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ABSTRACT: The prevalence of reported sleep disturbances in a general popula-
tion is high. Many of the complaints are the result of sleep-related breathing dis-
orders, due mainly to the occurrence of obstructive and central apnoeas. Obstructive
sleep apnoea is a fully described and well-recognized entity. Central sleep apnoea
(CSA) however, has been poorly studied.

There is accumulating evidence that central sleep apnoea should be considered
as the end of a spectrum. Instability in the breathing pattern is the main under-
lying mechanism and is due to the interaction of many factors. Breathing during
sleep is dependent on metabolic control and the activity of the respiratory muscles.
Decreased chemical drive and/or failing respiratory muscle function are associated
with CSA and usually also with ongoing hypoventilation during wakefulness, char-
acterized by chronic daytime hypercapnia. Central respiratory drive can also be
inhibited by upper airway reflexes. Mostly, however, CSA occurs as the hallmark
of unstable breathing during sleep brought about by an overall increase in loop
gain (especially in light sleep stages) and the unmasking of a CO, threshold.

Arousal following central apnoeas acts as an amplification of the instability. Micro
electroencephographic (EEG) arousals are often observed as a consequence of CSA.
They are responsible for sleep fragmentation and hypersomnolence during the day.
The daytime hypersomnolence and complaints of awakenings during sleep in patients
with CSA can be striking. CSA can occur in specific pathologies, such as chronic
heart failure and (post-traumatic) brain lesions, that are associated with irregular
breathing.

Treatment strategies are remarkably few in number. Use of nasal ventilation
and the inhalation of CO, are mainly of theoretical interest, since patients do not
often tolerate these more invasive therapies. Drug treatment, especially with aceta-
zolamide, is easier to perform. Stimulation of upper airway reflexes, by less inva-
sive methods, seems to be promising for the near future.
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The prevalence of sleep disturbances can be studied
by surveys of the general population or by objective proof
with full night polysomnography, using different num-
bers of respiratory and sleep variables. The reported
sleep disturbances in a general population are high. At
least one symptom of disturbed sleep was present in 41%
of all subjects in a recent survey in Tucson [1]. We
recently looked at the prevalence of reported daytime
sleepiness, snoring and disrupted breathing during sleep
in four European cities (Reykjavik, Uppsala, Gothenburg
and Antwerp), also comparing geographical variation
within Europe. At all centres, 5% of males and 2-3%
of females reported snoring every night. Daytime sleepi-
ness was more often reported in Uppsala (odds ratio (OR)
1.6 (1.2-2.1) than in the other centres, while daytime
tiredness was most common in Reykjavik (OR 1.8 (1.4—
2.1)). Snoring was positively correlated with age, male
gender and body mass index in all areas. Remarkable

associations were also found between symptoms of gastro-
oesophageal reflux and daytime sleepiness (OR 2.6
(1.54.4)), daytime tiredness (OR 4.5 (2.7-7.6)) and dis-
rupted breathing (OR 3.8 (1.4-10)) [2]. Habitual (>3 epi-
sodes-week-!) difficulties inducing sleep were reported
by 6-9%, and early morning awakenings by 5-6% of
the subjects in all centres [3]. When looking at data aris-
ing from population surveys, one also has to take into
account under-reporting of symptoms of disturbed brea-
thing during sleep in females [4].

Many of the reported sleep disturbances are due to
obstructive sleep apnoea (OSA). In cross-sectional stud-
ies, the minimum prevalence of OSA among men is about
1%. The prevalence is highest among men aged 40-65
yrs. The highest figure reported for this age group is
9% [5]. Studies based on all night oximetry and subse-
quent polysomnography indicated that 5% of a general
population had arterial oxygen saturation (Sa,0,) dip rates
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(oxygen desaturation index (ODI) >4%) of more than
five per hour. Most of them had OSA, but in 10 out of
31 the cause of the Sa,0, dipping on the original home
tracing was not elucidated [6].

Measurements using MESAM 4 (monitoring Sa,0,,
heart rate, snoring and body position) in 349 subjects
indicated that 17% of subjects were every-night snorers.
In 14% more than 10 oxygen desaturations occurred per
hour, and in 5% ODI was >20 [7]. Recently, a random
sample of 602 employed males and females, 30-60 yrs
of age, were studied with full overnight polysomnogra-
phy. An apnoea-hypopnoea score of >5 was found in
9% of the females, and 24% of males. Two percent of
females and 4% of males in the middle-aged group meet
the minimal criteria for the sleep apnoea syndrome
(apnoea/hypopnoea index (AHI) >5 and daytime hyper-
somnolence). In this study, apnoea was defined as com-
plete cessation of airflow lasting 10 s or more. Hypopnoea
was defined as a reduction in respiratory airflow, accom-
panied by a decrease of 24% in Sa,0, [8]. Therefore, it
is not clear what the proportions of central and obstruc-
tive apnoea are. Full polysomnography in 327 patients,
referred with suspicion of sleep-related breathing disor-
ders because of snoring or daytime sleepiness, revealed
an incidence of central sleep apnoea (central apnoea index
(CAI) >5 or AHI >10 and obstructive apnoea index (OAI)
<5) of 4% [9]. It is also striking to see that in a study
of 50 "normal" children and adolescents (mean age 10
yrs, range 1-17 yrs), 30% of the subjects had central
apnoeas >10 s in duration [10].

It is, therefore, likely that irregular breathing and cen-
tral apnoeas can account for sleep disturbances among
the general population, including children and young
adults. We will discuss the pathogenesis and possible
treatment modalities for this disease.

