; Young et al., 1996; Young et al., 1997c)
during their polysomnographic study, or aged 60-75 years exhibiting an AHI greater than or
equal to 15 events per hour of sleep (Ancoli-Israel et al., 1991; Phillips et al., 1994), were
excluded from further analyses. In addition, individuals with a limb movement index greater
than or equal to 5 events per hour of sleep were excluded from further analyses (American
Academy of Sleep Medicine, 2005). Clinical diagnoses of sleep disorders were not made in
this study.

Individuals with evidence of sleep disorders were provided with a written

statement indicating the measures that were of concern and were encouraged to contact their
general practitioner (GP) to discuss their sleep and if appropriate, access to diagnostic sleep
services.
After analysis of the polysomnographic data, it was determined that two participants
in the 60-75 year age group did not have ECG recordings of sufficient quality for accurate
detection of R wave times. In addition, two individuals aged 60-75 years had an AHI greater
than or equal to 15 events per hour of sleep. These individuals were excluded from further
analyses. Equipment failure during the polysomnographic recording of one individual aged
18-35 years meant that no data were recorded.
Therefore, the final dataset included 30 healthy adults (14 male; 16 female) aged 1835 years and 9 healthy adults (4 male; 5 female) aged 60-75 years.
3.1.2

Data analysis
After sleep staging and analysis of each polysomnographic recording, reporting

software within the Profusion PSG 2™ program was used to generate variables of sleep
quantity and quality (refer Chapter 2, Section 2.2.1).
As outlined in Chapter 2, Sections 2.2.2 and 2.2.3, time series for ECG R waves and
inspiratory onset (I times) were determined in custom-built LabView™ programs for each
overnight recording. From the time intervals between consecutive R waves and I times, time
series of RR intervals and II intervals were determined. A Butterworth filter was applied to
the ECG recordings of 13 individuals aged 18-35 years and all 9 individuals aged 60-75 years,
in order to remove low frequency artefact. The mean, standard deviation and consecutive
difference between RR intervals and II intervals was calculated.

In order to quantify

100
cardioventilatory coupling, the mean RI -1 interval, proportional Shannon entropy (SHα) and
the percentage of the overnight recording spent below predetermined 0.05 and 0.01
probability thresholds for cardioventilatory coupling (SH T5 and SH T1 ) were calculated (refer
Chapter 2, Section 2.2.4). Heart rate variability was examined with measures of total power,
absolute and normalised units of power in the low frequency (LF; 0.04-0.15 Hz) and high
frequency band (HF; 0.15-0.4 Hz), and the ratio of power in the low frequency band to power
in the high frequency band (LF/HF).
For each polysomnographic study, measures of heart rate, ventilatory period,
cardioventilatory coupling and heart rate variability were generated using all data points
occurring within the entire ‘sleep period’, defined as the time period from sleep onset until
final waking. Sleep onset was defined as the first three consecutive 30-second epochs of
Stage 1 sleep, or the first epoch of any other stage of sleep. Final waking was defined as the
last 30-second epoch of any sleep stage, after which time only wakefulness was observed.
Variables from the R wave time series, inspiratory onset time series, as well as in
relation to cardioventilatory coupling and heart rate variability, were also generated for each
individual sleep stage (that is, each of wake, Stages 1-4 sleep and REM sleep) occurring
within the overnight sleep period from lights out until final waking (refer Chapter 2, Section
2.2.6).

Lights out was used as the reference point for these analyses to maximise the

possibility that contiguous epochs, of sufficient length to calculate cardioventilatory coupling,
would be detected for periods of quiet wakefulness.
It was not clear whether whole night measures of cardioventilatory coupling would
be affected by wakefulness during the sleep period.

To assess whether measures of

cardioventilatory coupling were influenced by periods of wake during the sleep period,
comparison was made between variables generated from the entire sleep period using the
methodology outlined in Chapter 2, Section 2.2.4, and variables generated using only stages
of sleep (that is, Stages 1-4 and REM sleep). To generate measures of cardioventilatory
coupling from ‘sleep only’ epochs, the hypnogram was exported as a .txt (text) file with
alpha-numeric coding determined by the Profusion PSG 2™ program.

A custom-built

LabView™ program was then used to recode all wake epochs within the extracted hypnogram
from Profusion PSG 2™ to have a value of ‘0’, and all sleep stage epochs within the
hypnogram to have a value of ‘1’. The custom-built LabView™ program described in
Chapter 2, Section 2.2.6, was then used to examine the hypnogram for contiguous epochs
with a value of ‘1’ that were at least 5 minutes in duration (ten 30-second epochs).
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Investigation was made of changes in cardioventilatory coupling and heart rate
variability across the sleep period (defined as the time period from sleep onset to final
waking). This analysis was restricted to adults aged 18-35 years, to avoid any potential
confounding effects of age-related decline in percentage slow wave sleep and distribution of
slow wave sleep across the sleep period. For each polysomnographic study, measures of heart
rate, ventilatory period, cardioventilatory coupling and heart rate variability were generated
using the data points occurring within each consecutive hour after sleep onset. To examine
whether measures of cardioventilatory coupling and heart rate variability were influenced by
measures of sleep quality, the following variables were generated for each consecutive hour
after sleep onset: sleep efficiency, the percentage of Stages 1-4 sleep and REM sleep, and the
arousal index. Variables relating to heart rate, ventilatory period, cardioventilatory coupling
and heart rate variability were also generated for each individual sleep stage (that is, each of
wake, Stages 1-4 sleep and REM sleep) within each hour long epoch.
3.1.3

Statistical analyses
Data were assessed for normality of distribution according to the grouping required

for each analysis, using both graphical and statistical methods, following the methodology
outlined in Chapter 2, Section 2.3. The small sample size and, in cases such as proportional
Shannon entropy, the nature of the variable meant that almost all variables deviated from a
normal distribution and non-parametric statistical tests were used in most analyses.
Descriptive statistics are presented for each variable to provide an understanding of the
overall pattern of data for different variables and between different groups. Data that adhered
to a normal distribution are presented as mean (standard deviation).

Data that differed

significantly from a normal distribution are presented as median (range).
It was hypothesised that cardioventilatory coupling would exhibit associations with
sleep quantity and quality. To test this hypothesis, and to be able to discuss the findings in the
context of sleep, heart rate and ventilation, relationships between measures of sleep quantity
and quality, and measures of heart rate, ventilatory period, cardioventilatory coupling and
heart rate variability were examined using two-tailed Pearson or Spearman rank correlations.
A Friedman’s two-way analysis of variance (ANOVA) was used to assess whether measures
of heart rate, ventilatory period, cardioventilatory coupling and heart rate variability differed
by sleep stage.
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As mentioned above, it was not clear whether whole night measures of
cardioventilatory coupling would be affected by wakefulness during the sleep period.
Therefore, differences in measures of cardioventilatory coupling generated from the entire
sleep period and measures generated from ‘sleep only’ epochs (that is, using only stages of
sleep; Stages 1-4 and REM sleep) were investigated using a Wilcoxon signed-rank test.
Changes in cardioventilatory coupling and heart rate variability across the overnight
sleep period were assessed in multiple ways. The relationship between cardioventilatory
coupling, or heart rate variability, and time was measured using a Spearman rank correlation.
Repeated measures Friedman’s two-way analysis of variance was used to examine whether
there were overall differences in cardioventilatory coupling between different hours of sleep.
Consistency of cardioventilatory coupling in consecutive hours of sleep within and between
individuals was assessed using a two-way, random effects model, intra-class correlation. This
model of intra-class correlation provides an index of ‘reliability’ or ‘relative consistency’,
measured as the proportion of the variance of interest relative to the overall variance in the
dataset (the variance of interest and the error variance) (McGraw & Wong, 1996; Shrout,
1998; Shrout & Fleiss, 1979). Between subjects and within subjects variance was calculated
using a repeated measures analysis of variance. Relationships between the number of hours
post sleep onset and measures of cardioventilatory coupling, were made using Spearman rank
correlations.

Furthermore, using Spearman rank correlations, relationships between

cardioventilatory and sleep quantity and quality were assessed during each hour of sleep.

Reliability =
ICC (random effects, 2 − way ANOVA) =
=

between subjects variability
between subjects variability + error
𝜎𝑠2
𝜎𝑠2 + 𝜎𝑒2

MS𝐵 − MS𝐸
MS𝐵 + (k − 1)MS𝐸

Where
𝜎𝑠2 = between subjects variance
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𝜎𝑒2 = error variance
MS𝐵 = between subjcts mean squares
MS𝐸 = error mean squares
k = number of measurements
Differences in measures of heart rate, ventilatory period, cardioventilatory coupling
and heart rate variability, with age and gender, were examined using a Mann-Whitney U test.
In all statistical analyses, age group was considered as a dichotomous variable. That is,
differences in measures of heart rate, ventilatory period, cardioventilatory coupling and heart
rate variability by age were determined by comparing individuals aged 18-35 years with
individuals aged 60-75 years.

3.2

Results
This section outlines the results from the aforementioned analyses. The participants

involved in the study are first described. Further results are presented by age group. That is,
results relating to young adults are presented first, followed by older adults. For each age
group and to provide a context for further analyses, descriptive statistics are first presented for
sleep quantity and quality, heart rate, ventilatory period and heart rate variability.
Cardioventilatory coupling and its relationships with sleep quantity and quality, and gender
are then examined. Finally, the differences in cardioventilatory coupling between the age
groups are assessed.
3.2.1

Participants
Thirty healthy adults aged 18-35 years and nine healthy adults aged 60-75 years

underwent a level II polysomnographic study in their own home. Demographic information is
also presented in Appendix A.
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3.2.1.1 Young adults (Individuals aged 18-35 years)
Fourteen males and sixteen females aged 18-35 years participated in the study. Age
was positively skewed; median age was 24 years (range 21-35 years). The age distribution of
male participants was positively skewed, which contributed to the overall skew in age
distribution in this participant group. There was no significant difference in the age of male
(median = 23.50) and female participants (median = 26.50), (U = 151.00, z = 1.63, p > 0.05, r
= 0.29).
3.2.1.2 Older adults (Individuals aged 60-75 years)
Four males and five females aged 60-75 years participated in the study. Age was
normally distributed; mean age was 67 years (range 63-75 years).
3.2.2

Young adults (Individuals aged 18-35 years)

3.2.2.1 Sleep quantity and quality in young adults
The sleep quantity and quality observed during ambulatory polysomnography in
participants aged 18-35 years was within the normal range for this age group. The majority of
sleep variables were normally distributed, with the exception of sleep latency, total time and
percentage time spent in Stages 3 and 4 sleep, and wake after sleep onset. One individual had
a lengthy sleep latency leading to a skewed data distribution. Total time and percentage time
spent in Stages 3 and 4 sleep varied between individuals. However, the distribution of slow
wave sleep (measured as the total of Stages 3 and 4 sleep) was normally distributed (mean
18.53%, s.d. 7.07%) and within the normal range for this age group. Sleep quantity or quality
did not differ between males and females. These data are presented in Appendix A, Section
A.1.2.1.
3.2.2.2 Heart rate, ventilatory period and heart rate variability in young adults
With the exception of measures of ventilatory period and normalised measures of
heart rate variability, all measures of heart rate and heart rate variability deviated from a
normal distribution (Shapiro-Wilk, p > 0.05). Data for measures of heart rate, ventilatory
period and heart rate variability are presented in Table 3.1, Table 3.2 and Table 3.3.
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Table 3.1 : Measures of heart rate during home-based polysomnography in individuals
aged 18-35 years
Variable (secs)

Median (Range)

Mean RR

0.98 (0.81 – 1.36)

SD RR

0.37 (0.06 – 0.23)

CD RR

0.04 (0.02 – 0.12)

Table 3.2 : Measures of ventilatory period times during home-based polysomnography
in individuals aged 18-35 years
Variable (secs)

Mean (s.d.)

Mean II

3.93 (0.47)

SD II

0.50 (0.11)

CD II

0.27 (0.06)

Table 3.3 : Measures of heart rate variability during home-based polysomnography in
individuals aged 18-35 years
Variable

Median (Range)

Total Power (msec2)

713.49 (154.18 – 2797.85)

2

257.20 (68.44 – 1336.82)

2

LF (msec )

262.84 (47.77 – 1151.64)

LF/HF

1.20 (0.59 – 2.02)

Variable

Mean (s.d.)

HF (%)

38.89 (8.89)

LF (%)

43.06 (6.67)

HFnu (msec2)

47.20 (9.18)

LFnu (msec2)

52.80 (9.18)

HF (msec )
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3.2.2.3 Cardioventilatory coupling in young adults
Cardioventilatory coupling was present in all healthy young adults aged 18-35 years,
although coupling was not a continuous phenomenon. An example of an individual who
exhibited a high amount of cardioventilatory coupling is shown in Figure 3.3. Examples of
moderate and low amounts of cardioventilatory coupling are shown in Figure 3.4 and Figure
3.5, respectively.

Each example presents data from a whole night recording of

polysomnography and includes a hypnogram demonstrating changes in sleep stages across the
night, as well as changes in respiratory frequency (f), heart rate, RI intervals and proportional
Shannon entropy (SHα). As discussed in Chapter 1, Section 1.5.2.1, RI intervals may be
graphically represented as an RI plot. Cardioventilatory coupling is observed as horizontal
banding in an RI plot. A horizontal line is drawn at the 0.05 probability threshold for
proportional Shannon entropy (SH T5 ) on the graph depicting SHα values.

A hypnogram is depicted in Panel A. Sleep onset occurs at 2,000 seconds (33 minutes) after start of recording. Panels B
and C show respiratory frequency (breaths/min) and heart rate (beats/min), respectively. The RI plot in Panel D shows
horizontal banding during the majority of the sleep period. Values for SHα (Panel E) are often below SHT5, evident of a
high amount of cardioventilatory coupling. Unfortunately the nasal cannula was removed from the nares during the mid
part of the sleep period and cardioventilatory coupling could not be observed for the whole night in this individual.
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Figure 3.2 : Example of an individual aged 18-35 years who exhibits a high amount of

cardioventilatory coupling

A hypnogram is depicted in Panel A. Sleep onset occurs at 2,000 seconds (33 minutes) after start of recording. Panels B
and C show respiratory frequency (breaths/min) and heart rate (beats/min), respectively. The RI plot in Panel D shows
horizontal banding intermittently across the sleep period. Values for SHα (Panel E) are below SHT5, intermittently across
the sleep period, evident of a moderate amount of cardioventilatory coupling.
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Figure 3.3 : Example of an individual aged 18-35 years who exhibits a moderate amount

of cardioventilatory coupling

Panel A depicts a hypnogram. Sleep begins approximately 8,000 seconds (2.2 hours) after start of recording. Panels B and C
show respiratory frequency (breaths/min) and heart rate (beats/min), respectively. The RI plot in Panel D shows very little to
no horizontal banding and SHα (Panel E) remains above SHT5 for almost all of the sleep period, evident of the low amount of
cardioventilatory coupling in this individual.
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Figure 3.4 : Example of an individual aged 18-35 years who exhibits a low amount of

cardioventilatory coupling
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All measures of cardioventilatory coupling deviated from a normal distribution and
the data distributions for these measures are presented in Figure 3.5. Two outliers were
present in each of the variables for cardioventilatory coupling: mean RI -1 interval,
proportional Shannon entropy (SHα), percentage time spent below the 0.05 probability
threshold (SH T5 ) and percentage time spent below the 0.01 probability threshold (SH T1 ).
Two individuals in the 18-35 year age group demonstrated a much higher amount of coupling
than the remaining participants in this age group and were observed as outliers in SHα, SH T5
and SH T1 . Two different individuals were observed as slight outliers in mean RI -1 interval.
These individuals had the longest observed RR interval (1.22 and 1.36), which was reflected
in their RI-1 interval (0.64 and 0.75, respectively).
The median value for the mean of all RI -1 intervals across the sleep period was 0.508
(range 0.450 – 0.751). Proportional Shannon entropy, representative of the consistency of RI 1

intervals across the entire sleep period, was rarely below the statistical threshold at 5%

significance (SH T5 = 0.84) (median = 0.885, range 0.835 – 0.898). The median time spent
below the probability thresholds for cardioventilatory coupling was 15.44% (range 8.09% –
52.78%) of the sleep period at the 5% significance level and 5.17% (range 1.63% – 37.99%)
of the sleep period at the 1% significance level.
It was not clear whether whole night measures of cardioventilatory coupling would
be affected by wakefulness during the sleep period. However, no significant differences
existed in measures of cardioventilatory coupling generated from the entire sleep period as
opposed to measures generated from ‘sleep only’ epochs. That is, there was no significant
difference between proportional Shannon entropy, or the percentage time spent below SH T5
and SH T1, when these variables were generated from the entire sleep period or from ‘sleep
only’ epochs.
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Figure 3.5 : Measures of cardioventilatory coupling in individuals aged 18-35 years

Histograms depicting data distribution for each of A) proportional Shannon entropy (SHα),
B) mean RI -1 interval, C) percentage time spent below the 0.05 probability threshold (SH T5 )
and D) percentage time spent below the 0.01 probability threshold (SH T1 ) in individuals aged
18-35 years.
3.2.2.4 Cardioventilatory coupling and gender in young adults
Cardioventilatory coupling during the entire sleep period, as represented by SHα, or
the proportion of the sleep period with statistically significant coupling, did not differ between
males and females aged 18-35 years. However, mean RR interval was significantly different
by gender. The mean RR interval in males (mean = 1.06, s.d. = 0.12) was significantly longer
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than in females (mean = 0.93, s.d. = 0.08) (t = 3.597, p = 0.001). Complementary to these
findings, mean RI -1 interval was longer in males (median = 0.53) than in females (median =
0.49) (U = 54.00, z = -2.23, p = 0.03, r = -0.41). However, this relationship was significantly
influenced by the two male individuals with longer mean RI -1 intervals and longer mean RR
interval. When these two individuals were removed from the analysis, there was no longer a
statistically significant difference by gender in RI -1 interval, but the difference in RR interval
remained (t = 3.21, p = 0.004) (Figure 3.6). In addition, there was a greater degree of
variability (SD II) in ventilatory period in males (mean = 0.55, s.d. = 0.13) than females
(mean = 0.46, s.d. = 0.08) (t = 2.29, p = 0.03).
Figure 3.6 : Mean RR interval by gender in individuals aged 18-35 years

3.2.2.5 Cardioventilatory coupling, sleep quantity and sleep quality in young adults
There was no relationship between proportional Shannon entropy (SHα) and any
measures of sleep quantity or sleep quality. However, the percentage time spent below the
5% statistical threshold for cardioventilatory coupling (SH T5 ) was significantly correlated
with the total time (minutes) spent in Stage 2 sleep (Spearman, r = 0.47, p = 0.03). In
addition, the percentage time spent below the 1% statistical threshold (SH T1 ) was positively
correlated with the total time (minutes) (Spearman, r = 0.55, p = 0.007) and the percentage
time (Spearman, r = 0.44, p = 0.03) spent in Stage 2 sleep. This relationship remained
statistically significant when the two individuals exhibiting a high amount of
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cardioventilatory coupling were excluded from analyses (Spearman, r = 0.54, p = 0.01)
(Figure 3.7).
Figure 3.7 : Percentage time below SH T1 versus total time spent in Stage 2 sleep
(minutes) in individuals aged 18-35 years

Scatterplots of the relationship between the percentage time spent below SH T1 and the total
time spent in Stage 2 sleep in A) all participants aged 18-35 years and B) excluding two
participants who demonstrated high amounts of cardioventilatory coupling.

To further understand the relationship between cardioventilatory coupling and sleep
quantity and quality, the relationships between heart rate, ventilatory period and sleep
quantity and quality were also examined. Measures of heart rate were not significantly
correlated with any measures of sleep quantity or quality (Spearman, p > 0.05). An increased
percentage time spent in Stage 1 sleep was associated with increased variability (SD II) in
ventilatory period (r = 0.58, p = 0.004). Conversely, less variability in ventilatory period was
observed with an increased percentage time spent in Stage 3 sleep as measured by SD II (r = 0.45, p = 0.03) and CD II (r = -0.58, p = 0.004).
3.2.2.6 Cardioventilatory coupling and sleep stage in young adults
Examination of cardioventilatory coupling during individual sleep stages required
extraction of contiguous epochs of at least 300 seconds (5 minutes) in duration. Contiguous
epochs of each sleep stage meeting the pre-determined duration criteria were not able to be
extracted from every individual in every sleep stage. Table 3.4 outlines by sleep stage the
number of individuals and the percentage of individuals in the 18-35 year age group where at
least one epoch of duration 5 minutes was able to be extracted. There was also significant
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disparity in the number of 5 minutes epochs that were able to be extracted per sleep stage.
These data are presented in Table 3.5. As only one individual had an epoch of Stage 1 sleep
that met the 5 minute criterion, comparison of cardioventilatory coupling and heart rate
variability was made between wakefulness, Stages 2-4 sleep and REM sleep.
Table 3.4 : Number of individuals with extracted 5 minute epochs of cardioventilatory
coupling data in individuals aged 18-35 years
Sleep Stage

Number of individuals

Percentage of individuals

Wake

29

96.6%

Stage 1

1

3.3%

Stage 2

30

100.0%

Stage 3

21

70.0%

Stage 4

24

80.0%

REM

29

96.6%

Table 3.5 : Number of 5 minute epochs that were able to be extracted per sleep stage in
individuals aged 18-35 years
Sleep Stage

Median (Range)

Wake

2 (0-5)

Stage 1

0 (0-1)

Stage 2

16 (6-23)

Stage 3

1 (0-4)

Stage 4

2 (0-8)

REM

6 (0-11)

Measures of cardioventilatory coupling by sleep stage are presented in Figure 3.9 and
Table 3.8. There was no significant difference between wakefulness, Stages 2-4 and REM
sleep for proportional Shannon entropy, or percentage time spent below SH T5 or SH T1 . RI -1
intervals differed significantly by sleep stage (χ2(4)= 19.72, p = 0.001). Post hoc comparisons
(using Wilcoxon signed rank tests with Bonferroni corrected values for significance) for this
test demonstrated that RI-1 intervals during wakefulness differed significantly from RI -1
intervals during Stage 2 sleep (T = -2.21, r = -0.30) and Stage 4 sleep (T = -2.36, r = -0.32).
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Figure 3.8 : Proportional Shannon entropy by sleep stage in individuals aged 18-35 years

Table 3.6 : Measures of cardioventilatory coupling by sleep stage in individuals aged 1835 years
Variable

Wake

Stage 2

Stage 3

Stage 4

REM

Median (Range)
0.893

0.885

0.882

0.888

0.888

(0.835-0.905)

(0.816 – 0.901)

(0.811 – 0.909)

(0.761 – 0.904)

(0.863 – 0.906)

Time < SH T5

12.96

16.01

16.24

8.67

12.71

(%)

(2.21 – 56.00)

(6.06 – 63.31)

(0.00 – 55.07)

(0.00 – 96.12)

(3.58 – 35.75)

Time < SH T1

3.41

3.38

4.27

3.44

4.13

(%)

(0.00 – 32.57)

(0.73 – 47.13)

(0.00 – 49.17)

(0.00 – 86.82)

(0.00 – 24.49)

Mean RI -1

0.46

0.51

0.47

0.49

0.51

(secs) ŦŦ

(0.39 – 0.77)

(0.41 – 0.74)

(0.42 – 0.78)

(0.42 – 0.64)

SHα

Ŧ

Friedman’s ANOVA; p < 0.05;

(0.43 – 0.76)
ŦŦ

p < 0.01;

ŦŦŦ

p < 0.001

Consideration was given to the low number of 5-minute epochs extracted from Stage
3 and/or 4 sleep, which for some individuals was one epoch of data from the entire sleep
period. In order to maximise the number of epochs used to assess cardioventilatory coupling
in different sleep stages, comparison was made of measures of cardioventilatory coupling
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during ‘light sleep’ (Stages 1 and 2 sleep), slow wave sleep (Stages 3 and 4 sleep), REM sleep
and wakefulness.
Friedman’s two-way analysis of variance demonstrated that proportional Shannon
entropy was significantly different between wakefulness, light sleep, slow wave sleep and
REM sleep (χ2(3) = 12.71, p = 0.005) (Figure 3.9). Post hoc comparisons (using Wilcoxon
signed rank tests with Bonferroni corrected values for significance) for this test demonstrated
that SHα during light sleep (median = 0.884, range = 0.819 – 0.901) (T = 0.946, r = 0.25) and
slow wave sleep (median = 0.887, range = 0.758 – 0.904) (T = 1.07, r = 0.28) was
significantly different to SHα during wakefulness (median = 0.893, range = 0.835 – 0.905).
The percentage time spent below SH T5 (χ2(3) = 9.80, p = 0.02) and SH T1 (χ2(3) = 16.38, p =
0.001) also differed between wakefulness, light sleep and slow wave sleep. Percentage time
spent below SH T1 during slow wave sleep (median = 5.82, range = 1.03 – 86.03) was
significantly different to REM sleep (median = 4.13, range = 0.00 – 21.49) (T = -1.07, r = 0.28) and wakefulness (median = 3.42, range = 0.00 – 32.57) (T = -1.07, r = -0.28). There
were no significant differences between males and females in proportional Shannon entropy,
and percentage time spent below SH T5 or SH T1 . Differences in SHα, and percentage below
SH T5 and SH T1 , remained statistically significant when the two individuals exhibiting a high
amount of cardioventilatory coupling were excluded from analyses.
Figure 3.9 : Proportional Shannon entropy in light sleep, slow wave sleep and REM
sleep in individuals aged 18-35 years
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3.2.2.7 Cardioventilatory coupling and heart rate variability in young adults
Several measures of heart rate variability were associated with measures of
cardioventilatory coupling. A longer RI -1 interval was associated with increased total power
(Spearman, r = 0.66, p < 0.001), as well as absolute power in the high frequency (Spearman, r
= 0.65, p < 0.001) and low frequency bands (Spearman, r = 0.61, p < 0.001). In addition, the
percentage power in the high frequency band was negatively correlated with SHα (Spearman,
r = -0.45, p = 0.01) and positively correlated with percentage time spent below SH T5
(Spearman, r = 0.45, p = 0.01) and SH T1 (Spearman, r = 0.44, p = 0.01). That is, greater
percentage power in the high frequency band was associated with increased strength of
cardioventilatory coupling (SHα) and a greater proportion of the sleep period spent below
probability thresholds for coupling. A larger ratio of LF/HF was associated with a smaller
percentage time spent below SH T5 (Spearman, r = -0.39, p = 0.04) and percentage time spent
below SH T1 (Spearman, r = -0.40, p = 0.03).
Almost all measures of heart rate variability differed significantly by sleep stage and
these data are outlined in Table 3.7. Friedman’s two-way analysis of variance demonstrated
that absolute total power (χ2(4) = 28.45, p < 0.001), absolute power in the low frequency band
(χ2(4) = 35.00, p < 0.001) and LF/HF ratio (χ2(4) = 23.77, p < 0.001) were significantly
different between wakefulness, Stages 2-4 and REM sleep.
Post hoc comparisons (using Bonferroni corrected values for significance) for these
tests demonstrated that power in the low frequency band during Stage 3 sleep differed
significantly from that during Stage 2 sleep (T = 2.13, r = 0.31), REM sleep (T = -2.63, r = 0.38) and wakefulness (T = 2.25, r = 0.34). Similarly, power in the low frequency range
during Stage 4 sleep was significantly different to that during Stage 2 sleep (T = 1.63, r =
0.24), REM sleep (T = -2.13, r = -0.31) and wakefulness (T = 1.75, r = 0.26). The LF/HF
ratio during REM sleep was significantly different to that during Stage 3 sleep (T = 2.29, r =
0.35) and Stage 4 sleep (T = 2.24, r = 0.34).
In addition, repeated measures ANOVAs showed that percentage power in the HF
band (F(1.95, 29.29) = 10.00, p = 0.001), percentage power in the LF band (V = F(2.36,
35.38) = 7.81, p = 0.001), normalised power in the HF band (F(2.01, 30.15) = 9.09, p = 0.001)
and normalised power in the LF band (F(2.04, 32.64) = 9.36, p = 0.001) all differed by sleep
stage. (As the assumption of sphericity was violated for each of these tests, a Huynh-Feldt
correction was applied. Degrees of freedom are reported accordingly.)
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Table 3.7 : Measures of heart rate variability by sleep stage in individuals aged 18-35
years
Variable

Wake

Stage 2

Stage 3

Stage 4

REM

Median (Range)

Total power

1122.05

564.75

(163.68 –

(129.80 –

3620.44)

2564.12)

412.65 (36.77

926.64

347.09 (62.44

379.13 (38.36

– 1706.38)

– 3157.23)

255.89 (64.77

170.73 (27.84

163.52 (16.46

285.11 (44.55

– 1934.18)

– 1441.24)

– 914.75)

– 919.68)

– 1736.16)

LF (msec2) ŦŦŦ

521.03 (63.70

219.56 (36.70

87.70 (13.78

146.50 (16.24

436.51 (69.59

– 1313.31)

– 1155.36)

– 632.37)

– 1908.04)

– 1806.98)

LF/HF ŦŦŦ

1.17 (0.65 –

1.01 (0.46 –

0.72 (0.18 –

0.74 (0.19 –

1.59 (0.48 –

2.39)

2.16)

4.37)

4.70)

3.72)

(msec2) ŦŦŦ
HF (msec2)

(193.73 –
3482.00)

Mean (s.d.)

HF (%) **

37.11 (8.75)

42.76 (9.81)

50.66 (17.66)

49.24 (16.81)

30.91 (9.71)

44.92 (6.19)

42.83 (7.96)

34.99 (13.52)

37.06 (13.11)

47.48 (7.82)

HFnu (msec ) **

44.92 (8.82)

49.74 (9.95)

57.91 (17.81)

56.30 (17.30)

48.57 (9.68)

LFnu (msec2) **

54.91 (8.72)

50.26 (9.96)

42.09 (17.81)

43.70 (17.30)

60.89 (10.39)

LF (%) **
2

*

**

***

Repeated measures ANOVA; p < 0.05; p < 0.01; p < 0.001
Ŧ
ŦŦ
ŦŦŦ
Friedman’s ANOVA; p < 0.05; p < 0.01;
p < 0.001

3.2.2.8 Cardioventilatory coupling across the sleep period
Changes in cardioventilatory coupling and heart rate variability across the overnight
sleep period were assessed in multiple ways. In the first instance, relationships between the
number of hours post sleep onset and measures of cardioventilatory coupling were made using
Spearman rank correlations. Repeated measures Friedman’s two-way analysis of variance
was used to examine whether there were overall differences in cardioventilatory coupling
between different hours of sleep. Consistency of cardioventilatory coupling in consecutive
hours of sleep within and between individuals was assessed using a two-way, random effects
model, intra-class correlation. Finally, relationships between cardioventilatory coupling and
sleep quantity and quality were assessed in each hour long epoch.
Individual differences in total sleep time resulted in varying numbers of hours during
sleep from which to extract measures of cardioventilatory coupling. Measures of coupling
could be extracted for all participants for the first 3 hours of the sleep period. Twenty-one
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individuals had a total sleep time greater than 7 hours, while 13 had a total sleep time greater
than 8 hours. Therefore, to maximise the number of data points for comparison, investigation
of proportional Shannon entropy, RI -1 intervals, and percentage time spent below SH T5 or
SH T1 was made using data from the first 7 hours of sleep in all individuals.
Proportional Shannon entropy, mean RI -1 interval, and percentage time spent below
SH T5 or SH T1 were all correlated with the number of hours post sleep onset.
Cardioventilatory coupling strength, as measured by SHα, weakened with increasing sleep
time (Spearman, r = 0.20, p = 0.003), and there was a reduction in percentage time spent
below SH T5 (Spearman, r = -0.17, p = 0.01) or SH T1 with increasing time post sleep onset
(Spearman, r = -0.18, p = 0.008). RI -1 intervals became longer across the sleep period
(Spearman, r = 0.29, p < 0.001). The distribution of SHα across the sleep period is shown in
Figure 3.10.
Figure 3.10 : Proportional Shannon entropy across the sleep period in individuals aged
18-35 years

Proportional Shannon entropy and the percentage time spent below SH T1 did not
differ significantly between different hours of sleep.

However, there were significant

differences in mean RI -1 interval (χ2(6) = 33.41, p < 0.001) and percentage time spent below
SH T5 (χ2(6) = 15.05, p = 0.02) in different hours of sleep.

Post hoc analyses (using

Bonferroni corrected values for statistical significance) indicated that percentage time spent
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below SH T5 in a given hour of sleep did not differ from any other particular hour. Mean RI-1
interval during the first hour of sleep differed significantly from that observed during hour 5
(p = 0.038), hour 6 (p = 0.017), and hour 7 (p = 0.008). In addition, mean RI-1 interval during
the second hour of sleep differed significantly from that observed during hour 6 (p = 0.049)
and hour 7 (p = 0.026). Mean RI -1 interval during hour 4 also differed significantly from
mean RI -1 interval observed during hour 7 (p = 0.015).
Intraclass correlations using a two-way, random effects model, for proportional
Shannon entropy, mean RI-1 interval, and percentage time spent below SH T5 or SH T1
indicated a moderate amount of consistency between proportional Shannon entropy in
different hours of sleep (ICC = 0.614, p = 0.042), a low level of consistency in mean RI -1
interval across the sleep period (ICC = 0.465, p < 0.001) and a moderate amount of
consistency in percentage time spent below SH T5 (ICC = 0.635, p < 0.001) and percentage
time spent below SH T1 (ICC = 0.614, p < 0.001). Between and within subject variances (sum
of squares) for measures of cardioventilatory coupling are summarised in Table 3.8.
Table 3.8 : Between and within subject variance of measures of cardioventilatory
coupling in different hours of sleep
Between subject

Within subject

variance

variance

SHα

0.028

Mean RI -1 (secs)

χ2

Significance

0.016

12.73

0.047

119.87

786.38

5.91

0.43

Time < SH T5 (%)

15059.01

7824.90

11.42

0.08

Time < SH T1 (%)

10300.22

3674.96

8.45

0.21

Variable

Measures of cardioventilatory coupling in each hour long epoch were significantly
correlated with measures of sleep quality in that epoch. Cardioventilatory coupling strength,
as measured by SHα, weakened with an increasing percentage of Stage 1 sleep (Spearman, r =
-0.19, p = 0.007), and strengthened with an increasing percentage of Stage 4 sleep (Spearman,
r = -0.16, p = 0.02) and an increasing percentage of slow wave sleep (total of percentage of
Stages 3 4 sleep) (Spearman, r = -0.16, p = 0.02). The percentage time spent below SH T5
(Spearman, r = -0.16, p = 0.02) and SH T1 (Spearman, r = -0.16, p = 0.02) decreased with an
increasing percentage of Stage 1 sleep. The percentage of time spent below SH T5 (Spearman,
r = 0.14, p = 0.05) and SH T1 (Spearman, r = 0.16, p = 0.02) increased with increasing
percentage of Stage 4 sleep. Likewise, the percentage of time spent below SH T5 (Spearman, r
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= 0.15, p = 0.03) and SH T1 (Spearman, r = 0.18, p = 0.008) increased with increasing
percentage of slow wave sleep. The percentage of time spent below SH T1 also increased with
an increasing percentage of Stage 3 sleep (Spearman, r = 0.17, p = 0.02).
3.2.3

Older adults (Individuals aged 60-75 years)

3.2.3.1 Sleep quantity and quality in older adults
The sleep quantity and quality during home-based polysomnography of healthy
individuals aged 60-75 years are presented in Appendix A, Section A.1.2.2. Sleep onset
latency and sleep efficiency were within the normal range. Little slow wave sleep was
observed; in particular, two individuals spent less than 5% of the sleep period in either Stage
3 or 4 sleep.
3.2.3.2 Heart rate, ventilatory period and heart rate variability in older adults
Unlike the younger adults, the majority of measures of heart rate, ventilatory period,
heart rate variability and cardioventilatory coupling were normally distributed in participants
aged 60-75 years. These data are presented in Table 3.9, Table 3.10 and Table 3.11.
Table 3.9 : Measures of heart rate during home-based polysomnography in individuals
aged 60-75 years
Variable (secs)

Mean (s.d.)

Mean RR

1.02 (0.22)

SD RR

0.09 (0.03)

CD RR Ψ

0.02 (0.01 – 0.03)

Ψ

Data for this variable were not normally distributed, therefore data were presented as median (range)

Table 3.10 : Measures of ventilatory period during home-based polysomnography in
individuals aged 60-75 years
Variable (secs)

Mean (s.d.)

Mean II

4.65 (0.72)

SD II

Ψ

CD II Ψ
Ψ

0.59 (0.47 – 1.27)
0.32 (0.26 – 0.52)

Data for this variable were not normally distributed, therefore data were presented as median (range)
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Table 3.11 : Measures of heart rate variability during home-based polysomnography in
individuals aged 60-75 years
Variable

Median (Range)

Total Power (msec2)
2

347.75 (78.74 – 1108.78)

HF (msec )

65.75 (15.18 – 217.88)

LF (msec2)

90.55 (7.80 – 671.96)

Variable

Mean (s.d.)

HF (%)

35.22 (14.70)

LF (%)

40.92 (10.70)
2

HFnu (msec )

47.73 (17.41)

LFnu (msec2)

52.27 (17.41)

LF/HF

1.44 (1.16)

3.2.3.3 Cardioventilatory coupling in older adults
Measures of cardioventilatory coupling are graphically presented in Figure 3.11. The
mean value for the mean of all RI -1 intervals across the sleep period was 0.533 (s.d. 0.118).
Proportional Shannon entropy was rarely below SH T5 (mean = 0.890, s.d. = 0.010). The
mean time spent below the probability thresholds for cardioventilatory coupling was 14.32%
(s.d. = 7.14) of the sleep period at the 5% significance level and 6.06% (s.d. = 4.48) of the
sleep period at the 1% significance level.
In line with the findings in young adults, no significant differences existed in
measures of cardioventilatory coupling generated from the entire sleep period as opposed to
measures generated from ‘sleep only’ epochs. That is, there was no significant difference
between proportional Shannon entropy, or the percentage time spent below SH T5 and SH T1,
when these variables were generated from the entire sleep period or from ‘sleep only’ epochs.
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Figure 3.11 : Measures of cardioventilatory coupling in individuals aged 60-75 years

3.2.3.4 Cardioventilatory coupling and gender in older adults
Cardioventilatory coupling did not differ between males and females aged 60-75
years in relation to proportional Shannon entropy, percentage time spent below SH T5 or SH T1 ,
or RI -1 intervals.

