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ABSTRACT: There are three major types of sleep-disordered breathing (SDB) with respect to
prevalence and health consequences, i.e. obstructive sleep apnoea syndrome (OSAS), Cheyne-
Stokes respiration and central sleep apnoea (CSR-CSA) in chronic heart failure, and obesity
hypoventilation syndrome (OHS). In all three conditions, hypoxia appears to affect body
functioning in different ways. Most of the molecular and cellular mechanisms that occur in
response to SDB-related hypoxia remain unknown.

In OSAS, an inflammatory cascade mainly dependent upon intermittent hypoxia has been
described. There is a strong interaction between haemodynamic and inflammatory changes in
promoting vascular remodelling. Moreover, during OSAS, most organ, tissue or functional
impairment is related to the severity of nocturnal hypoxia. CSR-CSA occurring during heart failure
is primarily a consequence of cardiac impairment. CSR-CSA has deleterious consequences for
cardiac prognosis and mortality since it favours sympathetic activation, ventricular ectopy and
atrial fibrillation. Although correction of CSR-CSA seems to be critical, there is a need to establish
therapy guidelines in large randomised controlled trials.

Finally, OHS is a growing health concern, owing to the worldwide obesity epidemic and OHS
morbidities. The pathophysiology of OHS remains largely unknown. However, resistance to leptin,
obesity and severe nocturnal hypoxia lead to insulin resistance and endothelial dysfunction. In
addition, several adipokines may be triggered by hypoxia and explain, at least in part, OHS
morbidity and mortality.

Overall, chronic intermittent hypoxia appears to have specific genomic effects that differ
notably from continuous hypoxia. Further research is required to fully elucidate the molecular and
cellular mechanisms.

KEYWORDS: Atherosclerosis, Cheyne-Stokes respiration, inflammation, intermittent hypoxia,
obesity hypoventilation syndrome, sleep apnoea

sents a growing health concern. Sleep
apnoea has been known for centuries
and was rediscovered at the beginning of the
20th century. In the late 1990s, however, different
types of SDB have been recognised, with specific
consequences and morbidities. At the end of the

S leep-disordered breathing (SDB) repre-

1990s, a revised classification was suggested by
the American Academy of Sleep Medicine [1] and
further confirmed through the International
Classification of Sleep Disorders, second edition
(ICDS-2) [2], published in 2005. There are three
major SDB types with respect to prevalence and
health consequences, i.e. obstructive sleep apnoea
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(OSA) syndrome (OSAS), Cheyne-Stokes respiration (CSR)
and central sleep apnoea (CSA) in chronic heart failure (CHEF),
and obesity hypoventilation syndrome (OHS). Figure 1 shows
the type of respiratory events occurring in all three conditions,
as reflected by oxygen saturation and ventilatory changes
during 5-min recordings.

In all three conditions, hypoxia appears to affect body
functioning in different ways, with specific mechanisms.
Moreover, experimental models have been developed that
permit a better understanding of the molecular and cellular
mechanisms in response to SBD-related hypoxia. The present
paper covers all of these specific issues.

OBSTRUCTIVE SLEEP APNOEA SYNDROME

Definition, prevalence and main consequences

OSAS is defined by symptoms such as excessive daytime
sleepiness (EDS) and daytime functioning impairment, with
>5 obstructive events-h™ occurring during sleep. The scoring
of ventilatory events includes apnoeas, hypopnoeas and also
episodes of increased upper airway resistance. Both the ICSD-2
[2] and American Academy of Sleep Medicine [1] guidelines
recommend that this latter type of event should be included in
OSAS, since the specificity of upper airway resistance
syndrome [3] has not been considered, until now, to be
supported by sufficient epidemiological, pathophysiological
and clinical data.

The prevalence of the disease is very high, ranging 5-15%,
increasing linearly up to the age of 60 yrs and becoming more
variable above this threshold age, at least regarding obstructive
events [4]. Regarding OSAS morbidity [5], there is now
substantial evidence that there is a causal relationship between
OSA and EDS, with cognitive impairment, including increased
risk of traffic accidents [6, 7], and cardiovascular morbidity
and mortality [7-9]. The cardiovascular consequences, e.g.
occurrence of atherosclerosis without significant classical
cardiovascular risks in OSA, seem to appear early in the
disease [10, 11]. This supports the need for early diagnosis and
treatment, especially since the mortality rate is maximal in
males aged <50 yrs and thereafter declines with age [12].