Pathogenesis

Depressed central drive

Rhythmic respiratory neurones in the medulla are loc-
ated in a dorsal group (nucleus tractus solitarius) and a
ventrolateral group (nucleus ambiguus and retroambig-
uus). Bilateral damage to the respiratory neurones in the
medulla results in failure of automatic respiration. This
was termed "Ondine's curse" [11]. Failure of automatic
respiration in humans can be associated with damage to
the brainstem. This was described with encephalitis, cer-
vical cordotomy, bulbar poliomyelitis, Shy-Drager syn-
drome, Leigh's disease, brainstem infarction, multiple
sclerosis, near-drowning and, more recently, after radia-
tion necrosis [12].

Many mediators can have an influence on generation
of central rhythm. Recently, in an animal model, endoge-
nous "digitalis-like" factors were shown to be involved
in the genesis of rapid eye movement (REM) related cen-
tral apnoeas [13].

Afferent inputs from chemoreceptors and mechano-
receptors modulates the intrinsic central oscillator, to

produce a respiratory pattern. Also, behavioural state
(emotive, cognitive, movements, phonation) influences
the central oscillator. During sleep, only chemical drive
and afferents from mechanoreceptors still influence the
respiratory motor out-put, directed to the pump muscles
(diaphragm, intercostal, abdominal) and upper airway
muscles (laryngeal, pharyngeal, hypoglossal) [14]. Many
(clinical) studies indicate a crucial role for chemical aff-
erents in the regulation of breathing during sleep.

Chemical drive

Central and peripheral chemoreceptors influence moto-
neuron output differently after integration at the central
rhythm generator. In cats, phrenic nerve response is
more dependent on central chemoreceptor input, where-
as hypoglossal response is more dependent on carotid
sinus chemoreceptor input [15].

Also, developmental patterns should be taken into
account. Rebreathing hypercapnic and hypoxic ventila-
tory responses are higher during childhood than during
adulthood [16]. However, in a study of 17 healthy elderly
subjects and 17 younger controls, changes in CO, drive
from wakefulness to REM sleep were not significantly
different between groups. The study concluded that
increased incidence of respiratory disturbances during
sleep in older subjects cannot be attributed to sleep-
induced reduction of CO, sensitivity [17].

The effect of the sleep stages on the magnitude of
chemical drive has been studied extensively. It was recog-
nized that sleep and hypoxia act independently, rather
than interacting, in their effect on the respiratory response
to CO, [18, 19]. Hypercapnic ventilatory response (HCVR)
was shown to be reduced in all sleep stages in 12 sleep-
ing adults. The decrease was most pronounced during
REM sleep [20]. The same authors also demonstrated
that the hypoxic ventilatory response (HVR) decreased
to two thirds of the wakening value in non-REM (NREM)
sleep, with a further significant decrease in REM sleep
[21]. The decrease in the response to hypoxia occurs
only in eucapnic conditions, but is absent when hypocap-
nia is allowed to occur [22].

It can be questioned whether the degree of chemical
drive, when measured during wakefulness, correlates with
nocturnal ventilatory pattern generation and occasionally
oxygen desaturation. In chronic obstructive pulmonary
disease (COPD) patients, a low HCVR during wakeful-
ness predisposes to oxygen desaturation during sleep [23].
The relation between chemical drive and sleep apnoea
is less obvious.

Occasionally, depressed hypoxic drive has been asso-
ciated with the occurrence of obstructive sleep apnoea
[24]. In a patient with blunted HVR, no apnoeic events
were observed during more than 4 h of sleep [25]. We
studied five patients with severe chronic bronchitis and
emphysema, who had undergone bilateral carotid body
resection, during sleep and wakefulness. During all sleep
studies neither central nor obstructive apnoeas were
observed. There were, as a mean, 20 awakenings-night-!
but they never occurred consecutively with an apnoeic
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event [26]. Therefore, it is more likely that, in humans,
blunted chemoreflexes tend to stabilize the breathing pat-
tern, although in some patients decreased hypoxic sen-
sitivity may lead to instability of the upper airway,
presumably due to depressed motoneuron output to the
hypoglossal nerve [15].

Clinical studies looking at the effect of increased chem-
ical drives on pattern generation are intriguing. Normal
men, with relatively high ventilatory responses to hyp-
oxia and hypercapnia, exhibit oscillations in ventilation
during sleep [27]. The increase in inspiratory minute
ventilation, following inspiratory airway obstruction dur-
ing sleep, is significantly correlated with the HCVR meas-
ured preceding and following the obstructed inspirations
[28].

Recently, we compared 14 normocapnic OSA patients,
11 chronic hypercapnic OSA patients and 11 patients
with overlap syndrome (airflow limitation and OSA) with
14 heavy snorers and 14 controls, for their ventilatory
response to CO,. A significant increase in the slope of
the HCVR was found in the normocapnic OSA patients
and in those with the overlap syndrome [29]. We hypo-
thesized that the increased HCVR contributed to the insta-
bility in the breathing pattern and, therefore, indirectly
to the occurrence of the OSA syndrome. This was not
confirmed in another study looking at 35 nonhypercap-
nic sleep apnoea patients; it should be said, however,
that in this study the values of the control group were
relatively high [30]. Differences in the control group
may account for many conflicting data in this area. More
general agreement exists about the decreased HCVR in
hypercapnic obstructive sleep apnoea-hypopnoea patients
[29, 31]. Recently, increased HCVR was also observed
in patients with acromegaly and central sleep apnoea
[32].