There were no differences between sexes in measures of heart rate

variability or ventilatory period.

Mean consecutive difference in RR intervals was

significantly higher in males (mean = 0.022, s.d. = 0.005) than females (mean = 0.014, s.d. =
0.005) (t = 2.40, p = 0.047).
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3.2.3.5 Cardioventilatory coupling, sleep quantity and sleep quality in older adults
Measures of heart rate were not associated with any measures of sleep quantity or
sleep quality. As with younger adults, less variability in ventilatory period was observed in
individuals with a greater percentage of time spent in Stage 3 sleep (r = -0.68, p = 0.046).
There was no relationship between measures of sleep quantity and quality and SHα
or RI-1 interval. Likewise, the percentage time spent below SH T5 or SH T1 was not associated
with any characteristics of sleep quantity or quality.
3.2.3.6 Cardioventilatory coupling and sleep stage in older adults
The reduction in Stage 4 sleep in older adults was also associated with very few 5minute epochs of data available for measurement of cardioventilatory coupling in different
sleep stages. Epochs of data from Stage 3 sleep were able to be extracted from 5 (55.6%)
individuals. Four individuals did not have any 5-minute epochs of data in either Stage 3 or
Stage 4 sleep. Thus, consistent with the analysis of cardioventilatory coupling in different
sleep stages in younger adults, proportional Shannon entropy, percentage time spent below
SH T5 or SH T1 and RI-1 intervals were investigated during wakefulness, light sleep, slow wave
sleep (SWS) and REM sleep. Table 3.12 and Table 3.13 outline the number of epochs
extracted during each sleep stage.
Table 3.12 : Number of individuals with extracted 5 minute epochs of cardioventilatory
coupling data in individuals aged 60-75 years
Sleep Stage

Number of individuals

Percentage of individuals

Wake

9

100.0%

Light sleep

9

100.0%

Slow wave sleep

6

66.7%

REM

9

100.0%
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Table 3.13 : Number of 5 minute epochs that were able to be extracted per sleep stage in
individuals aged 60-75 years
Sleep Stage

Median (Range)

Wake

4 (1-7)

Light sleep

15 (13-25)

Slow wave sleep

3 (0-3)

REM

4 (1-7)

There were no significant differences between sleep stages in any of the measures of
cardioventilatory coupling (Figure 3.12). Table 3.14 outlines proportional Shannon entropy,
RI-1 intervals, and percentage time spent below SH T5 and SH T1 by sleep stage. Measures of
cardioventilatory coupling in each sleep stage did not differ between males and females in
individuals aged 60-75 years.
Figure 3.12 : Proportional Shannon entropy in light sleep, slow wave sleep and REM
sleep in individuals aged 60-75 years
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Table 3.14 : Measures of cardioventilatory coupling by sleep stage in individuals aged
60-75 years
Variable

Wake

Light sleep

SWS

REM

Median (Range)
SHα
Time < SH T5 (%)
Time < SH T1 (%)
Mean RI -1 (secs)

0.892 (0.814 –

0.886 (0.819 –

0.888 (0.758 –

0.888 (0.847 –

0.905)

0.901)

0.910)

0.910)

13.21 (2.21 –

14.82 (6.95 –

14.38 (4.35 –

12.40 (35.75 –

62.97)

61.99)

94.06)

34.90)

3.76 (0.00 –

4.98 (1.12 –

5.56 (0.00 –

3.79 (0.00 –

47.67)

44.99)

86.09)

26.54)

0.46 (0.39 –

0.50 (0.39 –

0.49 (0.31 –

0.50 (0.37 –

0.93)

0.76)

0.77)

0.75)

Friedman’s ANOVA; for all tests, p > 0.05

3.2.3.7 Cardioventilatory coupling and heart rate variability in older adults
As in younger individuals, a longer RI -1 interval was associated with increased
absolute total power (Spearman, r = 0.77, p = 0.02), as well as increased absolute power in the
high frequency (Spearman, r = 0.70, p = 0.04) and low frequency (Spearman, r = 0.75, p =
0.02) bands in older adults. A longer RI -1 interval was also associated with an increased
percentage power in the low frequency band (r = 0.67, p = 0.047) and an increased LF/HF
ratio (r = 0.67, p = 0.047). Percentage time below SH T1 was associated with increased
percentage power in the high frequency band (r = 0.70, p = 0.038).
There were no significant differences in measures of heart rate variability between
wakefulness, light sleep, slow wave sleep and REM sleep. These data are presented in Table
3.15.
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Table 3.15 : Measures of heart rate variability by sleep stage in individuals aged 60-75
years
Variable

Wake

Light sleep

SWS

REM sleep

Median (Range)
Total power

279.88 (84.68 –

239.59 (73.95 –

188.77 (53.04 –

186.58 (46.10 –

(msec2)

3059.66)

1333.80)

791.46)

496.63)

85.29 (23.40 –

79.64 (23.61 –

76.71 (22.10 –

49.74 (19.90 –

1473.20)

400.71)

239.41)

135.77)

137.31 (34.21 –

107.11 (29.64 –

54.24 (16.74 –

58.62 (19.02 –

1226.28)

879.05)

435.84)

255.34)

1.19 (0.48 – 2.94)

1.25 (0.41 – 5.26)

1.11 (0.21 – 1.91)

1.45 (0.24 – 5.09)

HF (msec2)
LF (msec2)
LF/HF

Mean (s.d.)
HF (%)
LF (%)

35.78 (12.36)

37.04 (16.04)

48.74 (22.82)

33.88 (18.67)

42.17 (7.48)

42.15 (13.57)

38.32 (17.53)

38.38 (10.49)

2

45.17 (12.56)

46.22 (18.24)

54.88 (21.96)

44.55 (19.29)

2

54.83 (12.56)

53.78 (18.24)

45.12 (21.96)

55.45 (19.29)

HFnu (msec )
LFnu (msec )

Friedman’s ANOVA or repeated-measures ANOVA; for all tests, p > 0.05

3.2.4

Comparison of young adults with older adults

3.2.4.1 Changes in sleep quantity and sleep quality with age
Total sleep time was significantly reduced in older adults compared to younger
adults (t = 2.22, p = 0.03), as was sleep efficiency (t = 0.64, p < 0.001) and percentage REM
sleep (t = 0.81, p = 0.002). Older adults exhibited a greater percentage of Stage 1 sleep (t =
0.08, p = 0.004) and Stage 2 sleep (t = 0.16, p < 0.01) than younger adults. In addition, older
adults had a lower percentage of Stage 4 sleep (U = 2.50, z = -4.27, p < 0.001, r = -0.74) and
more time spent awake after sleep onset (U = 187.00, z = 3.50, p < 0.001, r = 0.61) than
younger adults.
3.2.4.2 Changes in heart rate, ventilatory period and heart rate variability with age
There was no significant difference between younger and older individuals in mean
RR and SD RR. However, CD RR was lower in older adults than younger adults (U =24.50, z
= -3.75, p < 0.001, r = -0.600). Older adults also had a longer ventilatory period than younger
adults (U = 214.00, z = 2.87, p = 0.004, r = 0.45), with a greater amount of variability (SD II)
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than younger adults (U = 196.00, z = 2.25, p = 0.02, r = 0.37). Heart rate variability differed
between age groups in measures of absolute power. In older adults, there were significant
reductions in total power (U = 51.00, z = -2.80, p = 0.005, r = 0.44), as well as power in the
high frequency (U = 28.00, z = -3.57, p < 0.001, r = -0.57) and low frequency (U = 43.00, z =
-3.07, p = 0.002, r = -0.49) bands.
3.2.4.3 Changes in cardioventilatory coupling with age
There were no were no significant differences in SHα, percentage time spent below
SH T5 or SH T1 , or RI-1 intervals between younger adults and older adults when measuring
cardioventilatory coupling across the whole sleep period. There were also no significant
differences in measures of cardioventilatory coupling in different sleep stages (that is,
wakefulness, light sleep, slow wave sleep and REM sleep) between younger adults and older
adults.

3.3

Summary
Cardioventilatory coupling was observed to some degree in all individuals aged 18-

35 years and 60-75 years; however, the strength of coupling and the proportion of the night
spent below 0.05 and 0.01 probability thresholds varied considerably between individuals. In
general, proportional Shannon entropy (SHα) was above the 0.05 probability threshold for the
majority of the sleep period.

Cardioventilatory coupling, as measured by proportional

Shannon entropy or percentage time spent below SH T5 or SH T1 , did not differ between
wakefulness, Stages 2-4 sleep and REM sleep in individuals aged 18-35 years. However, a
limited number of epochs of each of Stages 3 and 4 sleep were able to be extracted for each
individual. This lead to reclassification of sleep stages as light sleep (total of Stages 1 and 2
sleep) and slow wave sleep (total of Stages 3 and 4 sleep) to maximise data drawn from
different sleep stages during the sleep period. Comparison of cardioventilatory coupling
during light sleep, slow wave sleep, REM sleep and wakefulness yielded a statistical
difference in proportional Shannon entropy, as well as percentage time spent below SH T5 and
SH T1 , between wakefulness, light sleep, slow wave sleep and REM sleep. Post-hoc analyses
indicated that light sleep and slow wave sleep were significantly different to wakefulness,
with increased strength of coupling and increased percentage time spent below SH T5 and
SH T1 in both light sleep and slow wave sleep, compared to wakefulness.

In addition,

increased percentage time spent below SH T1 was observed during slow wave sleep, compared
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to REM sleep. These relationships were not observed in older adults aged 60-75 years.
Cardioventilatory coupling, measured by proportional Shannon entropy, and percentage time
spent below SH T5 and SH T1 , also did not differ by gender or age group.
This study confirms the hypothesis that cardioventilatory coupling is increased in
slow wave sleep compared to wakefulness, and suggests a trend towards greater
cardioventilatory coupling during slow wave sleep, compared to REM sleep. The findings of
this study also align with previous research suggesting that there is greater coupling strength
and a greater proportion of time spent coupling in NREM sleep (Hamann et al., 2009) or slow
wave sleep (Kabir et al., 2010), than REM sleep or wakefulness.
Relationships between cardioventilatory coupling and sleep quantity and quality
were only observed for individuals aged 18-35 years. The proportion of the sleep period with
statistically significant coupling was significantly related to measures of sleep quality and
quantity.

However, expected correlations between percentage slow wave sleep and

cardioventilatory coupling were not observed. Instead, percentage time spent below SH T5
was positively correlated with the total time (minutes) spent in Stage 2 sleep. Interestingly,
this relationship was not observed for percentage time spent below SH T5 when the percentage
of Stage 2 sleep was calculated as a function of total sleep time. That is, individuals with a
longer total time spent in Stage 2 sleep, but not a greater proportion of the night, exhibited a
greater proportion of the night coupled at the 5% significance level. On the other hand,
percentage of time below SH T1 was positively correlated with both total time (minutes) and
percentage time spent in Stage 2 sleep. Cardioventilatory coupling was not associated with
any other measures of sleep quantity or quality.
Although moderate consistency in cardioventilatory coupling was observed across
each subsequent hour of sleep after sleep onset, strength of cardioventilatory coupling, and the
proportion of the sleep period spent coupling, decreased as the sleep period progressed.
These changes appear to be related to measures of sleep quantity and quality. In particular,
decreased Stage 1 sleep and increased slow wave sleep within any given hour of sleep were
associated with increased cardioventilatory coupling. The percentage time spent below SH T1
was positively correlated with percentage time spent in Stage 3 sleep. The homeostatic drive
for sleep increases with sleep restriction and prolonged wakefulness (Dijk et al., 1993; Webb
& Agnew, 1971); however, recent research also indicates that inter-individual differences may
exist in homeostatic drive (Gander et al., 2010a). Individual differences in slow wave sleep
may, therefore, potentially contribute to individual differences in cardioventilatory coupling,
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although this hypothesis requires further investigation. Percentage Stage 1 sleep is often an
indicator of sleep fragmentation, as repeated arousals from sleep increase the likelihood of
transitioning back into sleep through Stage 1. It is surprising then, that relationships were not
also observed with arousal index or wake after sleep onset in either the whole night
comparison, or coupling with each hour long epoch.
Several measures of heart rate variability were associated with measures of
cardioventilatory coupling in young adults aged 18-35 years. A greater percentage power in
the high frequency (HF) band was associated with increased strength of coupling and a larger
LF/HF ratio was associated with a reduced percentage time spent below SH T5 and SH T1 . In
older adults, aged 60-75 years, absolute power in the HF band was associated with increased
percentage time spent coupling.

These findings suggest that increased cardiac

parasympathetic drive is associated with increased strength and amount of cardioventilatory
coupling, whereas a shift towards sympathetic dominance is associated with reduced
cardioventilatory coupling.
This study has a number of significant limitations.

It was intended that equal

numbers of individuals aged 18-35 years and 60-75 years would be recruited into the study.
An attempt was made to ensure that equal numbers of males and females were recruited
within each group. However, recruitment of individuals aged 60-75 years who met the study
inclusion criteria proved difficult, and the final study group contained only nine individuals in
this age group. The small number of individuals in this group likely reduced statistical power
and therefore, affected the ability to detect statistically significant between-group differences
in young and older adults and between males and females in the 60-75 year age group.
Additionally, the small sample size almost certainly limited the ability to detect statistically
significant associations with sleep quantity and quality, as well as within-group differences in
cardioventilatory coupling in different sleep stages, in individuals aged 60-75 years.
Individuals aged 60-75 years were recruited via study advertisements on notice
boards in the Wellington urban area, inviting interest from individuals without known
cardiovascular, respiratory and sleep disorders.

Twenty three adults aged 60-75 years

expressed interest in participating in the study, but 10 of these older individuals did not meet
the study inclusion/exclusion criteria. Five of these individuals reported symptoms suggestive
of having a sleep disorder and were excluded from the study. All excluded participants
expressed disappointment in their ineligibility. The high proportion of ineligible volunteers is
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probably a reflection of the under-resourced nature of sleep diagnostic services in New
Zealand (Gander et al., 2010b; Garrett et al., 2009).
An additional limitation of this study is that it relied on self-reported prior diagnosis
of known cardiovascular, respiratory and sleep disorders, and current medications, to
determine inclusion/exclusion. No medical records were able to be accessed. There was a
particular concern in relation to hypertension, which was based on participant self-report of
stable hypertensive status, along with a stable medication regime.

Furthermore, two

individuals aged 60-75 years exhibited an AHI greater than or equal to 15 events per hour
during their polysomnographic study and were excluded from further analyses. The presence
of undiagnosed sleep-disordered breathing in this age group was an expected limitation in the
study.
The financial limitations of study meant that it was not possible to use laboratorybased level I polysomnographic services for data collection. However, the unattended nature
of home-based level II polysomnographic studies increases the risk of data loss and reduced
data quality (Campbell & Neill, 2011; Flemons et al., 2003; Iber et al., 2004). In level II
studies, the nasal cannula used to measure nasal airflow is most frequently voluntarily
removed during sleep (Personal communication, Campbell, 2011; Campbell & Neill, 2011).
Additionally, small sensors such as gold cup electrodes may be removed with excessive
movement or sweating during the sleep period. This effect is known as the ‘first night effect’
(Agnew et al., 1966).

Unfortunately, the financial limitations of this study mean that

acclimatisation nights were not able to be included in this study protocol.
However, despite using home-based recordings in the study, there was no loss of
EEG, EOG or EMG, and sleep was able to be successfully sleep staged in all individuals
(although, poor signal quality in two individuals aged 18-35 years made sleep staging timeconsuming and challenging).

Three individuals aged 18-35 years either partially or

completely removed their nasal prongs for a portion of the sleep period. Inspiratory onset
times were not able to be accurately determined during these periods, which were 20-60
minutes in duration. The relatively small periods of loss of nasal airflow in relation to the
overall sleep period meant that remaining data from these individuals were still included in
the analyses. Two participants in the 60-75 year age group did not have ECG recordings of
sufficient quality for accurate detection of R wave times. These individuals appear to have
disrupted their ECG lead placement prior to sleep onset, most probably while moving around
their home with the ambulatory unit.
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Home–based studies do not guarantee the same level of control in study protocol as
laboratory-based studies. Participants in this study were asked to refrain from consuming
caffeinated products and alcohol from midday on the day of the polysomnographic study.
However, participants were not able to be monitored during the period from midday until set
up for the study, or from the time the set up was completed until the following morning. It is
therefore not known if all participants refrained from caffeine and alcohol on the day of their
study.
Participants in these home-based studies were asked to adhere to their usual sleep
routine, going to bed and waking at their usual time. With the exception of usual bed and rise
time, no measure was made of their usual sleep routine in the days leading up to the study.
Usual bed and rise times differed between participants. This self-reported data suggested that
participants were not shift workers; however, participants were not specifically asked about
their work patterns or recent travel across time zones. Lack of control of sleep routine may
have limited the ability to accurately describe changes in cardioventilatory coupling that occur
across the sleep period, with sleep quantity and quality, and to a certain extent, between
individual sleep stages. Furthermore, along with lack of statistical power, it may also have
contributed to the inability to detect changes with age. Additionally, as participants were free
to choose their own sleep regime on the night of the polysomnographic study, individual
differences in sleep length and architecture were observed. Sleep architecture is strongly
influenced by sleep homeostatic and circadian processes. As mentioned above, the strength of
cardioventilatory coupling, as measured by proportional Shannon entropy, was increased in
light sleep and slow wave sleep in relation to that during wakefulness. In addition, there is a
weakening of the strength of cardioventilatory coupling as the sleep period progresses, which
was associated with a reduction in slow wave sleep.
The findings of this study suggest that there would be value in conducting future
studies in a more tightly controlled protocol. This would include actigraphic and sleep diary
monitoring of sleep patterns in the week leading up to the overnight polysomnographic
recording, which would be in a laboratory setting. In addition, participants would be asked to
record their alcohol and caffeine consumption in the week prior to their polysomnographic
study.
Assuming that individual differences in slow wave sleep (via individual differences
in homeostatic sleep drive) may be associated with individual differences in cardioventilatory
coupling, control of the protocol sleep period with scheduled lights out and on may give
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greater ability to detect changes between individuals in cardioventilatory coupling across the
whole night and in different sleep stages. In addition, it may increase the ability to detect
associations between cardioventilatory coupling and sleep quantity, and quality.

134

CHAPTER 4: REPEATABILITY OF
CARDIOVENTILATORY COUPLING DURING SLEEP

Previous studies have demonstrated that there is a great deal of individual variability
in the strength of cardioventilatory coupling (Elder et al., 2010; Galletly & Larsen, 1997).
Chapter 3 demonstrated that cardioventilatory coupling was present in all healthy young
adults aged 18-35 years, but coupling was not a continuous phenomenon, and the amount of
coupling was highly variable between individuals.

It is not known if cardioventilatory

coupling is purely a transient phenomenon that differs from day-to-day, or is a trait-like,
individual characteristic.

This chapter examines the repeatability of cardioventilatory

coupling during sleep in healthy adults. In addition, little is known about the repeatability of
heart rate variability, either during wakefulness or sleep. Thus, this chapter will also describe
the repeatability of measures of heart rate variability during sleep. Therefore, the primary
research question addressed in this chapter is:
1. Within an individual, is the presence of cardioventilatory coupling during sleep a
consistent phenomenon?
As mentioned above, in humans and animals during anaesthesia, it has been shown
that a proportion of subjects do not show any, or exhibit varying levels of, cardioventilatory
coupling (Galletly & Larsen, 1997, 1999; Larsen & Galletly, 1999). Based on these findings,
it was hypothesised that cardioventilatory coupling was not an individual characteristic, but
instead would be observed as a transient phenomenon, not repeatable from night-to-night.
That is, it was hypothesised that individuals who exhibited a high degree of coupling on one
night would not necessarily exhibit a high degree of coupling on another night.
A secondary aim of this chapter is:
2. Within an individual, is the magnitude of heart rate variability during sleep a
consistent phenomenon?
The transition from Stage 1 to Stage 4 sleep is associated with an increase in the high
frequency (HF) component and a decrease in the low frequency (LF) component of heart rate
variability (Bonnet & Arand, 1997; Somers et al., 1993; van de Borne et al., 1994). During
NREM sleep, parasympathetic and sympathetic activity is relatively stable. Although it was
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acknowledged that autonomic activity may fluctuate from night-to-night, it was hypothesised
that, within an individual, measures of heart rate variability would be at least moderately
consistent within a sleep stage, from night-to-night.

4.1

Method
This section describes the methodology used to conduct an investigation of the

repeatability of cardioventilatory coupling in healthy adults aged 18-35 years.

The

methodology described in this chapter outlines the selection and recruitment of study
participants, data analysis and statistical analyses, specific to this study. It serves as an
extension of the overall methodology describing polysomnographic recordings, initial data
processing and data analysis outlined in Chapter 2 and Chapter 3.
After gaining approval from the Central Regional Ethics Committee (ref
WGT/03/11/107), all 30 healthy adults (14 male; 17 female) aged 18-35 years who had
completed a level II polysomnographic study were approached to undergo an additional level
II polysomnographic study in their own home, to be completed 14 days after their first study.
Written informed consent was obtained from 15 individuals (6 male, 9 female).
4.1.1

Polysomnographic Recordings
All individuals who consented to undergo two level II polysomnographic studies in

their own home first completed the protocol for the study outlined in Chapter 3. To maximise
comfort and participant retention in this study, a reduced recording montage was used on
Night 2 to record only signals of interest for subsequent analyses: C4/A1; C3/A2; EOGR/EOG(ref); EOG-L/EOG(ref); EMG. Nasal and oral airflow were measured using both a
nasal cannula, and a thermistor with nasal and oral sensors. ECG was measured using two
adhesive ECG electrodes placed in a modified limb lead II (M-L II) position. As outlined in
Chapter 2, Section 2.1.1., prior to recording, all signals were visually inspected, and biocalibration and electrical impedance testing conducted.

Night 2 bio-calibration did not

involve movement calibration for leg sensors as these were not worn.
After analysis of the polysomnographic data, it was determined that the Night 2 nasal
airflow recording from one participant was not of sufficient quality for accurate detection of
ventilatory period. The data from this participant were excluded from subsequent analyses
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examining the repeatability of cardioventilatory coupling. Thus, the final dataset included 14
healthy adults (6 male, 8 female) aged 18-35 years.
4.1.2

Data Analysis
After sleep staging and analysis of each polysomnographic recording, reporting

software within the Profusion PSG 2™ program was used to generate variables of sleep
quantity and quality (refer Chapter 2, Section 2.2.1).
As outlined in Chapter 2, Sections 2.2.2 and 2.2.3, time series for ECG R waves and
inspiratory onset (I times) were determined in custom-built LabView™ programs for each
overnight recording. From the time intervals between consecutive R waves and I times, time
series of RR intervals and II intervals were determined. A Butterworth filter was applied to
both Night 1 and Night 2 ECG recordings of 9 individuals to remove low frequency artefact.
The mean, standard deviation and consecutive difference between RR intervals and II
intervals was calculated. In order to quantify cardioventilatory coupling, the mean RI -1
interval, proportional Shannon entropy (SHα) and the percentage of the overnight recording
spent below predetermined 0.05 and 0.01 probability thresholds for cardioventilatory coupling
(SH T5 and SH T1 ) were calculated (refer Chapter 2, Section 2.2.4). Heart rate variability was
examined with measures of total power, absolute and normalised units of power in the low
frequency band (LF; 0.04-0.15 Hz) and the high frequency band (HF; 0.15-0.4 Hz), and the
ratio of power in the low frequency band to power in the high frequency band (LF/HF).
Following the methodology used in Chapter 3, for each polysomnographic study,
measures of heart rate, ventilatory period, cardioventilatory coupling and heart rate variability
were generated using all data points occurring within the entire ‘sleep period’, defined as the
time period from sleep onset until final waking. Variables from the R wave time series,
inspiratory onset time series, as well as in relation to cardioventilatory coupling and heart rate
variability, were also generated for each individual sleep stage occurring within the overnight
sleep period from lights out until final waking (refer Chapter 2, Section 2.2.6 and Chapter 3,
Section 3.1.2).
4.1.3

Statistical analyses
Data were assessed for normality of distribution according to the grouping required

for each analysis, using both graphical and statistical methods, following the methodology
outlined in Chapter 2, Section 2.3. Descriptive statistics are presented for each variable to
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provide an understanding of the overall pattern of data for different variables and between
different groups. In general, data that adhered to a normal distribution are presented as mean
(standard deviation). Data that differed significantly from a normal distribution are presented
as median (range). However, on occasion, different data distributions were observed between
Night 1 and Night 2 for the same variable.

In order to maintain consistency in table

presentation, and to allow for visual comparison between Night 1 and Night 2, in the instance
where different types of distributions were observed on different nights for a particular
variable, all descriptive statistics for that variable are presented in the table as median (range)
(Personal communication, J. Stanley, biostatistician, University of Otago).
It is known that sleep quality and quantity may be adversely affected by undergoing
polysomnographic studies. This effect is thought to be most severe for the first study and is
known as the ‘first night effect’ (Agnew et al., 1966). To examine whether there were
differences in measures of sleep quantity and quality between Night 1 and Night 2, in most
cases, a paired-samples (dependent) t-test was used. Where measures deviated from a normal
distribution, a Wilcoxon signed-rank test was used. Two-tailed Pearson and Spearman rank
correlations were also undertaken.
A paired t-test was used to examine differences in measures of heart rate and
ventilatory period in most cases, and a Wilcoxon signed-rank test for variables that deviated
from a normal distribution. A Wilcoxon signed-rank test was also used to gauge whether
measures of cardioventilatory coupling differed between Night 1 and Night 2. Differences in
measures of heart rate variability were examined using a paired t-test in most cases, and a
Wilcoxon signed-rank test for variables that deviated from a normal distribution.
Repeatability of both cardioventilatory coupling and heart rate variability between Night 1
and Night 2 was assessed using a two-way, random effects model, intra-class correlation
(ICC). This statistical test has previously been described in detail in Chapter 3, Section 3.1.3.
Cut-points for the intra-class correlation, indicating level of consistency between Night 1 and
Night 2, were based on those recommended by Shrout (1998). From these recommendations,
an ICC of 0.0 – 0.1 indicates no consistency; ICC of 0.11 – 0.4, slight consistency; ICC of
0.41 – 0.6 fair consistency; ICC 0.61 – 0.80, moderate consistency; and ICC 0.81 – 1.0,
substantial consistency between Night 1 and Night 2.
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4.2

Results
This section outlines the results from an investigation of the repeatability of

cardioventilatory coupling during sleep. The participants involved in the study are first
described, as is the time interval between each study. Findings from Chapter 3, suggest that
cardioventilatory coupling differed significantly by sleep stage, and may be related to sleep
quantity and quality. In this regard, sleep quantity and quality are first assessed to ensure no
differences exist between Night 1 and Night 2. To provide a context for further analyses,
descriptive statistics are presented for heart rate, ventilatory period and heart rate variability.
Finally, repeatability of heart rate variability and cardioventilatory coupling are assessed, in
terms of whole night measures, as well as within each sleep stage.
4.2.1

Participants
Fourteen healthy adults (6 male, 8 female) aged 18-35 years underwent two level II

polysomnographic studies in their own home. Age was normally distributed (mean 28.43, s.d.
4.03). There was no significant difference in the age of male (mean = 27.33, s.e. = 0.99) and
female participants (mean = 29.25, s.e. = 1.74), (t(12) = -0.87, p > 0.05).
4.2.2

Time interval between Night 1 and Night 2
All participants were booked for an additional level II polysomnographic study at 14

days following their first study (refer Chapter 3). However, the personal circumstances of
some participants required rescheduling of the Night 2 study. The median interval between
Night 1 and Night 2 in all participants was 14 days (range 13-42 days). The distribution of
the interval between Night 1 and Night 2 is depicted in Appendix A, Section A.2.1.
4.2.3

Sleep quantity and quality on Night 1 versus Night 2
The majority of measures of sleep quantity and quality did not differ significantly

between Night 1 and Night 2. However, opportunity for sleep (time in bed) on Night 1, was
significantly greater than time in bed on Night 2, (t(13) = 2.32, p = 0.04, r = 0.54). Wake
after sleep onset was also significantly greater on Night 1 than on Night 2, (t(13) = 2.33, p =
0.04, r = 0.54). Sleep quantity and quality on Night 1 and Night 2 are summarised in
Appendix A, Section A.2.2.
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Figure 4.1 : Measures of sleep quantity and quality by each individual on Night 1 and
Night 2

Each line represents the change from Night 1 to Night 2, for an individual, in A) Time in bed
(minutes), B) Total sleep time (minutes), C) Sleep efficiency, D) Sleep onset latency (minutes),
E) Arousal index
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Figure 4.2 : Changes in percentage time spent by each individual in different sleep
stages from Night 1 to Night 2

Each line represents the change from Night 1 to Night 2, for an individual, in A) Percentage
time spent in Stage 2 sleep, B) Percentage time spent in Stage 3 sleep, C) Percentage time
spent in Stage 4 sleep, D) Percentage time spent in REM sleep

With the exception of sleep onset latency, total time in Stage 2 sleep and the
percentage time spent in Stage 3 sleep, all measures of sleep quantity and quality on Night 1
were positively and significantly correlated with measures of sleep quantity and quality on
Night 2. These correlations (Pearson correlation co-efficient) are outlined in Table A.7.
Graphical representations of the changes in sleep quantity and quality from Night 1 to Night
2, for each individual, are depicted in Figure 4.1 and Figure 4.2.
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4.2.4

Heart rate, ventilatory period and heart rate variability on Night 1 versus

Night 2
With the exception of mean time difference between consecutive RR intervals (mean
CD RR), all measures of heart rate and ventilatory period were normally distributed.
Descriptive statistics for these measures are summarised in Table 4.1 and Table 4.2. Paired ttests and Wilcoxon signed-rank tests for measures of heart rate and ventilatory period
demonstrated that no measures differed significantly between Night 1 and Night 2.
Table 4.1 : Measures of heart rate on Night 1 versus Night 2
Night 1

Night 2

Variable (secs)
Mean (s.d.)
Mean RR

1.00 (0.13)

1.02 (0.13)

SD RR

0.10 (0.04)

0.11 (0.03)

CD RR

0.03 (0.01 – 0.10) Ψ

0.04 (0.01 – 0.09)

Ψ

Data in this group were not normally distributed, therefore data for all groups for this variable were presented
as median (range)

Table 4.2 : Measures of ventilatory period on Night 1 versus Night 2
Night 1

Night 2

Variable (secs)
Mean (s.d.)
Mean II

3.84 (0.42)

3.79 (0.38)

SD II

0.50 (0.11)

0.50 (0.09)

CD II

0.28 (0.07)

0.27 (0.06)

With the exception of median values for absolute power in the high frequency band
(0.15-0.4 Hz), all measures of heart rate variability were normally distributed. Descriptive
statistics for these measures are summarised in Table 4.3. Paired t-tests and Wilcoxon signedrank tests for measures heart rate variability demonstrated that no measures differed
significantly between Night 1 and Night 2.
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Table 4.3 : Measures of heart rate variability on Night 1 versus Night 2
Night 1

Night 2

Variable
Mean (s.d.)
2

Total Power (msec )

741.68 (410.92)

680.31 (383.08)

HF (msec2)

202.27 (61.31 – 704.27) Ψ

193.89 (46.57 – 601.04) Ψ

LF (msec2)

339.50 (203.28)

309.98 (183.08)

LF/HF

1.42 (0.59)

1.46 (0.49)

HF (%)

35.10 (9.33)

33.56 (7.22)

45.19 (8.54)

45.80 (6.78)

HFnu (msec )

43.32 (10.68)

42.23 (8.40)

LFnu (msec2)

56.39 (10.68)

57.77 (8.40)

LF (%)
2

Ψ

Data in this group were not normally distributed, therefore data for all groups for this variable were presented
as median (range)

4.2.4.1 Repeatability of heart rate variability
Intraclass correlations using a two-way, random effects model, for measures of heart
rate variability indicated a high level of consistency (repeatability) for total power between
Night 1 and Night 2 (ICC = 0.854, p < 0.001), absolute power in the high frequency band
(HF) (ICC = 0.867, p < 0.001) and absolute power in the low frequency band (LF) (ICC =
0.888, p < 0.001). There was a moderate level of consistency between Night 1 and Night 2
for LF/HF (ICC = 0.781, p < 0.001).
Furthermore, there was a moderate level of consistency for percentage power in the
HF band (ICC = 0.783, p < 0.001) and percentage power in the LF band (ICC = 0.791, p <
0.001) between Night 1 and Night 2. Between and within subject variances (sum of squares)
for measures of heart rate variability are summarised in Table 4.4.
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Table 4.4 : Between and within subject variance of heart rate variability on Night 1 and
Night 2
Between subject

Within subject

variance

variance

Total power (msec2)

3802872.70

HF (msec2)

Variable

F

Significance

326329.51

1.14

0.31

614832.11

45731.26

0.55

0.47

LF(msec2)

918259.96

60772.12

1.45

0.25

HF (%)

1612.91

212.62

1.09

0.32

LF (%)

1382.91

164.15

0.21

0.65

LF/HF

6.79

0.85

0.11

0.74

4.2.4.2 Repeatability of heart rate variability in individual sleep stages
Intraclass correlations for total power demonstrated a moderate level of consistency
between Night 1 and Night 2 during Stage 2 sleep (ICC = 0.708, p = 0.002), light sleep
(Stages 1 and 2 sleep) (ICC = 0.764, p < 0.001), Stage 3 sleep (ICC = 0.723, p = 0.03) and
REM sleep (ICC = 0.785, p < 0.001). There was a low level of consistency during slow wave
sleep (Stages 3 and 4 sleep) (ICC = 0.572, p = 0.02). There were too few epochs of Stage 1
sleep to analyse repeatability of measures of heart rate variability from Night 1 to Night 2
during Stage 1 sleep. The intraclass correlation between Night 1 and Night 2 for total power
during Stage 4 sleep (ICC = 0.506, p = 0.08) was non-significant. Between and within subject
variances (sum of squares) for total power by sleep stage are summarised in Table 4.5.
Table 4.5 : Between and within subject variance of total power on Night 1 and Night 2
Between subject

Within subject

variance

variance

Stage 2

3227438.07

Stage 3

Sleep Stage

F

Significance

617816.55

1.50

0.22

246941.41

42367.06

038

0.54

Stage 4

626276.91

292453.91

2.37

0.12

REM

1.148 x e7

1383842.18

0.02

0.89

Light sleep

4337068.39

592421.42

0.31

0.58

SWS

828637.44

233762.29

0.44

0.51
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A moderate level of consistency between Night 1 and Night 2 was exhibited for
absolute power in the HF band during Stage 2 sleep (ICC = 0.718, p = 0.001) and a high level
of consistency during REM sleep (ICC = 0.839, p < 0.001). Intraclass correlations for HF
power during Stage 3 sleep (ICC = 0.091, p = 0.42) and Stage 4 sleep (ICC = 0.566, p = 0.06)
were non-significant. There was a high level of consistency for HF power between Night 1
and Night 2 during light sleep (ICC = 0.821, p < 0.001) and a low level of consistency during
slow wave sleep (ICC = 0.581, p = 0.02). Between and within subject variances (sum of
squares) for power in the HF band by sleep stage are summarised in Table 4.6.
Table 4.6 : Between and within subject variance of HF power on Night 1 and Night 2
Between subject

Within subject

variance

variance

Stage 2

744953.92

Stage 3

Sleep Stage

F

Significance

138472.35

1.62

0.20

22581.75

19048.01

0.06

0.82

Stage 4

250255.28

94967.25

2.15

0.14

REM

2675202.71

238977.08

0.29

0.59

Light sleep

866152.61

90081.19

0.79

0.37

SWS

290959.20

81423.28

0.70

0.40

Intraclass correlations for absolute power in the LF band exhibited a moderate level
of consistency between Night 1 and Night 2 during Stage 2 sleep (ICC = 0.724, p = 0.001),
light sleep (ICC = 0.773, p < 0.001) and REM sleep (ICC = 0.787, < 0.001), and a high level
of consistency during Stage 3 sleep (ICC = 0.928., p = 0.001). There was a low level of
consistency during slow wave sleep (ICC = 0.588, p = 0.01). The intraclass correlation for LF
power during Stage 4 sleep (ICC = 0.423, p = 0.13) was non-significant. Between and within
subject variances (sum of squares) for measures of power in the LF band by sleep stage are
summarised in Table 4.11.
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Table 4.7 : Between and within subject variance of LF on Night 1 and Night 2
Between subject

Within subject

variance

variance

Stage 2

932144.40

Stage 3

Sleep Stage

F

Significance

161387.34

1.06

0.30

97305.22

4715.32

1.39

0.24

Stage 4

90299.15

48663.07

1.97

0.16

REM

2380385.91

287630.00

0.18

0.68

Light sleep

1230034.15

159503.76

0.18

0.67

SWS

150691.41

40339.85

0.40

0.53

Intraclass correlations for LF/HF ratio indicated a moderate level of consistency
between Night 1 and Night 2 during Stage 2 sleep (ICC = 0.731, p = 0001.), light sleep (ICC
= 0.773, p < 0.001) and slow wave sleep (ICC = 0.779, p = 0.001). There was a low level of
consistency in LF/HF during REM sleep (ICC = 0.588, p = 0.01). Intraclass correlations for
Stage 3 sleep (ICC = 0.258, p = 0.29) and Stage 4 sleep (ICC = 0.492, p = 0.09) were nonsignificant. Between and within subject variances (sum of squares) for measures of LF/HF
ratio by sleep stage are summarised in Table 4.8.
Table 4.8 : Between and within subject variance of LF/HF on Night 1 and Night 2
Between subject

Within subject

variance

variance

Stage 2

7.901

Stage 3

F

Significance

1.252

0.26

0.61

1.96

1.30

0.59

0.47

Stage 4

3.67

1.26

0.05

0.83

REM

17.03

4.45

0.08

0.78

Light sleep

8.17

1.07

0.28

0.60

SWS

6.01

0.75

0.00

0.99

Sleep Stage
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4.2.5

Cardioventilatory coupling on Night 1 versus Night 2
With the exception of proportional Shannon entropy (SHα), all measures of

cardioventilatory coupling were normally distributed.