Intermittent hypoxia, a major stimulus

The desaturation-reoxygenation sequence is a typical pattern
coupled with the majority of respiratory events. This sequence,
defining intermittent hypoxia (IH), leads to oxidative stress,
with production of reactive oxygen species (ROS) [13].
Numerous studies have shown increased oxidative stress
using various biological markers, although comorbid condi-
tions such as diabetes, hypertension and obesity may account
for some of these results [13-16]. The increased levels of ROS
contribute to the generation of adhesion molecules [17],
activation of leukocytes [18] and production of systemic
inflammation [19]. Together, these mechanisms generate
vascular endothelial damage and dysfunction [20, 21].
Moreover, high sympathetic output, as consistently found in
OSA, may lead to insulin resistance, even in nonobese OSA
patients [22], representing an additional source of oxidative
stress. Oxidative stress is characterised by an imbalance
between the production and degradation of ROS. Although
numerous studies have addressed the issue of increased ROS
production, there are only a limited number of studies
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FIGURE 1. Polysomnographic comparison of three characteristic ventilatory
patterns in the three major types of sleep-disordered breathing: a) rapid eye
movement sleep hypoventilation in obesity hypoventilation syndrome, b) obstructive
sleep apnoea syndrome, and c) periodic breathing during Cheyne-Stokes
respiration in congestive heart failure (5-min epochs). Sleep stage is indicated on
the x-axis: R: rapid eye movement; 1: stage 1; 2: stage 2; W: wakefulness. Sa,0.:
arterial oxygen saturation; Thor: thoracic movements; Abd: abdominal movements;
Ther: oronasal thermistor (to assess persistent nose or mouth breathing by
temperature measurement); FLO: nasal pressure; PTT: pulse transit time; EOG:
electro-oculogram.
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addressing the role of antioxidant capacities in OSA patients.
BARCELO et al. [23] reported an alteration in antioxidant
capacities, with a reduction in total antioxidant status, and a
decrease in both vitamin A and E levels. In the same study,
continuous positive airway pressure (CPAP) treatment nor-
malised total antioxidant status [23]. In 2008, impairment of
albumin antioxidant properties independent of body mass
index (BMI) and related only to OSA severity has been
demonstrated [24].

OSA has also been shown to be associated with a reduction in
nitric oxide bioavailability. Nitric oxide derivatives include the
nitrosonium ion (NO"), which results from the auto-oxidation
of nitric oxide under certain conditions, and peroxynitrite
(ONOQ)), which is the product of the reaction between nitric
oxide and the superoxide ion (O,), since peroxynitrite is
generated in situations associated with increased oxidative
stress, e.g. hypoxia and ischaemia—reperfusion, particularly at
the level of the vascular wall. Peroxynitrite has been shown to
modulate the activity of several key enzymes of vascular
homeostasis, such as endothelial nitric oxide synthase, Akt
kinase and catalase. By inhibiting endothelial nitric oxide
synthase activity through AMP kinase [25] and catalase [26],
peroxynitrite favours the generation of superoxide ions, thus
inducing a vicious cycle leading to increasing local oxidative
stress with deleterious consequences. In OSA, a reduction in
nitric oxide availability has been demonstrated, as well as an
increase in levels of its derivatives [27, 28], although this has
not always been confirmed [29]. It is viewed as being an
important determinant of the endothelial dysfunction asso-
ciated with OSA [13].

Oxidative stress generates an inflammatory cascade via nuclear
factor-kB (NF-«B) activation [30]. However, there is still much
discussion regarding the confounding influence of obesity and
the associated cardiovascular morbidity on the relationship
between sleep apnoea severity and inflammatory markers.
This is presumably responsible for the conflicting results
obtained regarding C-reactive protein in OSA. Although C-
reactive protein levels were found to be elevated in several
studies [31-33], other reports failed to demonstrate any linear
relationship with the severity of OSA [34].

The inflammatory cascade increases adhesion molecule
expression [35] and further activates monocytes and lympho-
cytes [36, 37]. In 2007, it was shown that impairment of
endothelium-dependent vasodilation correlated with the
degree of endothelial cell apoptosis. Also, CPAP therapy led
to a significant decline in circulating apoptotic endothelial cell
numbers [38]. All of these mechanisms lead to endothelial
dysfunction and damage. Moreover, IH is associated with
significant cyclical haemodynamic changes that may also
contribute to endothelial dysfunction.

Cellular and molecular consequences of IH

There is now substantial evidence that IH and continuous
hypoxia (CH) lead to differential gene activation. Studies on
cell cultures have revealed that IH is a more potent stimulus
for transcriptional activation than CH at a comparable level of
hypoxia intensity and duration. Hypoxia-inducible factor 1 has
been shown to be more activated during CH than during IH in
some [39] but not all studies [30]. Indeed, several experimental
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factors may be critical to explaining these discrepancies, i.e.
cellular type, and intensity and duration of the hypoxic
stimulus. As a consequence, downstream end-products such
as erythropoietin and vascular endothelial growth factor on the
one hand, and tumour necrosis factor (TNF)-o and other pro-
inflammatory cytokines on the other, have been shown to be
differently affected [30, 40—42].