The role of the HVR in determining respiratory pat-
tern may be more complex. A well performed study in
12 normal subjects indicated that the initial rapid increase
in minute ventilation after mild hypoxia during sleep,
correlated with the respective values of HVR during the
awake state, but the final and lowered levels did not. It
was concluded that the HVR during sleep is also bipha-
sic, and hypoxic depression exerts considerable influence
on ventilation during sleep [33]. However, in a study
looking at 21 subjects with sleep apnoea, hypoxic ven-
tilatory drive correlated with sleep desaturation [34].

We should also realize that respiratory drive can change
from breath-to-breath and that many pharmacological
agents can influence the degree of chemical drive. The
rhythm-generating function of the respiratory control sys-
tem seems to be more constant in healthy subjects than
the drive component of the system [35]. The hypoxic
ventilatory depression, also present during sleep [33], is
attenuated by administration of aminophylline. This was
demonstrated in 10 young adults, studied during wake-
fulness. Therefore, adenosine, which is blocked by amino-
phylline, may play a crucial role in the hypoxic ventilatory
depression [36, 37]. CO, sensitivity also changes in acc-
ordance with the menstrual cycle. There is a significant
increase in CO, sensitivity between the follicular and
luteal phases, which is attributed to progesterone [38].

The respiratory effect of progestin was also demon-
strated in healthy men, in whom chlormadinone acet-
ate caused a significant reduction in arterial CO, tension
[39, 40]. On the other hand, administration of opiate
drugs depresses ventilation and chemosensitivity. A nat-
ural rise in beta-endorphin, as expected to occur with
marathon running, does not however modulate central
chemosensitivity [41].

CO, threshold

Effective ventilatory rhythmogenesis, in the absence
of stimuli associated with wakefulness, seems to be crit-
ically dependent on chemoreceptor stimulation. Clinical
studies looking at the influence of different levels of
chemical drive on the pattern generation during sleep,
have been summarized above. It was, however, more
specifically recognized that during NREM sleep, central
apnoea can occur after hyperventilation, when arterial
carbon dioxide tension (Pa,co,) drops below a critical
level, the so-called apnoeic threshold, usually located
below 4.7 kPa (35 mmHg) [42]. Subjects seem to be
protected from developing this type of central apnoea by
a preceding increase in end-tidal carbon dioxide tension
(PET,C0,), often occurring at sleep onset [43]. A sleep-
induced increase in upper airway resistance, in the absence
of immediate load compensation, seems to be an impor-
tant determinant of CO, retention [44]. The changes in
upper airway resistance, observed in normal subjects,
may be quite variable [45]. The higher the CO, apnoeic
threshold, the more central apnoeas will occur during
sleep. The significance of the CO, threshold was best illus-
trated during breathing at high altitude, where chronic
hyperventilation (due to the acclimatization process) cau-
ses Pa,co, to be low and to drop below the threshold.
This leads to periodic breathing and central sleep apnoea
[46]. Recently, some methods were proposed to mea-
sure the CO, threshold in conscious men [47]. Venous
CO, unloading in conscious humans can also lead to
irregular breathing and central apnoeas [48, 49].

Stage effects

The apnoeic threshold for CO, can be different dur-
ing REM sleep compared to NREM. In dogs, during
REM sleep, central apnoeas occur after brief hypoxic
hyperventilation but there is no systematic relationship
with the magnitude of the hypocapnia or the increase in
tidal volume. In REM sleep (both phasic and tonic) a
posthyperventilation apnoeic threshold seems not to be
present [50]. These data are consistent with the find-
ing that central sleep apnoea and periodic breathing is
seldom seen during REM sleep. There may be also dif-
ferences in ventilatory control between phasic and tonic
REM. In normal men, ventilation, tidal volume and mean
inspiratory flow are significantly decreased, whereas resp-
iratory frequency is increased during phasic REM, when
compared to tonic REM and NREM sleep [51]. Respiratory
instability is most pronounced during sleep onset. In a
study looking at 21 normal subjects, transition from alpha
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to theta activity was associated with a fall in ventilation,
whereas transition from theta to alpha was related to an
increase in ventilation. The magnitude of the observed
changes was determined by the metabolic drive at the
time of the state change (reflected by changes in alveo-
lar carbon dioxide and oxygen tension (PA,co, and PA,0,)
[52]. The increased instability in the breathing pattern
during sleep onset is reflected by an increased number
of apnoeas, and also by more snoring during stage 1 and
2 sleep [53]. We were also able to demonstrate that
apnoeas occur more frequently during the drowsiness
phase [54]. Many episodes of periodic breathing and
central apnoea are triggered by hyperventilation, which
leads to a reduction of Pa,co, below the apnoeic thresh-
old. Arousal can trigger hyperventilation and, therefore,
aggravate and continue the process of unstable breathing.
In a recent study, all episodes of periodic breathing were
triggered by hyperventilation. Minute ventilation during
the ventilatory phase of periodic breathing increased pro-
gressively, with increasing grades of associated arousals:
lowest ventilation if no arousal occurred, intermediate
values for electroencephalographic (EEG) arousal and
highest values for movement arousal. Correspondingly,
the length of the central apnoea also increased from no
arousal to EEG arousal and movement arousal [55]. There
is no doubt that arousal and hyperventilation can inter-
act to trigger central sleep apnoea.

It has long been recognized that sleep deprivation selec-
tively decreases genioglossal electromyographic (EMG)
activity, during CO, rebreathing in awake older subjects
[56]. Therefore, sleep deprivation can play a role in the
pathogenesis of obstructive sleep apnoea. But sleep depri-
vation can also aggravate the normally occurring perio-
dic depressions in ventilation during phasic REM sleep,
at least when studied in some animal models [57]. One
could hypothesize that treatment strategies for central
sleep apnoea could benefit from the interruption of sleep
deprivation by eliminating the possible ventilatory depres-
sant effects of sleep fragmentation brought about by the
apnoea itself.