Descriptive statistics for these

measures are summarised in Table 4.9. All participants exhibited cardioventilatory coupling
on both Night 1 and Night 2, but the degree of coupling varied to a great extent. The strength
of coupling, as measured by SHα showed very little variation across all participants; however,
there was considerable variability in the proportion of coupling observed during the sleep
period.
Table 4.9 : Measures of cardioventilatory coupling on Night 1 versus Night 2
Night 1

Night 2

Variable
Mean (s.d.)
SHα

0.891 (0.875 – 0.898)

0.889 (0.870 – 0.898) Ψ

Mean RI -1 (secs)

0.517 (0.057)

0.518 (0.057)

Time < SH T5 (%)

12.37 (8.80 – 23.95) Ψ

13.61 (7.75 – 27.76) Ψ

Time < below SH T1 (%)

4.12 (2.12 – 10.54) Ψ

5.30 (1.64 – 13.13) Ψ

Ψ

Data in this group were not normally distributed, therefore data for all groups for this variable were presented
as median (range)

Wilcoxon signed-rank tests for measures of cardioventilatory coupling demonstrated
that no measures differed significantly between Night 1 and Night 2.
representations of measures of cardioventilatory coupling are shown in Figure 4.3.

Graphical
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Figure 4.3 : Change in measures of cardioventilatory coupling, for each individual, from
Night 1 to Night 2

Each line represents the change from Night 1 to Night 2, for an individual, in A) Proportional
Shannon entropy, B) Mean RI -1 interval, C) Percentage time spent below SH T5 , D)
Percentage time spent below SH T1 .

4.2.5.1 Repeatability of cardioventilatory coupling on Night 1 versus Night 2
Intraclass correlations using a two-way, random effects model, for measures of
cardioventilatory coupling indicated a moderate level of consistency (repeatability) for
proportional Shannon entropy between Night 1 and Night 2 (ICC = 0.671, p = 0.003),
percentage time spent below SH T5 (ICC = 0.770, p < 0.001) and percentage time spent below
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SH T1 (ICC = 0.705, p = 0.002). There was a high level of consistency for mean RI -1 interval
between Night 1 and Night 2 (ICC = 0.860, p < 0.001). Between and within subject variances
(sum of squares) for measures of cardioventilatory coupling are summarised in Table 4.10.
Table 4.10 : Between and within subject variance of measures of cardioventilatory
coupling on Night 1 and Night 2
Between subject

Within subject

variance

variance

SHα

0.001

Mean RI -1 (secs)

F

Significance

< 0.001

0.003

0.96

0.079

0.006

0.04

0.85

Time < SH T5 (%)

451.97

62.57

0.83

0.36

Time < SH T1 (%)

146.05

29.67

2.06

0.15

Variable

4.2.5.2 Repeatability of cardioventilatory coupling in individual sleep stages
Intraclass correlations using a two-way, random effects model, for proportional
Shannon entropy demonstrated a moderate level of consistency between Night 1 and Night 2
during Stage 2 sleep (ICC = 0.731, p = 0.001).

There was also a moderate level of

consistency between Night 1 and Night 2 during light sleep (combined Stages 1 and 2 sleep)
(ICC = 0.767, p < 0.001).
There were too few epochs of Stage 1 sleep to analyse repeatability of measures of
cardioventilatory coupling from Night 1 to Night 2 during Stage 1 sleep.

Intraclass

correlations between Night 1 and Night 2 were non-significant for Stage 3 sleep (ICC =
0.175, p = 0.35), Stage 4 sleep (ICC = 0.139, p = 0.37), REM sleep (ICC = 0.342, p = 0.11)
and slow wave sleep (combined Stages 3 and 4 sleep) (ICC = 0.344, p = 0.11). Between and
within subject variances (sum of squares) for proportional Shannon entropy by sleep stage are
summarised in Table 4.11.
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Table 4.11 : Between and within subject variance of SHα on Night 1 and Night 2
Between subject

Within subject

variance

variance

Stage 2

0.002

Stage 3

Sleep Stage

F

Significance

< 0.001

3.51

0.06

0.001

< 0.001

2.22

0.13

Stage 4

0.001

< 0.001

0.08

0.77

REM

0.001

< 0.001

0.21

0.65

Light sleep

0.001

< 0.001

1.19

0.27

SWS

0.001

< 0.001

0.87

0.35

Intraclass correlations for percentage time spent below SH T5 exhibited a moderate
level of consistency between Night 1 and Night 2 during Stage 2 sleep (ICC = 0.692, p =
0.002), light sleep (ICC = 0.765, p < 0.001) and Stage 3 sleep (ICC = 0.763, p = 0.02).
Intraclass correlations for Stage 4 sleep (ICC = 0.388, p = 0.17), slow wave sleep (ICC =
0.281, p = 0.17) and REM sleep (ICC = -0.053, p = 0.58) were non-significant. Between and
within subject variances (sum of squares) for percentage time below SH T5 are summarised in
Table 4.12.
Table 4.12 : Between and within subject variance of percentage time spent below SH T5
on Night 1 and Night 2
Between subject

Within subject

variance

variance

Stage 2

1052.77

Stage 3

Sleep Stage

F

Significance

222.23

1.92

0.16

1612.92

217.96

0.04

0.84

Stage 4

516.78

229.82

0.05

0.82

REM

294.26

328.26

0.05

0.82

Light sleep

989.34

138.65

0.70

0.41

SWS

2012.55

1230.99

1.06

0.30

Intraclass correlations for percentage time spent below SH T1 exhibited a moderate
level of consistency between Night 1 and Night 2 during Stage 2 sleep (ICC = 0.744, p =
0.001) and light sleep (ICC = 0.726, p = 0.001). Intraclass correlations for Stage 3 sleep (ICC
= 0.516, p 0.12), Stage 4 sleep (ICC = 0.464, p =0.12), slow wave sleep (ICC = 0.201, p =
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0.25) and REM sleep (ICC = 0.032, p = 0.46) were non-significant. Between and within
subject variances (sum of squares) for percentage time below SH T1 are summarised in Table
4.13.
Table 4.13 : Between and within subject variance of percentage time spent below SH T 1
on Night 1 and Night 2
Between subject

Within subject

variance

variance

Stage 2

450.14

Stage 3

Sleep Stage

F

Significance

77.76

2.11

0.15

642.68

246.39

1.00

0.32

Stage 4

123.94

46.00

0.10

0.78

REM

121.03

114.13

0.08

0.78

Light sleep

347.18

59.32

1.02

0.31

SWS

704.47

556.32

2.05

0.15

4.3

Summary
This study is the first to examine repeatability of cardioventilatory coupling during

sleep. In contrast to the primary study hypothesis, cardioventilatory coupling does not appear
to be a transient, random phenomenon. Instead, individuals exhibit a degree of consistency in
cardioventilatory coupling from night-to-night. In other words, individuals who exhibit a
high amount of coupling on one night, have a tendency to exhibit a high amount of coupling
on subsequent nights. In the same way, individuals who exhibit a low amount of coupling on
one night, are likely to exhibit a low amount of coupling on subsequent nights.
Intraclass correlations for cardioventilatory coupling, across two nights of
measurement, suggested that there was a moderate level of consistency in proportional
Shannon entropy, as well as the percentage time spent below SH T5 and SH T1 . Intraclass
correlations of mean RI -1 interval, indicative of the consistency in the time interval between
inspiratory onset and the preceding ECG R wave, demonstrated a high level of consistency
from Night 1 to Night 2. Cardioventilatory coupling during individual sleep stages was
generally only consistent within an individual for light sleep, with no significant degree of
repeatability observed for slow wave sleep or REM sleep.
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In this study, the intraclass correlations for power in the high frequency (HF) band
during slow wave sleep exhibited no significant consistency from Night 1 to Night 2. In
addition, only a low level of consistency was observed for power in the low frequency (LF)
band and total power during slow wave sleep. During light sleep, there was a moderate to
high level of repeatability in heart rate variability parameters. This would suggest that, in
these subjects, there is considerable night-to-night variability in both cardiovagal drive and
sympathetic activity during slow wave sleep. The results outlined in Chapter 3 suggest
increased cardiac parasympathetic drive is associated with increased strength and amount of
cardioventilatory coupling during sleep. Thus, potentially, both inter- and intra-individual
variation in cardiac parasympathetic activity during slow wave sleep may account for
between-subject, and night-to-night, variability observed in cardioventilatory coupling.
It is also important to note that 24-hour studies of heart rate variability have
demonstrated that there is considerable circadian influence over cardiac parasympathetic
activity (Burgess et al., 1997; Somers et al., 1993), whereas sympathetic activity is likely
influenced primarily by the sleep/wake cycle. In line with the recommendations made in
Chapter 3, future studies investigating inter- and intra-individual differences in
cardioventilatory coupling during sleep would therefore, best be conducted in controlled
conditions, accounting for prior sleep history, sleep/wake schedule during the protocol, as
well as timing in the circadian pacemaker cycle.
As mentioned in Chapter 3, a limitation of this study is the lack of provision for
acclimatisation nights. In spite of this, the majority of measures of sleep quantity and quality
were not significantly different from Night 1 to Night 2. However, opportunity for sleep and
wake after sleep onset were significantly greater on Night 1 than Night 2. Considering the
‘first night effect’, it is expected that wake after sleep onset would be greater on the first night
when compared to subsequent nights. It is not clear why time in bed should decrease from
Night 1 to Night 2, although perhaps greater confidence to get to sleep, once the study
protocol seemed familiar, would change a participant’s bed time behaviour. Almost all
measures of sleep quantity and quality on Night 1 were correlated with Night 2, with the
exception of total time spent in Stage 2 sleep, percentage time spent in Stage 3 sleep and sleep
onset latency. It is likely that the lack of association between Night 1 and Night 2 in these
measures is indicative of the lack of control over prior sleep history and sleep/wake timing for
the study protocol. Overall, any changes in sleep architecture from Night 1 to Night 2 were
not considered to substantially confound the results of the study.
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It should also be noted that use of the intraclass correlation (ICC) has some
limitations in this setting. While superior to the Pearson’s or Spearman rank correlations
(which only test for associations and cannot control for systematic error) in detecting
repeatability, the nature of the ICC means it is dependent on the between-subjects variability
(Weir, 2005). In this way, small inter-individual variability can manifest as small ICCs. This
may potentially be relevant in the measurement of repeatability of proportional Shannon
entropy, where between-subject variance tends to be low. In addition, small sample sizes and
a low number of replicate measures may decrease statistical power and in turn, reduce ICC
values. Logistical and financial constraints in this study limited the number of individuals
studied (all 30 individuals from the study outlined in Chapter 3 were approached for inclusion
but only 14 participants completed the repeatability study protocol), as well as the number of
repeated observations (two overnight polysomnographic studies). Nevertheless, despite these
limitations, the ICC is viewed as being a useful measure of consistency between measures
(Weir, 2005). Overall, these present findings indicate that it would be valuable to conduct
further studies with a large sample size, as well as an increased number of replicate
observations (Shrout, 1998; Walter et al., 1998).
It is therefore, concluded that cardioventilatory coupling is a repeatable phenomenon
within individuals. However, as only a moderate level of consistency is observed, it is likely
that additional external factors, such as sleep/wake history and circadian rhythms, also
influence cardioventilatory coupling during sleep.
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CHAPTER 5: CARDIOVENTILATORY COUPLING IN
INDIVIDUALS WITH SLEEP-DISORDERED BREATHING

To date, few studies have investigated cardioventilatory coupling in individuals with
sleep-disordered breathing. The majority of studies have considered the mutual interaction of
the heart and breathing rhythms, rather than temporal entrainment between heart beats and
inspiratory onset. As described in Chapter 1, these studies have demonstrated a reduction in
the amount of cardioventilatory coupling observed , as well as elevated low frequency cross
power spectral density, in those with obstructive sleep apnoea (OSA), compared with control
subjects (Kabir et al., 2010; Thomas et al., 2005; Thomas et al., 2007).
This chapter examines the relationship between cardioventilatory coupling and
characteristics of sleep-disordered breathing, using proportional Shannon entropy.

In

particular, this chapter examines cardioventilatory coupling in individuals with a primary
diagnosis of OSA. This chapter aims to address the following research questions:
1. Is cardioventilatory coupling influenced by sleep-disordered breathing?
Obstructive sleep apnoea is a disorder resulting from collapse of the upper airway.
As outlined in Chapter 1, continuing respiratory effort during upper airway collapse results in
arousal from sleep and activation of the upper airway muscles in order to reopen the airway
(Gleeson et al., 1990). The cessation of breathing during an apnoea produces intermittent
hypoxia and hypercapnia, as well as marked changes in intrathoracic pressure and heart rate.
It has been shown that the intermittent hypoxia and intrathoracic pressure swings during these
events trigger overactivity of the sympathetic nervous system and surges in blood pressure
(Shimizu et al., 1994; Somers et al., 1989a). These changes in sympathetic activity persist
during wakefulness, while breathing normally and in the absence of hypoxia or hypercapnia
(Narkiewicz & Somers, 2001, 2003; Somers et al., 1995).

Individuals with OSA have

increased heart rate and increased sympathetic activity, and diminished cardiovagal activity.
Several neural mechanisms are thought to contribute to this sympathetic overdrive; notably,
chemoreflex (Narkiewicz et al., 1999) and baroreflex dysfunction (Bertinieri et al., 1988;
Parati et al., 1988; Ryan et al., 2007), as well as endothelial dysfunction (Kato et al., 2000).
Furthermore, it has been suggested that individuals with OSA have cyclical changes in
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respiratory drive, which result from the arousals occurring at the termination of OSA events
(Younes, 2004).
Based on these studies, it was hypothesised that cardioventilatory coupling would be
reduced in individuals with sleep-disordered breathing. Two fundamental approaches were
used to test this hypothesis. The relationship between the apnoea hypopnoea index (AHI) and
cardioventilatory coupling was assessed. It was hypothesised that a higher AHI would be
associated with decreased cardioventilatory coupling. In addition, within individuals with
OSA, periods of obstructive apnoea were compared with periods of normal breathing. It was
hypothesised that cardioventilatory coupling would be decreased during periods of OSA,
compared to periods of normal breathing.
2. Does cardioventilatory coupling differ by sleep stage in individuals with sleepdisordered breathing?
Investigation of cardioventilatory coupling in healthy individuals (described in
Chapter 3 and Chapter 4) suggested that cardioventilatory coupling differs by sleep stage. In
line with these findings, it was hypothesised that significant differences between sleep stages
would also be exhibited for cardioventilatory coupling in individuals with OSA.

5.1

Method
This section describes the methodology used to conduct an investigation of

cardioventilatory coupling in individuals with sleep-disordered breathing, who were referred
for polysomnographic study at a clinical sleep laboratory. Selection and recruitment of study
participants is described, as is study-specific data analysis and statistical analyses.

The

methodology outlined in this section, therefore, serves as an extension of the overall
methodology describing polysomnographic recordings and initial data processing outlined in
Chapter 2.
5.1.1

Participants
After gaining approval from the Central Regional Ethics Committee (ref

WGT/03/10/101), consecutive patients referred to WellSleep, Sleep Investigation Centre,
University of Otago, Wellington, for level I polysomnographic monitoring during the period 1
January 2004 until 30 September 2004 were considered for inclusion in the study.
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WellSleep is a clinical sleep laboratory situated at the Bowen Hospital complex,
Crofton Downs, Wellington. The laboratory accepts referrals from specialist physicians via
both the public or private health care systems for level I-IV polysomnographic studies to
investigate a range of physiologic sleep disorders, including but not limited to sleepdisordered breathing, movement disorders, narcolepsy, parasomnias of sleep and nocturnal
epilepsy. Polysomnographic studies are conducted by trained and registered Clinical Sleep
Physiologists 4, under the supervision of the Clinical Director (Sleep Physician). As outlined
in Chapter 1, level I denotes a polysomnographic study attended by a trained
polysomnographic technologist or physiologist, with full monitoring of sleep stages,
respiratory activity, heart rate, oxygen saturation, sound, light and movement. Level I studies
at WellSleep were grouped by three broad categories and category of study was determined
by the referring physician:
•

diagnostic only, for observation only of the patient, in order to assess the
presence of a sleep disorder;

•

treatment only, in order to establish, re-assess or adjust treatment for a sleep
disorder; and;

•

‘split night’, whereby the polysomnographic study included both a diagnostic
and treatment component.

Patients with a high probability of sleep-

disordered breathing are usually referred for a split night study so that
treatment may be initiated on the same night.
Participants were eligible for inclusion in the study if they were aged 18 years or
older and had been referred for a level I polysomnographic study that included a diagnostic
component, as well as monitoring of ECG and airflow via nasal cannula. In this way, patients
referred for both diagnostic only and split night protocols were included in the study.
Participants were excluded from the study if their polysomnographic monitoring included no
diagnostic component or the study did not include monitoring of ECG and/or airflow via nasal
cannula (that is, the clinical referral for polysomnographic monitoring requested continuous
positive airway pressure (CPAP) titration only, non-invasive ventilation titration only or
delivery of supplementary oxygen via nasal cannula).
Two hundred and sixty two patients were referred to WellSleep for level I
polysomnographic studies during the period 1 January 2004 to 30 September 2004. Thirty six

4

Internationally, Clinical Sleep Physiologists may be also referred to as Sleep Technologists or
Polysomnographic Technologists.
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patients did not meet the study inclusion/exclusion criteria. The remaining patients were
approached for participation in the study, of which 158 adults (120 male, 38 female) gave
written informed consent. One individual was not able to tolerate the nasal cannula during the
polysomnographic study and this was removed prior to sleep onset. Additionally, after
analysis of the polysomnographic data, it was determined that two participants did not have
ECG recordings of sufficient quality for accurate detection of R wave times. Thus, the final
dataset included 155 adults (118 male, 37 female).
All participants followed standard procedure of care at WellSleep on the day of their
study.

Each participant admitted to WellSleep completed a standard Bowen Hospital

admission questionnaire including demographic information (age, gender, and ethnicity),
patient-reported medical history and usual medication type, dose and regime. Participants
also completed the standard WellSleep questionnaires investigating usual bed and rise time,
and usual intake of caffeine, alcohol and nicotine, as well as Epworth Sleepiness Scale. (The
Epworth Sleepiness Scale (ESS) is an 8-item self-rated questionnaire investigating the
sleepiness in recent times (Johns, 1991). Ratings are made along a four-point scale, where 0
represents ‘would never doze’ and 3 represents ‘high chance of dozing’ for a number of
common scenarios.

Total scores greater than 10 are indicative of excessive daytime

sleepiness.) Body mass index (BMI) was calculated by measuring the participant’s height and
weight on the day of the study.
Participants were asked to refrain from consuming caffeinated products (including,
but not limited to coffee, black leaf tea, green leaf tea, caffeinated soft drinks and energy
drinks, hot chocolate drinks, eating chocolate and caffeine tablets) and alcohol from midday
on the day of their polysomnographic study.

Participants were admitted to WellSleep

between 3pm and 7pm on the day of their study. No caffeine was administered to participants
during their period of admission. Taking into account necessary educational and preparatory
procedures for the overnight study, the bed times (lights out) of participants were aligned as
closely as possible to their usual routine.
5.1.2

Data analysis
Frequent arousals from sleep produce substantial changes in sleep architecture; in

particular, increased percentage Stage 1 sleep (Guilleminault et al., 1988; Redline et al.,
2004a). The trend towards light sleep may also result in deceased percentage slow wave sleep
and REM sleep in individuals with OSA. As investigation of cardioventilatory coupling in

157
healthy individuals indicates that coupling differs by sleep stage, it was necessarily to
thoroughly describe changes in sleep quantity and quality that occurred with increasing
severity of sleep-disordered breathing. Initial data processing of each polysomnographic
recording followed that described in Chapter 2. That is, after sleep staging and analysis of
each polysomnographic recording, reporting software within the Profusion PSG 2™ program
was used to generate variables of sleep quantity and quality (refer Chapter 2, Section 2.2.1).
A primary aim of this chapter was to examine cardioventilatory coupling in relation
to sleep-disordered breathing.

Therefore, care was taken to describe sleep-disordered

breathing during the entire sleep period and different sleep stages. Sleep-disordered breathing
events were determined using criteria previously outlined in Chapter 2, Section 2.2.1 and
events were defined as obstructive apnoea, obstructive hypopnoea, central apnoea or central
hypopnoea. Severity cut points for obstructive apnoea events were applied according to
standard criteria described in Chapter 1 and represented below in Table 5.1 (American
Academy of Sleep Medicine, 1999).
Due to multiple aetiologies and presentations, severity cut points for central apnoea
events are less well established. As per standard criteria (American Academy of Sleep
Medicine, 1999; Iber et al., 2007), central sleep apnoea was indicated if five central apnoea
events or greater were observed per hour of sleep. For descriptive purposes only, severity cut
points for OSA were also applied to participants with central sleep apnoea, although these cut
points for central sleep apnoea were not used in any analyses.
Table 5.1 : Severity cut points for obstructive sleep apnoea events (American Academy
of Sleep Medicine, 1999)
OSA Severity Classification

AHI Cut Points

Mild

≥ 5 to < 15 events per hour

Moderate

≥ 15 to < 30 events per hour

Severe

≥ 30 events per hour

As outlined in the introduction to this chapter, the cessation of breathing during OSA
results in arousal from sleep and oxygen desaturation. Thus, in order to describe, in detail, the
consequences of OSA in the study population, specific variables relating to characteristics of
sleep-disordered breathing and oxygen saturation were generated in addition to standard
measures of sleep quantity and quality. These additional variables are outlined below:
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•

Apnoea hypopnoea index (AHI) – total of all apnoea and hypopnoea events
observed during the sleep period expressed as an index of the total number of
hours of sleep (TST)

•

Obstructive apnoea index – total of all obstructive apnoea events observed
during the sleep period expressed as an index of the total number of hours of
sleep (TST)

•

Hypopnoea index – total of all obstructive hypopnoea events observed during
the sleep period expressed as an index of the total number of hours of sleep
(TST)

•

Central apnoea index – total of all central apnoea and hypopnoea events
observed during the sleep period expressed as an index of the total number of
hours of sleep (TST)

•

Mean apnoea duration – average duration (seconds) of apnoea and
hypopnoea events observed during the sleep period

•

Mean SpO 2 – average of all samples of SpO 2 recorded during the sleep
period

•

Minimum SpO 2 – the lowest sample point (nadir) of all samples of SpO 2
recorded during the sleep period

•

Minimum average SpO2 – the average of all lowest sample points (nadirs) of
SpO 2 recorded during desaturation events only

•

Desaturation index (DI) – total of all desaturation events observed during the
sleep period expressed as an index of the total number of hours of sleep
(TST). A desaturation event was defined as a clear reduction in SpO 2 from
the preceding SpO 2 baseline, equal to 3% of greater.

•

Mean desaturation – the average duration (seconds) of all desaturation events
observed during the sleep period.

In order to assess changes in heart rate, ventilatory period and heart rate variability
with sleep architecture and cardioventilatory coupling, time series for ECG R waves,
inspiratory onset (I times), RR intervals and II intervals were determined using methodology
outlined in Chapter 2, Sections 2.2.2 and 2.2.3. A Butterworth filter was applied to all ECG
recordings to remove low frequency artefact. The mean, standard deviation and consecutive
difference between RR intervals and II intervals were calculated. Cardioventilatory coupling
and heart rate variability were measured using methodology outlined in Chapter 2, Sections
2.2.4 and 2.2.5.
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Following the methodology used in Chapter 3, for each polysomnographic study,
measures of heart rate, ventilatory period, cardioventilatory coupling and heart rate variability
were generated using all data points occurring within the entire sleep period. Variables from
the R wave time series, inspiratory onset time series, as well as in relation to cardioventilatory
coupling and heart rate variability, were also generated for each individual sleep stage
occurring within the overnight sleep period from sleep onset until final waking (refer Chapter
2, Section 2.2.6).
To understand the interrelationships between a number of measures known to be
influenced by sleep-disordered breathing, comparison was made between sleep-disordered
breathing and measures of each of: sleep quantity and quality, sleep stages, heart rate,
ventilatory period, heart rate variability and oxygen saturation. To test the hypothesis that
decreased cardioventilatory coupling was associated with increased sleep disordered breathing
severity, sleep-disordered breathing was considered both as a linear function (that is, AHI)
and categorised by severity (Table 5.1). The relationship between characteristics of sleepdisordered breathing, such as duration and type of event, and cardioventilatory coupling was
examined.

In addition, the relationship between sleep-disordered breathing severity and

cardioventilatory coupling was examined for each individual sleep stage. Investigation was
made of the consistency of measures of cardioventilatory coupling within an individual
between different sleep stages. (That is, whether individuals exhibiting high strength and
amount of coupling in one stage, consistently exhibited high strength of coupling in other
sleep stages.)
Individuals with moderate OSA may exhibit periods of frequent sleep-disordered
breathing events during their polysomnographic study, together with periods of ‘normal’
breathing (no sleep-disordered breathing events). To test the hypothesis of whether measures
of cardioventilatory coupling changed within an individual, dependent on whether sleepdisordered breathing was present, polysomnographic studies of individuals classified as
having moderate OSA were examined for the presence of both: (a) a 10-minute epoch of
contiguous Stage 2 sleep demonstrating obstructive apnoea events occurring at a frequency of
at least one event per minute and (b) a 10-minute epoch of contiguous Stage 2 sleep
demonstrating no sleep-disordered breathing and no desaturation of SpO 2 . Events from
extracted epochs were noted to be primarily obstructive hypopnoea or obstructive apnoea in
type, and epochs were preferentially selected to include only one type of event. Epochs of
Stage 2 sleep only were extracted to limit the potential influence of sleep stage on measures of
cardioventilatory coupling. While sleep-disordered breathing is present in other sleep stages,
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Stage 2 sleep was considered the most reliable sleep stage for extraction. Stage 2 sleep
usually forms the greatest proportion of the sleep period. In addition, individuals with sleepdisordered breathing often show changes in sleep architecture, such as reduced slow wave
sleep and reduced REM sleep with increasing sleep-disordered breathing severity.
Furthermore, stages such as REM sleep are usually dominated by the presence of sleepdisordered breathing events, potentially preventing extraction of a period of ‘normal’
breathing.
5.1.3

Statistical analyses
Data were assessed for normality of distribution according to the grouping required

for each analysis, using both graphical and statistical methods, following the methodology
outlined in Chapter 2, Section 2.3. Descriptive statistics are presented in tables for each
variable to provide an understanding of the overall pattern of data for different variables and
between different groups. In general, data that adhered to a normal distribution are presented
as mean (standard deviation). Data that differed significantly from a normal distribution are
presented as median (range).

However, on occasion, different data distributions were

observed in different groups for the same variable. In order to maintain consistency in table
presentation and to allow for visual comparison between data groups, in the instance where
both normal and non-normal distributions were observed for different groups for a particular
variable, all descriptive statistics for that table are presented as median (interquartile range)
(Personal communication, J. Stanley, biostatistician, University of Otago).
Relationships between measures of sleep quantity and quality, heart rate, ventilatory
period, heart rate variability and oxygen saturation, and measures of sleep-disordered
breathing were assessed using two-tailed Pearson or Spearman rank correlations. Differences
between types of study (diagnostic versus split night) were considered using a Mann Whitney
U test.
Relationships between sleep quantity and quality, heart rate, ventilatory period, heart
rate variability and oxygen saturation, sleep-disordered breathing, and cardioventilatory
coupling were also examined using two-tailed Pearson or Spearman rank correlations.
Independent-samples Kruskal-Wallis tests assessed differences in measures of sleep quantity
and quality, heart rate, ventilatory period, heart rate variability, oxygen saturation and
cardioventilatory coupling between the categories of OSA severity.
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A Wilcoxon signed rank test was used to examine whether measures of
cardioventilatory coupling differed within an individual, dependent on whether sleepdisordered breathing was present. A Friedman’s two-way analysis of variance (ANOVA) was
used to assess whether measures of heart rate, ventilatory period, cardioventilatory coupling
and heart rate variability differed by sleep stage. Two-tailed Spearman rank correlations were
used to determine if a relationship between sleep-disordered breathing and cardioventilatory
coupling existed for a particular sleep stage.

Consistency in strength or amount of

cardioventilatory coupling across sleep stages within an individual was assessed using a twoway, random effects model, intra-class correlation.
To further investigate whether the relationship between AHI and cardioventilatory
coupling was influenced by variation in sleep quantity and/or sleep quality, forced-entry
multiple linear regression was used to examine the independent contributions of AHI and
measures of sleep quantity and quality to measures of cardioventilatory coupling. Predictor
variables for the models were selected based on previously identified correlations with
measures of cardioventilatory coupling, and entered into the model simultaneously. Each
model was examined for multicollinearity between predictor variables, the presence of
outliers that may unduly influence the model, homoscedasticity, as well as independent and
normally distributed residuals, to meet the statistical assumptions of the model. In the first
instance, each model was run using raw data. Outliers and/or influential cases were identified
by visually examining the distribution of the standardised residuals, as well as influence
statistics such as Cook’s distance, leverage values and Mahalanobis distances. Outliers and/or
significantly influential cases were removed from the dataset and the model re-run for
comparison. In the instance of non-normal distribution of residuals, data were transformed
using methods appropriate for the shape of data distribution and if successful, the model was
re-run using transformed data.

5.2

Results
This section outlines the results of an investigation of cardioventilatory coupling in

individuals with sleep-disordered breathing. This is a complex dataset of individuals and
therefore the participants involved in the study are first described in detail. Participant age
and gender is summarised, as well sleep-disordered breathing events and primary diagnosis.
Most patients recruited for the study also had at least one other medical condition. The
prevalence of medical conditions co-morbid to sleep-disordered breathing are therefore,
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presented. Finally, participants are described in relation to study type; that is, diagnostic only
versus ‘split night’ study.
To provide a context for analyses of cardioventilatory coupling, sleep quantity and
quality, characteristics of sleep-disordered breathing are then described. This is followed by
presentation of heart rate, ventilatory period and heart rate variability. Measures of oxygen
saturation are summarised.

Each of these measures is examined in relation to sleep-

disordered breathing severity.
To address the primary aims of the study, cardioventilatory coupling is then
examined in relation to sleep-disordered breathing severity, and the presence of sleepdisordered breathing events within an individual. The relationship between cardioventilatory
coupling and sleep quantity, and quality, are considered in relation to sleep-disordered
breathing. Differences in cardioventilatory coupling between sleep stages are examined. To
better understand the relationships between cardioventilatory coupling and sleep-disordered
breathing in individual sleep stages, this is followed by further examination of coupling in
relation to stage-specific changes in heart rate, ventilatory period and heart rate variability.
Finally, cardioventilatory coupling is examined in relation to changes in oxygen saturation.
5.2.1

Participants
One hundred and fifty five adults (118 male, 37 female) underwent a level I

polysomnographic study at WellSleep, Sleep Investigation Centre. The data distribution of
participant age, separated by gender, is presented in Figure 5.1. Participants were aged 18-77
years. There was no significant difference in the age of male (mean = 50.05, s.e. = 1.23) and
female participants (mean = 51.11, s.e. = 1.82), t(150) = -0.44, p > 0.05), and age in both
gender groups was normally distributed.
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Figure 5.1 : Age distribution by gender of participants with SDB

5.2.1.1 Sleep-disordered breathing
The apnoea hypopnoea index (AHI) of all participants ranged from zero events per
hour of sleep to a maximum of 227 events per hour. Participants were categorised by primary
diagnosis of obstructive sleep apnoea (OSA) or central sleep apnoea (CSA). Participants with
OSA were further classified by sleep-disordered breathing severity. These data are presented
in Table 5.2 and the distribution of the AHI for all participants demonstrating sleepdisordered breathing is depicted in Figure 5.2.
Table 5.2 : SDB diagnosis and severity
SDB Severity

Diagnosis

Total

Total

Mild

Moderate

Severe

No SDB

-

-

-

16

OSA

16

36

83

135

CSA

0

0

4

4

16

36

87

155
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Figure 5.2 : Apnoea hypopnoea index all of participants investigated for SDB

It is not known how cardioventilatory coupling, as measured by proportional
Shannon entropy, differs by type of apnoea. Previous research has suggested that spectral
band-width differences in phase coupling may be observed between those with obstructive
sleep apnoea and central sleep apnoea (Thomas et al., 2007). Given the very small number of
participants exhibiting central sleep apnoea as their primary diagnosis, only participants with
a primary diagnosis of OSA were considered for further analyses in this study.
Participants demonstrating no sleep disordered breathing (AHI < 5) were included
for comparison with participants with sleep-disordered breathing. The four participants with
central sleep apnoea as their primary diagnosis are presented as case studies in Appendix B.
Thus, the dataset of individuals with sleep-disordered breathing used for subsequent
analyses was comprised of 151 participants (114 male, 37 female).
There were no significant relationships between AHI and age (Spearman, p > 0.05).
However, severity of sleep-disordered breathing was significantly lower in females (median =
20.80) than males (median = 39.10) (U = 1,284.00, z = -3.57, p < 0.001, r = -0.29).
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A diagnosis of sleep-disordered breathing encompasses all events including
obstructive apnoea and obstructive hypopnoea, as well as central apnoea and central
hypopnoea. Seven of 151 individuals with a primary diagnosis of OSA also exhibited periods
of central apnoea and/or hypopnoea. Table 5.3 outlines the presence of central sleep apnoea
events by severity, further categorised by severity of obstructive sleep apnoea events. For
descriptive purposes, data in this table have been re-classified by the cut-offs for each severity
level of obstructive sleep apnoea outlined in the methodology above (refer Section 5.1.2).
(Note, for descriptive purposes only, cut-offs for OSA have been applied to central sleep
apnoea severity.)
Table 5.3 : Severity of obstructive sleep apnoea events presented by severity of central
sleep apnoea events
OSA Severity
Total
No OSA

Mild

Moderate

Severe

No CSA

17

20

37

70

144

CSA

Mild

0

0

1

3

4

Severity

Moderate

0

1

1

1

3

Severe

0

0

0

0

0

17

21

39

74

151

Total

5.2.1.2 Body mass index
Increased BMI is a known risk factor for sleep-disordered breathing (Young et al.,
2002b). Obesity is also a known risk factor for a number of other medical conditions (Ogden
et al., 2007) and therefore, contributes to the presence of other medical conditions in the
participants in this study (refer Section 5.2.1.3). The data distribution of BMI by AHI is
presented in Figure 5.3. There was a significant increase in AHI with increasing BMI
(Spearman, r = 0.49, p < 0.001). Body mass index was not associated with age (Spearman, p
> 0.05).
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Figure 5.3 : Relationship between BMI and AHI

5.2.1.3 Co-morbid medical conditions
Co-morbid conditions were common in these participants referred for a clinical
polysomnographic study. The majority of participants in each sleep-disordered breathing
severity group, including those with no sleep-disordered breathing, had another medical
condition (Table 5.4).

The relationship between cardioventilatory coupling and medical

conditions co-morbid with sleep-disordered breathing is considered in Appendix C.
Table 5.4 : Presence of co-morbid medical conditions in individuals with SDB
SDB Severity

Co-morbidity
Total
Ŧ

Total

No SDB

Mild

Moderate

Severe

Yes

12

11

30

64

117

No

4

5

5

17

31

16

16

35

81

148 Ŧ

Previous medical history was not able to be obtained for 3 individuals

167
5.2.1.4 Study type
Sixty one of the 151 participants with sleep-disordered breathing underwent a
diagnostic only study. Measures of sleep quantity and quality, heart rate, ventilatory period,
heart

rate

variability,

oxygen

saturation,

sleep-disordered

breathing

events

and

cardioventilatory coupling were able to be captured for the entire sleep period in these
individuals. In contrast, 90 participants underwent a ‘split night’ protocol where only a
portion of the night contained a diagnostic component.
There was considerable variation in the length of both full night and split night
diagnostic studies. Split night diagnostic polysomnographic studies ranged from 79 minutes
to 5 hours 32 minutes. Full night diagnostic studies ranged from 4 hours 30 minutes to 12
hours 59 minutes. As expected, participants referred for a split night study tended to have
moderate to severe sleep-disordered breathing. These data are presented in Table 5.5.
Table 5.5 : SDB severity by study type
SDB Severity

Study Type
Total

5.2.2

Total

No SDB

Mild

Moderate

Severe

Diagnostic

15

13

17

16

61

Split Night

1

3

18

68

90

16

16

35

84

151

Sleep quantity and quality in individuals with SDB
Differences in sleep quantity and quality were observed with the different types of

polysomnographic study (Table A.9), and with sleep-disordered breathing severity (Table
A.10). All measures of sleep quality and quantity deviated from a normal data distribution.
Reflective of the widely varying total sleep time and in some cases, artificial opportunity for
sleep imposed by laboratory protocol for ‘split night’ studies, wake after sleep onset is
presented as a percentage of total sleep time, and number of sleep stage transitions is
presented as an index of total sleep time (that is, the number of sleep stage transitions
expressed as an index of the total number of hours of sleep).
A number of measures of sleep quality and quantity differed in those who underwent
a full night diagnostic only study and those who underwent a ‘split night’ study. Arousal
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index (U = 3,656.50, z = 3.46, p = 0.001, r = 0.28), sleep onset latency (U = 1,948.50, z = 3.021, p = 0.003, r = -0.25), the percentage of time spent in Stage 2 sleep (U = 3.618.50, z =
3.31, p = 0.001, r = 0.27), the percentage of time spent in Stage 4 sleep (U = 1,728.50, z = 4.00, p < 0.001, r = -0.33), the percentage of time spent in REM sleep (U = 1,748.00, z = 3.78, p < 0.001, r = -0.31) and the sleep stage transition index (U = 3,543.00, z = 3.026, p =
0.002, r = 0.25) differed significantly between individuals who underwent a full night
diagnostic and a split night study. These differences are outlined in able A.9.
Several measures of sleep quantity and quality differed significantly by the severity
of sleep-disordered breathing.