IH has been studied in various models. Cellular models of TH
are still poorly developed. There is major difficulty in
establishing such models since changing intracellular oxygen
content implies rapid modification of the oxygen fraction in the
media surrounding the cells. Thus it remains difficult to obtain
rapid cyclical intracellular oxygen content changes, whatever
the cellular type [43], owing to gas exchange inertia in the
media. Some models are also essentially acute and far from
chronic IH (CIH) as seen in OSA [30], whereas others seem to
be more realistic [44]. This has permitted the demonstration of
selective activation of NF-xB [30], ROS production and
mitochondrial dysfunction [44]. Increased dopamine secretion
also occurs via IH induction of tyrosine hydroxylase (TH)
phosphorylation in rat pheochromocytoma 12 cells. TH is the
rate-limiting enzyme that catalyses the conversion of tyrosine
into dihydroxyphenylalanine in catecholamine biosynthesis.
This TH activation has been shown to involve increased serine
phosphorylation without augmenting TH protein expression,
in contrast with chronic CH [45]. This represents one of the
differential cellular changes expressed in response to IH.

There have been great advances in animal models since the
early 1990s. One major advance, although the experiments
were difficult to perform on a long-term basis, was the canine
model, in which upper airway obstruction and sleep fragmen-
tation were compared in terms of the acute and chronic
cardiovascular consequences [46-48]. However, much more
research in the field of hypoxia has been performed using
wild-type or genetically modified rodents [49]. This is also true
regarding IH [50]. Starting with the early evidence provided by
FLETCHER et al. [51] that night-time CIH results in permanent
daytime hypertension, there have been many reports on IH
effects, mainly on the cardiovascular system. Vascular reactiv-
ity has been shown to be altered in various fashions in rodents
[52-55]. A variety of biological and pathophysiological changes
have also been demonstrated, i.e. altered baroreflex activity
[56], increased pulmonary arterial pressure and haematocrit
[57], changes in heart structure and function [58], altered
endothelium-dependent vasodilation in cerebral and muscular
arteries [59], and an increased response to endothelin (ET)-1
[54], presumably mediated almost exclusively by ETA recep-
tors [60]. During IH, both blood pressure (BP) and myocardial
changes might be critically dependent upon ET-1. Evidence
has recently been found for an increase in ETA receptor
expression and large ET-1 concentration at the level of the
heart in spontaneously hypertensive rats submitted to IH (E
Belaidi, Hypoxia PathoPhysiology laboratory, Grenoble
University, Grenoble, France; personal communication). This
was associated with aggravation of both the IH-related
increase in BP, in contrast with a previous report [58], and
increased infarct size during ischaemia, both being suppressed
by ET-1 receptor antagonists (E Belaidi; personal communica-
tion). There is also altered sensitivity to ischaemia, which is
reduced when IH is acute, acting as a pre-conditioning
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stimulus [61], and increased when chronic [62]. Overall, these
results support further therapeutic perspectives regarding
cardiovascular modulation in OSA patients. In this context,
ET-1 receptors might represent an adequate pharmacological
target requiring further testing.

More recently, metabolic and atherosclerotic changes have
been shown in mice exposed to CIH [63, 64]. At the arterial
level, significant systemic inflammation occurs, as evidenced
by T-cell activation characterised by spleen-derived T-cell
proliferation and chemokine mRNA expression. In the present
authors’ experience, this occurs from day 5 of IH. In mesenteric
resistance arteries, intercellular adhesion molecule-1 expres-
sion increased at day 14 of IH and was associated with
increased leukocyte rolling. Aorta from hypoxic mice exhibited
both activation of the pro-inflammatory transcription factor
NF-kB and increased intima—media thickness at 14 days. Thus
there was both systemic and localised inflammation of small
and large arteries due to IH. Moreover, there was recovery of
lymphocyte proliferation, chemokine expression and NF-kB
activation after oxygen fraction normalisation for several days
(data not shown). In another study, there was also a reduction
in levels of platelet-endothelial cell adhesion molecule-1, a
marker of the endothelial cell, at both the heart and aorta level,
with a specific gradient and without loss of endothelial cells,
suggesting a role of shear forces applied to both the heart and
the aorta [65]. Thus, in both studies, there was vascular
remodelling resulting from either haemodynamic or inflam-
matory changes. From these two studies and other previously
published studies [30, 64, 66-68], it can be suggested that there
are strong interactions in response to CIH between haemody-
namic alterations, systemic inflammation and metabolic
changes, modulated by the genetic background (fig. 2).