Effects of lung volume

Pharyngeal cross-sectional area decreases when func-
tional residual capacity (FRC) is reduced, and oxygen
saturation may also be volume-dependent. The influ-
ence of lung volume on apnoea duration was recently
studied. Obstructive sleep apnoea tended to be longer
when lung volume was increased, whereas the length of
the central apnoeas was unchanged or even slightly
decreased. Oxygen saturation, however, improves with
increasing lung volume, even if the duration of the obstruc-
tive apnoeas is increased [58]. This phenomenon has to
be taken into account when looking at the effects of treat-
ment strategies (mainly nasal ventilation) that can have
an influence on lung volume.

Upper airway reflexes

The role of afferents coming from the upper airway in
determining the breathing pattern is illustrated by studies

looking at the effect of nasal obstruction. During nasal
obstruction, time spent in deep sleep stages decreased.
This loss of deep sleep is associated with a twofold inc-
rease in arousals and awakenings due to an increase in
apnoeas, mainly central and mixed [59]. Water instilled
into the pharynx of sleeping human infants elicits a range
of chemoreflex responses, including prolonged apnoeas.
The occurrence of prolonged apnoea was greater after
pharyngeal than nasal stimulation, and was frequently
associated with coughing. The sensory site for eliciting
these apnoeas is, therefore, probably close to the one
mediating cough [60].

The effects of nasal obstruction on breathing during
sleep may also be mediated by a reduction in Pco,. Six
male volunteers were examined when asleep during nose-
open and nose-obstructed conditions. PET,cO, during
nose-obstructed sleep was lower than that during nose-
open sleep [61].

In animal studies, a number of upper airway reflexes
have been described, including sniff-like aspiration refl-
exes and gasping [62]. The timing of the stimulus may
be crucial. Activation at the postinspiratory phase may
inhibit respiration [63]. Also, the type of stimulus may
be crucial. Whether it may be possible in humans to
elucidate "favourable" laryngeal reflexes remains con-
troversial [64]. Sleep in itself may interfere with some
upper airway reflexes. NREM sleep attenuates reflex
genioglossus muscle activation by stimuli of negative air-
way pressure. Therefore, sleep may impair the ability
of the upper airway to defend itself from suction col-
lapse [65].

Control system instability

All the above-mentioned factors can be integrated into
a global model. Also, some mathematical models have
been developed, taking into account all the factors influ-
encing breathing pattern generation. The occurrence of
unstable breathing and periodic breathing depends on the
quantitative relationships among the elements of the con-
trol systems and certain crucial parameters, such as con-
troller gains, set points and circulation time. Prolongation
of the information transfer, due to lengthened circulation
time, and increased controller gains and set points make
periodic breathing more likely to occur. Occasionally,
the disturbance is sufficiently great to produce contin-
uous periodic breathing, but more often periodic breath-
ing and the occurrence of central apnoeas is transient.
The number and the length of the apnoeas is an indica-
tion of the tendency for instability of the system [66].
It is obvious that the above described increase in che-
mical drive will contribute to the gain of the system.
There are, however, still other factors involved. Metabolic
rate can affect the stability of the response of the sys-
tem: lower metabolic rates result in increases in the num-
ber of apnoeic cycles, when the system is disturbed.
Also, a shift in the controller operating point during sleep
with an increase in Pa,co, can enhance the instability.
Gas store changes are accelerated by the proportionally
higher amount of CO, expelled at a given ventilation rate
when Pa,co, is higher. In fact, during sleep, metabolic
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rate declines and Pa,co, rises, whilst chemoreceptor gains
decline as mentioned above, but their intersubject vari-
ability may be high. It is the interaction between all
these factors that finally determines the breathing pat-
tern. During light sleep, the overall result is mainly an
increase in overall gain, whereas during slow wave sleep,
due to a further decline in chemoreceptor gain, the over-
all gain declines. This explains, as mentioned earlier,
that the most unstable breathing patterns are observed
immediately when falling asleep and especially during
drowsiness.

Periodic breathing can be simulated by mathematical
models. They include the effect of chemical stimuli dur-
ing sleep both on chest wall and upper airway muscle
activity [67]. These models indicate that obstructive as
well as central apnoeas can be due to control system
instability. Central apnoeas increase the likelihood of
obstructive apnoeas, whereas obstructive apnoeas tend to
aggravate the control instability [68]. The interaction
between central and obstructive apnoeas is, therefore,
very likely and confirmed by many clinical observations.

Interaction between central and obstructive sleep apnoea

In order to study the relationship between sleep-induced
periodic breathing and the development of occlusive sleep
apnoeas, patients with hypersomnia-sleep apnoea were
studied [69]. In this important study, it was shown that
sleep-induced periodic breathing, representing the insta-
bility of the system, is primary to the development of
occlusive sleep apnoeas. More recently, the relationship
between periodic breathing and obstructive sleep apnoea
was confirmed. The obstruction is, however, only mani-
fested in subjects susceptible to upper airway atonicity
and narrowing [70]. A cause and effect relationship
between central and obstructive apnoeas is given by the
(frequent) occurrence of mixed apnoeas, characterized
by a period of decreased central drive followed by an
obstructed breath. It is our experience that central apnoeas
without subsequent obstruction are less frequent than
mixed apnoeas, in a general referral population with sus-
picion of sleep-related breathing disorders. A high index
for central apnoeas, with a low index for obstructive
apnoeas, is encountered in only a limited number of sub-
jects [9]. This probably reflects the large scatter in upper
airway collapsibility and the tendency to collapse in most
(even healthy) subjects [71] when the drive to the inspi-
ratory muscles, and especially the upper airway muscles,
is reduced at the nadir of periodic breathing. Upper air-
way muscle activation due to increasing Pa,co, may come
behind the activation of the chest wall muscles. This re-
presents an obvious cause of upper airway collapse [68].
During unstable breathing with waxing and waning of
respiration, continuous changes in Paco, may trigger
obstructive breaths by this particular type of mechanism.