Due to the referral bias for patients who have a high

probability for sleep-disordered breathing to have ‘split night’ studies, total sleep time was
negatively correlated with AHI (Spearman, r = -0.55, p < 0.001). Apnoea hypopnoea index
was also negatively correlated with sleep onset latency (SOL) (Spearman, r = -0.27, p =
0.001), percentage Stage 3 sleep (Spearman, r = -0.28, p < 0.001), percentage Stage 4 sleep
(Spearman, r = -0.29, p < 0.001) and percentage REM sleep (Spearman, r = -0.45, p < 0.001).
In addition, individuals with a higher AHI exhibited a greater percentage of Stage 2 sleep
(Spearman, r = 0.39, p < 0.001), a higher arousal index (Spearman, r = 0.65, p < 0.001) and
more sleep stage transitions per hour of sleep (Spearman, r = 0.42, p < 0.001).
Kruskal-Wallis tests indicated the following differences in sleep variables by sleepdisordered breathing severity: arousal index (H(3) = 50.25, p < 0.001), sleep onset latency
(H(3) = 24.03, p < 0.001), the percentage of time spent in Stage 2 sleep (H(3) = 15.89, p =
0.001), the percentage of time spent in Stage 4 sleep (H(3) = 9.37, p = 0.03), the percentage of
time spent in REM sleep (H(3) = 23.80, p < 0.001) and sleep stage transition index (H(3) =
10.75, p = 0.01). Post hoc comparisons (using Mann Whitney U tests with Bonferroni
correction for significance) demonstrated that individuals categorised with severe sleepdisordered breathing were significantly different than those without sleep-disordered
breathing for arousal index (U = -60.98, r = -0.42), sleep onset latency (U = 38.75, r = 0.26),
the percentage of time spent in Stage 2 sleep (U = -37.00, r = -0.25), the percentage of time
spent in Stage 4 sleep (U = 30.50, r = 0.22), the percentage of time spent in REM sleep (U =
45.21, r = 0.31) and sleep stage transition index (U = -55.36, r = -0.38).
Individuals categorised with severe sleep-disordered breathing were significantly
different from those with moderate sleep-disordered breathing for arousal index (U = -41.12, r
= -0.38) the percentage of time spent in Stage 2 sleep (U = -26.40, r = -0.25) and the
percentage of time spent in REM sleep (U = 34.25, r = 0.32).

Total sleep time was
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considerably and artificially influenced by the type of study requested by the referring
physician. As such, significant differences existed for both total sleep time between different
study types (U = 476.50, z = -8.603, p < 0.001, r = -0.70) and categories of sleep-disordered
breathing severity (H(3) = 40.34, p < 0.001). Post hoc comparisons with Bonferroni corrected
values for significance indicated that total sleep time in individuals with a diagnosis of severe
sleep-disordered breathing was shorter than in those with no sleep-disordered breathing (U =
56.93, r = 0.39), mild sleep-disordered breathing (U = 50.12, r = 0.34) and moderate sleepdisordered breathing (U = 34.57, r = 0.32).
5.2.3

Sleep-disordered breathing characteristics
Sleep-disordered breathing was characterised by type of event, overall AHI and

indices by sleep stage (NREM versus REM). These data are presented by sleep-disordered
breathing severity in (Table A.11).
There was no relationship between the AHI and the mean duration of apnoea events
(Spearman, p > 0.05).

However, increasing AHI was associated with observed with

increasing total time spent in obstructive apnoea (Spearman, r = 0.80, p =< 0.001).
5.2.4

Heart rate, ventilatory period and heart rate variability in individuals with

sleep-disordered breathing
Data for measures of heart rate, ventilatory period and heart rate variability,
categorised by sleep-disordered breathing severity, are presented in Table 5.6, Table 5.7 and
Table 5.8. Mean RR interval decreased with increasing AHI (r = -0.25, p = 0.002), and
increased variability in ventilatory period was observed with increasing AHI (SD II;
Spearman, r = 0.45, p < 0.001 and CD II; Spearman, r = 0.46, p < 0.001). Mean RR interval
differed by sleep-disordered breathing severity (H(3) = 8.31, p = 0.04). However, post hoc
comparisons (using Mann Whitney U tests with Bonferroni corrected values for significance)
for this test showed no significant differences in RR interval between severity groups for
sleep-disordered breathing.
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Table 5.6 : Heart rate in individuals with SDB categorised by severity
SDB Severity
Variable (secs)

No SDB

Mild

Moderate

Severe

Median (IQR)
Mean RR Ŧ

0.94 (0.15)

0.93 (0.17)

0.91 (0.14)

0.85 (0.15)

SD RR

0.08 (0.03)

0.08 (0.05)

0.07 (0.02 – 0.35)

0.08 (0.02 – 0.38)

CD RR

0.02 (0.00 – 0.07)

0.02 (0.01 – 0.20)

0.02 (0.01 – 0.38)

0.03 (0.00 – 0.18)

Ŧ

Kruskal-Wallis test; p < 0.05;

ŦŦ

p < 0.01;

ŦŦŦ

p < 0.001

Table 5.7 : Ventilatory period in individuals with SDB categorised by severity
SDB Severity
Variable (secs)

No SDB

Mild

Moderate

Severe

Median (IQR)
Mean II

4.14 (0.57)

3.86 (0.68)

3.98 (0.86)

3.71 (1.80 – 9.09)

SD II ŦŦ

0.53 (0.34 – 2.26)

0.57 (0.35 – 0.70)

0.59 (0.18 – 3.69)

0.77 (0.32 – 5.68)

CD II ŦŦŦ

0.36 (0.13)

0.31 (0.09)

0.34 (0.13)

0.48 (0.13 – 12.22)

Ŧ

Kruskal-Wallis test; p < 0.05;

ŦŦ

p < 0.01;

ŦŦŦ

p < 0.001
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Table 5.8 : Heart rate variability in individuals with SDB categorised by severity
SDB Severity
Variable

No SDB

Mild

Moderate

Severe

Median (Range)
Total Power (msec2)

345.78 (17.17 – 1209.94)

287.93 (29.48 – 6480.87)

345.70 (25.54 – 20513.19)

486.55 (15.17 – 10255.89)

HF (msec2)

76.88 (3.82 – 435.37)

73.39 (8.72 – 3660.75)

76.32 (4.62 – 11804.11)

79.25 (2.13 – 2862.18)

LF (msec2)

186.13 (5.01 – 551.21)

107.71 (9.88 – 2316.93)

131.08 (11.38 – 7628.57)

202.27 (4.35 – 4503.46)

LF/HF

2.01 (0.58 – 3.94)

1.10 (0.29 – 5.96)

1.50 (0.56 – 9.08)

2.07 (0.27 – 21.69)

Mean (s.d.)
HF (%) ŦŦ

29.06 (8.14)

40.08 (13.16)

32.47 (11.92)

22.89 (6.19 – 63.84)

LF (%) ŦŦ

47.84 (8.12)

35.97 (6.08)

42.46 (7.63)

41.16 (11.52)

HFnu (msec2)

35.38 (10.76)

47.69 (15.96)

39.53 (14.51)

36.01 (19.95)

64.63 (10.76)

52.31 (15.96)

60.47 (14.51)

63.99 (19.95)

LFnu (msec2)
Ŧ

Kruskal-Wallis test; p < 0.05;

ŦŦ

p < 0.01;

ŦŦŦ

p < 0.001
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Table 5.9 : Measures of oxygen saturation in individuals with SDB categorised by severity
SDB Severity
Variable

No SDB

Mild

Moderate

Severe

Median (range)
Average awake SpO 2 (%)

96 (95 – 97)

96 (84 – 96)

95 (91 – 96)

94 (82 -96)

Mean SpO 2 (TST) (%)

96 (93 – 97)

95 (80 – 96)

95 (88 – 96)

93 (79 – 96)

Mean SpO 2 (NREM) (%)

96 (93 – 97)

95 (82 – 96)

95 (88 – 96)

93 (79 – 96)

Mean SpO 2 (REM) (%)

96 (93 – 97)

95 (70 – 96)

95 (87- 96)

91 (68 – 97)

Minimum SpO 2 (TST) (%)

90 (85 – 94)

89 (69 – 92)

85 (65 – 92)

76 (33 – 94)

Minimum SpO 2 (NREM) (%)

91 (84 – 85)

90 (51- 94)

85 (54 – 94)

77 (33 – 96)

Minimum SpO 2 (REM) (%)

91 (84 – 95)

90 (51 – 94)

85 (54 – 94)

77 (33 – 96)

Average desaturation (%)

2 (0 – 5)

4 (2 – 7)

4 (2 – 13)

6 (2 – 23)

Desaturation index (TST)

1.15 (0.00 – 5.90)

2.95 (0.40 – 23.70)

9.00 (1.50 – 50.10)

40.90 (1.50 – 188.50)

Desaturation index (NREM)

0.85 (0.00 – 5.90)

1.65 (0.00 – 22.50)

7.20 (0.40 – 50.10)

40.90 (0.80 – 188.50)

Desaturation index (REM)

1.40 (0.00 – 9.00)

6.85 (0.00 – 29.50)

14.40 (0.00 – 73.00)

43.65 (0.00 – 182.90)
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Additionally, the standard deviation (H(3) = 16.82, p = 0.001) and mean consecutive
difference (H(3) = 18.12, p < 0.001) of II intervals differed by sleep-disordered breathing
severity . Post hoc comparisons (using Mann Whitney U tests with Bonferroni corrected
values for significance) for this test demonstrated that SD II was significantly different
between individuals with mild sleep-disordered breathing and severe sleep-disordered
breathing (U = -37.40, r = -0.25), as well as between individuals with moderate sleepdisordered breathing and severe sleep-disordered breathing (U = -23.16, r = -0.21).
Furthermore, CD II differed significantly between individuals with mild sleep-disordered
breathing and severe sleep-disordered breathing (U = -38.15, r = -0.48), and between
individuals with moderate sleep-disordered breathing and severe sleep-disordered breathing
(U = -28.58, r = -0.74).
Total power (Spearman, r = 0.24, p = 0.003), absolute power in the low frequency
(LF) band (r = .21, p = 0.009) and normalised power in the LF band (r = 0.17, p = 0.03) were
positively correlated with AHI. Percentage power in the high frequency (HF) band (r = -0.26,
p = 0.001) and normalised power in the HF band (r = -0.17, p = 0.03) decreased with
increasing AHI.
Significant differences were observed with categories of sleep-disordered breathing
severity in the percentage power in the HF band (H(3) = 12.45, p = 0.006) and LF band (H(3)
= 12.13, p = 0.007). Post hoc comparisons demonstrated that percentage power in the LF
band (U = 51.18, r = 0.27) was significantly different between individuals with mild sleepdisordered breathing and those with no sleep-disordered breathing. Percentage power in the
HF band was significantly different in those with mild sleep-disordered breathing, compared
with severe sleep-disordered breathing (U = 38.27, r = 0.26).
5.2.5

Oxygen saturation in individuals with sleep-disordered breathing
The cessation of breathing during an obstructive apnoea leads to intermittent

hypoxia, observed as a transient drop in oxygen saturation.

Desaturation index should

therefore, be highly correlated with the AHI. All measures of oxygen saturation deviated
from a normal distribution.

Descriptive statistics for measures of oxygen saturation,

categorised by sleep-disordered breathing severity, are outlined in Table 5.9. Increasing AHI
was significantly correlated with decreasing average awake SpO 2 (Spearman, r = -0.53, p <
0.001), decreasing mean SpO 2 (Spearman, r = -0.61, p < 0.001) and decreasing minimum
SpO 2 (Spearman, r = -0.70, p < 0.001).
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As was expected, increasing AHI was also significantly positively correlated with
desaturation index (Spearman, r = -0.72, p < 0.001). Furthermore, increasing AHI was
positively correlated with increasing magnitude of desaturation events (Spearman, r = -0.66, p
< 0.001).
5.2.6

Cardioventilatory coupling in individuals with sleep-disordered breathing
Cardioventilatory coupling was observed to varying degrees in all participants, with

the exception of an individual with severe sleep-disordered breathing who demonstrated no
degree of statistically significant coupling during their diagnostic sleep period.

This

individual was referred for a ‘split night’ study and slept for 107.50 minutes during the
diagnostic portion. Their AHI was 75.90 and only 0.50% (30 seconds) of slow wave sleep
(total of Stages 3 and 4 sleep) was observed during the diagnostic portion of the study.
Measures of cardioventilatory coupling categorised by sleep-disordered breathing
severity are outlined in Table 5.10. Increased strength of coupling, as measured by a decrease
in proportional Shannon entropy, was observed with increased variability in RR interval.
Proportional Shannon entropy (SHα) was negatively correlated with the standard deviation of
RR intervals (Spearman, r = -0.42, p < 0.001) and the mean consecutive difference in RR
intervals (Spearman, r = -0.39, p < 0.001). In contrast, decreased strength of coupling was
observed with increasing variability in ventilatory period. Proportional Shannon entropy was
positively correlated with the standard deviation of II intervals (Spearman, r = 0.20, p = 0.02)
and the mean consecutive difference in II intervals (Spearman, r = 0.17, p = 0.03).
Mean RI-1 interval was positively correlated with mean II interval (Spearman, r =
0.29, p < 0.001).

The percentage time spent below the 5% statistical threshold for

cardioventilatory coupling (SH T5 ) was positively correlated with mean RR interval
(Spearman, r = 0.17, p = 0.04), standard deviation of RR intervals (Spearman, r = 0.31, p <
0.001), and the mean consecutive difference of RR intervals (Spearman, r = 0.30, p < 0.001)
and negatively correlated with standard deviation of II intervals (Spearman, r = -0.23, p =
0.005) and mean consecutive difference of II intervals (Spearman, r = -0.22, p = 0.008).
Similar relationships were observed with the percentage time spent below the 1% statistical
threshold for cardioventilatory coupling (SH T1 ).
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Table 5.10 : Measures of cardioventilatory coupling in individuals with SDB categorised by severity
SDB Severity
Variable

No SDB

Mild

Moderate

Severe

Median (Range)
SHα ŦŦ

0.885 (0.786 – 0.899)

0.888 (0.858 – 0.899)

0.888 (0.851 – 0.902)

0.893 (0.845 – 0.906)

Time < SH T5 (%) ŦŦŦ

16.04 (9.05 – 75.11)

15.25 (7.55 – 38.59)

14.81 (5.24 – 47.24)

10.59 (0.00 – 46.69)

Time < SH T1 (%) ŦŦŦ

6.17 (2.52 – 60.61)

5.51 (1.38 – 25.85)

5.41 (1.45 – 43.17)

3.36 (0.00 – 29.41)

Mean (s.d.)
Mean RI -1 (secs) Ŧ
Ŧ

Kruskal-Wallis test; p < 0.05;

0.44 (0.06)
ŦŦ

p < 0.01;

ŦŦŦ

p < 0.001

0.46 (0.08)

0.45 (0.07)

0.42 (0.07)
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In line with the study hypotheses, the AHI was correlated with all measures of
cardioventilatory coupling. Figure 5.4 depicts the relationship between proportional Shannon
entropy and AHI. Decreased strength of coupling (Spearman, r = 0.33, p < 0.001), and
decreased time spent below SH T5 (Spearman, r = -0.39, p < 0.001) and SH T1 , (Spearman, r = 0.41, p < 0.001) was observed with increasing AHI. Increasing AHI was also correlated with
decreasing mean RI -1 interval (Spearman, r = -23, p = 0.005).
Figure 5.4 : Relationship between proportional Shannon entropy and AHI

Significant differences, by severity of sleep-disordered breathing, existed for
proportional Shannon entropy (H(3) = 17.16, p = 0.001), mean RI -1 interval (H(3) = 7.96, p =
0.047), percentage time below SH T5 (H(3) = 22.15, p < 0.001) and percentage time below
SH T1 (H(3) = 24.19, p < 0.001). Post hoc comparisons (using Mann Whitney U tests with
Bonferroni corrected values for significance) demonstrated that proportional Shannon entropy
was significantly different in individuals with severe sleep-disordered breathing, compared to
those without sleep-disordered breathing (U = -37.46, r = -0.26) and those with moderate
sleep-disordered breathing (U = -25.29, r = -0.24). These relationships were also observed for
percentage time spent below SH T5 and percentage time spent below SH T1 .
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5.2.6.1 Within-subject comparison of cardioventilatory coupling and sleepdisordered breathing
To examine whether measures of cardioventilatory coupling changed within an
individual, dependent on whether sleep-disordered breathing was present, 10-minute epochs
of contiguous Stage 2 sleep were extracted from polysomnographic studies of individuals
classified as having moderate obstructive sleep apnoea during periods of both: (a) obstructive
apnoea and/or hypopnoea events and (b) no sleep-disordered breathing.
Ten minute epochs of periods of obstructive sleep apnoea or hypopnoea events and
periods of normal breathing were able to be extracted from Stage 2 sleep of 32 of 36
individuals with moderate obstructive sleep apnoea. Of these, 18 had epochs of obstructive
hypopnoea events and 14 had epochs of obstructive apnoea events.
Within-subjects comparison of epochs of normal breathing with epochs of
obstructive sleep apnoea and/or hypopnoea events using Wilcoxon signed ranks tests showed
no significant difference in measures of cardioventilatory coupling. Likewise, comparison of
epochs of normal breathing with epochs of obstructive apnoea events only (n = 14), or epochs
of obstructive hypopnoea events only (n = 18), showed no significant difference in measures
of cardioventilatory coupling.
5.2.6.2 Relationship between cardioventilatory coupling and sleep quality and
quantity in individuals with sleep-disordered breathing
A number of measures of sleep quantity and quality were associated with measures
of heart rate and ventilatory period, and cardioventilatory coupling. A longer mean RR
interval was associated with increasing percentage REM sleep (Spearman, r = 0.26, p = 0.001)
and a longer mean II interval was associated with decreasing Stage 2 sleep (Spearman, r = 0.20, p = 0.02), increasing Stage 3 sleep (Spearman, r = 0.16, p = 0.048), increasing slow
wave sleep (Spearman, r = 0.21, p = 0.009) and fewer sleep stage transitions per hour of sleep
(Spearman, r = -0.78, p = 0.03). Increased variability in ventilatory period was observed with
increasing arousal index (SD II; Spearman, r = 0.37, p = < 0.001 and CD II; Spearman, r = 0.36, p < 0.001) and increasing sleep stage transitions per hours of sleep (SD II, Spearman, r =
0.20, p = 0.01).
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There were no relationships between total sleep time and measures of
cardioventilatory coupling (although, total sleep time is confounded by referral bias).
Decreased strength of coupling, as measured by proportional Shannon entropy, was associated
with increased percentage Stage 2 sleep (Spearman, r = 0.18, p = 0.03).

Conversely,

increasing strength of coupling was associated with increasing percentage Stage 4 sleep
(Spearman, r = -0.29, p < 0.001) and increasing percentage slow wave sleep (Spearman, r = 0.18, p = 0.03). Decreasing proportional Shannon entropy was also associated with increased
percentage REM sleep (Spearman, r = -0.23, p = 0.005) and decreased arousal index
(Spearman, r = 0.35, p < 0.001).
Increasing percentage time below SH T5 was associated with decreasing arousal index
(Spearman, r = -0.39, p < 0.001), decreasing percentage Stage 2 sleep (Spearman, r = -0.21, p
= 0.01), increasing percentage Stage 4 sleep (Spearman, r = 0.33, p < 0.001), increasing slow
wave sleep (Spearman, r = 0.27, p < 0.001) and increasing percentage REM sleep (Spearman,
r = 0.27, p = 0.001). Likewise, increasing percentage time below SH T1 was observed with
decreasing arousal index (Spearman, -0.37, p < 0.001), decreasing percentage Stage 2 sleep
(Spearman, r = -0.21, p = 0.01), increasing percentage Stage 4 sleep (Spearman, r = 0.33, p <
0.001), increasing percentage slow wave sleep (Spearman, r = 0.21, p = 0.01) and increasing
percentage REM sleep (Spearman, r = 0.27, p = 0.001). Increased percentage time below
SH T5 (Spearman, r = -0.19, p = 0.02) and SH T1 (Spearman, r = -0.21, p = 0.01) was also
associated with decreased sleep stage transitions per hour of sleep.
5.2.6.3 Relationship between cardioventilatory coupling and characteristics of
sleep-disordered breathing
Several characteristics of sleep-disordered breathing were associated with measures
of cardioventilatory coupling. An increasing AHI during NREM sleep was associated with
increased proportional Shannon entropy (Spearman, r = 0.35, p < 0.001), reduced mean RI -1
interval (Spearman, r = -0.25, p = 0.002) and reduced percentage time below SH T5
(Spearman, r = -0.41, p < 0.001) and SH T1 (Spearman, r = -0.44, p < 0.001). A consistent
relationship with all measures of cardioventilatory coupling was observed with the obstructive
apnoea index during NREM sleep, but not the obstructive hypopnoea index.
An increasing AHI during REM sleep was associated with increased proportional
Shannon entropy (Spearman, r = 0.27, p = 0.002), reduced percentage time below SH T5
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(Spearman, r = -0.28, p = 0.001) and reduced percentage time below SH T1 (Spearman, r = 0.30, p < 0.001). This relationship was also observed with the obstructive apnoea index
during REM sleep but not the obstructive hypopnoea index.
Mean apnoea duration was not associated with any measures of cardioventilatory
coupling. An increased percentage of the night spent in obstructive apnoea was associated
with increased proportional Shannon entropy (Spearman, r = -0.33, p < 0.001), decreased RI -1
interval (Spearman, r = -0.18, p = 0.03), decreased percentage time below SH T5 (Spearman, r
= -0.39, p < 0.001) and decreased percentage time below SH T1 (Spearman, r = -0.40, p <
0.001). There were no relationships between percentage time spent in obstructive hypopnoea
and measures of cardioventilatory coupling.
5.2.6.4 Relationship between cardioventilatory coupling and sleep stage in
individuals with sleep-disordered breathing
As described in previous chapters, contiguous epochs of each sleep stage of at least 5
minutes in duration were not able to be extracted from every individual in every sleep stage.
Table 5.11 outlines by sleep stage the number of individuals and the percentage of individuals
with sleep-disordered breathing where at least one epoch of duration 5 minutes was able to be
extracted. As few epochs of Stage 1 sleep were able to be extracted, data is presented for
measures of cardioventilatory coupling between each of wakefulness, Stages 2-4 sleep and
REM sleep.
Table 5.11 : Number of 5 minute epochs extracted of cardioventilatory coupling data
individuals with SDB
Sleep Stage

Number of individuals

Percentage of individuals

Wake

141

93.4%

Stage 1 sleep

9

6.0%

Stage 2 sleep

147

97.4%

Stage 3 sleep

106

70.2%

Stage 4 sleep

41

27.2%

REM sleep

117

77.5%

Light sleep

148

98.0%

Slow wave sleep

118

78.1%
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Data in all of the sleep stages (that is, wakefulness, Stages 2-4 sleep and REM sleep)
were extracted from 30 individuals. By comparison, data were extracted from 93 individuals
for all of stages wakefulness, light sleep, slow wave sleep and REM sleep. To maximise the
number of cases for analysis, Friedman’s two-way analysis of variance was conducted
between wakefulness, light sleep, slow wave sleep and REM sleep for each the measures of
heart rate and ventilatory period. These findings are summarised in Table 5.12 and Table
5.16.
Table 5.12 : Measures of heart rate by sleep stage in individuals with SDB
Variable

Wake

Light Sleep

(secs)
Mean RR ŦŦŦ
SD RR ŦŦŦ
CD RR ŦŦŦ

SWS

REM

Median (IQR)
0.85 (0.73 –

0.90 (0.77 –

0.90 (0.79 –

0.89 (0.81 –

0.96)

1.00)

0.98)

1.00)

0.06 (0.04 –

0.07 (0.05 –

0.05 (0.03 –

0.07 (0.05 –

0.09)

0.09)

0.07)

0.10)

0.01 (0.01 –

0.02 (0.01 –

0.02 (0.01 –

0.02 (0.01 –

0.02)

0.03)

0.03)

0.03)

Ŧ

Friedman’s ANOVA; p < 0.05;

ŦŦ

p < 0.01;

ŦŦŦ

p < 0.001

Table 5.13 : Measures of ventilatory period by sleep stage in individuals with SDB
Variable

Wake

Light Sleep

(secs)
Mean II ŦŦŦ
SD II ŦŦŦ
CD II ŦŦŦ

SWS

REM

Median (IQR)
3.80 (3.20 –

3.88 (3.38 –

3.92 (3.41 –

3.83 (3.43 –

4.35)

4.54)

4.56)

4.51)

0.62 (0.45 –

0.55 (0.40 –

0.34 (0.26 –

0.70 (0.53 –

0.93)

0.81)

0.44)

1.02)

0.33 (0.23 –

0.37 (0.27 –

0.28 (0.21 –

0.49 (0.33 –

0.58)

0.57)

0.36)

0.78)

Ŧ

Friedman’s ANOVA; p < 0.05;

ŦŦ

p < 0.01;

ŦŦŦ

p < 0.001
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As with heart rate and ventilatory period, to maximise the number of cases for
analysis, Friedman’s two-way analysis of variance was conducted between wakefulness, light
sleep, slow wave sleep and REM sleep for cardioventilatory coupling. Aligned with the study
hypotheses, these analyses demonstrated that proportional Shannon entropy (χ2(3) = 12.95, p
= 0.005) and mean RI -1 interval (χ2(3) = 8.49, p = 0.04) was significantly different between
sleep stages.

Post hoc comparisons (using Wilcoxon signed rank tests with Bonferroni

corrected values for significance) for these tests demonstrated that SHα during light sleep was
significantly different to SHα during wakefulness (T = 0.55, r = 0.30) and REM sleep (T =
0.59, r = 0.32).
Table 5.14 : Measures of cardioventilatory coupling by sleep stage in individuals with
SDB
Wake

Light Sleep

SWS

REM

Variable
Median (range)
SHα ŦŦ

0.892 (0.806 –

0.889 (0.741 –

0.887 (0.455 –

0.892 (0.686 –

0.961)

0.917)

0.944)

0.929)

Time < SH T5

11.06 (0.00 –

11.67 (0.00 –

13.00 (0.00 –

10.35 (0.00 –

(%) ŦŦŦ

69.66)

92.27)

99.86)

78.56)

Time < SH T1 (%)ŦŦŦ

3.16 (0.00 –

3.87 (0.00 –

4.32 (0.00 –

1.69 (0.00 –

54.16)

80.58)

99.31)

76.68)

Mean (s.d.)
Mean RI -1 (secs) Ŧ

0.42 (0.07)
Ŧ

Friedman’s ANOVA; p < 0.05;

ŦŦ

p < 0.01;

0.42 (0.08)
ŦŦŦ

0.42 (0.09)

0.41 (0.09)

p < 0.001

In addition, the percentage time spent below SH T5 (χ2(3) = 19.37, p < 0.001) also
differed between sleep stages. Post hoc comparisons showed that percentage time spent
below SH T5 during light sleep was significantly different to percentage time spent below
SH T5 during wakefulness (T = -0.72, r = -0.39), slow wave sleep (T = -0.61, r = -0.38) and
REM sleep (T = -0.69, r = -0.33). Significant differences between sleep stages were also
observed for percentage time spent below SH T1 (χ2(3) = 20.14, p < 0.001).

Post hoc

comparisons demonstrated that percentage time spent below SH T1 during REM sleep was
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significantly different to percentage time spent below SH T1 during light sleep (T = -0.53, r = 0.29) and slow wave sleep (T = -0.83, r = -0.46).
Figure 5.5 : Proportional Shannon entropy by sleep stage

With the exception of the individual who did not demonstrate any cardioventilatory
coupling below set probability thresholds, cardioventilatory coupling was present during each
of the different stages of sleep for each individual. However, visual examination of the RI
plots suggested that few individuals demonstrated high strength or amount of coupling in all
sleep stages. There was great variation in the amount of coupling observed during different
sleep stages; that is, no general pattern in cardioventilatory coupling strength, or amount, was
observed between sleep stages in individuals with elevated levels of overall coupling.
Investigation was made of the consistency of measures of cardioventilatory coupling
within an individual between different sleep stages. (That is, whether individuals exhibiting
high strength and amount of coupling in one stage, consistently exhibited high strength of
coupling in other sleep stages.) Intraclass correlations using a two-way, random effects
model, for measures of cardioventilatory coupling indicated only a slight level of consistency
between light sleep, slow wave sleep and REM sleep for proportional Shannon entropy (ICC
= 0.314, p < 0.001). A fair level of consistency was observed between light sleep, slow wave
sleep and REM sleep for percentage time spent below SH T5 (ICC = 0.496, p < 0.001) and
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percentage time spent below SH T1 (ICC = 0.542, p < 0.001). Between and within subject
variances (sum of squares) for measures of cardioventilatory coupling are summarised in
Table 5.15.
Table 5.15 : Between and within subject variance of measures of cardioventilatory
coupling between light sleep, slow wave sleep and REM sleep
Between subject

Within subject

variance

variance

SHα

0.249

Time < SH T5 (%)
Time < SH T1 (%)

Variable

F

Significance

0.220

4.916

0.008

68357.25

37607.73

8.486

< 0.001

47647.72

23077.21

9.943

< 0.001

The overall AHI was positively correlated with proportional Shannon entropy during
wakefulness (Spearman, r = 0.24, p = 0.004), Stage 2 sleep (Spearman, r = 0.22, p = 0.009)
and REM sleep (Spearman, r = 0.21, p = 0.02). Increasing overall AHI was also associated
with a decreasing RI -1 interval during wakefulness (Spearman, r = -0.23, p = 0.006), Stage 2
sleep (Spearman, r = -0.30, p < 0.001), Stage 3 sleep (Spearman, r = -0.25, p = 0.01) and
REM sleep (Spearman, r = -0.23, p = 0.01). In addition, increasing overall AHI was observed
with decreasing percentage of time spent below SH T5 during wakefulness (Spearman, r = 0.21, p = 0.01), Stage 2 sleep (Spearman, r = -0.71, p = 0.03) and REM sleep (Spearman, r = 0.29, p = 0.002), and decreasing percentage of time spent below SH T1 during wakefulness
(Spearman, r = -0.22, p = 0.10), Stage 2 sleep (Spearman, r = -0.25, p = 0.003) and REM
sleep (Spearman, r = -0.25, p = 0.007).
It was observed that several measures of cardioventilatory coupling were associated
with sleep quantity and quality. Both the strength of coupling and the proportion of the night
spent coupling differed between sleep stages. Furthermore, significant differences in sleep
quantity and quality were observed between individuals who underwent a full diagnostic only
polysomnographic, compared with those who underwent a ‘split night’ study.
To further investigate whether the relationship between AHI and cardioventilatory
coupling was influenced by variation in sleep quantity and/or sleep quality, forced-entry
multiple linear regression was conducted for measures of cardioventilatory coupling, adjusted
for AHI, percentage Stage 2 sleep, percentage slow wave sleep and percentage REM sleep.

184

Although other measures of sleep quantity and quality, such as arousal index, were associated
with measures of cardioventilatory coupling, these measures were also highly correlated with
AHI and were not included in the model. While no correlation was observed between
cardioventilatory coupling and total sleep time, there were significant differences in sleep
quantity and quality by study type. Total sleep time was not, therefore, included in the
models and instead, the sleep quality measures indicated above were used to reflect changes
in total sleep time.
Multiple linear regression models using the raw data resulted in poor explanation of
the variance in outcome measures, although the overall model was significant for each of
proportional Shannon entropy (F 4, 146 = 4.142, R2 = 0.10, p = 0.003), percentage time spent
below SH T5 (F 4, 146 = 5.281, R2 = 0.10, p = 0.001) and percentage time below SH T1 (F 4, 146 =
4.326, R2 = 0.11, p = 0.002). Results for model parameters using raw data are presented in
Table 5.16, Table 5.17 and Table 5.18.

Using these raw data, AHI was a significant

independent predictor for proportional Shannon entropy, percentage time spent below SH T5
and percentage time spent below SH T1 , after adjusting for percentage Stage 2 sleep,
percentage slow wave sleep and percentage REM sleep.
Table 5.16 : Regression model parameters for proportional Shannon entropy ¥

Model

Standardised β

t

Significance

co-efficient
AHI

0.201

2.19

0.03

Stage 2 (%)

-0.032

-0.28

0.78

REM (%)

-0.122

-1.21

0.23

SWS (%)

-0.126

-1.21

0.23

¥

Raw data; all cases included
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Table 5.17 : Regression model parameters for percentage time spent below SH T5 ¥
Standardised β

Model

t

Significance

co-efficient
AHI

-0.23

-2.56

0.01

Stage 2 (%)

0.048

0.41

0.68

REM (%)

0.151

1.52

0.13

SWS (%)

0.122

1.18

0.24

¥

Raw data; all cases included

Table 5.18 : Regression model parameters for percentage time spent below SH T 1 ¥
Standardised β co-

Model

t test

Significance

efficient
AHI

-0.224

-2.43

0.02

Stage 2 (%)

0.037

0.32

0.75

REM (%)

0.136

1.35

0.18

SWS (%)

0.089

0.85

0.40

¥

Raw data, all cases included

Examination of the standardised residuals revealed a non-normal distribution in the
model investigating independent contributions to proportional Shannon entropy, and seven
cases were identified as outliers. The distribution of residuals was not able to be corrected by
removing the outliers from the model, although improvement (trending towards normality)
was observed, nor did removing these outliers change the outcomes of the model (F 4, 139 =
3.846, R2 = 0.10, p = 0.005). In addition, transformation of predictor and outcome variables
using log 10 , natural log, square root or reciprocal transformations did not change the
distribution of the residuals (that is, the residuals continued to deviate from a normal
distribution).
As with investigation of proportional Shannon entropy, examination of the
standardised residuals using the raw data revealed a non-normal distribution in the model
investigating independent contributions to percentage time spent below SH T5 . Eight cases
were identified as outliers.

Removing these outliers did not change the distribution of
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residuals or the outcomes of the model (F 4, 138 = 5.28, R2 = 0.13, p = 0.001). However, the
distribution was able to be corrected with log 10 transformation of all predictor and outcome
variables. Examination of the standardised residuals using the transformed data for the entire
dataset revealed one outlier and this case was removed from the model.

Using these

transformed data, no change was observed in the outcomes of the model (F 4, 145 = 8.132, R2 =
0.18, p = 0.001). The model was better able to predict variance in percentage time spent
below SH T5 , and AHI remained a significant independent predictor of percentage time spent
below SH T5 (Table 5.19).

Percentage Stage 2 sleep, percentage slow wave sleep, and

percentage REM sleep were not independent predictors of percentage time spent below SH T5 .
Table 5.19 : Regression model parameters using transformed data for percentage time
spent below SH T5 ¥
Standardised β

Model

t

Significance

co-efficient
AHI

-0.309

-3.64

< 0.001

Stage 2 (%)

0.016

-0.17

0.86

REM (%)

0.173

1.90

0.06

SWS (%)

0.022

0.266

0.79

¥

1 outlier removed, log 10 transformation of data

Examination of the standardised residuals using the raw data revealed a nonparametric distribution in the model investigating independent contributions to percentage
time spent below SH T1 . Removal of seven cases identified as outliers did not alter the
distribution of residuals or the outcomes of the model (F 4, 139 = 5.668, R2 = 0.14, p < 0.001).
Log 10 transformation of all predictor and outcome variables was used to correct the
distribution of residuals. No outliers were identified in examination of the standardised
residuals using the transformed data for the entire dataset. Using these transformed data, no
change was observed in the outcomes of the model (F 4, 146 = 6.332, R2 = 0.19, p < 0.001).
The model was better able to predict variance in percentage time spent below SH T1 , and AHI
remained a significant independent predictor of percentage time spent below SH T1 (Table
5.20). Percentage Stage 2 sleep, percentage slow wave sleep, and percentage REM sleep
were not independent predictors of percentage time spent below SH T1 .
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Table 5.20 : Regression model parameters using transformed data for percentage time
spent below SH T 1 ¥
Standardised β co-

Model

t test

Significance

efficient
AHI

-0.332

-3.95

< 0.001

Stage 2 (%)

-0.031

-0.35

0.73

REM (%)

0.154

1.71

0.09

SWS (%)

0.020

0.24

0.81

¥

All cases included, log 10 transformation of data

5.2.6.5 Relationship between cardioventilatory coupling, sleep stage and heart rate
variability in individuals with sleep-disordered breathing
All measures of absolute power were associated with measures of cardioventilatory
coupling.

Increased total power was correlated with increased strength of coupling as

measured by proportional Shannon entropy (Spearman, r = -0.29, p < 0.001), increased RI -1
interval (Spearman, r = 0.24, p = 0.003), and increased percentage time spent below SH T5
(Spearman, r = 0.22, p = 0.007) and SH T1 (Spearman, r = 0.18, p = 0.03). These relationships
were also observed between measures of cardioventilatory coupling and absolute power in the
LF and HF bands. Increased percentage power in the HF band was correlated with increased
strength of coupling (Spearman, r = -0.23, p = 0.005), and increased percentage time below
SH T5 (Spearman, r = 0.27, p = 0.001) and SH T1 (Spearman, r = 0.24, p = 0.003).
Measures of heart rate variability by sleep stage are presented in Table 5.21. As with
measures of cardioventilatory coupling, to maximise the number of cases for analysis
Friedman’s two-way analysis of variance was conducted between wakefulness, light sleep,
slow wave sleep and REM sleep and demonstrated that almost all measures of heart rate
variability differed by sleep stage.
Absolute total power was significantly different between wakefulness, light sleep,
slow wave sleep and REM sleep (χ2(3) = 58.25, p < 0.001). Post hoc comparisons (using
Wilcoxon signed rank tests with Bonferroni corrected values for significance) for this test
demonstrated that total power during light sleep was significantly different from total power
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during slow wave sleep (T = 1.10, r = 0.60) and REM sleep (T = 1.30, r = 0.71), and total
power during wakefulness was significantly different from total power during light sleep (T =
-0.59, r = -0.32), slow wave sleep (T = 0.51, r = 0.28) and REM sleep (T = -0.80, r = -0.44).
Percentage power in the HF band (χ2(3) = 74.10, p < 0.001) and LF band (χ2(3) =
15.36, p = 0.002) differed significantly by sleep stage. Post hoc comparisons for these tests
showed that percentage power in the HF band during slow wave sleep differed significantly
from that during light sleep (T = -0.86, r = -0.47), REM sleep (T = -1.52, r = -0.36) and
wakefulness (T = -1.21, r = -0.66).

Percentage power in the HF band also differed

significantly between light sleep and REM sleep (T = -0.663, r = -0.36).