Other noncardiovascular changes related to IH have also been
reported, including serotonin-dependent neuronal plasticity in
the central control of breathing [69], long-term facilitation of
diaphragmatic [70] and genioglossus muscle activity [71], and
improved diaphragmatic anoxic tolerance [72]. Sensory long-
term facilitation occurs at the level of the carotid body during
CIH but not during CH of the same magnitude, suggesting that
enzymatic changes at the carotid body level are related to ROS
production. This effect is abolished on pre-treatment with a
superoxide anion scavenger. Thus, this appears to be ROS-
dependent reversible functional plasticity of carotid body
sensory activity [73]. There are also brain adaptations and
damage that have been described. These include behavioural
and brain anatomical and functional changes, also partly
specifically related to oxidative stress [74, 75]. IH increases
levels of protein oxidation, lipid peroxidation and nucleic acid
oxidation in mouse brain cortex, promoting cell apoptosis [76].
It also promotes the reduced nicotinamide adenine dinucleo-
tide phosphate oxidase gene and protein responses in wake-
active brain regions, a possible mechanism of sleepiness [77].
In rat hippocampal slice preparations, a reduction in the ability
of neuronal tissue to express and sustain long-term potentia-
tion has also been shown. Long-term potentiation correlated
with biphasic changes in cyclic AMP-response element-
binding protein phosphorylation and programmed cell death
[78]. There were also specific proteic changes at this level, with
various susceptibilities to IH. Hypoxia-regulated proteins in
the cornu ammonis 1 region of the hippocampus included
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structural proteins, proteins related to apoptosis, primarily
chaperone proteins, and proteins involved in cellular meta-
bolic pathways [79]. These functional and structural changes
may contribute to the IH-induced changes in cognitive
function in rodents, and may also alter neurogenesis [80]. It
may explain part of the cognitive dysfunction in apnoeic
patients. Cognitive changes occurring in sleep apnoea patients
[81-83] may be linked to anatomical and functional changes
occurring at the level of the brain, specifically at the pre-frontal
cortex [84] and hippocampal levels [85, 86].

IH-related tissular and functional impairment in OSA
Although there is no ideal animal model in OSA, IH has been
established as a successful model since it reproduces many of
the cognitive, cardiovascular and metabolic alterations seen in
OSA. One very complementary approach is to look at sleep
apnoea consequences and determine whether or not hypoxia is
a major determinant thereof. One way to do so is to determine
predictive or explanatory factors using logistic regression
analysis. Reversing symptoms and various impairments with
CPAP application, the first-line treatment in OSA, does not
provide direct evidence of an IH contribution, since it also
suppresses sleep fragmentation, changes in plasmatic carbon
dioxide content and intrathoracic pressure fluctuations.
However, most, if not all, sleep apnoea consequences are
related to IH severity. This may be illustrated by the three
following different examples in various organs and systems.

Peripheral nerve

Peripheral nerve is very sensitive to changes in nutrient and
oxygen content. This has been strongly evidenced previously in
diabetes and chronic respiratory failure. Assessment of the
peripheral nerve in OSA has been made using the usual clinical
and neurophysiological indices [86]. There were multiple
peripheral nerve anomalies in OSA patients compared to
controls. Median pre-ischaemic sensory and mixed nerve
potential amplitudes and sensory conduction velocities were
lower in OSA patients than in control subjects despite higher
supramaximal stimulation. Interestingly, the most severe OSA
patients exhibited a very specific pattern of conduction during
ischaemia. During ischaemia, OSA patients with the most severe
nocturnal oxygen desaturation manifested resistance to ischae-
mic conduction failure (RICF), whereas both OSA patients with
limited oxygen desaturation and controls did not show RICF.
Under CPAP, RICF disappeared in all OSA-RICF patients.
Oxygen saturation was the critical factor since CPAP sup-
pressed RICF without any change in BMI [87]. This is
presumably an adaptive mechanism to the severity of hypoxia,
whereas axonal defects that persisted after treatment may
instead represent hypoxic lesions.

Blood pressure

It is now well established and recognised in international
guidelines that hypertension can be caused by OSA [88, 89].
However, nonapnoeic respiratory events generating no or very
little oxygen desaturation, such as upper airway resistance
syndrome, although generating increased nocturnal sympa-
thetic activity, may not be associated with daytime hyperten-
sion. Conversely, upper airway resistance syndrome seems to
be associated with hypotension in ~20% [90]. This underlines
the role of hypoxia in promoting hypertension, as also
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FIGURE 2. Intermittent hypoxia leads to sympathetic overactivity, oxidative stress, systemic inflammation and metabolic changes. There is a very complex interaction
between all of these factors in promoting vascular impairment and remodelling during intermittent hypoxia. Red arrows denote the overall impact of sympathetic overactivity,
blue arrows denote intermittent hypoxia and green arrows denote oxidative stress. BP: blood pressure; LDL: low-density lipoprotein; HDL: high-density lipoprotein.

evidenced in animal models [48]. The response to CPAP also
indicates that a significant reduction in BP may mainly be seen
in the most severe patients [9, 91]. In 2007, this was evidenced
in a meta-regression analysis showing a significant increase in
the effect size of CPAP on BP with apnoea/hypopnoea index
(AHI) and duration of CPAP use but not with EDS [92],
although this latter point remains the subject of discussion [93,
94]. Thus the contribution of IH may be critical, even though
severe OSA patients also present with marked sleep fragmen-
tation and respiratory efforts.

Atherosclerosis

There have been significant efforts in this field of clinical
research in reducing the number of confounding factors and
comorbid conditions. In 2005, three reports were published
almost simultaneously evidencing that sleep apnoea may lead
to early atherosclerosis, as reflected at the carotid level by an
increase in intima-media thickness and occurrence of plaques,
in the absence of any significant comorbidity [10, 11, 95]. In the
present series of patients, severity of oxygen desaturation and
BP status were the best predictors of carotid wall hypertrophy.
Plaque occurrence in this group of OSA patients without
known cardiovascular disease was also strictly related to the
amount of oxygen desaturation [11]. Interestingly enough, in
2007, DRAGER et al. [96] published data showing that CPAP
treatment reverses early signs of atherosclerosis.