The decreased upper airway activation does not neces-
s-arily lead to complete collapse. It was shown in nor-
mal volunteers that total pulmonary resistance may be at
its highest at the nadir of periodic changes (induced by
breathing hypoxic mixtures) without complete collapse

of the upper airway [72]. There was also a significant
linear relationship between resistance and 1/VT (tidal vol-
ume). Therefore, obstructive hypopnoeas may also be
triggered by periodic breathing. The same correlation
between upper airway collapse and breathing pattern was
studied in 10 healthy preterm infants in whom periodic
breathing frequently occurs. Pulmonary resistance at
half-maximal tidal volume, inspiratory time, expiratory
time and mean inspiratory flow were derived from com-
puter analysis of five cycles of periodic breathing. In
80% of infants, periodic breathing was accompanied by
completely obstructed breaths at the onset of ventilatory
cycles. The site of obstruction was located within the
pharynx [73].

Some authors have concluded that the collapsibility of
the upper airway in itself triggers irregularities in the
breathing pattern and central apnoeas. Eight patients
with idiopathic central sleep apnoea were compared to
eight weight-matched, snoring control subjects. Patients
with central apnoea, when compared with control sub-
jects, exhibited markedly increased specific pharyngeal
"compliance", increased change in pharyngeal area from
FRC to residual volume (RV) and a larger pharyngeal
area at FRC. It was, therefore, concluded that increased
pharyngeal compliance and lung volume dependence may
play a role in the aetiology of central apnoeas [74]. The
number of patients studied was small, taking into account
the large scatter in upper airway collapsibility in "nor-
mal" subjects [71]. However, it remains a very attrac-
tive hypothesis to suppose a relationship between upper
airway mucosal stimulation during (near) collapse and
the occurrence of central apnoea.

It was also shown that genioglossus muscle responds
to negative airway pressure by reflex activation during
wakefulness [75]. This reflex activation is reduced or
lost during NREM sleep [76]. However, based on this
data, one could speculate that decreased ventilation, as
occurs during periodic breathing, goes along with less
stimulation of the genioglossal muscle since the corre-
sponding negative pressure stimulus is equally less.

Elderly people, with oscillations in upper airway resis-
tance, have more apnoeas and hypopnoeas than those
subjects without such oscillations. The oscillations in
upper airway resistance produce a fluctuating mechani-
cal limitation of ventilation, which may contribute to
periodic breathing [77]. Another factor, that may pre-
vent occlusive breaths due to instability in the breathing
pattern, is the short-term poststimulus potentiation, or
after-discharge, following a brief hypoxic stimulus. After-
discharge in this circumstance prevents ventilation drop-
ping below baseline, when hyperoxia and hypocapnia
follow the hyperventilation phase, induced by the initial
hypoxia. It was observed that patients with obstructive
sleep apnoea have reduced after-discharge and, therefore,
are prone to more unstable breathing [78].

Clinical presentation

Studies looking at the clinical presentation of central
sleep apnoea are remarkably few in number. The clinical
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picture can be deduced from the pathogenetic mecha-
nisms. Central apnoeas can occur in patients with reduced
central drive. These patients mostly remain hypercap-
nic during wakefulness. The decline in central drive can
be secondary to lesions in the brainstem, such as infect-
ions, infarction and tumour. Another group of patients in
which central apnoeas occur are those with respiratory
muscle weakness, as can be seen with neuromyopathies,
myotonic dystrophy, muscular dystrophy, myasthenia
gravis, amyotrophic lateral sclerosis, acid maltase defi-
ciency, postpolio and diaphragmatic paralysis. In both
groups, ventilation progressively decreases during sleep
until the occurrence of apnoea. After disappearance of
the wakefulness drive, breathing during sleep in these
patients becomes completely dependent on a defective
metabolic respiratory control system or on weakened res-
piratory muscles. These patients have a history of recur-
rent episodes of respiratory failure. They can present
with polycythaemia or cor pulmonale. When respir-
atory neuromuscular disease is present, weakness of the
extremities usually also exists. Men and women are
equally affected. Snoring and morning headaches are
common but nasal obstruction, hypertension and noc-
turnal awakenings are uncommon. Daytime sleepiness
often occurs [79, 80].

Most of the patients with central sleep apnoea, how-
ever, have preserved chemical drive and normal respira-
tory muscle function. The occurrence of the central
apnoeas is part of an overall instability in the breathing
pattern brought about by all the mechanisms, described
above, that can increase the overall gain of the respira-
tory controller. This can occur in well-described dis-
eases, such as chronic heart failure; mostly, however, no
underlying disorder is recognized. These patients with
recurrent central apnoeas will have sleep fragmentation
due to arousals and, therefore, many of the daytime clini-
cal symptoms are similar to those observed in obstruc-
tive sleep apnoea. As already discussed, many patients
have both types of apnoea. Patients report snoring, day-
time sleepiness and, sometimes, nasal obstruction and
hypertension. There seems to be a male preponderance.
Since this type of central sleep apnoea is not associated
with severe hypoxaemia, polycythaemia or cor pulmonale
is not observed [79]. It is, however, not well established
that these patients have completely normal gas exchange.
We were impressed by the improvement in Pa,co, that
could be obtained by treating central apnoea patients with
acetazolamide for a longer time period. All these patients
were normocapnic and had preserved CO, drive [9].
Therefore, it may well be, that some degree of ventila-
tion/perfusion (V'/Q') mismatch is a part of the clinical
picture as well.