In addition,

percentage power in the LF band during slow wave sleep differed significantly from that
during light sleep (T = 0.63, r = 0.35), REM sleep (T = 0.56, r = 0.31) and wakefulness (T =
0.60, r = 0.33).
The ratio of power in the low frequency band to power in the high frequency band
was also significantly different between sleep stages (χ2(3) = 53.97, p < 0.001). Post hoc
comparisons showed that LF/HF during slow wave sleep differed significantly from LF/HF
during wakefulness (T = 1.02, r = 0.56), light sleep (T = 0.85, r = 0.47) and REM sleep (T =
1.31, r = 0.71).
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Table 5.21 : Measures of heart rate variability by sleep stage in individuals with SDB
Wake

Variable

Light sleep

SWS

REM

Median (IQR)
222.99

Total Power

(109.37.69 –

2 ŦŦŦ

(msec )

623.13)

407.47 (164.69

204.49 (77.18 –

418.67 (164.55

– 875.80)

547.88)

– 1308.49)

HF (msec2) ŦŦŦ

49.16 (22.73 –

105.45 (42.07 –

72.43 (25.36 –

72.10 (34.92 –

186.20)

236.35)

250.77)

333.34)

LF (msec2) ŦŦŦ

97.00 (47.68 –

180.98 (69.62 –

77.06 (28.70 –

185.36 (72.48 –

236.15)

393.64)

220.78)

468.00)

LF/HF ŦŦŦ

1.72 (1.02 –

1.56 (0.78 –

0.96 (0.62 –

1.65 (0.92 –

2.36)

2.67)

1.61)

3.13)

HF (%) ŦŦŦ

25.92 (19.42 –

27.89 (17.60 –

40.68 (28.65 –

26.25 (15.76 –

39.03)

43.05)

54.53)

37.98)

LF (%) ŦŦ

42.74 (35.81 –

40.27 (34.98 –

39.33 (29.98 –

38.65 (32.22 –

47.42)

49.43)

46.77)

49.32)

HFnu (msec2) ŦŦŦ

36.67 (29.76 –

39.08 (27.24 –

51.12 (38.28 –

37.69 (24.19 –

49.63)

55.97)

61.66)

52.11)

LFnu (msec2) ŦŦŦ

63.33 (50.37 –

60.92 (44.03 –

48.88 (38.34 –

62.31 (47.90 –

72.76)

61.72)

75.81)

70.24)
Ŧ

Friedman’s ANOVA; p < 0.05;

ŦŦ

p < 0.01;

ŦŦŦ

p < 0.001

5.2.6.6 Relationship between cardioventilatory coupling and oxygen saturation in
individuals with sleep-disordered breathing
An increase in proportional Shannon entropy was associated with decreased mean
SpO 2 (Spearman, r = -0.22, p = 0.008), a lower minimum SpO 2 (Spearman, r = -0.19, p =
0.02), an increased desaturation index (Spearman, r = 0.26, p = 0.002) and increased
magnitude of desaturation (Spearman, r = 0.18, p = 0.02). Likewise, comparable relationships
were observed for mean RI-1 interval and percentage time below SH T5 . An increase in mean
RI-1 interval was associated with an increased mean SpO 2 (Spearman, r = 0.33, p < 0.001), an
increased average awake SpO 2 (Spearman, r = 0.26, p = 0.001), a decreased desaturation
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index (Spearman, r = -0.37, p < 0.001) and decreased magnitude of desaturation events
(Spearman, r = -0.25, p = 0.002). Increasing percentage time spent below SH T5 was also
associated with an increased mean SpO 2 (Spearman, r = 0.26, p = 0.001), an increased
average awake SpO 2 (Spearman, r = 0.21, p = 0.009), a decreased desaturation index
(Spearman, r = -0.31, p < 0.001) and decreased magnitude of desaturation events (Spearman, r
= -0.31, p < 0.001).

5.3

Summary
This study examined whether cardioventilatory coupling was influenced by sleep-

disordered breathing. Specifically, it was hypothesised that individuals with sleep-disordered
breathing would show decreased cardioventilatory coupling. It was also hypothesised that,
within an individual, the cardioventilatory coupling would be decreased during periods of
sleep-disordered breathing, compared to periods of normal breathing.
Cardioventilatory coupling was observed to some degree, in all but one individual.
However, as with coupling in healthy individuals, there was considerable variability between
individuals in the strength of coupling and the proportion of the night spent below probability
thresholds for statistically significant coupling (SH T5 and SH T1 ).
Individuals with a higher apnoea hypopnoea index (AHI) exhibited a lower strength
of coupling, as measured by proportional Shannon entropy, and a lower proportion of the
night spent below probability thresholds for coupling. Coupling strength was significantly
decreased in those with moderate and severe OSA, compared to those with no sleepdisordered breathing. Furthermore, individuals with moderate and severe OSA spent a lesser
proportion of the night coupling, than those with no sleep-disordered breathing. Similar
findings have also been demonstrated by Kabir et al. (2010) (discussed in Chapter 7: General
discussion).
Interestingly, no differences were detected in cardioventilatory coupling, when,
within an individual, periods of obstructive apnoeas and/or obstructive hypopnoeas were
compared with periods of no sleep-disordered breathing. This was an unexpected finding.
Only one other group has considered the effect of sleep-disordered breathing events, per se,
on cardioventilatory coupling within individuals. Thomas et al. (2005; 2007) have shown that
elevation in ‘broad-band’ low-frequency coupling of cross-spectral power for heart rate and
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breathing is indicative of periods of sleep-disordered breathing.

However, the work by

Thomas et al. utilises a different method (cross power spectral analysis) for identifying
coupling, and the research group also holds the viewpoint that coupling results from mutual
interaction of cardiac and ventilatory timing.

Unfortunately, this approach does not

distinguish between cardioventilatory coupling (triggering of inspiration by cardiac activity)
and respiratory influences on heart beat timing, such as respiratory sinus arrhythmia.
Therefore, these findings from Thomas et al. cannot be compared to the observations seen
with cardioventilatory coupling in this study.
At face value, these findings could suggest that, in individuals with OSA, it is not
sleep-disordered breathing events, per se, but an overall change in a mechanism influencing
cardioventilatory coupling that results in decreased coupling strength and decreased
proportion of the night spent coupling.
Significant differences in cardioventilatory coupling were observed between
different sleep stages. Coupling strength was increased during light sleep, compared to both
wakefulness and REM sleep. Additionally, the proportion of the night spent coupling was
increased during light sleep, compared to wakefulness and REM sleep, and further increased
during slow wave sleep. This is consistent with the findings of Kabir et al. (2010) and is
considered in Chapter 6.
Consistent with the observation of increased coupling during slow wave sleep, the
percentage power in the high frequency (HF) band was increased during slow wave sleep,
compared to light sleep, REM sleep and wakefulness. In addition, there was a shift towards
sympathetic dominance during wakefulness, light sleep and REM sleep, as compared to slow
wave sleep. As mentioned in previous chapters, during cardioventilatory coupling, heart beats
are positioned so that they are maximally affected by respiratory sinus arrhythmia (Galletly &
Larsen, 1998; Larsen & Galletly, 2001). It would therefore, potentially be expected that
increased coupling would be associated with an increase in HF power.
This study had a number of significant limitations. Foremost, financial constraints
meant that this dataset was an opportunistic sample of individuals referred for
polysomnographic investigation of sleep-disordered breathing.

The data collection time

period was, therefore, dictated by the study type indicated by the referring physician. This
resulted in substantial differences in total sleep time among the participants. Significant
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differences were observed in many sleep quality measures. Individuals undergoing a ‘split
night study’ exhibited a shorter sleep onset latency, greater percentage Stage 2 sleep, lower
percentage Stage 4 sleep and lower percentage REM sleep, than those who underwent a full
night diagnostic study. However, individuals with a high probability of sleep-disordered
breathing were more likely to be referred for ‘split night’ studies. Thus, the sleep quality
measures in ‘split-night’ studies are indicative of the severity of sleep-disordered breathing.
The presence and time course of slow wave sleep and REM sleep are also altered by the time
available for sleep. Slow wave sleep predominates in the first half of the night and is
influenced by the homeostatic drive for sleep (Webb & Agnew, 1971). REM sleep, on the
other hand, predominates in the latter third of the night and is influenced by the circadian
pacemaker (Czeisler et al., 1980). In the setting of OSA, these relationships become complex.
The high amount of fragmentation present in OSA reduces both percentage slow wave sleep
and REM sleep. It is likely that the variation in time available for sleep, as well as the
resultant changes in sleep architecture, have confounded some of the results observed in this
study. An attempt was made to control for this limitation by including percentage Stage 2
sleep, percentage slow wave sleep and percentage REM sleep in multiple regression models
investigating cardioventilatory coupling. These models showed that regardless of sleep stage
distribution, AHI remained a significant independent predictor of cardioventilatory coupling.
Sleep stage was not shown to independently contribute to cardioventilatory coupling. To
verify the findings of this study, a protocol for future work in this area would ideally include
full night diagnostic studies with a set sleep/wake schedule, which would provide equal
opportunity for sleep, regardless of the severity of sleep-disordered breathing.
Data loss was not a significant issue during this study. Each polysomnographic
study was attended by a trained Clinical Sleep Physiologist. In this way, sensors were
carefully applied prior to sleep onset and patients were monitored in the period prior to lights
out. Unlike the home-based studies described in Chapter 3, patients were assisted while
getting into bed and sensors re-checked prior to start of recording for quality of signal.
During the overnight sleep period, there was opportunity for re-attachment of sensors, if they
became dislodged. The combination of these approaches meant that sensor loss was not
observed in these participants. Data quality, however, varied significantly from participant to
participant. This was in most part due to the influence of obstructive apnoea events on the
ECG and nasal pressure signals. The large intrathoracic pressure swings observed during
each apnoea often lead to shifts in the baseline of ECG and nasal pressure signals. In
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addition, frequent changes were observed in the tidal volume of the nasal pressure signal. For
the most part, filtering of the signal outlined in Chapter 2 was able to remove baseline drift.
However, when filtering did not correct for baseline drift, or when frequent changes in nasal
pressure amplitude were observed, segmenting of the whole signal into small epoch lengths
was required in order to accurately detect ECG R wave time and inspiratory onset. Although
successful, this method was time intensive with a large amount of data needing to be
processed.
Post hoc comparisons of relationships between severity of sleep-disordered breathing
and measures of heart rate, ventilatory period and heart rate variability demonstrated that
several measures differed between those with severe sleep-disordered breathing and those
with mild or moderate severity, but not with those with no sleep-disordered breathing. In
particular, it was visually observed that U-shape relationships existed for several measures of
heart rate variability. This may suggest confounding influence(s) by medical conditions comorbid to sleep-disordered breathing, as well as the influence of medications on the central
nervous system. Participants in this study were drawn from a clinical population referred for
polysomnographic study and it was found that the majority of individuals in each severity
group for sleep-disordered breathing had a previous diagnosis of at least one other medical
condition (Table 5.4). Notably, 12 of 16 participants with a diagnosis of no sleep-disordered
breathing also had a previous diagnosis of at least one other medical condition. Preliminary
investigation of co-morbid conditions in those with sleep-disordered breathing showed no
difference in cardioventilatory coupling by medical condition (Appendix A).

When

considering heart rate variability, differences were observed in power in the LF band in
individuals with hypertension, cardiovascular disease and asthma, compared to individuals
with no co-morbid medical condition. However, it is important to note that this was an
opportunistic sample of individuals with OSA, and this study was not designed to investigate
the effect of co-morbid conditions.

Sample size varied greatly by category of medical

condition and statistical investigation of medication regime was not possible. Nevertheless,
the effect of co-morbid conditions and/or medications should be a consideration for future
research investigating cardioventilatory coupling in individuals with sleep-disordered
breathing. Additionally, any investigation of cardioventilatory coupling in relation to any
particular co-morbid conditions would need to take into the severity and type of sleepdisordered breathing events, as well as medication regime.
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Of final note, is the fact that the nasal pressure signal records a surrogate of nasal
airflow only, and continuing effort to breathe during the event of complete airway occlusion is
not able to be measured using this signal. As accurate detection of inspiratory onset was of
utmost importance, the nasal pressure signal was used in this study, as it most closely aligns
with the signal from a pneumotachometer (American Academy of Sleep Medicine, 1999).
Potentially, other measurement techniques may be more appropriately used in the setting of
OSA. These are discussed in more detail in Chapter 7.
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CHAPTER 6: CARDIOVENTILATORY COUPLING IN
INDIVIDUALS WITH CHEYNE-STOKES RESPIRATION

As outlined in Chapter 1, Cheyne-Stokes respiration (CSR) is a type of central sleep
apnoea, characterised by a repeated waxing and waning of ventilation, with either a central
apnoea or central hypopnoea at the ventilatory nadir, and is most highly associated with
congestive heart failure and left ventricular systolic dysfunction (Ancoli-Israel et al., 1994;
Javaheri, 2006; Shahar et al., 2001), although it has also been reported in individuals with
cerebrovascular disease (Nachtmann et al., 1995).
First described in 1818 (Cheyne, 1818), this breathing pattern most likely arises from
ventilatory control system instability (high loop gain), whereby a prolonged circulatory delay
(Hall et al., 1996; Lange & Hecht, 1962), high ventilatory drive (Naughton et al., 1993; Solin
et al., 2000) and small differences between stable PaCO 2 during sleep and the apnoea
threshold (Xie et al., 2002) contribute to Cheyne-Stokes respiration.

Polysomnographic

studies in individuals exhibiting Cheyne-Stokes respiration show a predominance of central
apnoea events during Stages 1 and 2 sleep, with fewer events occurring during slow wave
sleep or REM sleep (Hanly et al., 1989). Frequent arousals from sleep are observed during
the hyperpnoeic phase of the central apnoea events in individuals with Cheyne-Stokes
respiration (Dowdell et al., 1990; Trinder et al., 2000).

These arousals contribute to

considerable sleep fragmentation, poor sleep quality and impaired daytime function
(Naughton et al., 1993).
In order to generate new hypotheses for further analyses, this appendix presents four
case studies of individuals with Cheyne-Stokes respiration, and provides comparison with
age-matched healthy individuals and age-matched individuals with obstructive sleep apnoea
(OSA).

6.1

Method
As mentioned in Chapter 5, four participants (selected for inclusion in the study of

cardioventilatory coupling in individuals with sleep-disordered breathing) primarily exhibited
central sleep apnoea during their polysomnographic study.

Given the small number of

individuals with a primary diagnosis of central sleep apnoea, and potential differences in
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cardioventilatory coupling in those with OSA, it was not reasonable to include these
individuals in analysis of the relationship between cardioventilatory coupling and sleepdisordered breathing.

The small number of individuals with central sleep apnoea also

precluded any statistical comparison of cardioventilatory coupling between individuals with
obstructive sleep apnoea and those with central sleep apnoea.
Therefore, the four individuals with a primary diagnosis of central sleep apnoea are
presented as individual case studies in this appendix. All data were processed and analysed
using the methodology outlined in Chapter 5, Section 5.1.2. Each case study is presented by
first describing the known medical history and current medical status of the participant. The
presence of co-morbid medical conditions in these participants was assessed by examining
information on patient medical history and current medications, provided to the WellSleep
laboratory at time of admission. This information included the physician referral form and
physician referral letter to WellSleep, as well as patient-reported medical conditions on the
standard Bowen Hospital admission questionnaire.
In line with the presentation in previous chapters and to provide a context for
observations for cardioventilatory coupling, sleep quantity and quality, sleep-disordered
breathing characteristics, heart rate, ventilatory period and heart rate variability are presented
for each case. For comparison, these values are presented alongside data for age-matched
healthy individuals (Chapter 3) and age-matched individuals with OSA (subset of data from
Chapter 5). Data from one of the four case studies was taken from a ‘split night’ study. In
this case, comparative data for age-matched individuals with OSA was obtained from those
who also underwent a split night study. In all other cases, comparative data is presented from
age-matched individuals with OSA who underwent a full night diagnostic study.
For each case, both whole night and sleep stage measures of cardioventilatory
coupling are presented alongside age matched data for healthy individuals and individuals
with OSA. In addition, visual representations of sleep architecture, heart rate, respiratory
frequency, RI plots and proportional Shannon entropy, across the sleep period, are presented
for each case.
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6.2

Case Studies

6.2.1

Case Study 1: Mr C
Mr C was a 63 year old male, referred to WellSleep for a ‘split night’

polysomnographic study in July 2004 to investigate the presence of OSA. It was intended
that Mr C commence treatment on continuous positive airway pressure (CPAP), during the
polysomnographic study, if he exhibited an obstructive apnoea hypopnoea index greater than
or equal to 20 events per hour of sleep.
Mr C’s medical history included four myocardial infarctions. His referring physician
noted two recent events; non-Q-wave infarct was noted in February 2004 and septal ST
elevation was noted in April 2004. Prior to these events, Mr C had undergone several surgical
procedures: thyroidectomy (year unknown), quadruple bypass surgery (1989) and coronary
stents insertion (February and April 2004). He had also been diagnosed with paroxysmal
atrial fibrillation (year of onset unknown). During a recent physical examination by his
referring physician, Mr C reported mild dyspnoea while walking up stairs, which had
worsened since his most recent myocardial infarction. Ventricular ejection fraction was
reported to be 31% in April 2004. Cholesterol was elevated above desired levels at 3.2
mmol/L.
Physical examination revealed blood pressure in the normal range at 125/75, and
regular resting heart rate of 68 beats per minute. Jugular venous pressure was not elevated
and the chest was noted to be clear. Mr C was a non-smoker.
Mr C was taking a number of medications for treatment of his cardiovascular disease
and reduced thyroid function.

These were confirmed at time of admission for

polysomnographic study and are outlined in Table 6.1.

198
Table 6.1 : Medications taken by Mr C at time of admission for polysomnographic study
Medication

Daily Dose

Aspirin® (acetylsalicylic acid)

150mg mane

Atorvastatin

10mg nocte

Cetirizine

10mg mane

Cilazapril

2.5mg mane

Clopidogrel

75 mg mane

Frusemide

40mg mane

Levothyroxine

125 mcg mane

Metoprolol succinate

95mg mane

Prior to admission to WellSleep, sleep apnoea had been documented during an
admission to the coronary care unit (CCU) in February 2004. Apnoeic periods, as well as
snoring, had also been witnessed by his wife. On admission, body mass index (BMI) was
calculated at 28.7 kg/m2. Epworth Sleepiness Scale (described in Chapter 5, Section 5.1.1)
score was only slightly elevated above normal values, at 11/24.

Mr C reported high

likelihood of dozing while sitting and reading, watching TV and lying down in the afternoon
to rest. Daily caffeine and alcohol intake on admission was reported to be nil. A sleep diary
completed for the week prior to admission indicated regular sleep routine with usual bedtime
between 2230 and 0000, and usual rise time between 0600 and 0700. Generally, Mr C had a
short sleep latency (3-20 minutes), but experienced frequent waking overnight (2-4 times per
night contributing to a total of 4-20 minutes awake overnight).
6.2.1.1 Sleep quantity and quality in Mr C
During the polysomnographic study, the lights were turned out at 2145. Frequent
central apnoea events were observed by the Clinical Sleep Physiologists in attendance. The
on-call physician was contacted during the sleep period (0245) and instruction was given to
administer 2 L/min supplementary oxygen via nasal cannula. As with the study methodology
outlined in Chapter 5, measures of heart rate, ventilatory period, heart rate variability and
cardioventilatory coupling for this case were determined from the diagnostic period only.
Measures of sleep quantity and quality were calculated for both the diagnostic
portion and the entire sleep period. These data are presented in Table 6.2 and Table 6.3. For
comparison, Table 6.4 presents measures of sleep quantity and quality for the entire sleep
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period in healthy individuals aged 60-75 years (Chapter 3, n = 9) and individuals aged 60-75
years primary diagnosis with OSA that underwent a full night diagnostic study (subset of data
from Chapter 5; n = 19). Table 6.4 also outlines measures of sleep quantity and quality for
the diagnostic portion only in individuals aged 60-75 years primary diagnosis with OSA that
underwent a ‘split night’ study (subset of data from Chapter 5; n = 19).
Table 6.2 : Sleep quantity during laboratory polysomnography in Mr C
Variable (mins)

Diagnostic portion only

Entire sleep period

TIB

319.50

489.50

TST

237.00

352.00

SOL

25.50

25.50

Stage 1

23.00

36.00

Stage 2

109.50

156.00

Stage 3

27.00

54.00

Stage 4

36.00

37.50

REM

41.50

68.50

Table 6.3 : Sleep quality during laboratory polysomnography in Mr C
Variable

Diagnostic portion only

Entire sleep period

Sleep efficiency (%)

74.20

71.90

Stage 1 sleep (%)

9.70

10.20

Stage 2 sleep (%)

46.20

44.30

Stage 3 sleep (%)

11.40

15.30

Stage 4 sleep (%)

15.20

10.70

REM sleep (%)

17.50

19.50

WASO (mins)

57.00

112.00

Arousal index (/hr)

24.80

21.10

Sleep stage transitions (#)

143.00

216.00
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Table 6.4 : Sleep quantity and quality in healthy individuals and individuals with obstructive sleep apnoea aged 60-75 years presented by
study type
Diagnostic only
Variable

Healthy individuals

‘Split night’

Individuals with OSA

Individuals with OSA

Mean (s.d.)
TIB (mins)

469.67 (41.12)

500.42 (94.45)

TST (mins)

368.72 (33.99)

313.97 (98.86)

271.66 (49.07)
170.13 (46.80)
Ψ

14.50 (0.00 – 65.00) Ψ

SOL (mins)

13.39 (5.30)

24.00 (0.50 – 217.00)

Sleep efficiency (%)

78.59 (4.18)

63.40 (14.50 – 77.90) Ψ

62.27 (11.26)

Stage 1 (%)

9.60 (4.24)

12.44 (6.20)

15.43 (9.89)

Stage 2 (%)

66.86 (5.28)

52.58 (16.91)

57.82 (13.21)

Stage 3 (%)

7.83 (4.07)

16.25 (7.82)
Ψ

0.00 (0.00 – 35.20) Ψ

Stage 4 (%)

0.00 (0.00 – 1.80)

REM (%)

15.41 (5.57)

15.38 (8.92)

9.17 (7.85)

WASO (mins)

82.50 (71.00 – 133.00) Ψ

26.20 (12.35 – 83.60) Ψ

31.02 (8.76_

Arousal index (/hr)

8.89 (5.65)

33.30 (18.60 – 147.20) Ψ

53.34 (24.49)

Ψ

1.50 (0.00 – 22.90)

12.38 (9.59)
Ψ

Data in this group were not normally distributed, therefore data for this group were presented as median (range)
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Comparison of measures of sleep quantity and quality in Mr C with mean or median
values for healthy individuals and individuals with OSA, aged 60-75 years, demonstrated that
Mr C had more slow wave sleep than most healthy individuals, and most individuals with
OSA. This was in most part due to a greater percentage of Stage 4 sleep. In addition, arousal
index in Mr C was elevated in comparison to most healthy individuals, but was lower than
values observed in most individuals with OSA.
6.2.1.2 Sleep-disordered breathing characteristics in Mr C
After physiologist and physician analysis of his polysomnographic study, Mr C was
diagnosed with a primary diagnosis of central sleep apnoea, exhibiting a Cheyne-Stokes
respiration pattern. While the majority of events were central in nature, obstructive apnoea
and obstructive hypopnoea events were also observed.

Measures of sleep-disordered

breathing from the diagnostic portion of his study are presented in Table 6.5. For comparison,
these data are presented alongside measures of sleep-disordered breathing in individuals aged
60-75 years primary diagnosis with OSA, who underwent a ‘split night’ study.
Table 6.5 : Measures of SDB in Mr C compared with individuals aged 60-75 years with
obstructive sleep apnoea that underwent a ‘split night’ study
Variable

Mr C

Individuals with OSA

AHI (TST)

59.20

60.95 (31.17)

Obstructive AHI (TST)

17.20

52.15 (26.55)

Central AHI (TST)

42.00

0.00 (0.00 – 15.40) Ψ

Central apnoea index (NREM)

50.30

1.72 (4.28)

Obstructive apnoea index (NREM)

6.80

31.91 (31.53)

Hypopnoea index (NREM)

12.00

20.02 (18.52)

AHI (NREM)

69.10

55.15 (28.80)

Central apnoea (REM)

2.90

0.18 (0.73)

Obstructive apnoea index (REM)

0.00

37.59 (29.06)

Hypopnoea index (REM)

10.10

11.82 (12.40)

AHI (REM)

13.00

51.31 (27.20)

Mean apnoea duration (secs)

21.60

24.67 (6.31)

Ψ

Data in this group were not normally distributed, therefore data for this group were presented as median
(range)
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6.2.1.3 Heart rate, ventilatory period and heart rate variability in Mr C
Measures of heart rate, ventilatory period and heart rate variability for Mr C are
presented alongside measures for heart rate, ventilatory period and heart rate variability in
both healthy individuals aged 60-75 years and individuals aged 60-75 years with OSA that
underwent a ‘split night’ study in Table 6.6, Table 6.7 and Table 6.8, respectively. Of
particular note are the differences in the variability of ventilatory period between Mr C and
individuals with OSA. Mr C demonstrated a similar degree of variability in ventilatory period
to healthy individuals but much less variability than most individuals with OSA. Central
apnoea events during Mr C’s polysomnographic study tended to have a central hypopnoea
(reduced airflow) at the ventilatory nadir, rather than apnoea (cessation of breathing).
Mr C was taking a β-adrenergic antagonist (metoprolol succinate) and his heart rate
variability data, in relation to healthy individuals and individuals with OSA, needs to be
interpreted with caution. The ratio of power in the LF band relative to power in the HF band
(LF/HF) was considerably greater in Mr C than values observed in the majority of healthy
individuals and the majority of individuals with OSA. In line with this observation, although
percentage power in the LF band was similar to that observed in individuals with OSA, a
decrease in percentage power in the HF band was observed in Mr C.
Table 6.6 : Measures of heart rate in Mr C compared with individuals aged 60-75 years
with and without obstructive sleep apnoea

Variable (secs)

Mr C

Healthy individuals

Individuals with OSA
Mean (s.d.)

Mean RR

1.13

1.02 (0.22)

0.88 (0.15)

SD RR

0.09

0.09 (0.03)

0.07 (0.03 – 0.38) Ψ

CD RR

0.02

0.02 (0.01 – 0.03) Ψ

0.01 (0.00 – 0.26) Ψ

Ψ

Data in this group were not normally distributed, therefore data for this group were presented as median
(range)
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Table 6.7 : Measures of ventilatory period in Mr C compared with individuals aged 6075 years with and without obstructive sleep apnoea
Healthy individuals

Individuals with OSA

Variable (secs)

Mr C

Mean II

3.68

4.65 (0.72)

3.96 (0.62)

SD II

0.55

0.59 (0.47 – 1.27) Ψ

4.00 (2.60 – 5.34) Ψ

CD II

0.33

0.32 (0.26 – 0.52) Ψ

0.63 (0.36 – 4.51) Ψ

Mean (s.d.)

Ψ

Data in this group were not normally distributed, therefore data for this group were presented as median
(range)

Table 6.8 : Measures of heart rate variability in Mr C compared with individuals aged
60-75 years with and without obstructive sleep apnoea

Variable

Mr C

Total Power

Healthy individuals

Individuals with OSA
Median (range)

574.04

347.75 (78.74 – 1108.78)

253.80 (39.26 – 10255.89)

HF (msec2)

53.89

65.75 (15.18 – 217.88)

79.25 (2.31 – 5757.06)

LF (msec2)

227.18

90.55 (7.80 – 671.96)

97.42 (5.36 – 4503.46)

LF/HF

4.22

1.44 (1.16)

1.94 (0.42 – 9.35)

(msec2)

Mean (s.d.)
HF (%)

18.57

35.22 (14.70)

30.62 (14.43)

LF (%)

44.93

40.92 (10.70)

36.14 (6.20)

19.17

47.73 (17.41)

38.79 (16.81)

80.83

52.27 (17.41)

61.21 (16.81)

HFnu (msec2)
2

LFnu (msec )

6.2.1.4 Cardioventilatory coupling in Mr C
A hypnogram demonstrating changes in sleep stages across the night, as well as
changes in respiratory frequency (f), heart rate, RI intervals and proportional Shannon entropy
(SHα) during Mr C’s polysomnographic study are depicted in Figure 6.1. Only data for the
diagnostic portion of the study are presented. As discussed in Chapter 1, Section 1.5.2.1, RI
intervals may be graphically represented as an RI plot.
observed as horizontal banding in an RI plot.

Cardioventilatory coupling is

A horizontal line is drawn at the 0.05
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probability threshold for proportional Shannon entropy (SH T5 ) on the graph depicting SHα
values.
Statistically significant coupling at the 0.05 probability threshold was observed for
12.54% of the sleep period and at the 0.01 probability threshold for 3.23% of the sleep period.
Median proportional Shannon entropy for the entire sleep period was observed to be 0.885
and mean RI -1 interval was 0.56 seconds. Mr C did not appear to differ substantially from
healthy individuals aged 60-75 years or individuals aged 60-75 years primary diagnosis with
OSA in measures of cardioventilatory coupling (Table 6.9). However, lower proportional
Shannon entropy (indicative of increasing coupling strength) was observed in Mr C,
compared with individuals with and without OSA.
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Figure 6.1 : Heart rate, ventilatory period, RI plot and proportional Shannon entropy during the diagnostic portion of the sleep period
in Mr C
A hypnogram is depicted in Panel A.
Sleep onset occurs at 1530 seconds
(25.5 minutes) after start of recording.
Data is displayed for the diagnostic
portion of the polysomnographic study
only. Panels B and C show respiratory
frequency (breaths/min) and heart rate
(beats/min), respectively. Banding was
seen in the graph of respiratory
frequency. This was evident of central
and obstructive sleep apnoea events,
resulting in intermittent increase in
ventilatory period and therefore,
reduction in respiratory frequency. The
RI plot in Panel D showed very little to
no horizontal banding, evident of the
small amount of cardioventilatory
coupling observed in this individual.
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Table 6.9 : Measures of cardioventilatory coupling in Mr C compared with individuals
aged 60-75 years with and without obstructive sleep apnoea

Variable

Mr C

Healthy individuals

Individuals with OSA

Median (range)
SHα

0.885

0.892 (0.871 – 0.899)

0.893 (0.870 – 0.905)

Time < SH T5 (%)

12.54

10.90 (5.73 – 24.62)

11.41 (4.23 – 26.25)

Time < SH T1 (%)

3.23

4.59 (1.52 – 14.92)

4.07 (0.60 – 10.55)
Mean (s.d.)

Mean RI -1 (secs)

0.56

0.53 (0.12)

0.44 (0.07)

Measures of cardioventilatory coupling by sleep stage for Mr C are presented in
Table 6.10. These may be compared to measures of cardioventilatory coupling by sleep stage
and for healthy individuals aged 60-75 years and measures of cardioventilatory coupling for
individuals aged 60-75 years with OSA that underwent a ‘split night’ study. Mr C was
observed to exhibit slightly decreased proportional Shannon entropy, along with increased
percentage time below SH T5 and SH T1 during slow wave sleep compared with most healthy
individuals and most individuals with OSA. The percentage time below SH T5 and SH T1
during light sleep was reduced compared to healthy individuals aged 60-75 years.
Furthermore, percentage time below SH T5 and SH T1 in Mr C during REM sleep was
comparable to healthy individuals, but elevated compared to individuals with OSA.

In

addition, the mean RI-1 interval for Mr C was longer than values observed for both healthy
individuals and individuals with OSA in all sleep stages.
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Table 6.10 : Measures of cardioventilatory coupling by sleep stage in Mr C compared with individuals aged 60-75 years with and without
obstructive sleep apnoea
Wake
Variable

Mr C

Healthy

Light Sleep
OSA

Mr C

Healthy

SWS

OSA

Mr C

REM

Healthy

OSA

0.888

0.883

(0.758 –

(0.782 –

Mr C

Healthy

OSA

0.888

0.898

(0.847 –

(0.686 –

0.910)

0.929)

Median (range)
SHα

Time <
SH T5 (%)
Time <
SH T1 (%)
Mean RI 1

(secs)

0.902

3.55

0.56

0.509

0.892

0.892

0.886

0.888

(0.814 –

(0.843 –

(0.819 –

(0.815 –

0.905)

0.961)

0.901)

0.917)

0.910)

0.944)

13.21 (2.21

10.01 (0.00

14.82 (6.95

11.98 (0.00

14.38 (4.35

13.63 (0.00

– 62.97)

– 47.67)

– 61.99)

– 65.42)

– 94.06)

– 89.13)

4.98 (1.12 –

3.99 (0.00 –

5.56 (0.00 –

3.95 (0.00 –

44.99)

47.28)

86.09)

65.89)

3.76 (0.00 – 2.85 (0.0047.67)
0.46 (0.39 –
0.93)

31.05)
0.41 (0.08)

0.888

11.52

2.73

0.541

0.50 (0.39 –
0.76)

0.41 (0.21)

0.875

18.60

6.47

0.606

0.49 (0.31 –
0.77)

0.42 (0.19)

0.888

12.40
12.42

(35.75 –
34.90)

5.01

0.563

6.91 (0.00 –
78.56)

3.79 (0.00 –

0.62 (0.00 –

26.54)

76.68)

0.50 (0.37 –
0.75)

0.42 (0.09)
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6.2.2

Case Study 2: Mr B
Mr B was a 72 year old male, referred to WellSleep for full diagnostic

polysomnographic monitoring in March 2004 to investigate the presence of central sleep
apnoea. Past medical history included congestive heart failure, cardiomegaly, ischemic heart
disease and paroxysmal atrial fibrillation. Mr B was an ex-smoker. Physical examination by
a Cardiologist and Clinical Cardiac Physiologist two months prior to polysomnographic study
confirmed ventricular ejection fraction of 25%, severely dilated left atrium, dilated left
ventricle, and a moderate degree of mitral regurgitation.
Mr B was taking a number of medications for treatment of his congestive heart
failure disease, as well as gastro-oesophageal reflux.

These were confirmed by the

physiologist in attendance at the time of admission for the polysomnographic study, and are
outlined in Table 6.11.

Unfortunately, timing of medication was not recorded for any

medication.
Table 6.11 : Medications taken by Mr B at time of admission for polysomnographic
study
Medication

Daily Dose

Aldactone® (Spironolactone)

25 mg

Digoxin

187.5 mg

Frusemide

40 mg

Inhibace® (Cilazapril)

2.5 mg

Losec® (Omeprazole)

20 mg

Metoprolol succinate

47.5 mg

Warfarin sodium

3 mg

On admission, BMI was calculated at 23.9 kg/m2. Epworth Sleepiness Scale score
was well within normal limits at 1/24. During routine consultation on admission, Mr B
reported often waking feeling refreshed and never snoring. He was not aware of anyone
witnessing periods of apnoea. Usual alcohol intake was reported at less than two drinks, once
every 3-7 days. Unfortunately, usual caffeine intake was not noted by the physiologist in
attendance. Usual bed time was noted to be 2200 and usual rise time between 0630 and 0700.
On admission, blood pressure was measured by the on-call physician and was noted to be
101/59. Resting heart rate was noted to be 54 beats per minute. P a O 2 was recorded at 100.0
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mm Hg, PaCO 2 at 39.8 mm Hg (transcutaneous CO 2 at 28.0 mm Hg), serum bicarbonate
(HCO 3 ) at 27 mmol/L, and pH at 7.44.
6.2.2.1 Sleep quantity and quality in Mr B
During the polysomnographic study, the lights were turned out at 2300. Frequent
central apnoea events were observed during the sleep period by the Clinical Sleep
Physiologists in attendance. As the study was a full night diagnostic study, measures of sleep
quantity and quality were calculated for the entire sleep period and are presented in Table
6.12 and Table 6.13. These data may be compared with data from Table 6.4, which outlines
measures of sleep quantity and quality for the entire sleep period in healthy individuals aged
60-75 years (Chapter 3), and individuals aged 60-75 years primary diagnosis with OSA that
underwent a full night diagnostic study (Chapter 5).
Table 6.12 : Sleep quantity during laboratory polysomnography in Mr B
Variable (minutes)

Data

TIB

440.50

TST

309.00

SOL

7.50

Stage 1

72.50

Stage 2

182.50

Stage 3

7.00

Stage 4

0.00

REM

47.00
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Table 6.13 : Sleep quality during laboratory polysomnography in Mr B
Variable

Data

Sleep efficiency (%)

70.10

Stage 1 sleep (%)

23.50

Stage 2 sleep (%)

59.10

Stage 3 sleep (%)

2.30

Stage 4 sleep (%)

0.00

REM sleep (%)

15.20

WASO (mins)

124.00

Arousal index (/hr)

36.10

Sleep stage transitions (#)

205.00

Sleep efficiency in Mr B was slightly reduced compared to median values observed
in healthy individuals aged 60-75 years (median = 78.59%) and elevated compared to mean
values observed in individuals with OSA aged 60-75 years (median = 63.40%). Mr B was
observed to have much more Stage 1 sleep than most healthy individuals (median = 9.60%)
and most individuals with OSA (median = 12.44%). In addition, percentage Stage 3 sleep
was reduced in Mr B compared to most healthy individuals (median = 7.83%) and most
individuals with OSA (median = 16.25%). Furthermore, Mr B exhibited a greater arousal
index than most healthy individuals (median = 8.89/hr), but similar to the arousal index
observed in most individuals with OSA (median = 33.30/hr). Wake after sleep onset was
slightly elevated compared to most healthy individuals (median = 82.50 minutes) and
considerably elevated compared with most individuals with OSA (median = 26.20 minutes).
6.2.2.2 Sleep-disordered breathing characteristics in Mr B
Physician and physiologist analysis of Mr B’s polysomnographic study confirmed
severe central sleep apnoea with Cheyne-Stokes respiration pattern.

Measures of sleep-

disordered breathing from the entire sleep period are presented in Table 6.9. For comparison,
these data are presented alongside measures of sleep-disordered breathing in individuals aged
60-75 years primary diagnosis with OSA that underwent a full night diagnostic study. Mr B
exhibited very few obstructive apnoeas or hypopnoeas in comparison to central sleep apnoea
events.
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Table 6.14 : Measures of SDB in Mr B compared with individuals aged 60-75 years with
obstructive sleep apnoea that underwent full night diagnostic study

Variable

Mr B

Individuals with OSA
Mean (s.d.)

