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ABSTRACT: Little is known about how arousal develops during the ventilatory phase
of Cheyne-Stokes breathing. This study employs neural network analysis of electro-
encephalograms (EEGs) to describe these changes and relate them to changes in
systolic blood pressure, which is probably a subcortical marker of arousal.

Six patients with Cheyne-Stokes respiration (apnoea/hypopnoea index 32±69 h-1)
caused by stable chronic heart failure underwent polysomnography including arterial
beat-to-beat systolic blood pressure determination. Periods of 15 sequential apnoeas
during nonrapid eye movement sleep were identified for each subject. For each
apnoea, the EEG was examined second-by-second using neural net analysis from 28 s
before to 28 s after apnoea termination (first return of oronasal airflow), and this was
compared with the systolic blood pressure pattern.

During the apnoeic phase, sleep deepened progressively. Arousal started to develop
at or just before apnoea termination and progresses through the breathing phase. The
rise and fall in the systolic blood pressure closely followed the rise and fall in
electroencephalographic sleep depth.

In conclusion, during Cheyne-Stokes breathing, cortical electroencephalographic
arousal begins at or just before the resumption of breathing. Cortical electroen-
cephalographic sleep depth changes are closely mirrored by changes in arterial sys-
tolic blood pressure, suggesting that the state changes in the cortical and basal brain
structures may be synchronous.
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Cheyne-Stokes breathing is a common disorder of bre-
athing during sleep. It affects up to 50% of patients with
chronic heart failure [1, 2] and can cause sufficient sleep
fragmentation through recurrent arousals to produce a
daytime sleep deprivation syndrome [3, 4]. Detailed study
of this sleep fragmentation is difficult using standard
sleep scoring techniques. Standard epoch-based scoring
[5] resolves the sleep process to only 20±30 s which is an
inadequate way of quantifying a continuously varying
process in which a whole apnoea/breathing cycle can oc-
cur in >60 s. Even newer approaches to counting re-
current arousals from sleep only describe the number of
events exceeding an arbitrary threshold (usually 3 s
duration [6]). These methods give no information about
the dynamics of the arousal process and neglect all events
that are below the selected threshold even though very
minor arousal events can cause significant functional day-
time impairment [7].

The limitations of current standard sleep scoring tech-
niques mean that little detail is known of how cortical
electroencephalographic arousal progresses and regresses
during sleep in breathing disorders such as Cheyne-Stokes
breathing. The temporal relationships between electroen-
cephalographic features of arousal and autonomic features
of brainstem activation blood pressure elevation, cardio-
acceleration, skin vasoconstriction, etc. [8]) are also poorly
described. In obstructive sleep apnoea there is some

available information. A gradual shift in the electroen-
cephalographic spectral power towards higher-frequency
activity (and by inference wakefulness) has been reported
late in apnoea, with a further shift towards higher fre-
quencies after apnoea termination even if this phase is not
associated with visual electroencephographic arousal [9,
10]. There is also limited data relating to periodic breath-
ing. Here, the waxing and waning respiratory cycle is
associated with a rise in high-frequency electroencepha-
lographic activity during the hyperpnoeic phase [11].

This study expands these observations by applying a
novel method for quantifying the depth of nonrapid eye
movement (non-REM) sleep on a second-by-second bas-
is to the electroencephalogram (EEG) recorded during
Cheyne-Stokes breathing. The results of this analysis are
compared with the timing of the apnoea/breathing cycle
and a nonelectroencephalographic marker of brain stem
activation, systolic blood pressure.

Methods

Subjects

Six nonsnoring subjects with Cheyne-Stokes breathing
caused by chronic heart failure were studied. The study
was approved by the Central Oxford Research Ethics
Committee and subjects gave consent in line with the
committee's requirements. At the time of the study, none of
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the subjects with Cheyne-Stokes breathing exhibited clini-
cal or chest radiographic evidence of fluid overload. All
showed objective evidence of impaired left ventricular
function (ejection fraction <30%) without significant val-
vular dysfunction. The clinical characteristics of the sub-
jects are shown in table 1.