Central sleep apnoea is reported to be less common
than obstructive apnoea. It was suggested that central
apnoea occurs at 10% the rate of obstructive sleep apnoea
[79]. In another study, home sleep recordings were per-
formed in 358 randomly selected elderly volunteers (mean
age 72 yrs). Seventeen percent had predominantly obstruc-
tive apnoeas, 6% predominantly central apnoeas and in
1% mixed apnoeas were observed [81]. We observed pre-
dominantly central sleep apnoea in 14 out of 327 patients

(4%) referred with suspicion of sleep-related breathing
disorders [9]. Our overall impression is that central
apnoea is far more common than generally accepted until
now, especially when mixed apnoeas are also taken into
account. However, it remains unclear to what extent the
central apnoea syndrome contributes to the reported symp-
toms of daytime sleepiness [2, 3].

Central apnoeas cause daytime sleepiness by provok-
ing arousal and sleep fragmentation comparable to obstruc-
tive apnoeas. The cardiovascular consequences of central
and obstructive apnoeas can, however, be different, as
was reported in a recent animal study. In 12 anaes-
thetized dogs, obstructive and central apnoeas were
induced. During both types of apnoea, changes in Pa,0,
and Pa,co, were approximately the same. During obstruc-
tive apnoeas, mean blood pressure and cardiac output did
not change significantly. During central apnoea, blood
pressure did not change but cardiac output decreased by
far more than with obstructive apnoea. This may be due
to a lack of respiratory mechanoreceptor input during
central apnoea. The authors concluded that the cardiac
dysfunction with central apnoea could lead to pulmonary
vascular congestion [82]. Whether this also applies to
humans remains uncertain, but it has been reported that
increased ventilation attenuates the sympathetic activa-
tion in response to hypoxia or hypercapnia [83].

Mortality due to obstructive sleep apnoea is well
described. The probability of cumulative 8-year survival
was 0.96 for patients with an apnoea index (AI) <20 and
0.63 for those with an Al >20. Difference in mortality
related to Al was particularly true in patients less than
50 yrs of age, in whom mortality from other causes is
uncommon [84]. The impact of central sleep apnoea
with and without Cheyne-Stokes respiration (CSR) on
morbidity and mortality was recently studied; 108 patients
were followed up to determine survival rates. Fifty nine
patients died, all but five due to a cardiac or pulmonary
problem. Thirty one patients without apnoeas had a mean
survival time of 1,354 days, those with central apnoea
and mild CSR 1,533 days, but those with severe CSR
had a mean survival of only 855 days. Of this group,
87% died compared to 45% in the group of subjects with-
out apnoeas [85]. Therefore, patients with the most un-
stable breathing seem to have the shortest survival.
However, it could not be proved that CSR was an inde-
pendent predictor of the elevated mortality risk.

Treatment

There is little consensus at present about the treatment
of patients with central sleep apnoeas, especially those
with preserved central drive. In many chronic hyper-
capnic patients, artificial nasal ventilation becomes increas-
ingly the treatment of choice.

Hypercapnic patients

Intermittent negative or positive pressure ventilation at
night was applied to patients with chronic hypercapnic
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respiratory failure caused by many different aetiologies,
including neuromuscular diseases and chronic airway dis-
ease. Negative pressure ventilation is uncomfortable and
can cause upper airway obstruction. Increase in oxygen
tension and fall in carbon dioxide tension can be pro-
duced, however, with nasal intermittent positive pressure
ventilation. In chronic hypercapnic COPD patients, small
but significant changes in daytime blood gases occurred
in those using nocturnal ventilation. Residual volume
tended to fall, whilst ventilatory response to hypercap-
nia increased after nasal ventilation [86, 87]. Improvement
in CO, drive was also shown after continuous positive
airway pressure (CPAP) therapy, in patients with obstruc-
tive sleep apnoea and hypercapnia [88, 89]. In normo-
capnic patients, the effects of CPAP on chemical drive
are limited, with a tendency to decrease the hypercapnic
ventilatory response [90]. Also, in patients with acute
respiratory failure nasal ventilation can be used suc-
cessfully, whether to wean the patients [91] or to avoid
endotracheal intubation [92, 93]. In these studies, how-
ever, there is never a careful analysis of the effect of
nasal ventilation on the occurrence of central apnoeas.

Respiratory stimulants have been shown to be effec-
tive in this group of patients. They have been studied
mainly in patients with chronic respiratory failure due to
obstructive airway disease. Among them, progestin [39,
40] and almitrine have been shown to be of particular
interest. A persistent improvement, after 2 yrs treatment,
in Pa,0, and Paco, was demonstrated for almitrine in
eighty nine patients with hypoxic chronic obstructive air-
ways disease [94]. Almitrine bismesylate is, however,
a peripheral chemoreceptor agonist [95] and will, there-
fore, increase the overall gain of the controller system.
Although almitrine may be very useful in hypercapnic
patients with respiratory insufficiency, it can be antici-
pated that its use in nonhypercapnic central apnoea patients
would aggravate the instability in the breathing pattern,
unless the increase in Pa,0, would offset this effect.

The use of supplemental oxygen was studied in a patient
with primary alveolar hypoventilation (and chronic hyper-
capnia) with central sleep apnoea. After institution of
low-flow nocturnal oxygen, there was a marked decrease
in the number and duration of sleep apnoeas and an
increase in the level of ventilation during sleep. Since
the patient had no demonstrable ventilatory response to
hypoxia during wakefulness, the effect of oxygen dur-
ing sleep might have been due to the elevation of hypo-
xic brainstem depression [96].