Confounding factors

There are clearly confounding factors when investigating the
relationship between sleep apnoea, IH and their cardiovascular
or metabolic consequences. The most important factor is
obesity since ~50% of apnoeic patients present with significant
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overweight. Moreover, obesity, and specifically visceral
obesity, correlates closely with OSA prevalence. Finally, most
biological parameters, such as inflammatory and oxidative
stress markers and most clinical or subclinical metabolic and
cardiovascular changes, can be, at least partly, explained by the
presence of concomitant visceral obesity. It should also be
mentioned that there is a synergistic effect of obesity and sleep
apnoea on both metabolic and cardiovascular morbidity [34,
42, 97-99]. Regarding metabolic changes induced by OSA,
CPAP has been suggested as improving insulin sensitivity
[100]. However, the effects of CPAP on insulin sensitivity were
smaller in obese patients than in nonobese patients, suggesting
that, in obese individuals, insulin sensitivity is mainly
determined by obesity [100]. There are also conflicting results
from type 2 diabetic patients concurrently having OSA. A
recent well-designed randomised controlled trial comparing
therapeutic (n=20) or placebo CPAP (n=22) for 3 months
found no difference in terms of glycaemic control or insulin
resistance in these patients [101]. Again, in obese males with
metabolic syndrome, COUGHLIN et al. [102], in a randomised
placebo-controlled blinded crossover trial comparing cardio-
vascular and metabolic outcomes after 6 weeks of therapeutic
or sham CPAP, did not observe any change in glucose, lipids,
insulin resistance or the proportion of patients with metabolic
syndrome. In summary, these recent data suggest that CPAP is
able to reduce systemic inflammation, improve endothelial
function and restore insulin sensitivity in lean OSA, but has a
less significant impact on metabolic dysfunction in obese OSA.

Another intriguing confounding factor relates to sleep dura-
tion. There is now substantial evidence linking sleep duration
with obesity and diabetes [103-106]. There are also studies
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showing a strong relationship between sleep duration and
hypertension risk [107, 108]. The mechanisms relating sleep
deprivation and both metabolic and cardiovascular morbid
conditions may rely on inflammation [109], and these mechan-
isms are currently under investigation [110]. However, the exact
contribution of sleep duration to sleep apnoea comorbidity
remains unknown.

The other stimuli occurring during sleep apnoea (i.e. sleep
fragmentation, repetitive episodes of hypercapnia and respira-
tory efforts) may also contribute to chronic consequences. Their
acute impact on the autonomic nervous system is well
established [111]. Whether or not sleep fragmentation or
respiratory efforts contribute to chronic morbidity is still poorly
understood. Sleep fragmentation seems to be associated with
both inflammation and prothrombotic factors at the plasmatic
level [112]. This could have an additive effect to the impact of
nocturnal hypoxia. With respect to respiratory efforts, as
reflected by the changes in intrathoracic pressure occurring
during OSA, it might also offset the normal fall in BP that occurs
overnight, as evidenced in a community population [113].

CSA SYNDROME WITH CSR

This is a condition including both central apnoeas and
hypopnoeas and CSR that is usually associated with an
increase in ventilatory response to CO,, promoting ventilatory
and thus sleep instability [1]. The most prevalent condition
leading to CSR with CSA (CSR-CSA) is CHF, being both a
marker of severity and a factor of aggravation affecting both
morbidity and mortality [114].

Prevalence

There is still much debate regarding the prevalence and
incidence of CSR-CSA. The reported prevalences of CSR-CSA
in CHF patients widely range 30-100%. The first large study
included 450 people with CHF, and reported a 38 and 33%
prevalence of OSAS and CSA syndrome, respectively, when
using an AHI cut-off of 10 events-h! during sleep [115]. These
differences in various CHF populations may be explained by
the size of the sample studied, patient selection, the stability of
the disease and the criteria used to score hypopnoeas. More
recently, JAVAHERI [116] reported on a prospective study of 100
patients out of 114 consecutive eligible patients with heart
failure and a left ventricular ejection fraction (LVEF) of <45%.
Of these patients, 49% had sleep apnoea, with a mean AHI of
49 events-h™, 37% had CSR-CSA and 12% had OSA. In this
study, the hallmarks of CSR-CSA were New York Heart
Association (NYHA) functional class III, atrial fibrillation,
frequent nocturnal ventricular arrhythmias, low arterial carbon
dioxide tension (Pa,C0,) and an LVEF of <20% [116]. Finally,
the largest study was published in 2007 and included 700
patients. These patients received B-blockers in 85% of cases.
SDB was present in 76% of patients, 40% showing CSA and
36% showing OSA. CSR-CSA patients were more symptomatic
(NYHA functional class 2.940.5 versus 2.57 4 0.5 with no SDB
or 2.5740.5 with OSA; p<0.05) and exhibited a lower LVEF
than OSA patients (27.4+ 6.6 versus 29.3+2.6%; p<<0.05) [117].