Sleep studies

Subjects underwent polysomnography during which the
EEG (C3-A2), two channels of the electro-oculogram, chin
electromyogram, oronasal airflow (thermistor), and ribcage
and abdominal movements (inductive plethysmography)
were monitored. Signals were recorded on an eight-chan-
nel tape recorder (MPA 2; Oxford Medical, Abingdon,
UK). Digital mean arterial blood pressure was recorded in
the middle finger of the left hand using a noninvasive
plethysmographic method validated against invasive arter-
ial line measurements [12] (Finapres; Ohmeda, Boulder,
CO, USA; linked to an IBM - compatible personal com-
puter and interpolated to a 1-s resolution). This blood
pressure monitor was switched off for 5 min in each 30
min to avoid patient discomfort. All the physiological
signals were recorded synchronously. During the sleep
study, the laboratory was monitored using a video/audio
system and a recording of this was kept for later in-
spection.

Sleep staging and respiratory analysis

Sleep was initially staged according to standard criteria
[5]. Apnoea was defined as a fall in oronasal airflow to
<20% of baseline for >10 s, and hypopnoea as a fall to
<50% for the same period. Cheyne-Stokes breathing was
defined as periods of repetitive central apnoea inter-
spersed with periods of waxing and waning ventilation
(fig. 1). Apnoea termination was defined as the onset of

the first post-apnoeic breath on the oronasal airflow trace
and this was used as the reference point for the detailed
analysis.

Selection of periods of Cheyne-Stokes breathing for analy-
sis

The sleep studies were reviewed and non-REM sleep
periods during which the EEG, respiratory signals and sys-
tolic blood pressure were technically adequate were iden-
tified. Periods during which the hand bearing the Finapres
moved or the systolic blood pressure trace showed finger
twitch artefacts were excluded. Between two and four
periods of 15 sequential apnoea/breathing cycles from
across the night were then selected for detailed analysis.

Arousal scoring

The EEG during the ventilatory phase following the
termination of each apnoea was scored for the presence or
absence of a 3-s arousal according to American Sleep
Disorder Association (ASDA) criteria. For each post-ap-
noea ventilatory phase, arousal was considered either pre-
sent or absent, and, when one event was present, no further
events were scored until the termination of the next ap-
noea. Thus, the number of respiratory events ending in
traditional electroencephalographic arousal were quanti-
fied (table 1).

Electroencephalographic signal analysis

The raw electroencephalographic signal was processed
using a neural network trained on a frequency-domain re-
presentation of the EEG, which was calculated every
second (Quester; Oxford Medical). This representation is
based on an autoregressive model of the EEG [13] which
characterizes the dominant frequencies in the EEG for

Table 1. ± Clinical and sleep study characteristics of the subjects studied

Subject
No.

LVEF % Chronic heart failure Polysomnography results 3-s arousal
frequency* %

Aetiology Treatment

1 <30 (ECHO) Hypertension Frusemide 200 mg o.d.,
amiloride 20 mg o.d.,
lisinopril 2.5 mg o.d.,
digoxin 0.125 mg o.d.,
warfarin+

Continuous Cheyne-Stokes respiration during
non-REM sleep, AHI 67 events.h-1

77

2 28 (MUGA) Ischaemic
heart disease

Frusemide 80 mg o.d.,
amiloride 5 mg o.d.,
captopril 12.5 mg t.d.s.,

Continuous Cheyne-Stokes respiration during
non-REM sleep, AHI 65 events.h-1

64

3 15 (MUGA) Myocardial
infarction

Frusemide 80 mg o.d.,
amiloride 10 mg o.d.,
captopril 12.5 mg t.d.s.,
warfarin+

Continuous Cheyne-Stokes respiration during
non-REM sleep, AHI 69 events.h-1

97

4 18 (MUGA) Ischaemic
heart disease

Frusemide 80 mg o.d.,
amiloride 10 mg o.d.,
captopril 25 mg t.d.s.,

Cheyne-Stokes respiration during non-REM
sleep, AHI 32 events.h-1

78

5 20 (MUGA) Idiopathic
cardiomyopathy

Frusemide 40 mg o.d.,
captopril 12.5 mg b.d.