Normocapnic patients

Low-flow oxygen decreases the frequency of the three
types of apnoea (central, mixed and obstructive). In 12
patients with predominantly obstructive sleep apnoea, 6 h
of continuous low-flow oxygen (3 L-min'!) induced a sig-
nificant reduction in the percentage of central and mixed
sleep-disordered breathing events, with a corresponding
increase in the percentage of obstructive sleep-disordered
breathing events [97]. In nine patients with predomi-
nantly central and mixed apnoeas, oxygen reduced the

overall apnoea frequency from 66 to 43 episodes-hour-!
whereas the central and mixed apnoeas decreased mark-
edly from 31.4 to 6.4 and from 20.9 to 4.9 episodes-hour!
respectively. Obstructive apnoea frequency more then
doubled from 13.9 to 32.1 episodes-hour! [98]. Therefore,
if oxygen is used to stabilize the breathing pattern in
patients with predominantly central apnoeas, a control
polysomnography during oxygen administration is war-
ranted. The use of oxygen in patients with obstructive
apnoeas remains even more controversial [99]. There
seems to be no improvement in daytime hypersomno-
lence, although the overall time spent in apnoea may be
somewhat less.

In a patient treated for obstructive sleep apnoea with
tracheostomy, the relief of upper airway obstruction
unmasked severe central sleep apnoea. This patient was
treated successfully with supplemental CO, therapy [100].
This case report illustrates many fundamental aspects of
the problem of central sleep apnoea. It illustrates the
interaction between central and obstructive apnoeas and
the crucial role of the CO, threshold in the pathogene-
sis. Although of great theoretical interest, the treatment
of patients with inhaled CO, is not practical. Therefore,
many other therapeutic options have been studied.

Since arousal may aggravate the syndrome, the use of
sleep medication could, theoretically, be of potential inter-
est. There are at present no long-term studies available
to illustrate whether this theoretical concept is of prac-
tical value. Triazolam was evaluated in normal subjects
that were aroused by occluding a mask, covering the
nose with the mouth sealed. In this study, the time to
arousal was significantly longer on triazolam nights. Also,
the maximal airway suction pressure preceding arousal
was higher on triazolam nights [101]. In a preliminary
study, we observed some improvement in the periodic
breathing pattern at high altitude after administration of
triazolam [102]. More studies are needed to establish
the role of drugs interacting with arousal in the treat-
ment of central apnoea.

In five patients with Cheyne-Stokes respiration (CSR),
comprising 47-86% of all disordered-breathing events,
the effects of theophylline were studied. Theophylline
significantly decreased CSR. Lowest O, saturation asso-
ciated with CSR improved. Also, the disruption in sleep
architecture improved significantly with therapy [103].
These data are somewhat surprising since theophylline
may abolish hypoxic ventilatory depression and there-
fore predispose to more unstable breathing [33, 36, 37].
Clearly, more patients should be studied to establish the
role of theophylline in treating patients with central sleep
apnoea.

Acetazolamide was studied initially in six patients with
symptomatic central sleep apnoea. Sleep studies were
carried out before and after one week of drug therapy,
using 250 mg orally g.i.d. All six patients had a signi-
ficant improvement, demonstrating a 69% reduction in
total apnoeas. Due to the relative high dose of aceta-
zolamide, pH dropped substantially from 7.42 to 7.34
[104]. In another study looking at nine patients with
predominately obstructive apnoeas, 250 mg acetazolamide
administered daily reduced the apnoea index and the total
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duration of apnoea. There was no conversion from
obstructive apnoeas to the central type, or vice versa
[105]. More recently, we looked at the effects of aceta-
zolamide in symptomatic patients with predominantly
central sleep apnoea. The aim of this study was to treat
selected central apnoea patients with low dose acetazo-
lamide (250 mg-day-!) for a longer time period (1 month).
Patients were selected if their central apnoea index was
>5 or their apnoea-hypopnoea index >10 and their obstruc-
tive apnoea index <5. Fourteen patients fulfilled this cri-
teria. Polysomnography was repeated once after one
single dose (N2) and twice after 1 month of chronic treat-
ment without (N3) and with (N4) additional acetazo-
lamide treatment. Central apnoea index (25.5 at N1)
decreased during N2 (13.8) and further decreased dur-
ing N3 (6.6) and N4 (6.8). The obstructive apnoea index
remained unchanged. All patients subjectively improved,
with fewer complaints of hypersomnolence, falling asleep
during the day, memory losses and tiredness in the morn-
ing. Pa,0, improved from 10.3 kPa (77 mmHg) at N1
to 12.1 kPa (91 mmHg) at N3; pH only dropped from
7.41 to 7.38. We concluded, therefore, that chronic ther-
apy with low dose acetazolamide in patients with non-
hypercapnic central sleep apnoea improves the breathing
pattern and the pulmonary gas exchange [9]. Since this
initial study, we followed these patients for an even longer
time period. Interruption of therapy after 4 months treat-
ment was not followed by an immediate recurrence of
symptoms or an increase in the apnoea index [106]. We
believe that acetazolamide, initially used to treat and pre-
vent acute mountain sickness, can be very useful and
effective in treating patients with central apnoea with
preserved chemical drives. Initially, the action of aceta-
zolamide was ascribed to the induced metabolic acido-
sis. It is, however, likely that acetazolamide may also
act by other mechanisms. Different effects of carbonic
anhydrase inhibition on the hypercapnic and hypoxic ven-
tilatory responses between acute administration of aceta-
zolamide (only associated with local tissue changes in
pH) and chronic acetazolamide administration (asso-
ciated also with changes in systemic pH) indicate that
acetazolamide can act not only by changes in systemic acid-
base balance, but also by direct effect on chemoreceptors
[107, 108]. In animal studies, it was also shown that
acetazolamide causes a decrease in activity of the periph-
eral chemoreceptors and also a decrease of their sensi-
tivity to Pa,0, changes [109]. If this also applied to men,
it can easily be understood that acetazolamide can sta-
bilize breathing by this mechanism. It was also demon-
strated in the rat that acetazolamide significantly increases
blood flow in the cortical, thalamic and pontine regions
[110]. How this relates to the observed effect on breath-
ing pattern generation still remains to be determined.
The potential use of nasal CPAP for the treatment of
central sleep apnoea was illustrated in a study of eight
patients with predominantly central sleep apnoea. High
levels of CPAP (range 9-16.5 cmH,0) prevented all cen-
tral apnoeas and mixed apnoeas and resulted in quiet
breathing in all patients. Intermediate levels of CPAP
produced firstly mixed apnoeas, then purely obstructive
apnoeas and/or continuous snoring. Based on these data,