AHI (TST)

57.90

40.51 (50.99)

Obstructive AHI (TST)

0.20

25.23 (19.42)

Central AHI (TST)

55.00

2.63 (7.63)

Central apnoea index (NREM)

61.80

2.90 (8.30)

Obstructive apnoea index (NREM)

0.20

11.69 (16.32)

Hypopnoea index (NREM)

2.10

13.04 (10.91)

AHI (NREM)

64.60

28.15 (20.85)

Central apnoea (REM)

16.60

0.59 (1.32)

Obstructive apnoea index (REM)

0.00

20.60 (21.74)

Hypopnoea index (REM)

3.80

15.24 (12.06)

AHI (REM)

20.40

36.42 (21.48)

Mean apnoea duration (seconds)

25.20

22.70 (5.21)

6.2.2.3 Heart rate, ventilatory period and heart rate variability in Mr B
Measures of heart rate, ventilatory period and heart rate variability for Mr B are
presented alongside measures for heart rate, ventilatory period and heart rate variability in
both healthy individuals aged 60-75 years, and individuals aged 60-75 years with OSA that
underwent a full night diagnostic study, in Table 6.15, Table 6.16 and Table 6.17,
respectively. Mr B was taking a number of cardiac-active medications (notably, metoprolol
succinate, digoxin and warfarin sodium). In addition, during his overnight polysomnographic
study, he drifted in and out of sinus rhythm. Therefore, his heart rate and heart rate variability
data needs to be interpreted with caution.
Variability in heart rate, as observed by the standard deviation of RR intervals, was
much higher in Mr B than in most healthy individuals or most individuals diagnosed with
OSA. Absolute total power, HF power and LF power was elevated in Mr B compared to
individuals with and without OSA.

As observed in the previous case study for Mr C,

normalised units of HF power and percentage power in the HF band were much lower in Mr
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B than in most healthy individuals or most individuals diagnosed with OSA. Furthermore, Mr
B exhibited a greater LF/HF ratio compared to individuals with and without OSA.
Table 6.15 : Measures of heart rate in Mr B compared with individuals aged 60-75 years
with and without obstructive sleep apnoea
Healthy individuals

Individuals with OSA

Variable (secs)

Mr B

Mean RR

0.98

1.02 (0.22)

0.88 (0.15)

SD RR

0.15

0.09 (0.03)

0.08 (0.36)

CD RR

0.02

0.02 (0.01 – 0.03) Ψ

0.02 (0.00 – 0.17) ψ

Mean (s.d.)

Ψ

Data in this group were not normally distributed, therefore data for this group were presented as median
(range)

Table 6.16 : Measures of ventilatory period in Mr B compared with individuals aged 6075 years with and without obstructive sleep apnoea

Variable (secs)

Mr B

Mean II

3.83

Healthy individuals

Mean (s.d.)
4.65 (0.72)

3.85 (1.14)
Ψ

0.82 (0.18 – 3.69) Ψ
0.40 (0.14 – 1.08) Ψ

SD II

0.98

0.59 (0.47 – 1.27)

CD II

0.39

0.32 (0.26 – 0.52) Ψ

Ψ

Individuals with OSA

Data in this group were not normally distributed, therefore data for this group were presented as median
(range)
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Table 6.17 : Measures of heart rate variability in Mr B compared with individuals aged
60-75 years with and without obstructive sleep apnoea

Variable

Mr B

Total Power

Healthy individuals

Individuals with OSA
Median (range)

1413.29

347.75 (78.74 – 1108.78)

267.00 (21.75 – 4199.08)

HF (msec2)

165.25

65.75 (15.18 – 217.88)

73.28 (8.34 – 2369.39)

LF (msec2)

524.22

90.55 (7.80 – 671.96)

100.93 (8.22 – 1524.51)

LF/HF

3.17

1.44 (1.16)

1.33 (0.32 – 9.08)

(msec2)

Mean (s.d.)
HF (%)

15.59

35.22 (14.70)

33.85 (14.34)

LF (%)

40.80

40.92 (10.70)

40.44 (8.17)

23.97

47.73 (17.41)

42.42 (16.46)

76.03

52.27 (17.41)

57.58 (16.46)

HFnu (msec2)
2

LFnu (msec )

6.2.2.4 Cardioventilatory coupling in Mr B
A hypnogram demonstrating changes in sleep stages across the night, as well as
changes in respiratory frequency (f), heart rate, RI intervals and proportional Shannon entropy
(SHα) during Mr B’s polysomnographic study are depicted in Figure 6.2.
Statistically significant coupling was observed for 41.36% of the sleep period at the
0.05 probability threshold and for 24.49% of the sleep period at the 0.01 probability threshold.
Median proportional Shannon entropy for the entire sleep period was observed to be 0.851
and mean RI -1 interval was 0.47 seconds. Proportional Shannon entropy was observed to be
lower (indicating greater strength of coupling), and a greater percentage of the sleep period
was spent below probability thresholds for cardioventilatory coupling, than observed in
healthy individuals aged 60-75 years and individuals aged 60-75 years with a primary
diagnosis with OSA.
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Figure 6.2 : Heart rate, ventilatory period, RI plot and proportional Shannon entropy during the diagnostic portion of the sleep period
in Mr B
A hypnogram is depicted in Panel A.
Sleep onset occurs at 8940 seconds (149
minutes) after start of recording. Panels B
and C show respiratory frequency
(breaths/min) and heart rate (beats/min),
respectively. Banding was seen in the
graph of respiratory frequency. This was
evident of central sleep apnoea events.
The RI plot in Panel D showed horizontal
banding intermittently across the sleep
period. Values for SHα (Panel E) were
below SH T5 , intermittently across the sleep
period, evident of a moderate amount of
cardioventilatory coupling. Substantially
decreased SHα was observed for a period
of REM sleep (commencing at 11733
seconds). This coincided with reduced
variability in heart rate and few central or
obstructive apnoea events.
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Table 6.18 : Measures of cardioventilatory coupling in Mr B compared with individuals
aged 60-75 years with and without obstructive sleep apnoea

Variable

Mr B

Healthy individuals

Individuals with OSA

Median (range)
SHα

0.851

0.892 (0.871 – 0.899)

0.895 (0.829 – 0.902)

Time < SH T5 (%)

41.36

10.90 (5.73 – 24.62)

10.21 (6.22 – 55.90)

Time < SH T1 (%)

24.49

4.59 (1.52 – 14.92)

3.36 (1.34 – 39.32)
Mean (s.d.)

Mean RI -1 (secs)

0.47

0.53 (0.12)

0.44 (0.07)

Table 6.19 outlines measures of cardioventilatory coupling in Mr B by sleep stage.
Only 7 minutes of slow wave sleep was observed during the sleep period. Moreover, there
was no contiguous 5-minute period of slow wave sleep and therefore, measures of
cardioventilatory coupling were not able to be calculated for slow wave sleep. Proportional
Shannon entropy was lower in Mr B than in healthy individuals and individuals with OSA for
all sleep stages. Mr B exhibited increased percentage time below SH T5 and SH T1 during both
light sleep and REM sleep than most healthy individuals and most individuals with OSA.
Coupling strength, and the proportion of time spent coupling, was particularly elevated during
REM sleep. In Mr B, REM sleep was associated with a significant reduction in the number of
sleep-disordered breathing events observed.
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Table 6.19 : Measures of cardioventilatory coupling by sleep stage in Mr B compared with individuals aged 60-75 years with and without
obstructive sleep apnoea
Wake
Variable

Mr B

Healthy

Light Sleep
OSA

Mr B

Healthy

SWS

OSA

Mr B

REM

Healthy

OSA

0.888

0.888

(0.758 –

(0.455 –

Mr B

Healthy

OSA

0.888

0.886

(0.847 –

(0.763 –

0.910)

0.929)

Median (range)
SHα

Time <
SH T5 (%)
Time <
SH T1 (%)
Mean RI 1

(secs)

0.861

30.42

14.20

0.50

0.892

0.888

0.886

0.889

(0.814 –

(0.806 –

(0.819 –

(0.741 –

0.905)

0.902)

0.901)

0.906)

0.910)

0.936)

13.21 (2.21

12.89 (0.00

14.82 (6.95

11.27 (3.32

14.38 (4.35

12.83 (0.00

– 62.97)

– 69.66)

– 61.99)

– 92.27)

– 94.06)

– 99.89)

4.98 (1.12 –

3.37 (0.00 –

5.56 (0.00 –

3.57 (0.32 –

44.99)

61.46)

86.09)

80.58)

3.76 (0.00 – 3.52 (0.00 47.67)
0.46 (0.39 –
0.93)

54.16)
0.43 (0.07)

0.855

33.95

14.38

0.45

0.50 (0.39 –
0.76)

0.44 (0.07)

-

-

-

-

0.49 (0.31 –
0.77)

043 (0.10)

0.746

12.40
86.85

(35.75 –
34.90)

79.96

0.43

13.75 (0.00
– 70.20)

3.79 (0.00 –

4.43 (0.00 –

26.54)

99.31)

0.50 (0.37 –
0.75)

0.43 (0.07)
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6.2.3

Case Study 3: Mr J
Mr J was a 65 year old male referred to WellSleep for a full night diagnostic

polysomnographic study in March 2004 to investigate the presence of central sleep apnoea.
Previous medical history included diagnosis of hypertension, cardiomyopathy and congestive
heart failure. Mr J was admitted to the coronary care unit in January 2004 with elevated
blood pressure, shortness of breath and grade II hypertensive retinopathy. At that time, the
left ventricle was severely dilated and left ejection fraction was 16%. Administration of
warfarin and frusemide was commenced during hospital admission.
Physical examination by a cardiologist one week prior to polysomnographic study
indicated that left ventricular ejection fraction had increased to 41%. The left ventricle was
still severely dilated. Dilation of the left atrium and increased left ventricular wall thickness
was also noted.
Mr J was taking a number of medications for treatment of his cardiovascular disease.
These were confirmed by the physiologist in attendance at time of admission for the
polysomnographic study, and are outlined in Table 6.20. It was not clear from the referral
and/or admission notes why Mr J was taking an antibiotic. Additionally, it was not clear why
Mr J was taking warfarin sodium.

This may be indicative of an additional form of

cardiovascular disease, not noted on the referral and/or admission notes.
Table 6.20 : Medications taken by Mr J at time of admission for polysomnographic
study
Medication

Daily Dose

Augmentin

500 mg TID

Bendrofluazide

2.5 mg mane

Enalapril

5 mg mane

Metoprolol

47.5 mg mane

Warfarin sodium

5 mg mane

On admission to WellSleep, BMI was calculated at 26.3 kg/m2. Epworth Sleepiness
Scale was elevated at 14/24, indicative of excessive daytime sleepiness. Mr J rated a high
likelihood of dozing while watching television, as a passenger in a car for an hour without a
break and lying down to rest in the afternoon. P a O 2 was measured at 106.0 mm Hg, PaCO 2 at
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35.3 mm Hg (transcutaneous CO 2 at 31.0 mm Hg), serum bicarbonate (HCO 3 ) at 30 mmol/L,
and pH at 7.53. Blood pressure was recorded at 157/97 and resting heart rate at 50 beats per
minute.
Mr J reported rarely waking feeling refreshed, though he reported that he often felt
that he got enough sleep. He also reported snoring often, but had not been told by others that
he stopped breathing during his sleep. Mr J had never smoked. Usual alcohol intake was
reported to be more than six drinks, less than once a week. Usual caffeine intake, usual
bedtime and usual rise time were not noted by the physiologist in attendance.
6.2.3.1 Sleep quantity and quality in Mr J
Table 6.21 and Table 6.22 outline measures of sleep quality and quantity in Mr J. As
with Mr B, percentage Stage 1 sleep and wake after sleep onset in Mr J were observed to be
considerably elevated compared to most individuals with OSA and most healthy individuals.
Arousal index was observed to be elevated in Mr J compared with most healthy individuals.
Percentage REM sleep and percentage slow wave sleep were observed to be lower than in
most healthy individuals and most individuals with OSA.
Table 6.21 : Sleep quantity during laboratory polysomnography in Mr J
Variable (minutes)

Data

TIB

529.00

TST

218.50

SOL

48.00

Stage 1

72.50

Stage 2

132.50

Stage 3

6.50

Stage 4

0.50

REM

6.50
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Table 6.22 : Sleep quality during laboratory polysomnography in Mr J
Variable

Data

Sleep efficiency (%)

41.30

Stage 1 sleep (%)

33.20

Stage 2 sleep (%)

60.60

Stage 3 sleep (%)

3.00

Stage 4 sleep (%)

0.20

REM sleep (%)

3.00

WASO (mins)

262.50

Arousal index (/hr)

31.90

Sleep stage transitions (#)

266.00

6.2.3.2 Sleep-disordered breathing characteristics in Mr J
Measures of sleep-disordered breathing in Mr J are presented in Table 6.23. The
majority of events observed in Mr J were central sleep apnoea events, although a small
number of obstructive hypopnoeas were also observed. Length of apnoea events was longer
than for most individuals with OSA.
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Table 6.23 : Measures of SDB in Mr J compared with individuals aged 60-75 years with
obstructive sleep apnoea that underwent full night diagnostic study
Variable

Mr J

Individuals with OSA

AHI (TST)

45.30

40.51 (50.99)

Obstructive AHI (TST)

1.60

25.23 (19.42)

Central AHI (TST)

40.10

2.63 (7.63)

Central apnoea index (NREM)

41.30

2.90 (8.30)

Obstructive apnoea index (NREM)

1.40

11.69 (16.32)

Hypopnoea index (NREM)

1.40

13.04 (10.91)

AHI (NREM)

45.60

28.15 (20.85)

Central apnoea (REM)

0.00

0.59 (1.32)

Obstructive apnoea index (REM)

9.20

20.60 (21.74)

Hypopnoea index (REM)

27.70

15.24 (12.06)

AHI (REM)

36.90

36.42 (21.48)

Mean apnoea duration (secs)

30.20

22.70 (5.21)

6.2.3.3 Heart rate, ventilatory period and heart rate variability in Mr J
Heart rate, ventilatory period and heart rate variability in Mr J is compared with
healthy individuals and individuals with OSA in Table 6.24, Table 6.25 and Table 6.26,
respectively. Increased variability in ventilatory period was observed in Mr J, as evidenced
by increased SD II, compared to most healthy individuals and most individuals with OSA.
Frequent ventricular ectopic heart beats were observed during the overnight sleep period of
Mr J.
Mr J was taking cardiac-active medications (metoprolol succinate and warfarin
sodium).

Additionally, the presence of ectopic heart beats affects the accuracy of the

calculation of heart rate variability. Therefore, the heart rate variability data in Mr J needs to
be interpreted with caution. In accordance with the case study of Mr B, absolute total power,
as well as power in the HF and LF bands, was observed to be elevated in Mr J compared with
healthy individuals and individuals with OSA. However, in contrast to the aforementioned
case studies which demonstrated a reduction in HF power, percentage power in the HF band
in Mr J was considerably greater than that observed in most healthy individuals and
individuals with OSA. Additionally, unlike the case studies for Mr C and Mr B, percentage
power in the LF band was observed to be much lower in Mr J than in most healthy individuals
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and individuals with OSA. These findings contributed to a LF/HF ratio that was substantially
lower than that observed in the majority of healthy individuals and individuals with OSA.
Table 6.24 : Measures of heart rate in Mr J compared with individuals aged 60-75 years
with and without obstructive sleep apnoea
Healthy individuals

Individuals with OSA

Variable (secs)

Mr J

Mean RR

1.12

1.02 (0.22)

0.88 (0.15)

SD RR

0.10

0.09 (0.03)

0.08 (0.36)

CD RR

0.02

0.02 (0.01 – 0.03) Ψ

0.02 (0.00 – 0.17) Ψ

Mean (s.d.)

Ψ

Data in this group were not normally distributed, therefore data for this group were presented as median
(range)

Table 6.25 : Measures of ventilatory period in Mr J compared with individuals aged 6075 years with and without obstructive sleep apnoea
Healthy individuals

Individuals with OSA

Variable (secs)

Mr J

Mean II

3.74

4.65 (0.72)

3.85 (1.14)

SD II

1.38

0.59 (0.47 – 1.27) Ψ

0.82 (0.18 – 3.69) Ψ

CD II

0.36

0.32 (0.26 – 0.52) Ψ

0.40 (0.14 – 1.08) Ψ

Ψ

Mean (s.d.)

Data in this group were not normally distributed, therefore data for this group were presented as median
(range)
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Table 6.26 : Measures of heart rate variability in Mr J compared with individuals aged
60-75 years with and without obstructive sleep apnoea
Healthy individuals

Individuals with OSA

Variable

Mr J

Total Power (msec2)

1406.5

HF (msec2)

904.8

65.75 (15.18 – 217.88)

73.28 (8.34 – 2369.39)

LF (msec2)

299.33

90.55 (7.80 – 671.96)

100.93 (8.22 – 1524.51)

LF/HF

0.33

1.44 (1.16)

1.33 (0.32 – 9.08)

Median (range)
347.75 (78.74 –

267.00 (21.75 – 4199.08)

1108.78)

Mean (s.d.)
HF (%)

62.50

35.22 (14.70)

33.85 (14.34)

LF (%)

28.27

40.92 (10.70)

40.44 (8.17)

75.14

47.73 (17.41)

42.42 (16.46)

24.86

52.27 (17.41)

57.58 (16.46)

HFnu (msec2)
2

LFnu (msec )

6.2.3.4 Cardioventilatory coupling in Mr J
A hypnogram demonstrating changes in sleep stages across the night, as well as
changes in respiratory frequency (f), heart rate, RI intervals and proportional Shannon entropy
(SHα) during Mr J’s polysomnographic study are depicted in Figure 6.3
Statistically significant coupling in Mr J was observed for 23.00% of the sleep period
at the 0.05 probability threshold and for 11.66% of the sleep period at the 0.01 probability
threshold. Median proportional Shannon entropy for the entire sleep period was observed to
be 0.878 and mean RI -1 interval was 0.53 seconds. Mr J was observed to have slightly lower
proportional Shannon entropy than most healthy individuals and individuals with OSA. In
addition, Mr J spent a greater proportion of the night percentage time below SH T5 and SH T1
than most individuals with and without OSA.
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Figure 6.3 : Heart rate, ventilatory period, RI plot and proportional Shannon entropy during the diagnostic portion of the sleep period
in Mr J
A hypnogram is depicted in Panel A.
Sleep onset occurs at 2880 seconds (48
minutes) after start of recording.
Panels B and C show respiratory
frequency (breaths/min) and heart rate
(beats/min), respectively. Banding was
seen in the graph of respiratory
frequency. This was evident of central
sleep apnoea events. The RI plot in
Panel D showed horizontal banding
intermittently across the sleep period.
Banding was also observed in heart
rate. This resulted from frequent
ventricular ectopic beats occurring
during the sleep period. (Only beats of
sinus origin were used in
cardioventilatory coupling analyses).
Values for SHα (Panel E) were below
SH T5 , intermittently across the sleep
period, evident of a moderate amount
of cardioventilatory coupling.
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Table 6.27 : Measures of cardioventilatory coupling in Mr J compared with individuals
aged 60-75 years with and without obstructive sleep apnoea
Healthy individuals

Individuals with OSA

Variable

Mr J

SHα

0.878

0.892 (0.871 – 0.899)

0.895 (0.829 – 0.902)

Time < SH T5 (%)

23.00

10.90 (5.73 – 24.62)

10.21 (6.22 – 55.90)

Time < SH T1 (%)

11.66

4.59 (1.52 – 14.92)

3.36 (1.34 – 39.32)

Median (range)

Mean (s.d.)
Mean RI -1 (secs)

0.53

0.53 (0.12)

0.44 (0.07)

Measures of cardioventilatory coupling in Mr J by sleep stage are outlined in Table
6.28. Only 7 minutes of slow wave sleep was observed during the sleep period, during which
no contiguous 5-minute period of slow wave sleep was observed. Therefore, measures of
cardioventilatory coupling were not able to be calculated for slow wave sleep. Overall, Mr J
exhibited lower values for proportional Shannon entropy for all sleep stages, compared with
both healthy individuals and individuals with OSA. In addition, compared most individuals
with and without OSA, Mr J was observed to have a much greater percentage of the sleep
period spent below SH T5 and SH T1 during light sleep, and a lower percentage of the night
spent below these thresholds during REM sleep.
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Table 6.28 : Measures of cardioventilatory coupling by sleep stage in Mr J compared with individuals aged 60-75 years with and without
obstructive sleep apnoea
Wake
Variable

Mr J

Healthy

Light Sleep
OSA

Mr J

Healthy

SWS

OSA

Mr J

REM

Healthy

OSA

0.888

0.888

(0.758 –

(0.455 –

Mr J

Healthy

OSA

0.888

0.886

(0.847 –

(0.763 –

0.910)

0.929)

Median (range)
SHα

Time <
SH T5 (%)
Time <
SH T1 (%)
Mean RI 1

(secs)

0.874

26.28

13.48

0.54

0.892

0.888

0.886

0.889

(0.814 –

(0.806 –

(0.819 –

(0.741 –

0.905)

0.902)

0.901)

0.906)

0.910)

0.936)

13.21 (2.21

12.89 (0.00

14.82 (6.95

11.27 (3.32

14.38 (4.35

12.83 (0.00

– 62.97)

– 69.66)

– 61.99)

– 92.27)

– 94.06)

– 99.89)

4.98 (1.12 –

3.37 (0.00 –

5.56 (0.00 –

3.57 (0.32 –

44.99)

61.46)

86.09)

80.58)

3.76 (0.00 – 3.52 (0.00 47.67)
0.46 (0.39 –
0.93)

54.16)
0.43 (0.07)

0.867

31.32

16.35

0.50

0.50 (0.39 –
0.76)

0.44 (0.07)

-

-

-

-

0.49 (0.31 –
0.77)

043 (0.10)

0.875

12.40
8.70

(35.75 –
34.90)

0.00

0.49

13.75 (0.00
– 70.20)

3.79 (0.00 –

4.43 (0.00 –

26.54)

99.31)

0.50 (0.37 –
0.75)

0.43 (0.07)
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6.2.4

Case Study 4: Mr R
Mr R was a 67 year old male referred to WellSleep for full night diagnostic

polysomnographic study to investigate the presence of central sleep apnoea. Previous medical
history included myocardial infarction and congestive heart failure.

Unfortunately, few

details were included on the referral forms and year of diagnosis and/or events is not known.
A physical examination by a cardiologist in the week prior to polysomnographic
study indicated that left ejection fraction was 32%. The left atrium and ventricle were noted
to be mildly dilated.
Mr R was taking a number of medications for treatment of his cardiovascular
disease. These were confirmed by the physiologist in attendance at time of admission for the
polysomnographic study, and are outlined in Table 6.29. Unfortunately, neither medication
dose nor timing was recorded by the physiologist in attendance.
Table 6.29 : Medications taken by Mr R at time of admission for polysomnographic
study
Medication

Daily Dose

Aspirin

Unknown

Metoprolol succinate

Unknown

Enalapril

Unknown

Metformin hytrin

Unknown

On admission, Epworth Sleepiness Scale was within normal limits at 4/24. Usual
bedtime was reported as between 2130 and 2200, and usual rise time between 0300 and 0400.
Mr R reported that he often got enough sleep, but rarely woke feeling refreshed. He reported
that he always snored, but he had not been told by others that he stopped breathing during
sleep. Mr R was an ex-smoker. Usual alcohol intake was 2-4 drinks, consumed less than
once per week. Usual caffeine intake was not recorded.
During a physical examination by the on-call physician on admission, resting heart
rate was recorded at 83 beats per minute and blood pressure at 126/84. P a O 2 was measured at
76.0 mm Hg, PaCO 2 at 38.6 mm Hg (transcutaneous CO 2 at 24.0 mm Hg), serum bicarbonate
(HCO 3 ) at 23 mmol/L, and pH at 7.39.
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6.2.4.1 Sleep quantity and quality in Mr R
Measures of sleep quantity and quantity in Mr R are presented in Table 6.30 and
Table 6.31. Several measures deviated from those observed in most healthy individuals and
individuals with OSA. Sleep efficiency, percentage Stage 2 sleep and percentage REM sleep
was considerably lower in Mr R than in most healthy individuals or individuals with OSA.
Percentage Stage 1 sleep, wake after sleep onset and arousal index were considerably elevated
compared to most healthy individuals or individuals with OSA. Mr R did not have any slow
wave sleep during the sleep period.
Table 6.30 : Sleep quantity during laboratory polysomnography in Mr R
Variable (minutes)

Data

TIB

578.50

TST

220.00

SOL

31.50

Stage 1

152.50

Stage 2

52.50

Stage 3

0.00

Stage 4

0.00

REM

15.00

Table 6.31 : Sleep quality during laboratory polysomnography in Mr R
Variable

Data

Sleep efficiency (%)

38.00

Stage 1 sleep (%)

69.30

Stage 2 sleep (%)

23.90

Stage 3 sleep (%)

0.00

Stage 4 sleep (%)

0.00

REM sleep (%)

6.80

WASO (mins)

327.00

Arousal index (/hr)

42.30

Sleep stage transitions (#)

230.00
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6.2.4.2 Sleep-disordered breathing characteristics in Mr R
Table 6.32 outlines measures of sleep disordered breathing in Mr R compared to
individuals aged 60-75 years with OSA. Mr R was observed to have considerably more
central sleep apnoea events. He did not exhibit any obstructive apnoea events, although a
small number of obstructive hypopnoeas were observed.
Table 6.32 : Measures of SDB in Mr R compared with individuals aged 60-75 years with
obstructive sleep apnoea that underwent full night diagnostic study
Variable

Mr R

Individuals with OSA

AHI (TST)

64.40

40.51 (50.99)

Obstructive AHI (TST)

0.00

25.23 (19.42)

Central AHI (TST)

51.50

2.63 (7.63)

Central apnoea index (NREM)

54.70

2.90 (8.30)

Obstructive apnoea index (NREM)

0.00

11.69 (16.32)

Hypopnoea index (NREM)

0.90

13.04 (10.91)

AHI (NREM)

66.70

28.15 (20.85)

Central apnoea (REM)

54.70

0.59 (1.32)

Obstructive apnoea index (REM)

0.00

20.60 (21.74)

Hypopnoea index (REM)

0.90

15.24 (12.06)

AHI (REM)

32.00

36.42 (21.48)

Mean apnoea duration (secs)

26.20

22.70 (5.21)

6.2.4.3 Heart rate, ventilatory period and heart rate variability in Mr R
Measures for heart rate, ventilatory period and heart rate variability in Mr R are
presented in Table 6.33, Table 6.34 and Table 6.35, respectively. In line with observations for
the aforementioned case studies, Mr R was observed to have greater variability in ventilatory
period than most healthy individuals and individuals with OSA. This was evidenced by an
elevated standard deviation in breath-to-breath interval (SD II) and elevated consecutive
difference in breath-to-breath interval (CD II). Heart rate was observed to be slightly lower in
Mr R compared with most healthy individuals and individuals with OSA.
Mr R was taking a β-adrenergic antagonist (metoprolol succinate) and his heart rate
variability data needs to be interpreted with caution. As observed in Mr B and Mr C, the
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LF/HF ratio was substantially higher than that observed in most healthy individuals and
individuals with OSA. Both percentage power in the HF band and percentage power in the
LF band were observed to be lower than for most healthy individuals and individuals with
OSA. Absolute values of HF power were also noticeably lower in Mr R compared with both
healthy individuals and individuals with OSA.
Table 6.33 : Measures of heart rate in Mr R compared with individuals aged 60-75 years
with and without obstructive sleep apnoea
Healthy individuals

Individuals with OSA

Variable (secs)

Mr B

Mean RR

0.72

1.02 (0.22)

0.88 (0.15)

SD RR

0.07

0.09 (0.03)

0.08 (0.36)

CD RR

0.01

0.02 (0.01 – 0.03) Ψ

0.02 (0.00 – 0.17) Ψ

Mean (s.d.)

Ψ

Data in this group were not normally distributed, therefore data for this group were presented as median
(range)

Table 6.34 : Measures of ventilatory period in Mr R compared with individuals aged 6075 years with and without obstructive sleep apnoea
Variable (secs)

Mr R

Healthy individuals

Individuals with OSA

Mean II

3.34

4.65 (0.72)

3.85 (1.14)

SD II

2.97

0.59 (0.47 – 1.27) Ψ

0.82 (0.18 – 3.69) Ψ

CD II

0.89

0.32 (0.26 – 0.52) Ψ

0.40 (0.14 – 1.08) Ψ

Ψ

Data in this group were not normally distributed, therefore data for this group were presented as median
(range)
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Table 6.35 : Measures of heart rate variability in Mr R compared with individuals aged
60-75 years with and without obstructive sleep apnoea

Variable

Mr R

Total Power

Healthy individuals

Individuals with OSA
Median (range)

450.94

347.75 (78.74 – 1108.78)

267.00 (21.75 – 4199.08)

HF (msec2)

18.95

65.75 (15.18 – 217.88)

73.28 (8.34 – 2369.39)

LF (msec2)

104.95

90.55 (7.80 – 671.96)

100.93 (8.22 – 1524.51)

LF/HF

5.54

1.44 (1.16)

1.33 (0.32 – 9.08)

(msec2)

Mean (s.d.)
HF (%)

9.08

35.22 (14.70)

33.85 (14.34)

LF (%)

27.27

40.92 (10.70)

40.44 (8.17)

15.29

47.73 (17.41)

42.42 (16.46)

84.71

52.27 (17.41)

57.58 (16.46)

HFnu (msec2)
2

LFnu (msec )

6.2.4.4 Cardioventilatory coupling in Mr R
A hypnogram demonstrating changes in sleep stages across the night, as well as
changes in respiratory frequency (f), heart rate, RI intervals and proportional Shannon entropy
(SHα) during Mr R’s polysomnographic study are depicted in Figure 6.4.
Statistically significant coupling in Mr J was observed for 8.84% of the sleep period
at the 0.05 probability threshold and for 2.31% of the sleep period at the 0.01 probability
threshold. Median proportional Shannon entropy for the entire sleep period was observed to
be 0.892 and mean RI -1 interval was 0.34 seconds. Mr R was observed to have comparable
proportional Shannon entropy, compared to individuals with and without OSA.

The

percentage time spent below SH T5 and SH T1 was slightly lower than that observed in both
healthy individuals and those with OSA.
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Figure 6.4 : Heart rate, ventilatory period, RI plot and proportional Shannon entropy during the diagnostic portion of the sleep period
in Mr R
A hypnogram is depicted in Panel A.
Sleep onset occurs at 1890 seconds (31
minutes)

after

start

of

recording.

Panels B and C show respiratory
frequency (breaths/min) and heart rate
(beats/min), respectively. Banding was
seen in the graph of respiratory
frequency. This was evident of central
sleep apnoea events.

The RI plot in

Panel D showed horizontal banding
only intermittently across the sleep
period.

Values for SHα were seldom

observed (Panel E) below SH T5 , evident
of a low amount of cardioventilatory
coupling. Mr R went to the toilet twice
during the sleep period (at 15,330 secs
and 29,850 secs).
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Table 6.36 : Measures of cardioventilatory coupling in Mr R compared with individuals
aged 60-75 years with and without obstructive sleep apnoea
Healthy individuals

Individuals with OSA

Variable

Mr R

SHα

0.892

0.892 (0.871 – 0.899)

0.895 (0.829 – 0.902)

Time < SH T5 (%)

8.84

10.90 (5.73 – 24.62)

10.21 (6.22 – 55.90)

Time < SH T1 (%)

2.31

4.59 (1.52 – 14.92)

3.36 (1.34 – 39.32)

Median (range)

Mean (s.d.)
Mean RI -1 (secs)

0.33

0.53 (0.12)

0.44 (0.07)

As with the case studies of Mr B and Mr J, very little time was spent in slow wave
sleep during the polysomnographic study. In Mr R, no slow wave sleep was observed during
the sleep period and measures of cardioventilatory coupling were not able to be extracted for
this stage.
Strength of coupling in Mr R, as measured by proportional Shannon entropy, was
observed to be comparable to values observed in healthy individuals and individuals with
OSA during light sleep. During light sleep, Mr R exhibited a slightly smaller proportion of
the night below SH T5 than healthy individuals, but a slightly greater proportion of the night
compared with individuals with OSA. However, the proportion of the night below SH T1
during light sleep in Mr R was lower than in most healthy individuals and individuals with
OSA. During REM sleep, proportional Shannon entropy was slightly elevated in Mr R
compared to individuals with and without OSA. Moreover, percentage time below SH T5 and
SH T1 was reduced in Mr R, compared with most healthy individuals and most individuals
with OSA. During all sleep stages, Mr R also exhibited a lower mean RI-1 interval than most
healthy individuals and most individuals with OSA.
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Table 6.37 : Measures of cardioventilatory coupling by sleep stage in Mr R compared with individuals aged 60-75 years with and without
obstructive sleep apnoea
Wake
Variable

Mr R

Healthy

Light Sleep
OSA

Mr R

Healthy

SWS

OSA

Mr R

REM

Healthy

OSA

0.888

0.888

(0.758 –

(0.455 –

Mr R

Healthy

OSA

0.888

0.886

(0.847 –

(0.763 –

0.910)

0.929)

Median (range)
SHα

Time <
SH T5 (%)
Time <
SH T1 (%)
Mean RI 1

(secs)

0.902

5.44

0.58

0.34

0.892

0.888

0.886

0.889

(0.814 –

(0.806 –

(0.819 –

(0.741 –

0.905)

0.902)

0.901)

0.906)

0.910)

0.936)

13.21 (2.21

12.89 (0.00

14.82 (6.95

11.27 (3.32

14.38 (4.35

12.83 (0.00

– 62.97)

– 69.66)

– 61.99)

– 92.27)

– 94.06)

– 99.89)

4.98 (1.12 –

3.37 (0.00 –

5.56 (0.00 –

3.57 (0.32 –

44.99)

61.46)

86.09)

80.58)

3.76 (0.00 – 3.52 (0.00 47.67)
0.46 (0.39 –
0.93)

54.16)
0.43 (0.07)

0.886

13.22

1.67

0.34

0.50 (0.39 –
0.76)

0.44 (0.07)

-

-

-

-

0.49 (0.31 –
0.77)

043 (0.10)

0.894

12.40
7.35

(35.75 –
34.90)

1.47

0.34

13.75 (0.00
– 70.20)

3.79 (0.00 –

4.43 (0.00 –

26.54)

99.31)

0.50 (0.37 –
0.75)

0.43 (0.07)
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6.3

Summary
The four case studies showed some diversity in both sleep characteristics and

cardioventilatory coupling. It is not possible to statistically compare case study values against
the means and medians of healthy individuals and individuals with OSA. Nevertheless, these
comparisons pose interesting questions for future study.
Three of the four case studies had similar levels of central sleep apnoea event
severity; that is, the overall and central apnoea hypopnoea index was similar for Mr C, Mr B
and Mr R (AHI 58-64 events per hour). The AHI in Mr J was slightly lower than the other
case studies. In addition, Mr J also exhibited frequent ventricular ectopic beats during his
polysomnographic study. Central sleep apnoea events were very predominant in three of four
case studies (Mr B, Mr J and Mr R). However, in Mr C, both central apnoea events (42
events/hour of sleep) and obstructive apnoea events (17 events/hour of sleep) were observed.
On the whole, no clear picture emerges for cardioventilatory coupling in individuals
with Cheyne-Stokes respiration, although the case studies suggest that strength of coupling
may be increased in individuals with Cheyne-Stokes respiration, compared to both healthy
individuals and individuals with OSA.

Reduced proportional Shannon entropy for the

overnight sleep period was observed in two of four case studies, with a marginal reduction in
proportional Shannon entropy observed in an additional individual. Alongside this finding,
the proportion of the night spent coupling was elevated in two individuals with CheyneStokes respiration, compared with both healthy individuals and individuals with OSA, and
marginally elevated in an additional individual.

One individual did not show reduced

proportional Shannon entropy or increased time spent coupling.

Increased strength of

coupling and proportion of the night spent coupling was observed alongside significantly
reduced sleep efficiency, increased percentage Stage 1 sleep, increased wake after sleep onset
and reduced slow wave sleep. Interestingly, with the exception of one individual, arousal
index in these case studies was comparable to that observed in individuals with OSA.
Furthermore, visual examination of RI plots and proportional Shannon entropy over the sleep
period suggested that cardioventilatory coupling was greatest, in these individuals, during
periods when central apnoea events were absent. This is particularly evident during the first
REM sleep period in Mr B (Figure 6.2). This may suggest an underlying mechanism that
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promotes increased cardioventilatory coupling in individuals with Cheyne-Stokes respiration
that is disrupted by the occurrence of central apnoea events.
Interpretation of heart rate variability, compared with healthy individuals and
individuals with OSA is difficult in these case studies. Furthermore, in general, there was a
reduction in power in the high frequency (HF) band, and an increase in the ratio of lower
frequency (LF) power to HF power (LF/HF), suggesting reduced parasympathetic
(cardiovagal) activity and a trend towards sympathetic dominance in autonomic activity.
However, all cases were taking cardiac-active medication, which would be expected to alter
heart rate variability. In addition, two cases exhibited cardiac arrhythmias; one individual had
atrial fibrillation and appeared to be in and out of sinus rhythm during the polysomnographic
study, while another had frequent ventricular ectopic heart beats during the overnight sleep
period.

The data processing required for heart rate variability analysis may result in

considerably altered heart rate time series, and therefore, limit the comparability of these
cases with healthy individuals and individuals with OSA.
Interestingly, while increased strength of coupling was observed in the individual
with both central and obstructive apnoea events (Mr C), values for percentage time below
probability thresholds for coupling were comparable to those seen in healthy individuals and
individuals with OSA. This may reflect two conflicting mechanisms at work. Furthermore,
frequent ventricular ectopic beats were observed during the polysomnographic study for one
case study (Mr J). Increased coupling and percentage time below SH T5 and SH T1 was
observed in this individual.
In general, increased strength of coupling was observed during all sleep stages for
each of the case studies.

However, mixed observations were made with respect to the

increased proportion of the night spent coupling. During light sleep, the percentage time
below SH T5 was either comparable or elevated compared to individuals with OSA. However,
in two cases, SH T5 appeared to be reduced compared to healthy individuals. Conflicting
observations were also seen in percentage time below SH T5 during REM sleep. Two cases
exhibited elevated percentage time below SH T5 compared to individuals with OSA, whereas
the two remaining cases showed reduced percentage time SH T5 compared to both healthy
individuals and individuals with OSA. Interestingly, one individual showed dramatically
increased strength, and proportion of time spent coupling, during REM sleep.
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Future research in this area is warranted in order to determine if greater
cardioventilatory coupling is observed during Cheyne-Stokes respiration. In the first instance,
this research could include observational studies of a sufficiently sized sample of individuals
with Cheyne-Stokes respiration, alongside a matched sample of control subjects. CheyneStokes respiration is commonly seen in individuals with heart failure and/or ventricular
systolic dysfunction, and these groups could provide a targeted sample for investigation.
There is also potential to compare individuals with Cheyne-Stokes respiration to individuals
with OSA as their primary diagnosis. There are a number of factors that would need to be
considered in such studies. It is known that individuals with Cheyne-Stokes respiration also
frequently exhibit OSA events alongside central apnoea events (Ferrier et al., 2005) and
therefore, consideration would need to be given to the prevalence of obstructive apnoea
events within each subject.