Continuous Cheyne-Stokes respiration during
non-REM sleep, AHI 69 event.h-1

76

6 <25 (ECHO) Myocardial
infarction

Frusemide 80 mg b.d.,
amiloride 10 mg o.d.,
enalapril 15 mg o.d.

Cheyne-Stokes respiration during non-REM
sleep, AHI 48 events.h-1

72

*: frequency of apnoeas studied in detail followed by a visual 3-s electroencephalographic arousal according to American Sleep
Disorders Association criteria [6]; +: dose varies with time; LVEF: left ventricular ejection fraction; ECHO: echocardiography; MUGA:
multiple gated acquisition blood pool scan; non-REM: nonrapid eye movement; AHI: apnoea/hypopnoea index.
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each second. Consensus scored segments of EEGs corres-
ponding to wakefulness, light rapid eye movement sleep
and deep sleep drawn from normal subjects comprise the
training database for the network. The advantage of this
system is that the network, once trained, is able to in-
terpolate between these states and hence track the sleep/
wake continuum without having to use the arbitrary cate-
gorical classifications of traditional sleep staging. A depth
of sleep indicator is thus produced which describes sleep
depth on a second-by-second basis and varies between
100% (totally awake) and -100% (deeply asleep). A full
description of this approach has been published elsewhere
[13]. Examples of a raw EEG neural network second-by-
second output, systolic blood pressure and breathing
pattern during Cheyne-Stokes breathing are shown in fig.
1.

For each apnoea, the depth of sleep from the neural net-
work analysis was calculated for each of the 28 s before
and after apnoea termination. These individual data series
were averaged for each series of 15 apnoeas (fig. 2) and for
each subject overall (fig. 3).

Systolic blood pressure signal analysis

Rises in systolic blood pressure are a marker of brain-
stem activation and arousal is one significant contributor to
this response [8, 14], but represents brainstem rather than
cortical activation. In order to correlate these changes
with those of the cortical EEG during Cheyne-Stokes
breathing, the systolic blood pressure for each of 28 s
before and after apnoea termination was identified. These
individual results were averaged for each series of 15
apnoeas to remove the effects of breathing - related blood
pressure falls. These data were then presented as the mean
for each sequence of 15 apnoeas (fig. 2) and for each
subject overall (fig. 3).

Results

Polysomnography and arousal scoring

All the subjects exhibited typical Cheyne-Stokes breath-
ing with apnoea/hypopnoea indices ranging 32±69 events.

h-1 In all subjects, the majority of the apnoeas studied in
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Fig. 1. ± Cheyne-Stokes breathing showing recurrent apnoeas, recurrent electroencephalographic arousals, changes in sleep depth quantified from
neural network analysis and post-apnoeic blood pressure rises. The apnoea marked lasted for approximately 30 s. EEG: electroencephalogram; EOG:
electro-oculogram; EMG: electromyogram; ABP: arterial blood pressure; RC: ribcage movement; Abd: abdominal movement.
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detail were followed by traditional 3-s electroencephalo-
graphic arousal during the post-apnoeic ventilatory phase.
The frequency with which this occurred varied from 64±
97% of apnoeas (table 1).

Neural network electroencephalographic and autonomic
arousal patterns

The relationships between the progression of cortical
electroencephalographic arousal on neural network analy-
sis, breathing and systolic blood pressure were surprisingly
consistent. In all subjects, electroencephalographic sleep
depth gradually increased throughout the apnoea, with the
nadir in sleep depth occurring at or just before apnoea
termination. Following apnoea termination, a change to-
wards lighter sleep and "arousal" occurred in the post-
apnoeic ventilatory period in all subjects. This pattern was
consistent both within the subjects across the night (fig. 2)
and between subjects (fig. 3). One subject (No. 4) could
not tolerate the Finapres device (fig. 3).

The systolic blood pressure changes were also consistent
within and between subjects, with very close concordance
between the progression of cortical electroencephalogra-
phic arousal and systolic blood pressure (fig. 3).