One critical and highly discussed question is whether or not
the high incidence of CSR-CSA persists despite the newest
treatments for heart failure. The relationships between f-
blocker treatment and CSR-CSA have, for instance, been
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investigated in terms of SDB severity [118]. Among 45 patients
with CHF (NYHA functional class II/III and LVEF of <50%),
patients receiving B-blockers showed a lower AHI and central
apnoea index than patients not receiving p-blockers. Multiple
regression analysis selected no use of p-blockers as an
independent factor for central apnoea index. These results
suggest that B-blocker therapy may dose-dependently sup-
press CSR-CSA in patients with CHF [118], although this is not
consistent with the latest large studies in the field showing a
persistently high prevalence of CSR-CSA despite a high rate of
use of B-blockers [117, 119].

Pathophysiology

Heart failure leads to an increased left ventricular filling
pressure. The resulting pulmonary congestion activates lung
vagal irritant receptors, thus leading to hyperventilation and
hypocapnia. Superimposed arousals cause further abrupt
increases in ventilation, and drive the Pa,CO, below the
threshold for ventilation, triggering central events. CSAs are
sustained by recurrent arousals resulting from apnoea-induced
hypoxia and the increased effort of breathing during the
ventilatory phase because of pulmonary congestion and
reduced lung compliance. Although central apnoeas exhibit a
different pathophysiology from obstructive apnoeas, and are
not associated with the generation of exaggerated negative
intrathoracic pressure, both acutely increase sympathetic
nervous system activity [120]. However, in CHF patients with
CSR-CSA, the chronic increase in muscle sympathetic nervous
system activity is related more to the severity of heart failure
than to the occurrence of CSR-CSA [121].

Consequences

An increase in sympathetic activity occurs during both heart
failure and CSR-CSA. The relative contributions of heart
failure and CSR-CSA remain the subject of discussion.
Overnight sympathetic activity is significantly greater in CHF
patients than in OSA patients. The haemodynamic severity of
CHF contributes to the elevation of sympathetic activity in
CHF patients to a greater degree than the apnoea-related
hypoxaemia [122]. In addition, other important biological
markers of CHF have been shown to be affected by CSR.
This is the case for atrial natriuretic peptide, B-type natriuretic
peptide and ET, underlining the complex relationship that
exists between the respective mechanisms of CHF and CSR
[123-125].

An association between CSR-CSA and ventricular ectopy has
also been suggested, and a cause—-effect relationship evidenced
[126]. Ventricular premature beat frequency was also found to
be higher during periods of CSR-CSA than during periods of
regular breathing, either occurring spontaneously or induced
through inhalation of CO,. This increase in ventricular
premature beats might contribute to the higher mortality rates
reported in heart failure patients with CSR-CSA. Atrial
fibrillation (AF) has been shown to occur frequently in CHF
patients with CSR-CSA [115, 127]. It has been evidenced that
AF represents a predictive factor for CSR-CSA and also a risk
factor for decreasing cardiac output when treating these
subjects with CPAP [128]. LEUNG ef al. [129] showed a
markedly increased prevalence of AF among patients with
idiopathic CSA in the absence of CHF. This high AF prevalence
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was not explainable by the presence of hypertension or
nocturnal oxygen desaturation, since both factors were more
strongly associated with OSA. This, therefore, favours a
specific role of CSR-CSA in promoting AF independently of
CHF, with the mechanisms remaining to be elucidated.

All of these factors, i.e. sympathetic activation and other
biological changes, ventricular ectopy and AF, may act, in
variable part, as deleterious factors regarding cardiac function
and contribute to aggravate heat failure. Thus, there is a
rationale for viewing CSR-CSA not only as a marker of the
severity of CHF but also as a risk factor for heart failure
aggravation. Sympathetic activation, in increasing BP and
cardiac frequency, increases myocardial oxygen demand in the
face of reduced supply. This chain of events contributes to a
pathophysiological vicious cycle [130].

CSR-CSA may, for these reasons and independently of other
risk factors, elevate the risk of mortality in CHF two- or three-
fold [131, 132]. However, there are not many evidence-based
studies so this has been challenged. In a recent study of 78
patients aged 53 +9 yrs with an LVEF of 19.9 +7.2%, 29% had
no apnoea, 28% had OSA and 42% had CSR-CSA at baseline.
At 52 months, their overall mortality was 40% and the event
rate (death or heart transplantation) was 72%. Mortality rates
were similar between the three apnoea groups. Moreover,
survivors had a similar prevalence of SDB (71%) to non-
survivors (70%), and multivariate analysis identified trans-
plantation but not SDB type or severity as a significant
predictor of survival [133]. There are very recent data,
however, to support a significant impact of CSR-CSA on
mortality [132]. Patients with systolic heart failure presenting
with or without CSR-CSA (n=88) were followed for
51 months. Their mean AHI was 34+25 events-h?, with
mainly central apnoeas. The median survival of patients with
CSR-CSA was 45 months compared with 90 months for those
without CSR-CSA. The other two variables that correlated with
poor survival were severity of right ventricular systolic
dysfunction and low diastolic BP. Overall, there is evidence
for increased morbidity and possibly mortality in CHF patients
presenting with CSR-CSA. It is, however, mandatory that this
be firmly established in large-scale studies. However, another
means of demonstrating such a link is to look at CSR-CSA
treatment effects.