It is also known individuals with either ischaemic or non-

ischaemic heart failure have varying degrees of heart failure, as well as varying degrees and
type of sleep-disordered breathing. It would be wise, therefore, to monitor heart failure status,
alongside any observations of sleep-disordered breathing and cardioventilatory coupling.
Cheyne-Stokes respiration is one form of central sleep apnoea pattern. Compared
with other types of central sleep apnoea, it has the advantage of being frequently observed in a
defined population group. However, investigation of cardioventilatory coupling in other
forms of central sleep apnoea may lead to improved understanding of, or potential
mechanisms for, cardioventilatory coupling. Idiopathic central sleep apnoea differs from
Cheyne-Stokes respiration in that the apnoeas may be periodic or may be distinct events. In
contrast to Cheyne-Stokes respiration, arousals in individuals with idiopathic central sleep
apnoea typically occur at the termination of an apnoea. The mechanisms behind idiopathic
central sleep apnoea are not clear. However, it is thought that idiopathic central sleep apnoea,
in part, arises from increased hypercapnic ventilatory responses (Solin et al., 2000; Xie et al.,
1995), leading to ventilatory control system instability (high loop gain). It is also thought that
arousal plays an important role in idiopathic central sleep apnoea, triggering hyperventilation
and accompanying hypocapnia, which destabilises the breathing pattern (Xie et al., 1994). In
addition to Cheyne-Stokes breathing and idiopathic central sleep apnoea, central sleep apnoea
is also observed in individuals with impaired ventilatory drive. This form of apnoea is
observed in a diverse range of patients, with widely varying degrees of severity. These
individuals include those with central hypoventilation syndrome (American Thoracic Society,
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1999), patients with chronic pain who are managed with opioid-based medications (Farney et
al., 2003a), obesity hypoventilation syndrome and individuals with neuromuscular disease
(Eckert et al., 2007).
Finally, ventricular ectopic beats were observed in one of the case studies presented
above. It is not known how the presence of cardiac arrhythmias affects cardioventilatory
coupling during sleep. However, abnormalities in cardiac rhythm may occur fairly frequently
during sleep. Surges in cardiac sympathetic activity during REM sleep have been shown to
lead to ventricular arrhythmias (Smith et al., 1972). In addition, sinus pauses have been
demonstrated in healthy individuals during REM sleep, which are thought to result from
abnormally elevated vagal tone (Guilleminault et al., 1984). Furthermore, although the time
course of the onset of atrial fibrillation has been investigated (Gillis et al., 2001), few studies
have specifically explored characteristics of sleep and the onset of atrial fibrillation. The
available evidence suggests that the onset of atrial fibrillation is increased during periods of
elevated vagal activity during sleep, such as slow wave sleep (Bettoni & Zimmermann, 2002;
Herweg et al., 1998). The incidence of atrial fibrillation during sleep is increased in the
presence of sleep-disordered breathing, due to intermittent hypoxia and resultant surges in
sympathetic activity (Gami et al., 2007). Study of cardioventilatory coupling in relation to
any particular cardiac arrhythmia would therefore, need to take into the severity and type of
sleep-disordered breathing events.

238

CHAPTER 7: GENERAL DISCUSSION

This thesis has examined cardioventilatory coupling during sleep in healthy
individuals and individuals with sleep-disordered breathing, from the viewpoint that coupling
is the temporal alignment of inspiration with preceding cardiac activity (heart beat).
Specifically, it aimed to describe cardioventilatory coupling in healthy young and older
individuals, and to consider whether coupling differed by sleep stage, age and gender.
Additionally, changes in coupling across the sleep period were considered in these
individuals. It has also provided the first investigation of the repeatability of cardioventilatory
coupling, examining whether cardioventilatory coupling and as a secondary aim, heart rate
variability, were consistent phenomena when measured on two different nights. Finally,
cardioventilatory coupling was investigated in individuals with sleep-disordered breathing; in
particular, with a primary diagnosis of obstructive sleep apnoea (OSA). Consideration was
given to whether coupling differed with severity of sleep-disordered breathing, as well as
sleep stage, in these individuals.

7.1

Summary of findings

7.1.1

Cardioventilatory coupling during sleep in healthy individuals
Cardioventilatory coupling was observed to some degree in all healthy individuals

aged 18-35 years and 60-75 years; however, the strength of coupling, measured by
proportional Shannon entropy, and the proportion of the night spent below probability
thresholds for coupling (SH T5 and SH T1 ) varied considerably between individuals. Among
18-35 year olds, significant differences were observed in both the strength of coupling and the
proportion of time spent coupling, between stages of wakefulness, light sleep, slow wave
sleep and REM sleep. Post hoc analyses indicated that coupling strength and the proportion
of the night spent coupling during light sleep and slow wave sleep, was significantly different
to that during wakefulness. Differences in cardioventilatory coupling between sleep stages
were not observed in older adults aged 60-75 years. Additionally, no differences in coupling
were observed between younger and older adults, or by gender. It was hypothesised that no
gender differences in cardioventilatory coupling would be observed, but that a reduction in
cardioventilatory coupling would be observed with age. However, as discussed in Chapter 3,
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the small sample size in older adults may have limited the ability to detect statistically
significant between and within-group differences.
Although it was hypothesised that coupling would be greatest during slow wave
sleep compared with all other stages, this was not supported by post hoc analyses. However,
cardioventilatory coupling was increased in slow wave sleep compared to wakefulness, and
the findings suggested a trend towards increased cardioventilatory coupling during slow wave
sleep, compared to REM sleep. It was hypothesised that if increased coupling was observed
during slow wave sleep, concomitant relationships would also be observed between time
spent in slow wave sleep and cardioventilatory coupling. However, relationships between
cardioventilatory coupling and sleep quantity and quality were only observed for individuals
aged 18-35 years. Moreover, an unexpected correlation was observed with cardioventilatory
coupling and total time spent in Stage 2 sleep. This finding might relate to inter-individual
differences in sleep quantity and quality, reflective of the uncontrolled nature of the sleep
protocol used for data collection. These polysomnographic studies were conducted in an
unattended setting, without a scheduled time period for data recording, and without
monitoring of prior sleep history or alcohol and caffeine consumption in the week prior to
their polysomnographic study.
There is little analogous data in sleeping adults with which to compare these
findings. Hamann et al. (2009) have hypothesised that respiration influences sympathovagal
autonomic activity, and used phase synchrograms to determine if coupling was present, or
not. Phase synchrograms consider the stability of pre-defined relationships in HR/f over a
time period of interest.

In 150 participants, Hamann et al. demonstrated phase

synchronisation during 3.8% of total NREM time, compared with 0.6% of total REM time.
Wakefulness was generally associated with the absence of synchronisation. A trend towards
reduced percentage time spent coupling was noted in NREM sleep of older adults. These
findings differ considerably from those presented in this thesis.

Percentage time spent

coupling was substantially higher in all of wake, light sleep, slow wave sleep and REM sleep,
when compared with Hamann’s study. Notably, in these studies, a degree of cardioventilatory
coupling was generally observed during wakefulness. Additionally, no measure of sleep
quantity or quality was made by Hamann et al., and it is difficult to assess the influences that
may lead to increased coupling in NREM versus REM sleep. The trend towards reduced
coupling in older adults observed in this study may well be reflective of changing sleep
architecture with age (Ohayon et al., 2004). Considerable inter-individual differences were
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observed in overall and sleep stage measures of coupling. There is no indication of the degree
of variability in Hamann’s findings.
Unique to this study and in line with the study hypotheses, examination of
cardioventilatory coupling across the sleep period showed that coupling decreases as the sleep
period progresses. This finding was related to changes in sleep architecture observed across
the sleep period.

Notably, decreased percentage Stage 1 sleep (indicative of sleep

fragmentation) and increased percentage slow wave sleep within any given hour of sleep were
associated with increased cardioventilatory coupling. The homeostatic drive for sleep, as
measured by slow wave activity, increases with sleep restriction and prolonged wakefulness
(Dijk et al., 1993; Webb & Agnew, 1971); however, recent research also indicates that interindividual differences may exist in homeostatic drive (Gander et al., 2010a). Individual
differences in slow wave sleep may, therefore, potentially contribute to individual differences
in cardioventilatory coupling, although this hypothesis requires further investigation.
The percentage of Stage 2 sleep observed during the sleep period is influenced by a
number of factors.

When total sleep time is held constant, individuals with increasing

percentage in either slow wave sleep or REM sleep might be expected to have reduced Stage
2 sleep. These differences stem from a combination of prior sleep history (Dijk et al., 1993),
inter-individual differences in homeostatic sleep drive (Webb & Agnew, 1971), and the
relation of the sleep/wake cycle to circadian rhythms (Czeisler et al., 1980). In addition, total
duration of, and percentage time in, Stage 2 sleep may be affected by total sleep time.
Increased sleep fragmentation may also result in increased light sleep.

However, no

relationships were observed between cardioventilatory coupling and any of total sleep time,
percentage slow wave sleep, percentage REM sleep, or any indicators of sleep fragmentation.
It is not clear why increased percentage Stage 2 sleep alone would lead to an increased
proportion of the night spent coupling. Therefore, it is suggested that these findings may be
indicative of a high degree of inter-individual difference in sleep quantity and quality, and
thus, the uncontrolled nature of the sleep period used for data collection.
Several measures of heart rate variability were associated with measures of
cardioventilatory coupling in young adults aged 18-35 years. A greater percentage power in
the high frequency (HF) band was associated with increased strength of coupling and a larger
LF/HF ratio was associated with a reduced percentage time spent below SH T5 and SH T1 . In
older adults, aged 60-75 years, absolute power in the HF band was associated with increased
percentage time spent coupling. These observations were made alongside expected changes
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in autonomic activity towards an increase in parasympathetic activity in slow wave sleep,
compared to wakefulness and light sleep (Bonnet & Arand, 1997; Somers et al., 1993). These
findings suggest that increased cardiac parasympathetic drive is associated with increased
strength and amount of cardioventilatory coupling, whereas a shift towards sympathetic
dominance is associated with reduced cardioventilatory coupling.

Previous research of

cardioventilatory coupling in resting subjects has demonstrated increased cardioventilatory
coupling alongside increased absolute power in all of total, HF and LF components of heart
rate variability, but has not shown any particular association with HF components (Tzeng et
al., 2003). Despite this contrast, the finding in this study is in line with previous work by
Larsen and Galletly who have demonstrated that during cardioventilatory coupling, heart
beats are positioned so that they are maximally affected by respiratory sinus arrhythmia
(Galletly & Larsen, 1998; Larsen & Galletly, 2001). It would therefore be expected that
coupling would be associated with an increase in HF power, reflective of respiratory
modulation of cardiac vagal efferents.
7.1.2

Repeatability of cardioventilatory coupling during sleep
This study is the first to examine repeatability of cardioventilatory coupling during

sleep. In contrast to the primary study hypothesis, cardioventilatory coupling does not appear
to be a transient, random phenomenon. Instead, there was a moderate degree of consistency
in both coupling strength and proportion of the night spent coupling. Consistency in coupling
was observed only during light sleep, with no significant degree of repeatability for slow
wave sleep or REM sleep. As with the above study, this is probably reflective of interindividual differences in sleep quantity and quality, in part, due to the uncontrolled nature of
the sleep protocol.
In line with the study hypotheses, heart rate variability was observed to be at least
moderately consistent from Night 1 to Night 2. In particular, absolute total, HF and LF power
was observed to highly repeatable, and percentage power in the HF and LF bands were
observed to be moderately repeatable. During slow wave sleep, no consistency was observed
for power in the HF band, and only low consistency observed for power in the LF band,
suggestive of considerable night-to-night variability in both cardiovagal and sympathetic
activity during slow wave sleep.
It was hypothesised that inter-individual differences in cardioventilatory coupling
may result from differing proportions of the night spent in slow wave sleep, as a result of
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inter-individual differences in homeostatic sleep drive (Gander et al., 2010a). The results
from the intraclass correlations, however, suggest that an additional mechanism may be at
play. Namely, intra-individual variation in the strength of cardioventilatory coupling during
slow wave sleep across nights, could contribute to night-to-night variation in measures of
coupling across the whole night.
The inter-individual variation in the strength of cardioventilatory coupling observed
during slow wave sleep could be due to the inter-individual differences commonly observed
in autonomic control of heart rate during sleep (Busek et al., 2005; Miyashita et al., 2003).
However, there is a paucity of data on intra-individual variation in autonomic control during
sleep. Twenty-four hour Holter monitoring has demonstrated high repeatability, in healthy
subjects, for both time and frequency domain measures of heart rate variability (Kleiger et al.,
1991).

While comparison of night versus day measures was considered, this was only

reported for mean RR interval, which showed a low level of consistency, within subjects, for
night and day. It is possible that significant intra-individual differences exist from night-tonight for autonomic activity during individual sleep stages.
It is also important to note that 24-hour studies of heart rate variability have
demonstrated that there is considerable circadian influence over cardiac parasympathetic
activity (Burgess et al., 1997; Somers et al., 1993), whereas sympathetic activity is likely
influenced primarily by the sleep/wake cycle. Future studies investigating inter- and intraindividual differences in cardioventilatory coupling during sleep would therefore, be best
conducted in controlled conditions, accounting for prior sleep history, sleep/wake schedule
during the protocol, as well as timing in the circadian pacemaker cycle.
7.1.3

Cardioventilatory coupling in individuals with sleep-disordered breathing
Cardioventilatory coupling was observed in all but one individual with sleep-

disordered breathing. However, as with healthy individuals, there was considerable interindividual variability in both the strength of coupling and the proportion of the night spent
coupling.

Cardioventilatory coupling in individuals with sleep-disordered breathing was

considered using two approaches. The relationship between the apnoea hypopnoea index
(AHI) and cardioventilatory coupling was assessed. In addition, within individuals with
OSA, periods of obstructive apnoea were compared with periods of normal breathing. In line
with the study hypotheses, individuals with greater severity of sleep-disordered breathing
(indicated by a higher AHI) exhibited reduced cardioventilatory coupling, as measured by
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proportional Shannon entropy, and a lower proportion of the night spent below probability
thresholds for cardioventilatory coupling. This observation may be explained by baroreflex
dysfunction. Individuals with OSA have reduced baroreflex sensitivity (Bertinieri et al.,
1988; Parati et al., 1988; Ryan et al., 2007).

Moreover, although no relationship with

baroreflex sensitivity was observed, Tzeng et al. (2007) have recently shown that
cardioventilatory coupling may be mediated by the arterial baroreceptors.

Baroreceptor

dysfunction in patients with sleep-disordered breathing may therefore diminish modulation of
respiratory neurons and motoneurons by arterial pressure, and lead to reduced
cardioventilatory coupling.
However, interestingly, no differences were detected in cardioventilatory coupling
when, within an individual, periods of OSA and/or obstructive hypopnoea, were compared
with periods of normal breathing. These findings were in contrast to the study hypotheses and
suggest that it is not sleep-disordered breathing events, in particular, but a change in an
underlying mechanism that influences cardioventilatory coupling in individuals with sleepdisordered breathing.

If this were the case, a likely mechanism might be changes in

autonomic activity observed in individuals with sleep-disordered breathing. Individuals with
OSA exhibit sympathetic overdrive in response to frequent, intermittent hypoxia and
intrathoracic pressure swings (Shimizu et al., 1994; Somers et al., 1989a). These changes in
sympathetic activity are not limited to the sleep period alone, and individuals with OSA
exhibit a generally elevated heart rate, increased sympathetic activity and diminished
cardiovagal activity (Narkiewicz & Somers, 2001, 2003; Somers et al., 1995). Changes in
autonomic activity consistent with this mechanism were observed in the participants in this
study.

Along with others studies (Penzel et al., 2003), a higher degree of apnoea was

associated with elevated power in the LF band, reflective of elevated sympathetic activity, as
well as decreased power in the HF band, reflective of decreased cardiovagal activity.
Furthermore, an increased AHI was associated with increased variability in heart rate (SD RR
and CD RR).
In individuals with sleep-disordered breathing, strength of cardioventilatory coupling
was increased during light sleep, compared to both wakefulness and REM sleep.
Additionally, the proportion of the night spent coupling was increased during light sleep,
compared to wakefulness and REM sleep, and was further increased during slow wave sleep.
This is probably reflective of the relation between apnoea and sleep stage, as well
cardioventilatory coupling, sleep stage and apnoea. The frequency of apnoea is not equal in
all sleep stages. Obstructive apnoea events tend to predominate during REM sleep, and are
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least frequent during NREM sleep. The most stable breathing, therefore, occurs during slow
wave sleep in individuals with OSA. In the present study, the variability in ventilatory period
was lowest during slow wave sleep.
Kabir et al. (2010) have also noted an increased proportion of time spent coupling
during slow wave sleep in individuals with sleep-disordered breathing, compared with
wakefulness in 248 individuals referred for polysomnographic study with suspected OSA.
They assessed the phase relationship between particular phase points in the respiratory signal
and cardiac cycle. This relationship was presented using phase synchrograms, and quantified
using measures of the degree of coordination. That is, the percentage time spent coupling for
the whole night, as well as in each sleep stage; and the average duration of coupled epochs.
This methodology required a phase locking ratio to be calculated for each epoch.
For the most part, these findings align well with those outlined in this thesis. Kabir
et al. (2010) observed that cardioventilatory coupling was 50% higher during slow wave sleep
(18.7±7.7%) than during REM sleep (11.2±4.3%).

Additionally, the duration of the

synchronised epoch was longer in slow wave sleep than in REM sleep; and longer in each of
Stage 1 sleep, Stage 2 sleep and slow wave sleep, compared to wakefulness. Age and gender
were not associated with measures of coupling. However, increased BMI was associated with
decreased duration of synchronised epochs. Increasing AHI was associated with decreased
percentage time spent coupled and decreased average duration of synchronised epochs.
Likewise, significant differences in percentage time spent coupling were observed between
categories of OSA severity. No relationships were observed between coupling and frequency
domain measures of heart rate variability. In particular, comparable percentage times spent
coupling were observed in each of sleep stage, and with age and gender.
In this study, both coupling strength, and the proportion of the night spent coupling,
was significantly correlated with several measures of sleep quality. In particular, decreased
cardioventilatory coupling was observed with decreased slow wave sleep, decreased REM
sleep, along with increased arousal and increased light sleep. Obstructive sleep apnoea
increases sleep fragmentation, and expected correlations were also observed between the AHI
and these measures of sleep quality.

Importantly, however, the relationship between

cardioventilatory coupling and AHI remained statistically significant after controlling for
changes in percentage Stage 2 sleep, percentage slow wave sleep and percentage REM sleep.
Although AHI remained a significant independent predictor of cardioventilatory coupling
when variation in sleep architecture was accounted for, these models were only able to predict
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a relatively modest amount of variance in cardioventilatory coupling. In addition, a normal
distribution was not able to be obtained for the standardised residuals for the model
investigating proportional Shannon entropy as a dependent variable. All other assumptions of
the model were met. The findings for proportional Shannon entropy, therefore, may not be
generalisable beyond the study population. This issue did not apply to percentage time below
SH T5 and SH T1 . The consideration of AHI as an independent predictor of cardioventilatory
coupling is unique to this study. The work of Kabir et al. (2010) does not consider the
influence of sleep architecture on the relationship between cardioventilatory coupling and
increasing AHI. It is therefore unknown whether the relationship observed by Kabir et al.
reflects a true correlation between AHI and coupling; or instead a reflection of alterations in
percentage light sleep and slow wave sleep, alongside increases in arousal, in those with
sleep-disordered breathing.
It is noted that both the AHI and measures of cardioventilatory coupling, were
correlated with the arousal index and desaturation index. With regard to the AHI, this is not a
surprising finding, given that cessation of breathing results in hypoxia (oxygen desaturation),
which leads to arousal from sleep. However, the collinearity between these measures meant
that arousal index could not be included in the model investigating the relationship between
AHI and cardioventilatory coupling. Increases in sympathetic activity in individuals with
OSA are thought to primarily arise from chemoreflex response to repetitive hypoxia and
hypercapnia (Somers et al., 1995). However, arousal from sleep, outside the setting of sleepdisordered breathing, is also associated with substantial surges in heart rate (Morgan et al.,
1996; Trinder et al., 2003), along with surges in sympathetic activity that remains elevated
long after the arousal event has ended and heart rate has returned to baseline (Blasi et al.,
2003).

It would be interesting, therefore, to investigate the role that arousal, or sleep

fragmentation, alone has in cardioventilatory coupling strength. In the setting of OSA, it is
not possible to consider the relation of arousal to cardioventilatory coupling, as arousal and
apnoea are intrinsically entwined. However, further investigations might include study of
cardioventilatory coupling in individuals with higher arousal rates, such as chronic pain
conditions (arthritis, fibromyalgia), as well as in movement disorders of sleep, such as
periodic limb movements. Alternatively, the effect of auditory-evoked arousals in healthy
individuals could be considered in relation to cardioventilatory coupling.
Many of the other observations in relation to cardioventilatory coupling simply
reflect the relationship between increasing OSA and coupling.

For example, decreased

coupling was associated with increased variability in ventilatory period (SD II and CD II);
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and the increased variability in ventilatory period was reflective of increasing presence of
apnoea. Decreased cardioventilatory coupling was also observed with a number of measures
associated with oxygen desaturation. As outlined above, the cessation of breathing seen
during OSA frequently results in transient hypoxia, or oxygen desaturation.
In addition to the planned studies investigating cardioventilatory coupling in
individuals with a primary diagnosis of OSA, preliminary investigations were undertaken
examining cardioventilatory coupling in individuals with medical conditions co-morbid to
sleep-disordered breathing, as well as case-study analysis of four individuals exhibiting
Cheyne-Stokes respiration during sleep. These findings are presented in Appendix C and
Chapter 6, respectively. Preliminary investigation showed no differences in cardioventilatory
coupling by medical condition; however, as discussed in Chapter 5, this study was not
designed to investigate the effects of co-morbid conditions on cardioventilatory coupling.
Additionally, for individuals with Cheyne-Stokes respiration, it was not possible to
statistically compare case study values against the means and medians of healthy individuals
and individuals with OSA.

Nevertheless, the comparisons presented in Chapter 6 pose

interesting questions for future study.
Based on experimental work and a theoretical model for cardioventilatory coupling,
previous researchers have hypothesised that that coupling may be maximal when respiratory
drive is low (Galletly & Larsen, 2001). However, there is scant experimental evidence to
support this hypothesis. Overall, the findings in this thesis do not contribute significantly to
the models of cardioventilatory coupling (Galletly & Larsen, 2001; Kotani et al., 2002).
However, the case studies presented in Chapter 6 suggest that this hypothesis may potentially
be investigated in individuals with central sleep apnoea, by examining differences in
cardioventilatory coupling in different types of central sleep apnoea; particularly, comparing
coupling in individuals with central sleep apnoea resulting from high ventilatory drive, such
as Cheyne-Stokes breathing, and individuals with central sleep apnoea resulting from
impaired ventilatory drive such as hypoventilation syndromes or neuromuscular disease.
While these investigations could be conducted at an observational level, the findings could be
expanded by investigation of individual central ventilatory drive, as well as individual
ventilatory responses to hypercapnia and/or hypoxia, in conjunction with the severity of sleepdisordered breathing.
Although polysomnography is the gold standard measurement for sleep recordings, it
is also considered costly and labour-intensive.

There is considerable recent interest in
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identifying alternative ‘markers’ of sleep architecture, sleep disturbance and particularly,
obstructive sleep apnoea.

Several research groups have suggested that measures of

cardioventilatory coupling may be used in this manner (Hamann et al., 2009; Kabir et al.,
2010; Penzel et al., 2007; Thomas et al., 2007). The findings in this thesis suggest that there
remain a number of factors yet to consider. Cardioventilatory coupling, as measured by
proportional Shannon entropy, exhibits are great deal of inter-individual variability.
Therefore, normative values (and their normative ranges) would need to be determined before
these measures can be used in clinical sleep medicine. Likewise, there seems to only be a
place for using these measures as a screening tool for OSA. Especially given the interindividual and within-sleep-period variability, the results observed in this thesis suggest no
reliable individual marker for severity of OSA, or characteristics of sleep architecture.
Consistent relationships were observed with increased strength of coupling and
power in the high frequency band. Along these lines, cardioventilatory coupling could be
considered a marker of autonomic activity. However, although overall associations have been
identified, it is not known if measures of cardioventilatory coupling co-vary with measures of
heart rate variability. From the present study, it would seem that the high level of variability
of cardioventilatory coupling across the night, differing within the same sleep stage at
different points in the sleep period, would suggest that cardioventilatory coupling is not a
reliable marker of parasympathetic activity.

7.2

Overall strengths and limitations
As discussed in Chapter 1, proportional Shannon entropy has some limitations as a

measure of cardioventilatory coupling strength. Galletly and Larsen argue that true coupling
strength is indicated by the strength of the cardiac input to the intrinsic inspiratory pacemaker
(Galletly & Larsen, 2001). These intrinsic pathways have not been delineated. Proportional
Shannon entropy, on the other hand, is a measure of ‘apparent’ coupling strength, and is a
function of both the strength of cardiac activity to the intrinsic pacemaker and the HR/f ratio.
In this way, for any given cardiac burst magnitude, individuals may show different values for
proportional Shannon entropy, with only slight differences in their HR/f ratios. Based on the
model of Galletly and Larsen (2001), an individual with a weak cardiac input will exhibit
cardioventilatory coupling (and decreased proportional Shannon entropy) if their HR/f ratio is
just above an integer ratio, whereas an individual with a relatively strong cardiac input may
exhibit relatively weaker cardioventilatory coupling (and a relatively higher proportional
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Shannon entropy) if their HR/f ratio is just below an integer value. In this way, observed
coupling, measured by proportional Shannon entropy, does not always reflect changes in the
strength of the cardiac input to the intrinsic inspiratory pacemaker, but is instead influenced
by changing HR/f ratio.

Despite this limitation, there is merit in using a quantifiable,

statistical measure of cardioventilatory coupling.
Various techniques have been used to record ventilatory activity in studies
investigating cardioventilatory coupling. These include: pneumotachography (Larsen et al.,
1999b; Penzel et al., 2007), nasal pressure (Elder et al., 2010; Tzeng et al., 2003), thermistor
(Hamann et al., 2009; Schäfer et al., 1998), respiratory inductance bands (Kabir et al., 2010;
Mrowka et al., 2003), and piezo-electric sensors (Unbehaun et al., 1996).

The studies

presented in this thesis measured airflow via a nasal pressure transducer. The nasal pressure
signal was chosen because it was fairly non-invasive, commonly used in polysomnographic
recordings, and most closely approximated the signal from the pneumotachometer (Heitman
et al., 2002). However, as indicated in previous chapters, potential signal loss and/or reduced
signal quality is a limitation of this measure in cardioventilatory coupling. Additionally, nasal
pressure only measures nasal airflow only, and oral breathing may result in altered waveform
characteristics. As outlined in Chapter 5, the nasal pressure signal is not able to measure the
ventilatory activity in the face of complete airway occlusion. This is a significant limitation
in measurement of cardioventilatory coupling during sleep in those with sleep-disordered
breathing. The ideal measurement technique would capture all ventilatory cycles.
There is opportunity for investigation in this area, as few studies have assessed the
accuracy of specific airflow waveform characteristics against the gold standard,
pneumotachography. The majority of studies have cited high levels of agreement between
signals, based on correlation statistics alone (Berg et al., 1997). It is not known how well
various techniques perform in the setting of cardioventilatory coupling. Notably, compared
with pneumotachography, how the degree of variability observed in specific waveform
characteristics; the reliability of inspiratory onset detection; and the absence of signal artefact.
Thermistors have been used in studies of cardioventilatory coupling. However, these sensors
have a long time delay between intrathoracic activity and generation of the ventilatory signal
(Xiong et al., 1993). It has been shown that thermistors do not accurately measure airflow
compared with pneumotachography (Berg et al., 1997; Farre et al., 1998), and that each
thermistors acts differently (Berg et al., 1997).

Thoracic and abdominal respiratory

inductance plethysmography and piezo-electric sensors may be considered for measuring
ventilator activity in the setting of sleep-disordered breathing. Most studies evaluating the
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accuracy of respiratory inductance plethysmography have used statistical measures of
agreement alone. However, Cantineau et al. (1992) have evaluated waveform characteristics
and have shown that during wakefulness, respiratory inductance plethysmography correlates
well with pneumotachography. There is insufficient evidence to advocate the use of piezoelectric sensors during sleep (Redline et al., 2007). There is some concern that respiratory
bands may move during the sleep, alterning signal characteristics. Although not commonly
used in standard polysomnographic recordings, ventilation may be measured via
diaphragmatic electromyography (EMG). It is unknown how well this correlates with current
measures of airflow, nor which characteristics of the EMG signal correspond to time points on
the pneumotachograph waveform. The prevalence and severity of OSA is higher in obese
individuals (Peppard et al., 2000a; Young et al., 2002a). It may not be possible to accurately
record diaphragmatic EMG in obese individuals.

Of consideration in any measure of

ventilatory activity to be used in assessment of cardioventilatory coupling is the presence of
cardiac artefact. It is not known if cardiac influences are more or less apparent on chest wall
versus nasal airflow signals.
A significant strength of the methodology used in this thesis is the use of probability
thresholds for proportional Shannon entropy. Toledo et al (2002) have observed a degree of
cardioventilatory coupling in 13 healthy individuals and 13 heart transplant recipients, using
both real and surrogate datasets. Comparing these surrogate and real data time series, a 12%
reduction was demonstrated in the number of synchronised epochs using surrogate data.
From this, they concluded that a degree of cardioventilatory coupling occurred at random. As
mentioned above, apparent coupling can occur when the HR/f ratio is close to an integer
value, even in the presence of a weak cardiac input to the intrinsic pacemaker. This thesis has
utilised probability thresholds for cardioventilatory coupling, below which coupling is
unlikely to occur by chance. Therefore, there is significant advantage in quantifying the
proportion of the night spent coupling as the time spent below these probability thresholds.
It is noted that the ECG signal sampling rate differed between home- (256 Hz) and
laboratory-based polysomnographic recordings (500 Hz).

These values fall within the

recommended limits set by the Task Force of the European Society of Cardiology and the
North American Society of Pacing and Electrophysiology for measuring heart rate variability
(1996). While it is not anticipated that this impacted greatly on R wave detection accuracy,
the effect of differences in sampling rate has not been investigated in relation to the studies in
this thesis. For comparison, ECG sampling rates of 128 Hz (Kabir et al., 2010), 100-256 Hz
(Hamann et al., 2009), 64-120 Hz (Thomas et al., 2005), and 256 Hz (Elder et al., 2010) have
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been used in previous studies examining cardioventilatory coupling. The majority of these
studies have used ECG sampling rates below the minimum level set by the Task Force.
Accurate R wave detection is essential for accurate assessment of cardioventilatory coupling,
and inappropriate sampling rate selection may results in apparent phase advances or delays in
R wave timing.
This thesis has significantly extended the understanding of the phenomenology of
cardioventilatory coupling during sleep. In healthy individuals, Hamman et al. (2009) have
described a greater proportion of the night spent coupling during NREM sleep, compared with
REM sleep, and in individuals with OSA. Kabir et al. (2010) have demonstrated a greater
proportion of the night spent coupling during slow wave sleep, compared with REM sleep.
This thesis has extended this work by confirming increasing coupling during NREM sleep in
both healthy individuals and individuals with OSA. However, it not only describes between
group differences in cardioventilatory coupling with sleep stage, this thesis also describes
changes in coupling with sleep quantity and quality, age, gender, changes with coupling
across the sleep period, and with severity of sleep-disordered breathing.
Both Hamann et al. (2009) and Kabir et al. (2010) have used a phase synchrogram
approach to measure cardioventilatory coupling. This method quantifies the proportion of the
sleep period spent coupling by examining the respiratory and ECG time series for stable HR/f
ratios. However, this method does not take into account the degree of coupling that may
occur by chance (Toledo et al., 2002). Along these lines, if both heart rate variability and
respiratory variability, and/or ventilatory rate, decrease (as observed during slow wave sleep),
the appearance of cardioventilatory coupling may occur by chance, without any interaction
between the cardiac and respiratory systems.

This thesis, therefore, has the significant

advantage of utilising statistical thresholds when quantifying the proportion of time spent
coupling, both for whole night and sleep stage measures.

7.3

Future work
Consideration of the findings presented above and discussed in Chapters 3-5, as well

as the study limitations, has identified a number of areas worthy of further investigation:
1. It would be useful to investigate the relationship between cardioventilatory
coupling in individual sleep stages by conducting tightly controlled laboratory
studies, accounting for prior sleep history and timing in the circadian pacemaker
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cycle.

Additionally, the protocol would include actigraphic and sleep diary

monitoring of sleep routine in the week leading up to the study, and participants
would be asked to abstain from alcohol and caffeine in the week leading up to the
study. As inter-individual differences are observed in characteristics of sleep
architecture, such as slow wave sleep, it is hypothesised that increased control
during the study protocol would give greater ability to detect changes between
individuals across the whole night and in different sleep stages.
2. Repeatability statistics such as intraclass correlation co-efficients are influenced by
sample size and number of replicates. Thus, there is value in conducting further
investigations of repeatability of cardioventilatory coupling in a larger sample, and
with an increased number of replicate observations.
3. It would be useful to investigate cardioventilatory coupling in individuals with
sleep-disordered breathing using full-night diagnostic studies, with a standardised
sleep/wake schedule. This would allow for equal opportunity for sleep, regardless
of the severity of sleep-disordered breathing, and would heighten the accuracy of
detecting differences in cardioventilatory coupling with sleep stage, as well as
relationships with sleep quantity and quality.
4. There would be value in investigating cardioventilatory coupling in relation to
medical conditions co-morbid to sleep-disordered breathing, taking into account
age, sleep-disordered breathing severity and type, as well as medication regime.
5. It would be useful to investigate the role of arousal in cardioventilatory coupling.
Further work might include individuals with higher arousal rates, such as chronic
pain conditions, as well as movement disorders of sleep. Alternatively, auditoryevoked arousals in healthy individuals could be considered.
As cardioventilatory coupling is a determinant of ventilatory timing, studies such as
these could provide useful insights into ventilatory control during sleep.
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APPENDIX A: DESCRIPTIVE STATISTICS OF SLEEP
QUANTITY AND QUALITY

This Appendix presents descriptive statistics on participant demographics, and sleep
quantity and quality, to supplement each of the studies described in Chapters 3-6. For ease of
reference, statistical information is presented alongside its corresponding heading in the
results Chapter.

A.1

Cardioventilatory coupling during sleep in healthy

individuals
A.1.1

Participants

A.1.1.1 Young adults (Individuals aged 18-35 years)
Figure 7.1 : Age distribution by gender of participants aged 18-35 years
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A.1.1.2 Older adults (Individuals aged 60-75 years)
Figure 7.2 : Age distribution by gender of participants aged 60-75 years

A.1.2

Sleep quantity and quality in young adults

Table A.1 : Sleep quantity during home-based polysomnography in healthy individuals
aged 18-35 years
Variable (mins)

Mean (s.d.)

TIB

486.11 (100.74)

TST

430.17 (79.71)

SOL Ψ

14.50 (2.50 – 50.50)

Stage 1

25.02 (13.42)

Stage 2

230.80 (52.86)

Stage 3 Ψ
Stage 4
REM
Ψ

Ψ

39.50 (24.00 – 79.00)
32.50 (6.00 – 111.00)
96.76 (29.82)

Data for this variable were not normally distributed, therefore data for this variable were presented as median
(range)
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Table A.2 : Sleep quality during home-based polysomnography in healthy individuals
aged 18-35 years
Variable

Mean (s.d.)

Sleep efficiency (%)

88.93 (4.81)

Stage 1 (%)

5.71 (2.69)

Stage 2 (%)

53.56 (8.22)

Stage 3 (%) Ψ

9.15 (4.90 – 20.20)

Stage 4 (%) Ψ

8.25 (1.30 – 22.60)

REM (%)

22.17 (4.99)

WASO (mins) Ψ

39.00 (5.00 – 86.50)

Arousal index (/hr)

7.41 (2.70)

Sleep stage transitions (#)

157.91 (47.60)

Ψ

Data for this variable were not normally distributed, therefore data for this variable were presented as median
(range)

A.1.3

Sleep quantity and quality in older adults

Table A.3 : Sleep quantity during home-based polysomnography in healthy individuals
aged 60-75 years
Variable (minutes)

Mean (s.d.)

TIB

469.67 (41.12)

TST

368.72 (33.99)

SOL

13.39 (5.30)

Stage 1

35.11 (14.67)

Stage 2

246.50 (29.54)

Stage 3
Stage 4
REM
Ψ

28.39 (14.17)
Ψ

0.00 (0.00 – 6.00)
57.61 (22.46)

Data for this variable were not normally distributed, therefore data for this variable were presented as median
(range)
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Table A.4 : Sleep quality during home-based polysomnography in healthy individuals
aged 60-75 years
Variable

Mean (s.d.)