Discussion

This study used a recently developed neural network-
based electroencephalographic analysis system to assess
the changes in non-REM sleep depth that occur during
Cheyne Stokes breathing. The results of this analysis were
related to changes in breathing and arterial systolic blood
pressure. This analysis found that sleep depth increased
across the apnoeic phase of this breathing disturbance,
reaching its nadir at or just preceding apnoea termination.
Thereafter, sleep lightened as the subject moved towards
"arousal". All subjects exhibited some lightening of sleep
during their ventilatory phase and this was consistently
associated with autonomic activation, indicated by a rise in

systolic blood pressure. The rise in blood pressure occurred
with a time course almost identical to that of the cortical
electroencephalographic arousal described by the neural
network technique.

Sleep depth changes during Cheyne-Stokes breathing

It was found that the depth of sleep increased across a
Cheyne-Stokes apnoea to reach its nadir coincident with or
just prior to the resumption of breathing (figures 2 and 3).
There are few other studies with which to compare this
result and no previous studies reporting sleep depth in
detail during Cheyne-Stokes breathing. Several studies
have noted the presence of intermittent visually evident
electrocardiographic arousals during Cheyne-Stokes bre-
athing [3, 4], but the inconsistency of this visually evident
response has also been highlighted [15]. Indirect evidence
for arousals being more consistently present comes from
modelling studies, which suggest that repetitive arousal is
probably necessary to sustain the periodicity of breathing
[16]. It is interesting that, in this study, post-apnoeic ar-
ousal was a frequent phenomenon. This may be because
the subjects chosen for study had relatively severe res-
piratory disturbances, as quantified by the apnoea/hy-
popnoea index.

REES et al. [9] reported changes in sleep depth during
obstructive sleep apnoea using the fast Fourier transform
(FFT). They found a rise in high-frequency spectral pow-
er during the second half of apnoea. Their methodology
does not allow exact identification of the onset of this rise,
(their FFT needed a window of half the duration of the
apnoea to be informative). However, their results are
consistent with the neural network analyses of obstructive
sleep apnoea [10] and Cheyne-Stokes breathing presented
here. Both of these analyses suggest arousal often begins
in the last few seconds of an apnoea.

If the presence of a visible alpha rhythm on the EEG is
used as the sole indicator of arousal, then arousal is char-
acteristically a feature of the breathing phase of the cycle in
both obstructive sleep apnoea and Cheyne-Stokes breath-
ing. However, methods identifying subtle electroencepha-
lographic frequency shifts not readily visually appreciated
[9, 13, 14] or use the entire electroencephalographic fre-
quency spectrum [13, 14], confirm that some evidence of
cortical activation can be detected in the absence of visual
alpha rhythm arousal [9, 14]. Thus, arousal is best seen as
a continuous process not fully described by traditional
categorical scoring [9].

The initiation of the cortical arousal process prior to
apnoea termination is relevant to the possible mechanisms
responsible for initiating arousal during sleep and breath-
ing disorders. High ventilatory drive, which produces large
falls in pleural pressure [17], is an effective arousal stim-
ulus, and is probably important in arousal triggered by
obstructive sleep apnoea. However, this is not an obvious
explanation for the cortical and subcortical arousal beg-
inning late in the apnoeic phase of Cheyne-Stokes breath-
ing when respiratory efforts are characteristically absent.
The finding of late apnoeic, pre-ventilatory, electroence-
phalographic and autonomic activation is in accord with
animal data showing the onset of respiratory drive late in
a central apnoea. Reduced animal preparations show the
onset of phasic respiratory drive prior to the resumption
of airflow [18, 19], and recent data from intact dogs infers
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late apnoeic respiratory centre output from a return of
cardiac frequency variability with a respiratory periodi-
city before breathing resumes [19]. The results of this
current study suggest that this respiratory activation is
associated with a general autonomic activation and early
cortical arousal, at least when the central apnoeas are oc-
curring during sleep. Together these observations suggest
that the late phase of central apnoea may be devoid of
ventilation, but is not physiologically quiet.