Treatment

Short-term CPAP application, in patients with stable CHF, has
been shown to reduce left ventricular afterload [134], increase
stroke volume in patients with an elevated left ventricular
filling pressure [135] and reduce adrenergic tone [136]. Long-
term nightly use of CPAP over 1-3 months has been shown to
alleviate CSR-CSA [137, 138], increase LVEF [139] and
inspiratory muscle strength [140], and reduce mitral regurgita-
tion, atrial natriuretic peptide levels [123] and adrenergic tone
[141]. It has also been shown to improve quality of life [139].
Furthermore, there is evidence, in patients with CHF and CSR-
CSA, that nightly administration of CPAP can attenuate CSR-
CSA, improve cardiac function and alleviate symptoms of
heart failure [139]. It has also been suggested that CPAP can
reduce the combined mortality—cardiac transplantation rate in
those CHF patients with CSR-CSA who comply with therapy
[131]. However, the major limitation of these trials was the
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inclusion of only small samples. Thus, the Canadian
Continuous Positive Airway Pressure for Patients with
Central Sleep Apnea and Heart Failure trial represented the
first large-scale randomised controlled trial performed in the
field. The first report did not confirm any reduction in
mortality, although there was a significant improvement in
heart function. This was related to an initial increase in
mortality that remained unexplained in the initial report [142].
However, a complementary analysis has recently been
performed, published in 2007, demonstrating that the correc-
tion of respiratory events observed in part of this CSR-CSA
population under CPAP led to a significant improvement in
mortality in the CPAP responders [143]. This finding certainly
supports a critical role for CSR-CSA in heart failure outcome,
although it needs further confirmation in further randomised
controlled trials. Moreover, other modes of positive airway
pressure, such as assisted servo-ventilation, being apparently
more acceptable to heart failure patients and more effective in
CSR-CSA and for heart function [114, 144], are currently under
investigation in large multicentric controlled trials.

Establishing the role of hypoxia in this context

Although there are very few specific data, several issues can be
raised. There is a contribution of nocturnal hypoxia in
promoting sympathetic activity in CSR-CSA. The additive
effect of CSR-CSA to sympathetic activity in heart failure has
been demonstrated previously [145]. Nocturnal hypoxia is
likely to play a role in this context. Indeed, the reversibility of
this sympathetic activation during CPAP is also of importance
[141]. When applying CPAP, although there is a clear
mechanical effect in reducing left ventricular transmural
pressure, the beneficial effect on sympathetic activity, cardiac
function and overall outcome appears exclusively in heart
failure patients with CSR-CSA, when compared with patients
without CSR-CSA [131]. Finally, it is of major importance to
note that only CPAP-treated heart failure patients being
corrected for their respiratory events exhibit a significant
improvement in outcome [143]. Thus, although hypoxia is
usually moderate and less severe in CSR-CSA compared to
OSA, it also seems critical in this context.

OBESITY HYPOVENTILATION SYNDROME

OHS includes both obesity and daytime hypercapnia [1], and
involves either hypoventilation, apnoeas or both during sleep.
Such patients exhibit undiagnosed daytime hypercapnia [146].
They also frequently present with pulmonary hypertension
and cor pulmonale [147]. Use of healthcare resources [148],
rates of hospitalisation and early mortality are increased in
OHS patients [146]. Noninvasive ventilation (NIV) is the first-
line therapy in patients with OHS [149]. Patients show good
compliance rates with NIV [150], and the therapy is effective in
terms of clinical status and blood gas improvements [149-151].

The pathophysiology of OHS results from complex interac-
tions, among which are increased work of breathing related to
obesity, normal or diminished ventilatory drive, various
associated SDB (i.e. obstructive apnoeas and rapid eye move-
ment sleep hypoventilation) and neurohormonal changes, such
as leptin resistance [147]. Leptin is produced primarily by
white adipose tissue. This hormone elicits appetite suppression
and weight loss. Circulating plasma leptin levels reflect the
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amount of energy storage in adipose tissue and increase
exponentially with increasing fat mass. Plasma leptin levels
also respond to short-term energy imbalance, increasing
during periods of overfeeding and decreasing with fasting.
The hormone activates specific receptors located at several
sites throughout the brain but plays a key role at the
hypothalamus, in particular, where it alters the expression of
several hypothalamic neuropeptides. One of the most impor-
tant, neuropeptide Y (NPY), is a potent stimulator of food
intake and activator of the hypothalamic-pituitary-gonadal
axis. Leptin inhibits synthesis of hypothalamic NPY, and
downregulation of NPY is associated with appetite suppres-
sion, increased sympathetic nervous system outflow and
increased energy expenditure. Increased leptin levels activate
the thyroid hormone, gonadal and growth hormone axes and
suppress the pituitary-adrenal axis. Circulating leptin levels
are typically higher than normal in human obesity, indicating
and contributing to a leptin-resistant state. This resistant state
is partial, since there is a loss of appetite suppression during
which the increase in sympathetic activity is maintained [152].