the authors concluded that upper airway collapse in the
supine posture has a key role in the induction of central
apnoeas [111]. In a more recent study, it was shown,
however, that short-term treatment with nasal CPAP in
patients with chronic heart failure does not improve either
Cheyne-Stokes respiration, nocturnal oxygenation or sleep
quality [112]. Taking into account the current contro-
versies, one should carefully weigh the potential benefit
of this therapy against the substantial burden of nasal
CPAP to the patients. Although CPAP therapy has been
reported to be successful in some patients [113], it can
probably not be seen as a generally acceptable treatment
modality for patients with central sleep apnoea. One
can, however, try to develop other similar treatment
modalities, making use of upper airway mucosal stimu-
lation.

The effects of high-frequency (30 Hz) low-pressure
oscillations on respiration in nine patients with central
sleep apnoea were studied. High-frequency oscillations
of the upper airway stimulated respiratory efforts in 68%
of all trials. Apnoea length was significantly shortened
in four of the nine patients. In one patient with a tra-
cheostomy, the stimulus applied to his isolated upper air-
way evoked respiratory efforts during central apnoea in
13 of 15 trials. It was suggested that the response was
mediated by upper airway receptors [114]. It may prob-
ably be possible, in the near future, to use these non-
respiratory reflexes to treat central sleep apnoea when
adequate equipment can be developed, and application
at a larger scale confirms these results. Electrical stimu-
lation was mainly studied in obstructive sleep apnoea
patients. In a recent study, looking at four healthy asymp-
tomatic subjects and seven patients with obstructive
apnoeas, it could be demonstrated that subjects tolerate
surface and fine-wire functional electrical stimulation
(with electrodes placed into the neurovascular bundle of
the hypoglossal nerve) to a higher stimulus during sleep
than during wakefulness. Both approaches, however,
have an inconsistent effect on apnoeas during sleep [115].
It may be interesting to apply the same methods to patients
with central apnoeas.

Central apnoea and congestive heart failure

Ventilatory instability in patients with congestive heart
failure (CHF) has been studied in more detail. Patients
with CHF (left ventricular ejection fraction (9-48%) who
demonstrated Cheyne-Stokes respiration only while asleep,
were studied during wakefulness. The test involved brief
(30-50 s) exposure to hypoxia, followed by breathing
pure oxygen. Nine patients were compared to 13 age-
matched normals. During hypoxia, ventilation increased
similarly in both groups. During hyperoxia, breathing
patterns differed between the groups. In normals, ven-
tilation gradually declines during hyperoxia but does not
drop below baseline ventilation. In patients, ventilation
drops below baseline, being at 72% of air-breathing con-
trol at 45 s of hyperoxia. These results in patients are
compatible with the absence of short-term potentiation
activated by hypoxic hyperventilation [116]. This is one
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of the possible mechanisms that can explain the breath-
ing instability in CHF patients. It has been suggested,
however, that fluctuations in pulmonary blood flow are
primarily responsible for the periodic breathing in CHF
[117]. In 24 male patients with CHF it was demon-
strated that the awake Pa,co, and mean sleep transcuta-
neous Pco, (Ptco,) were significantly lower in those
with Cheyne-Stokes respiration and central apnoea (CSR-
CSA), compared to those without CSR-CSA. CSR-CSA
cycle length correlated with lung to ear circulation time.
Therefore, hypocapnia and circulatory delay may be equal-
ly important contributory factors [118]. Some authors
have also demonstrated an increased ventilatory response
to CO, in patients with CHF [119]. Clearly, not only
circulation delay, but abnormalities in chemoreceptor
responses to hypoxia and hypercapnia may be involved
in the pathogenesis of Cheyne-Stokes respiration in CHF.
The treatment of these patients with nasal ventilation, as
mentioned earlier, remains controversial [112].

In conclusion, patients with central sleep apnoea are
mostly nonhypercapnic and without obvious disease.
Their breathing instability during sleep can, however,
lead to major symptoms, with hypersomnolence and tired-
ness. Many mechanisms can be involved, but most con-
tribute to the increase in the overall gain of the controller
system. Their relevance has been demonstrated in a large
number of clinical studies. In contrast, few treatment
strategies have been described. Some therapies (such as
nasal ventilation and inhalation of CO,) can only be
applied to a limited number of co-operative patients.
Drug treatments, especially with acetazolamide, may be
easier to perform. Their efficacy remains to be demon-
strated when applied on a larger scale. Some recent
applications of upper airway stimulation seems to be
promising for the near future, given the amelioration of
the techniques.
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