It is difficult to draw other aetiological conclusions ab-
out the mechanisms of Cheyne-Stokes breathing from the
present data. The cyclical nature of this breathing dis-
turbance makes it difficult to infer whether any particular
physiological disturbance is causal of, or caused by, an-
other. For example, the relationship between blood pres-
sure and the breathing cycle may be interpreted in either of
two ways. For most of this paper blood pressure osci-
llations have been considered to be secondary to Cheyne-
Stokes breathing and the arousals it induces. However, it is
possible that the cardiovascular responses could be driving
the breathing cycle through cardiac output changes varying
the lung-to-chemoreceptor delay time, and hence destabi-
lizing feedback control.

A range of autonomic changes occur as part of arousal
from sleep. These include blood pressure elevation [14],
cardiac frequency increase (and hence baroreflex down-
regulation) [20], pupillary constriction and skin vasocon-
striction [8], and are together termed the orienting reflex

[8]. These signals provide a potential marker for the
brainstem elements of arousal. This study used systolic
blood pressure to relate the progression of these responses
to that of cortical electroencephalographic arousal and
found that they move in synchrony. It is important to
recognize that arousal is not the only factor capable of
altering blood pressure and cardiac frequency during
Cheyne-Stokes breathing. As in obstructive sleep apnoea,
blood gas disturbances and diving reflex activation [21]
may be relevant, although the mechanical influences of
obstructed breathing on cardiac loading [21] are absent.
In obstructive sleep apnoea, the bulk of the post-apnoeic
blood pressure rise seems to be caused by an arousal-
related increase in total peripheral resistance due to mus-
cle bed vasoconstriction [22, 23]. Since this study shows
that some degree of electroencephalograph arousal is also
a consistent feature of Cheyne-Stokes breathing, it seems
likely that similar effects will be present in this disorder.
Despite this probability, all that this study can directly
conclude is that systolic blood pressure and the EEG
move in close synchrony. It will require the exclusion of
other factors before it becomes clear whether this rela-
tionship is truly aetiological or whether the two markers
are simply coincident phenomena driven by the respira-
tory cycle.

This study has shown that the systolic blood pressure
response which develops in Cheyne-Stokes breathing has
a time course similar to that of electroencephalographic
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arousal. This observation has not been developed by per-
forming an event-by-event comparison to establish how
many Cheyne-Stokes apnoeas terminating in an ASDA
arousal also terminate in a neural network event. This is
because of the practical difficulties involved in defining a
discreet "event" from the neural network trace. Events on
this trace occur across the full continuum between little
evident electroencephalographic change and obvious arou-
sal. This is further complicated by discrete arousal-induc-
ed electroencephalographic events (particularly atypical
K-complexes) which occur superimposed on the EEG dur-
ing early arousal initiation. These events render the onset
of arousals very volatile on the neural network trace, and,
hence, the authors have found that a clean definition of
arousal and its duration, essential for an event by compar-
ison with ASDA events, virtually impossible. This prob-
lem is illustrated by work in obstructive sleep apnoea in
which, in order to perform an event-by-event comparison
with ASDA arousals, it was necessary to use a derivative
of the rate of descent into sleep after the termination of the
arousal [24]. It is this problem of variability during ar-
ousal onset which is also the reason for using an aver-
aging technique across many breathing cycles in this
analysis. This averaging process means that the exact
point at which arousal is initiated may be blurred. For this
reason the terminology "at or just before the resumption
of breathing" has been chosen without being more exact.

Conclusion

This study reports the second-by-second changes in sle-
ep depth during Cheyne-Stokes breathing. Using this me-
thod, sleep is seen to deepen across the apnoeic period,
with the nadir in sleep depth occurring at or just before the
resumption of breathing. Thereafter, arousal progresses
during the ventilatory phase. These cortical electroence-
phalographic changes are very closely mirrored by changes
in arterial systolic blood pressure, suggesting that, in this
disorder, arousal may progress in the brainstem and cortex
in synchrony.
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