Apart from its anti-obesity effects, leptin exerts important
physiological effects on the control of respiration [153]. Mice
lacking the gene responsible for production of leptin (ob/ob
mice) demonstrate hypoventilation in addition to marked
obesity. Furthermore, these animals exhibit an impaired
hypercapnic ventilatory response (HCVR) during both wake-
fulness and sleep [154]. During rapid eye movement sleep, the
HCVR is absent in ob/0b mice. This HCVR impairment in ob/ob
relative to wild-type mice cannot be attributed to the
mechanical effects of obesity since it precedes the development
of the latter. Furthermore, leptin replacement studies in ob/ob
mice have shown improvements in baseline minute ventilation
and HCVR during wakefulness and sleep under experimental
conditions that prevented a concomitant weight change in the
animal [152, 154]. Most patients with OHS suffer from OSA,
and, in many (but not all) cases, treatment of OSA with nasal
CPAP restores daytime eucapnia. In some patients, OHS
cannot be explained on the basis of OSA, and daytime
hypercapnia appears to result from inadequate physiological
compensation for the development of obesity alone. Thus
leptin may play a central role in OHS pathophysiology with
respect to CO, response [147, 155-159] and also OHS-
associated morbidity. Leptin may be a modulator of respira-
tory drive in both obese [157] and OHS patients [158]. NIV, the
first-line treatment in OHS, results in improvement in daytime
and night-time blood gas levels, CO, ventilatory response and
serum leptin levels [147, 155, 158]. There is also an improve-
ment in vigilance, linked to the CO, response changes under
NIV [160]. Both vigilance and cardiovascular morbidity may be
dependent upon leptin, as well as on other inflammatory
cytokines (see later).

Indeed, adipose tissue is able to express numerous other
adipokines that are involved in energy homeostasis, as well as
in vascular and endothelial physiology (TNF-o, interleukin-6,
complement factors, angiotensinogen, resistin, adipocyte dif-
ferentiation factor and nitric oxide; fig. 3). These adipokines
are thought to be the mediators of endothelial injury and
atherosclerosis. Although most adipokines promote insulin
resistance and endothelial dysfunction, adiponectin protects
against these disorders. Adiponectin levels are decreased in
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FIGURE 3. Effect of hypoxia on adipokines and their interactions with insulin
metabolism and endothelial function. The main factors involved are leptin,
angiotensinogen (Ang), resistin, C-reactive protein (CRP), tumour necrosis factor
(TNF)-a. and plasminogen activator inhibitor-1 (PAI-1). Leptin promotes (red arrows)
insulin resistance and endothelial dysfunction, whereas adiponectin is protective
(blue arrows). Obesity, a state of leptin resistance and endothelial dysfunction, also
exhibits hypoxia, which is known to activate (red arrow) promoting adipokines and
inhibit (blue arrows) adiponectin production. In obesity hypoventilation syndrome,
obesity and night-time hypoxia and hypercapnia might act synergistically in
producing inflammation at the systemic and vascular level, and in promoting
metabolic and cardiovascular dysfunction. HDL: high-density lipoprotein; OxLDL:
oxidised low-density lipoprotein; CD40L: CD40 ligand; VCAM-1: vascular cell
adhesion molecule-1; ICAM-1: intercellular adhesion molecule-1; +: activation/
promotion; -: inhibition/protection; | : decrease; 1 : increase. Modified from [161]
with permission from the publisher.

obesity [162] and inversely correlate with cardiovascular
morbidity. With both systemic hypoxia and tissue ischaemia,
adipokine levels are altered, with downregulation of adiponectin
expression [163] and upregulation of plasminogen activator
inhibitor-1 [164] and leptin through hypoxia-inducible factor 1o
activation.

Thus, in obesity hypoventilation, a condition in which resistance
to leptin, obesity and, usually, severe nocturnal hypoxia occur,
there is possible insulin resistance and endothelial dysfunction
resulting from systemic and adipose tissue hypoxia. The role of
nocturnal hypoxia resulting from nocturnal hypoventilation
and recurrent apnoeas, when present, may be critical. It might
explain, at least partly, the excess of morbidity and mortality
occurring in OHS.

CONCLUSIONS

The hypoxic insult occurring during sleep-disordered breath-
ing varies from one condition to another. However, there are
common cardiovascular and metabolic morbidities in these
various conditions. There are major differences with contin-
uous hypoxia, suggesting specific pathways originating from
the occurrence of oxidative stress and inflammatory cascade
activation. Hypoxia seems to be the major factor in morbidity.
Despite the great scientific advances of the past years in this
field, the cellular and molecular mechanisms involved during
intermittent hypoxia remain to be fully elucidated.
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