Sleep efficiency (%)

78.59 (4.18)

Stage 1 (%)

9.60 (4.24)

Stage 2 (%)

66.86 (5.28)

Stage 3 (%)

7.83 (4.07)

Stage 4 (%) Ψ

0.00 (0.00 – 1.80)

REM (%)

15.41 (5.57)

WASO (mins) Ψ

82.50 (71.00 – 133.00)

Arousal index (/hr)

8.89 (5.65)

Sleep stage transitions (#)

156.00 (52.40)

Ψ

Data for this variable were not normally distributed, therefore data for this variable were presented as median
(range)
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A.2

Repeatability of cardioventilatory coupling during

sleep
A.2.1

Time interval between Night 1 and Night 2

Figure 7.3 : Distribution of time interval in days between Night 1 and Night 2 for all
participants
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A.2.2

Sleep quantity and quality on Night 1 versus Night 2

Table A.5 : Sleep quantity on Night 1 versus Night 2
Night 1

Night 2

Variable (mins)
Mean (s.d.)
TIB

495.21 (80.25)

TST

441.75 (70.18)

462.61 (60.69)
423.18 (60.80)
Ψ

4.00 (1.50 – 22.50) Ψ

SOL

6.50 (0.50 – 22.00)

Stage 1

32.14 (14.23)

32.69 (12.05)

Stage 2

258.50 (163.50 – 330.00)

232.25 (169.50 – 345.50)Ψ

Stage 3

36.64 (8.85)

33.86 (12.46)

Stage 4

21.75 (1.50 – 111.00) Ψ

24.25 (0.00 – 113.00) Ψ

REM

90.14 (29.40)

89.43 (22.83)

Ψ

Data in this group were not normally distributed, therefore data for all groups for this variable were presented
as median (range)

Table A.6 : Sleep quality on Night 1 versus Night 2
Night 1

Night 2

Variable
Mean (s.d.)
Sleep efficiency (%)

89.36 (4.40)

91.41 (2.71)

Stage 1 (%)

7.21 (2.95)

7.74 (2.80)

Stage 2 (%)

57.10 (4.25)

56.33 (5.88)

Stage 3 (%)

8.65 (4.90 – 13.10)

7.75 (0.50 – 16.10)Ψ

Stage 4 (%)

5.45 (0.40 – 20.50)

6.50 (0.00 – 24.40)Ψ

REM (%)

20.11 (4.54)

20.97 (3.39)

WASO (mins)

44.79 (25.28)

32.39 (9.92)

Arousal index (/hr)

56.07 (27.18)

55.79 (23.05)

Sleep stage transitions (#)

173.86 (36.73)

161.36 (38.59)

Ψ

Data in this group were not normally distributed, therefore data for all groups for this variable were presented
as median (range)
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Table A.7 : Relationship between measures of sleep quantity on Night 1 and Night 2

Variable (mins)

Correlation
Co-efficient

Significance

TIB

0.75

0002

TST

0.75

0.002

SOL a

-0.11

0.71

Stage 1

0.62

0.02

Stage 2 a

0.52

0.06

Stage 3

0.55

0.04

Stage 4 a

0.82

< 0.001

REM

0.75

0.002

Unless otherwise indicated, Pearson correlation.

a

Spearman rank correlation

Table A.8 : Relationship between measures of sleep quality on Night 1 and Night 2

Variable

Correlation
Co-efficient

Significance

Sleep efficiency (%)

0.58

0.03

Stage 1 (%)

0.69

0.006

Stage 2 (%)

0.80

0.001

Stage 3 (%) a

0.49

0.07

Stage 4 (%)a

0.87

< 0.001

REM (%)

0.65

0.01

WASO (mins)

0.68

0.008

Arousal index (/hr)

0.84

< 0.001

Sleep stage transitions (#)

0.57

0.04

Unless otherwise indicated, Pearson correlation.

a

Spearman rank correlation
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A.3

Cardioventilatory coupling in individuals with sleep-

disordered breathing
A.3.1

Sleep quantity and quality in individuals with SDB

Differences in sleep quantity and quality observed with the different types of
polysomnographic study (able A.9), and with sleep-disordered breathing severity (Table
A.10) are outlined below.

Table A.9 : Sleep quality and quantity by study type in individuals with SDB
Diagnostic Study
Variable

Split Night Study
Median (range)

TIB (mins)

473.50 (270.00 – 779.50)

254.25 (79.00 – 512.00)

TST (mins)

355.50 (59.50 – 568.50)

187.25 (53 – 392.00)

SOL (mins) ŦŦ

17.50 (0.00 – 264.50)

11.25 (0.00 – 100.00)

Sleep efficiency (%)

73.20 (14.50 – 94.30)

74.65 (40.50 -94.50)

Stage 1 (%)

10.50 (1.40 – 69.00)

9.25 (0.80 – 48.20)

51.30 (12.40 – 82.20)

60.45 (30.50 – 96.90)

Stage 3 (%)

14.30 (0.00 – 31.50)

13.20 (0.00 – 37.60)

Stage 4 (%) ŦŦŦ

3.70 (0.00 – 22.90)

0.00 (0.00 -35.20)

REM (%) ŦŦŦ

18.90 (0.00 – 35.20)

11.80 (0.00 – 47.00)

WASO (%)

21.02 (2.65 – 83.60)

21.40 (1.68 – 51.71)

Arousal index (/hr) ŦŦ

26.80 (10.90 – 147.20)

37.30 (9.40 – 150.40)

21.07 (8.66 – 35.56)

24.00 (5.82 – 65.93)

Stage 2 (%)

ŦŦ

Sleep stage transition index
(/hr) ŦŦ
Ŧ

Mann-Whitney U test; p < 0.05;

ŦŦ

p < 0.01;

ŦŦŦ

p < 0.001
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Table A.10 : Sleep quality and quantity by SDB severity
SDB Severity
Variable

No SDB

Mild

Moderate

Severe

Median (Range)
TIB (mins)

508.00 (245.00 – 712.50)

450.25 (220.00 – 779.50)

300.50 (175.50 – 542.50)

267.00 (79.00 – 680.00)

TST (mins)

352.25 (141.00 – 559.00)

354.00 (132.00 – 568.00)

251.50 (118.50 – 446.50)

194.00 (53.00 – 477.00)

SOL (mins) ŦŦŦ

32.00 (7.50 – 264.50)

13.00 (0.00 – 217.00)

15.00 (0.00 – 121.50)

11.50 (0.00 – 100.00)

Sleep efficiency (%)

70.25 (31.20 – 94.30)

77.05 (31.10 – 92.70)

77.00 (50.70 – 94.50)

71.50 (14.50 – 94.20)

Stage 1 (%)

10.05 (1.90 – 18.90)

10.40 (3.20 – 18.20)

8.40 (1.30 – 22.90)

10.55 (0.80 – 69.00)

Stage 2 (%) ŦŦ

49.00 (35.90 – 72.30)

55.25 (36.20 – 74.80)

52.80 (34.00 – 76.60)

62.80 (12.40 – 96.90)

Stage 3 (%)

13.55 (3.70 – 28.40)

15.65 (4.90 – 31.80)

17.40 (0.00 – 31.70)

11.90 (0.00 – 37.60)

Stage 4 (%) Ŧ

5.10 (0.00 – 13.60)

2.85 (0.00 – 11.30)

1.90 (0.00 – 20.70)

0.05 (0.00 – 35.20)

REM (%) ŦŦŦ

21.80 (6.90 – 35.20)

15.45 (0.30 – 27.10)

16.70 (0.30 – 27.30)

10.05 (0.00 – 47.00)

WASO (%)

18.54 (2.65 – 62.25)

15.16 (8.91 – 44.90)

17.11 (1.68 – 48.98)

23.20 (1.93-83.60)

Arousal index (/hr) ŦŦŦ

19.05 (11.80 – 42.40)

21.75 (10.90 – 44.40)

26.80 (12.90 – 46.10)

44.30 (9.40 – 150.40)

Sleep stage transition index (/hr)

17.22 (8.66 – 23.72)

22.09 (9.82 – 33.38)

21.81 (5.82 – 35.56)

24.36 (8.23 – 65.93)

Ŧ

Kruskal-Wallis test; p < 0.05;

ŦŦ

p < 0.01;

ŦŦŦ

p < 0.001
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Table A.11 : Sleep-disordered breathing measures categorised by sleep-disordered breathing severity
SDB Severity
Variable

No SDB

Mild

Moderate

Severe

Median (Range)
AHI (TST)

2.20 (0.00 – 4.80)

8.50 (5.40 – 14.30)

22.50 (15.40 – 29.10)

67.80 (31.30 – 227.90)

Obstructive AHI (TST)

1.50 (0.00 – 4.81)

8.64 (5.28 – 14.89)

20.62 (13.72 – 27.64)

60.00 (4.42 – 150.65)

Central AHI (TST)

0.00 (0.00- 0.60)

0.00 (0.00 – 0.60)

0.00 (0.00 – 2.00)

0.00 (0.00 – 25.20)

Central apnoea index (NREM)

0.00 (No range)

0.00 (0.00 – 0.70)

0.00 (0.00 – 2.60)

0.00 (0.00 – 26.20)

Obstructive apnoea index (NREM)

0.00 (No range)

0.50 (0.00 – 6.10)

3.20 (0.00 – 12.30)

32.10 (0.00 – 149.30)

Hypopnoea index (NREM)

0.00 (0.00 – 3.00)

4.30 (0.40 – 12.80)

12.20 (1.80 – 25.10)

17.20 (0.00 – 68.30)

AHI (NREM)

0.45 (0.00 – 3.00)

4.95 (0.60 – 13.70)

16.20 (5.30 – 30.80)

61.10 (1.80 – 157.80)

Central apnoea (REM)

0.00 (0.00 – 3.00)

0.00 (0.00 – 1.50)

0.00 (0.00 – 7.00)

0.00 (0.00 – 13.30)

Obstructive apnoea index (REM)

0.40 (0.00 – 6.00)

2.85 (0.00 – 34.30)

15.40 (0.00 – 72.40)

32.70 (0.00 – 94.30)

Hypopnoea index (REM)

2.70 (0.00 – 15.10)

16.10 (0.00 – 50.00)

18.70 (0.00 – 60.80)

4.80 (0.00 – 120.00)

AHI (REM)

4.00 (0.00 – 18.00)

21.55 (0.00 -60.00)

46.20 (0.00 – 99.20)

56.00 (0.00 – 120.00)

Mean apnoea duration (seconds)

19.00 (0.00 – 25.70)

21.90 (15.10 – 31.40)

23.00 (13.50 – 39.90)

22.60 (10.80 – 39.20)

Ŧ

Kruskal-Wallis test; p < 0.05;

ŦŦ

p < 0.01;

ŦŦŦ

p < 0.0011
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APPENDIX B: STUDY ETHICAL APPROVAL

The following pages include the information sheets for the studies outlined in
Chapters 3-6. Ethics approval reference numbers for these studies are as follows:
•

Cardioventilatory

coupling

during

sleep

in

healthy

adults

(Ref

WGT/01/06/067)
•

Repeatability of cardioventilatory coupling (Ref WGT/03/11/107)

•

Cardioventilatory coupling in individuals with sleep-disordered breathing
(Ref WGT/03/10/101)
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APPENDIX C: CARDIOVENTILATORY COUPLING AND
CONDITIONS COMORBID WITH SLEEP-DISORDERED
BREATHING

Although previous studies have considered cardioventilatory coupling in clinical
populations with sleep-disordered breathing, only Kabir et al. (2010) have considered the
possible effects of medical conditions co-morbid to sleep-disordered breathing. They found
no significant difference in the percentage of the night spent coupling or the duration of
coupled epochs, when comparing individuals with and without heart disease. The presence of
other medical conditions in these individuals was not indicated.
In the study outlined in Chapter 5, co-morbid conditions were common in the
participants referred for a clinical polysomnographic study and investigated for the
relationship between sleep-disordered breathing and cardioventilatory coupling. However,
knowledge of previous medical history in all study participants (a clinical population referred
for polysomnographic study) was limited to that provided to the sleep laboratory, WellSleep,
prior to and/or on admission. In addition, the study participants were not specifically selected
based on medical history. Given these limitations, a controlled, analytical approach to the
examining the relationship between cardioventilatory coupling and conditions co-morbid with
sleep-disordered breathing was not feasible. With these limitations in mind, preliminary
investigation was made of the relationship between cardioventilatory coupling and conditions
co-morbid with sleep-disordered breathing.

C.1

Method

C.1.1

Participants
All patients referred to WellSleep, Sleep Investigation Centre, University of Otago,

Wellington, for level I polysomnographic monitoring during the period 1 January 2004 until
30 September 2004, who were included in analyses investigating the relationship between
cardioventilatory coupling and characteristics of sleep-disordered breathing (SDB) (Chapter
5), were also included in analyses for investigation of relationships between cardioventilatory
coupling and conditions co-morbid with sleep-disordered breathing.
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Thus, the dataset of individuals included in subsequent analyses was comprised of
151 participants (114 male, 37 female).
C.1.2

Data analysis
Methodology for calculation of measures of sleep quantity and quality, heart rate,

ventilatory period, heart rate variability and cardioventilatory coupling for these participants
has been previously described in Chapter 2 and Chapter 5.
The presence of co-morbid medical conditions in these participants was assessed by
examining information on patient medical history and current medications, provided to
WellSleep at time of admission. This information included the physician referral form and
physician referral letter to WellSleep, as well as patient-reported prevalence of medical
conditions on the standard Bowen Hospital admission questionnaire, which enquired about
previous or current prevalence of asthma, angina, myocardial infarction, hypertension, blood
clots in legs or lungs, bleeding, diabetes, hepatitis, epilepsy, rheumatic fever, acquired
immune deficiency syndrome (AIDS) or human immunodeficiency virus (HIV) and problems
with anaesthetics, as well as current medications. Participants were categorised as having a
co-morbid medical condition if the physician letter indicated the presence of a medical
condition, or if the patient indicated having a current medical condition on their admission
form and medication list.

Where the letter from the referring physician and/or patient

completion of admission form was incomplete or of insufficient detail, participants were
marked as ‘unknown’ for each medical condition category and were not included in
subsequent analyses for that condition.
Based on participant numbers, co-morbid medical conditions were broadly
categorised as: hypertension, cardiovascular disease, respiratory disease, diabetes and ‘other
medical conditions’. Medical conditions were further sub-categorised in each main category
prior to consideration for inclusion in further analyses. Description of categories is provided
below:
Hypertension was indicated if the physician referral form or physician referral letter
to WellSleep, or patient-completed standard Bowen Hospital admission questionnaire
indicated a diagnosis of hypertension.
Cardiovascular disease was indicated if the physician referral form or physician
referral letter to WellSleep, or patient-completed standard Bowen Hospital admission
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questionnaire indicated any cardiovascular condition, including but not limited to myocardial
infarction, ischaemic heart disease, angina, atrial fibrillation, heart failure.

Based on

participant numbers in each group, participants were sub-categorised as ischaemic heart
disease, heart failure and ‘other cardiovascular’.
•

Ischaemic heart disease encompassed all patients with a diagnosis of
myocardial infarction, ischaemic heart disease and angina.

•

As there was significant discrepancy between physician or patient report of
heart failure and patient medication list, a diagnosis of heart failure was also
indicated if a participant was taking a loop diuretic (for example, frusemide,
bumetanide) or aldosterone antagonist (for example, spironolactone) (Hunt et
al., 2009; Hunt et al., 2005).

(Determination of ischaemic versus non-

ischaemic heart failure was not feasible from the information provided.
Therefore, all participants were broadly grouped as heart failure.)
•

‘Other cardiovascular’ encompassed all other conditions of the cardiovascular
system indicated by physician or patient, including atrial fibrillation,
paroxysmal supraventricular tachycardia, aortic valve replacement, mitral
valve disease and apical thrombus.

Respiratory disease was indicated if the physician referral form or physician referral
letter to WellSleep, or patient-completed standard Bowen Hospital admission questionnaire
indicated any respiratory disease, including but not limited to asthma, respiratory failure,
interstitial lung disease and pulmonary embolism. Based on participant numbers in each
group, participants were sub-categorised as asthma or ‘other respiratory’.
Diabetes was indicated if the physician referral form or physician referral letter to
WellSleep, or patient-completed standard Bowen Hospital admission questionnaire indicated
a diagnosis of diabetes. Type of diabetes was often not noted on the referral or patient
questionnaire, although patients were able to be grouped by insulin-controlled (as a surrogate
for type 1 diabetes; insulin-dependent diabetes) and oral-controlled (as a surrogate for type 2
diabetes; non-insulin dependent diabetes).
‘All other medical conditions’ encompassed all other medical conditions indicated on
the physician referral form or physician referral letter to WellSleep, or patient-completed
standard Bowen Hospital admission questionnaire, including but not limited to epilepsy,
stroke, neuromuscular disease, mental health disorders, gastro-intestinal reflux, gout, migraine
and arthritis. It was noted that a proportion of participants had been prescribed and were
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currently taking selective serotonin reuptake inhibitors (SSRIs). Although prescription of
SSRIs is not necessarily indicative of any one particular medical condition, serotonin (and
therefore, potentially SSRIs) have a role in ventilatory control (Hodges & Richerson, 2010).
Thus, participants taking SSRIs were also considered as a category for inclusion in further
analyses.
To maximise statistical power, categories of medical conditions containing the
largest number of participants were selected for subsequent analyses.

These included:

hypertension, cardiovascular disease (CVD), asthma, diabetes and taking SSRIs. To limit the
degree of heterogeneity in the cardiovascular disease category, individuals with a diagnosis of
ischaemic heart disease and/or heart failure were categorised as having cardiovascular disease
and all other cardiovascular disorders were excluded.

Sleep quantity and quality, and

characteristics of sleep-disordered breathing were investigated in each category of medical
condition. Consideration was given to whether measures of sleep quality and quantity, sleepdisordered breathing characteristics, heart rate, ventilatory period, heart rate variability and
cardioventilatory coupling differed between categories of medical conditions.
C.1.3

Statistical Analysis
Data were assessed for normality of distribution according to the grouping required

for each analysis, using both graphical and statistical methods, following the methodology
outlined in Chapter 2, Section 2.3. In order to maintain consistency in table presentation, and
to allow for visual comparison between data groups, all descriptive statistics for that table are
presented as median (interquartile range) (Personal communication, J. Stanley, biostatistician,
University of Otago).
A Mann-Whitney U test was used to assess differences between individuals in each
category of medical condition and those with no medical conditions co-morbid to sleepdisordered breathing, in measures of sleep quantity and quality, characteristics of sleepdisordered breathing, heart rate, ventilatory period, cardioventilatory coupling and heart rate
variability. To avoid Type I error inflation, a manual Bonferroni correction was applied to all
tests and statistical significance was accepted at p = 0.01.
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C.2

Results

C.2.1

Participants
Of 151 participants included in the study, 117 had a previously diagnosed medical

condition (31 individuals had no co-existing medical condition). Forty individuals had been
diagnosed with only one medical condition; 28 individuals had been diagnosed with two
medical conditions; and 49 individuals had been diagnosed with three or more medical
conditions. The number of participants in each defined category of medical condition is
described below.
C.2.1.1 Prevalence of hypertension in the study population
Seventy individuals had a current diagnosis of hypertension.

Of those, 13

individuals had a diagnosis of hypertension only (that is, no co-existing medical conditions).
The prevalence of medical conditions co-morbid to hypertension is presented in Table C.1.
Table C.1 : Prevalence of medical conditions in the study population co-morbid to
hypertension
Medical condition

Number of participants

Ischaemic heart disease

17

Heart failure

14

Other cardiovascular conditions

6

Asthma

19

Other respiratory conditions

9

Diabetes

21

All other medical conditions

32

C.2.1.2 Prevalence of cardiovascular disease in the study population
Forty four individuals had a form of cardiovascular disease. Of these individuals, 30
had ischaemic heart disease (IHD), 18 were in heart failure and six were classified as having
‘other cardiovascular’ conditions.

Other forms of cardiovascular disease indicated by

referring physician or participant included paroxysmal supraventricular tachycardia, aortic
valve replacement, apical thrombus and mitral valve disease. Only three individuals with
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cardiovascular disease had no other type of medical condition. Of these three individuals, two
had ischaemic heart disease only while the remaining individual had multiple cardiovascular
conditions.

The prevalence of medical conditions co-morbid to defined categories of

cardiovascular disease is presented in Table C.2.
Table C.2 : Prevalence of medical conditions in the study population co-morbid to
cardiovascular disease
Number of participants
Medical condition

Ischaemic heart
disease

Heart failure

Other
cardiovascular

Hypertension

17

14

6

Asthma

12

4

1

Other respiratory conditions

4

4

0

Diabetes

10

8

2

All other medical conditions

10

7

6

C.2.1.3 Prevalence of respiratory disease in the study population
Forty four individuals had a diagnosis of respiratory disease.

Of these, 35

individuals had asthma and 15 had other forms of respiratory disease. Other respiratory
conditions included type II respiratory failure, idiopathic pulmonary haemosiderosis,
interstitial lung disease, bronchiectasis and chronic obstructive pulmonary disease (COPD).
Eleven individuals categorised as having respiratory disease had respiratory conditions only.
Of these, eight had asthma only and three had other forms of respiratory disease. The
prevalence of medical conditions co-morbid to defined categories of respiratory disease is
presented in Table C.3.
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Table C.3 : Prevalence of medical conditions in the study population co-morbid to
respiratory disease

Medical condition

Number of participants
Asthma

Other respiratory

Hypertension

19

19

Ischaemic heart disease

12

12

Heart failure

4

4

Other cardiovascular conditions

1

1

Diabetes

7

3

All other medical conditions

16

7

C.2.1.4 Prevalence of diabetes in the study population
Twenty eight individuals were diabetic. Of these, Type 2 (non-insulin-dependent)
diabetes was indicated by the referring physician or the patient, and/or oral control of diabetes
was noted, in 23 individuals. The remaining five individuals were indicated by the referring
physician or the patient to have Type 1 (insulin-dependent) diabetes, and/or were taking
insulin to control their diabetes. Only one individual with diabetes had a diagnosis of diabetes
only. The prevalence of medical conditions co-morbid to diabetes is presented in Table C.4.
Table C.4 : Prevalence of medical conditions in the study population co-morbid to
diabetes
Medical condition

Number of participants

Hypertension

21

Ischaemic heart disease

10

Heart failure

8

Other cardiovascular conditions

2

Asthma

7

Other respiratory conditions

3

All other medical conditions

15

321
C.2.1.5 Prevalence of ‘other medical conditions’ in the study population
Fifty nine individuals had a medical condition that was categorised as ‘other medical
condition’. Of these, 11 had hypercholesterolaemia, three had suffered a stroke, three had a
form of neuromuscular disease, five had epilepsy, thirteen had a form of mental health
disorder and 42 individuals had other medical conditions such as gout, hypothyroidism,
gastro-intestinal reflux, herpes, arthritis, chronic fatigue syndrome, gout, migraine and renal
impairment. Fifteen participants had a medical conditions categorised only as ‘other’ (that is,
they were not classified in another defined medical condition category). The prevalence of
medical conditions co-morbid to the pre-defined category of ‘other medical conditions’ has
previously been presented in Sections C.2.1.1 to C.2.1.4.
C.2.1.6 Use of selective serotonin reuptake inhibitors in the study population
Fifteen individuals in the study population were currently taking selective serotonin
reuptake inhibitors (SSRIs). All individuals who were taking SSRIs also had another medical
condition (Table C.5). Only one individual had been diagnosed with one medical condition.
All remaining individuals taking SSRIs had been diagnosed with two or more medical
conditions.
Table C.5 : Prevalence of medical conditions in the study population co-morbid to
individuals taking selective serotonin reuptake inhibitors
Medical condition

Number of participants

Hypertension

8

Ischaemic heart disease

6

Heart failure

2

Other cardiovascular conditions

1

Asthma

5

Other respiratory conditions

2

Diabetes

4

All other medical conditions

9
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C.2.2

Sleep quantity and quality in individuals with conditions co-morbid to

sleep-disordered breathing
Sleep quantity and quality are summarised by medical condition in Table C.6.
Comparison of individuals with and without each category of medical condition, using
Bonferroni corrected thresholds for statistical significance, demonstrated no significant
relationship for almost all measures of sleep quantity and quality. Percentage Stage 1 was
significantly higher in those with cardiovascular disease than those with no co-morbid
condition (U = 824.00, z = 2.84, p = 0.005, r = 0.34).
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Table C.6 : Sleep quality and quantity in individuals with conditions co-morbid to SDB
Category of Medical Condition
Variable

None
N 31

Hypertension

CVD

Asthma

Diabetes

SSRI

70

38

35

28

15

Median (IQR)
299.00 (249.00 –

273.25 (231.88 –

315.50 (262.75 –

295.00 (240.00 –

290.00 (223.25 –

434.50 (228.50-

475.00)

441.13)

466.00)

467.00)

459.25)

518.50)

219.50 (193.00 –

204.00 (160.38 –

215.00 (159.13 –

205.00 (170.50 –

216.75 (163.50 –

327.50 (203.50 –

371.00)

250.75)

294.50)

311.50)

350.63)

355.50)

SOL (mins)

15.50 (5.50 – 29.50)

12.25 (5.00 – 30.50)

13.00 (4.88 – 31.38)

14.00 (6.50 – 42.00)

12.00 (3.13 – 18.38)

27.50 (14.00 – 42.00)

Sleep efficiency (%)

76.80 (68.70 – 83.90)

72.75 (57.57 – 82.95)

67.40 (58.30 – 77.60)

72.70 (60.00 – 84.40)

73.40 (66.45 – 83.90)

70.70 (63.20 – 81.20)

10.50 (5.10 – 16.30)

10.85 (4.00 – 17.90)

7.70 (3.20 – 18.10)

TIB (mins)

TST (mins)

Ŧ

ŦŦ

Stage 1 (%)

6.90 (4.50 – 14.10)

10.55 (5.03 – 18.23)

12.60 (8.08 – 19.40)

Stage 2 (%)

56.30 (49.20 – 83.90)

57.75 (51.03 – 68.68)

53.85 (43.28 – 67.00)

56.30 (45.80 – 63.80)

52.65 (46.30 – 64.70)

57.30 (48.80 – 72.60)

Stage 3 (%)

13.50 (7.90 – 21.20)

12.25 (3.60 – 20.55)

13.35 (4.88 – 21.20)

13.40 (8.40 – 21.10)

15.45 (5.45 – 21.48)

16.00 (10.14 – 3.80)

0.40 (0.00 – 7.28)

2.00 (0.00 – 3.80)

16.80 (7.90 – 22.00)

15.80 (4.45 – 19.60)

10.30 (4.10 – 22.90)

20.37 (9.41 – 32.24)

22.24 (10.86 – 28.49)

21.24 (12.35 – 31.65)

30.40 (24.30 – 42.40)

32.20 (22.60 – 45.60)

38.70 (22.10 – 57.90)

Ŧ

Stage 4 (%)

3.60 (0.00 – 8.00)

0.05 (0.00 – 2.55)

REM (%)

14.20 (10.10 – 19.30)

11.00 (5.33 – 18.10)

0.00 (0.00 – 2.48)

Ŧ

13.45 (4.70 – 20.98)

WASO (%)

16.61 (8.99 – 29.58)

22.34 (12.33 – 33.53)

24.45 (13.26 – 34.60)

Arousal index (/hr)

27.90 (17.60 – 53.70)

37.30 (25.50 – 57.53)

30.85 (23.15 – 44.93)

Ŧ

Mann-Whitney U test; p < 0.05;

ŦŦ

p < 0.01;

ŦŦŦ

p < 0.001

0.00 (0.00 – 3.60)
Ŧ

Ŧ

Ŧ

324
Table C.7 : Sleep disordered breathing characteristics in individuals with conditions co-morbid to SDB
Category of Medical Condition
None

Hypertension

CVD

Asthma

Diabetes

SSRI

70

38

35

28

15

Variable
N 31

Median (IQR)
AHI (TST)

32.50 (11.30 – 83.80)

45.10 (25.56 – 78.55)

35.00 (18.63 – 61.93)

31.30 (17.90 – 62.00)

41.10 (23.58 – 72.68)

42.50 (13.60 – 67.50)

Obstructive AHI (TST)

25.70 (8.20 – 73.50)

39.55 (23.10 – 67.45)

27.60 (16.45 – 51.35)

28.10 (17.70 – 59.70)

34.05 (20.58 – 63.10)

40.00 (12.60 – 61.80)

Central AHI (TST)

0.00 (0.00 – 0.40)

0.00 (0.00 – 0.33)

0.00 (0.00 – 0.40)

0.00 (0.00 – 0.30)

0.00 (0.00 – 0.38)

0.00 (0.00 – 0.20)

Central apnoea index
(NREM)

0.00 (0.00 – 0.40)

0.00 (0.00 – 0.40)

0.00 (0.00 – 0.40)

0.00 (0.00 – 0.40)

0.00 (0.00 – 0.48)

0.00 (0.00 – 0.20)

Obstructive apnoea
index (NREM)

9.00 (0.90 – 66.70)

12.35 (3.73 – 53.48)

7.40 (1.25 – 28.75)

4.15 (0.20 – 19.68)

8.95 (4.13 – 43.10)

4.30 (1.70 – 39.90)

Hypopnoea index
(NREM)

8.00 (1.40 – 17.80)

13.10 (5.33 – 20.70)

8.20 (4.10 – 20.40)

14.75 (3.38 – 25.20)

8.85 (3.63 – 16.08)

9.40 (4.20 – 28.30)

AHI (NREM)

24.20 (6.20 – 77.80)

41.55 (17.00 – 72.33)

30.40 (13.80 – 59.10)

30.10 (13.43 – 61.23)

38.75 (14.48 –
Ŧ
71.75)

35.50 (12.60 – 61.10)

Central apnoea (REM)

0.00 (No range)

0.00 (No range)

0.00 (No range)

0.00 (No range)

0.00 (No range)

0.00 (No range)

Obstructive apnoea
index (REM)

7.60 (0.23 – 43.48)

34.40 (7.70 – 59.68)

16.20 (0.00 – 41.40)

17.40 (0.00 – 53.80)

28.35 (3.10 – 51.73)

17.90 (0.40 – 44.00)

Hypopnoea index
(REM)

10.55 (1.20 – 20.53)

15.75 (0.00 – 33.75)

13.70 (0.55 – 28.65)

19.35 (0.13 – 36.30)

19.50 (2.20 – 35.70)

AHI (REM)

35.35 (14.23 – 58.48)

Mean apnoea duration
(secs)

21.90 (18.40 – 25.40)
Ŧ

Mann-Whitney U test; p < 0.05;

ŦŦ

p < 0.01;

ŦŦŦ

Ŧ

60.40 (42.45 – 74.95)

20.00 (8.30 – 35.60)

Ŧ

ŦŦ

52.50 (30.00 – 62.30)

48.80 (16.35 – 72.50)

55.05 (36.80 – 73.35)

56.50 (14.60 – 68.30)

22.40 (19.60 – 26.15)

23.40 (19.70 – 27.65)

23.25 (18.95 – 26.75)

23.50 (19.30 – 29.33)

23.50 (17.50 – 28.80)

p < 0.001
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Table C.8 : Heart rate in individuals with conditions co-morbid to SDB
Category of Medical Condition
Variable
(secs)

None
N 31

Hypertension

CVD

Asthma

Diabetes

SSRI

70

38

35

28

15

Median (IQR)
Mean RR
SD RR
CD RR

0.85 (0.81 – 1.02)
0.08 (0.07 – 0.11)
0.02 (0.02 – 0.03)
Ŧ

Mann-Whitney U test; p < 0.05;

ŦŦ

p < 0.01;

0.90 (0.75 – 0.97)
0.06 (0.05 – 0.10)
0.02 (0.01 – 0.02)
ŦŦŦ

0.90 (0.75 – 0.99)
Ŧ
Ŧ

0.87 (0.73 – 0.97)

0.07 (0.05 – 0.10)

0.06 (0.05 – 0.11)

0.01 (0.01 – 0.03)

0.01 (0.01 – 0.03)

0.83 (0.71 – 0.97)
0.06 (0.05 – 0.09)
0.01 (0.01 – 0.02)

0.92 (0.83 – 1.05)
Ŧ
ŦŦ

0.06 (0.04 – 0.10)
0.02 (0.01 – 0.03)

p < 0.001

Table C.9 : Ventilatory period in individuals with conditions co-morbid to SDB
Category of Medical Condition
Variable
(secs)

None
N 31

Hypertension

CVD

Asthma

Diabetes

SSRI

70

38

35

28

15

Median (IQR)
Mean II

4.20 (3.55 – 4.63)

3.70 (2.95 – 4.19)

SD II

0.73 (0.58 – 0.97)

0.66 (0.49 – 0.96)

CD II

0.47 (0.34 – 0.66)

0.37 (0.25 – 0.60)

Ŧ

Mann-Whitney U test; p < 0.05;

ŦŦ

p < 0.01;

ŦŦŦ

p < 0.001

ŦŦ

Ŧ

ŦŦ

3.87 (3.59 – 4.30)

3.52 (3.03 – 4.01)

0.62 (0.46 – 0.90)

0.60 (0.45 – 0.82)

0.66 (0.48 – 1.24)

0.59 (0.45 – 0.77)

0.36 (0.22 – 0.52)

0.36 (0.25 – 0.47)

0.38 (0.28 – 1.06)

0.33 (0.27 – 0.51)

3.79 (2.92 – 4.12)

3.81 (3.36 – 4.35)
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Table C.10 : Heart rate variability in individuals with conditions co-morbid to SDB
Category of Medical Condition
None

Variable

N 31

Hypertension

CVD

Asthma

Diabetes

SSRI

70

38

35

28

15

Median (IQR)

Total Power (msec2)
HF (msec2)
LF (msec2)
LF/HF
HF (%)

LF (%)
HFnu (msec2)
LFnu (msec2)
Ŧ

530.50 (341.52 –

266.81 (137.53 –

256.02 (152.99 –

354.03 (174.42 –

248.31 (106.70 –

234.60 (154.72 –

730.43)

776.11)

704.42)

776.35)

744.40)

501.83) Ŧ

90.98 (53.95 –

52.93 (21.78 –

65.64 (24.99 –

74.25 (25.85 –

41.87 (17.46 –

57.47 (23.25 –

211.71)

154.08)

275.82)

269.69)

156.91)

83.44)

234.46 (127.43 –

116.39 (45.47 –

135.87 (47.63 –

105.18 (35.96 –

Ŧ

326.31)

274.81)

2.40 (1.11 – 3.94)

2.00 (0.84 – 2.89)

27.43 (15.17 –

101.73 (45.47 –

Ŧ

93.45 (38.95 –
157.90) Ŧ

338.66)

248.19)

1.61 (0.65 – 2.38)

1.83 (0.84 – 2.32)

1.73 (1.04 – 2.71)

1.62 (1.27 – 2.06)

24.35 (17.93 –

27.68 (21.83 –

26.07 (22.46 –

26.97 (17.64 –

27.82 (23.03 –

39.32)

39.41)

45.54)

44.32)

37.03)

35.62)

45.43 (38.79 –

38.75 (33.64 –

36.68 (29.95 –

36.62 (30.09 –

38.82 (29.23 –

38.66 (36.18 –

51.63)

46.67) ŦŦ

46.61) ŦŦ

46.48) ŦŦ

43.34) Ŧ

41.90) Ŧ

29.40 (20.24 –

33.41 (25.74 –

38.26 (29.57 –

35.30 (30.13 –

36.70 (26.95 –

38.10 (32.65 –

47.38)

54.46)

60.76)

54.34)

49.29)

44.04)

70.60 (52.62 –

66.60 (45.55 –

61.74 (39.24 –

64.70 (45.66 –

63.30 (50.72 –

61.90 (55.96 –

79.76)

74.27)

70.43)

69.87)

73.05)

67.35)

Mann-Whitney U test; p < 0.05;

ŦŦ

p < 0.01;

ŦŦŦ

p < 0.001

259.01)

Ŧ
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Table C.11 : Cardioventilatory coupling in individuals with conditions co-morbid to SDB
Category of Medical Condition
Variable

None
N 31

Hypertension

CVD

Asthma

Diabetes

SSRI

70

38

35

28

15

Median (IQR)

0.891 (0.885 –

0.892 (0.885 –

0.892 (0.884 –

0.892 (0.879 –

0.892 (0.887 –

0.893 (0.888 –

0.898)

0.896)

0.898)

0.895)

0.895)

0.900)

Time < SH T5 (%)

11.55 (8.76 – 16.83)

11.68 (8.52 – 15.65)

11.68 (8.07 – 16.21)

12.84 (9.04 – 18.86)

11.02 (8.31 – 14.55)

11.45 (7.11 – 15.45)

Time < SH T1 (%)

4.20 (2.41 – 6.30)

3.80 (2.14 – 5.41)

3.94 (2.34 – 5.80)

4.12 (2.78 – 7.99)

3.39 (2.10 – 5.39)

3.84 (1.46 – 7.02)

Mean RI -1 (secs)

0.42 (0.39 – 0.48)

0.43 (0.36 – 0.48)

0.44 (0.39 – 0.50)

0.43 (0.36 – 0.48)

0.43 (0.34 – 0.48)

0.46 (0.40 – 0.51)

SHα

Ŧ

Mann-Whitney U test; p < 0.05;

ŦŦ

p < 0.01;

ŦŦŦ

p < 0.001
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C.2.3

Sleep-disordered breathing characteristics in individuals with conditions

co-morbid to sleep-disordered breathing
Sleep-disordered breathing characteristics are summarised by medical condition in
Table C.7. Comparison of individuals with and without each category of medical condition,
using Bonferroni corrected values for significance, demonstrated no significant relationship
for almost all measures of sleep-disordered breathing. The apnoea hypopnoea index (AHI)
during REM sleep in those with hypertension was significantly greater than in those with no
co-morbid medical condition (U = 1,292.00, z = 3.36, p = 0.001, r = 0.35).
C.2.4

Heart rate, ventilatory period and heart rate variability in individuals with

conditions co-morbid to sleep-disordered breathing
Measures of heart rate, ventilatory period heart rate variability are presented by
medical condition in Table C.8 through to Table C.10. Comparison of individuals with and
without each category of medical condition, using Bonferroni corrected values for
significance, demonstrated a smaller mean consecutive difference in RR interval in
individuals with diabetes, compared with individuals with no co-morbid medical condition (U
= 236.50, z = -3.00, p = 0.003, r = -0.39). In addition, individuals with hypertension (U =
719.00, z = -2.70, p = 0.007, r = -0.27) and individuals with diabetes (U = 249.00, z = -2.81, p
= 0.005, r = -0.37) exhibited a smaller ventilatory period (mean II interval) than those with no
co-morbid medical condition.
Significant differences in percentage power in the low frequency (LF) band were
observed in those with cardiovascular disease compared with those with no co-morbid
conditions. Individuals with hypertension (U = 713.00, z = -2.74, p = 0.006, r = -0.27),
cardiovascular disease (U = 334.00, z = -3.08, p = 0.002, r = -0.37), asthma (U = 333.00, z = 2.69, p = 0.007, r = -0.33) and diabetes (U = 264.00, z = -2.58, p = 0.01, r = -0.34)
demonstrated less percentage power in the LF band than individuals with no co-morbid
medical condition. In addition, individuals who were taking SSRIs exhibited less absolute
power in the LF band than individuals with no co-morbid medical condition (U = 122.00, z =
-2.59, p = 0.01, r = -0.38).

329

C.2.5

Cardioventilatory coupling in individuals with conditions co-morbid to

sleep-disordered breathing
Measures of cardioventilatory coupling are presented by medical condition in Table
C.11. Comparison of individuals with and without each category of medical condition, using
Bonferroni corrected values for significance, demonstrated no significant relationship for all
measures of cardioventilatory coupling.

C.3

Summary
These findings are discussed in Chapter 5.
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