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and Sudden Death                     
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        Sleep is an orchestrated neurochemical process involving different biological sys-
tems. Many theories have attempted to explain the biological meaning of sleep 
including a primary restorative function, a central role in reinforcement, and consoli-
dation of memory, and an important place for thermoregulatory processes. Despite 
the lack of a general consensus on its purposes, the brain mechanisms controlling 
sleep and wakefulness as well as the associated changes in cardiovascular and respi-
ratory function are largely known. The autonomic nervous system is of paramount 
importance in the regulation of the cardiovascular function during sleep, and it can 
also mediate cardiovascular events occurring during sleep as a result of cardiovascu-
lar diseases or primary sleep disorders such as sleep-disordered breathing. 

 The aim of this chapter is to review the autonomic effects of normal sleep and of 
sleep-related breathing abnormalities, the relationship of the autonomic nervous sys-
tem to arrhythmogenesis and sudden death, and the role of the autonomic nervous 
system in mediating cardiovascular consequences of sleep apnea in heart failure. 

8.1     The Cardiovascular System and Sleep Architecture 

 Polysomnography is the standard tool used to study the overall sleep process and diag-
nose sleep disorders. It involves the recording of the electroencephalogram (EEG), the 
electro-oculogram (EOG), and the electromyogram (EMG). Based on these signals, 
sleep is divided into two strikingly distinct states: non-rapid eye movement (NREM) 
sleep and rapid eye movement (REM) sleep. NREM sleep is subdivided further into 
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light sleep (NREM1 and NREM2 or N1 and N2) and deep sleep (NREM3 or N3, 
sometimes referred to as slow wave sleep). NREM and REM occur in a cycle that is 
repeated four to six times every night, each cycle lasting approximately 90–110 min. 

 A normal sleep cycle begins with light N1 sleep, during which the theta waves 
(4–7 Hz) replace the alpha rhythm (8–13 Hz) of wakefulness. As sleep approaches, 
muscle activity, which is highest during wakefulness, starts to decrease. With transi-
tion to N2, sleep spindles and K complexes appear in the EEG, thus signaling the 
increasing depth of sleep. Sleep spindles are bursts of rapid, rhythmic brain wave 
activity in the range 12–15 Hz, while K complexes are slow (>4 Hz), large waves 
that stand out from the background with a negative than a positive defl ection. In N3, 
the EEG pattern is characterized by synchronized high-amplitude (>75 μV), slow 
(0.5–3 Hz) delta waves. Slow wave sleep is associated with no eye movements and 
with a higher arousal threshold and a further decline in muscle tone than during 
lighter sleep. In contrast with the synchronized activity of NREM sleep, REM sleep 
is characterized by a very intense and desynchronized EEG activity (similar to 
wakefulness) coupled with a complete loss of muscle tone, bursts of rapid eye 
movements, and irregularities in respiration and heart rate. 

 It has to be underscored, however, that this sequence of sleep stages (N1, N2, N3, 
REM) undergoes some changes as sleep progresses from cycle to cycle. In the fi rst 
cycle, sleep begins in N1 and progresses into N2 and N3. Afterward, N2 sleep is 
repeated before entering REM sleep. Once REM sleep is over, there is usually a 
return to N2 sleep. Thus, N1 sleep accounts for <5 % of total sleep as it usually 
occurs at sleep onset and as a transitional state across the night. N2 sleep occurs 
constantly through the night and represents about 45–55 % of sleep. N3 sleep, 
which represents about 15–25 % of total sleep time, is predominant in the fi rst half 
of the night. The fi rst cycle of REM sleep usually lasts only a short amount of time 
and becomes progressively longer at each new sleep cycle. REM sleep can last up 
to an hour as sleep progresses, amounting to 20–25 % of total sleep time [ 1 ]. 

 Substantial changes in cardiovascular function occur during sleep being medi-
ated by the autonomic nervous system. However, it has to be emphasized that car-
diovascular activity during sleep may not only be a consequence of sleep 
mechanisms, but may also refl ect the infl uence of the circadian system [ 2 ]. Under 
normal circumstances, there is a fall in blood pressure and heart rate during NREM 
sleep as compared to relaxed wakefulness [ 3 ]. Blood pressure and heart rate may 
also be lower in slow wave sleep than stage 2 [ 4 ,  5 ]. During REM sleep, blood pres-
sure undergoes frequent marked oscillations and heart rate becomes very variable. 
This behavior has led to contradictory results in the literature whenever mean values 
have been reported. Actually, both blood pressure and heart rate can further decrease 
during tonic REM sleep as compared to NREM, while they transiently increase to 
levels similar to wakefulness in association with phasic REM events [ 6 ].  

8.2    The Autonomic Nervous System During Sleep 

 The autonomic nervous system with its two branches, the sympathetic and the para-
sympathetic systems, working in a delicately tuned, yet opposing fashion, provides 
adaptation of the cardiovascular system to the various activities of daily life. While 
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the sympathetic system increases heart rate, myocardial contractility, and peripheral 
resistance, the parasympathetic system slows heart rate with a limited effect on 
cardiac contractility. It is worth noting that not only the sinus node but also the elec-
trophysiological properties of the entire heart are modulated by these antagonistic 
infl uences [ 7 ]. The autonomic outfl ow to the heart and the peripheral circulation is 
regulated by cardiovascular refl exes, among which the arterial barorefl exes repre-
sent the primary mechanism for homeostatic control of arterial pressure and the 
maintenance of the optimal perfusion of critical organs. The barorefl ex control of 
circulatory homeostasis occurs on a negative feedback basis. Generally, an increase 
in the loading condition of the baroreceptors by a rise in systemic arterial pressure 
increases their discharge to the cardiovascular control center in the brainstem that 
initiates appropriate compensatory responses, including an increase in the vagal 
outfl ow and a decrease in the sympathetic outfl ow to the heart and blood vessels. 
Conversely, an opposite response is elicited when the arterial baroreceptors are 
unloaded by a decrease in systemic arterial pressure. 

 It is worth to underscore that high brain centers continuously modulate barore-
ceptor responses and cardiovascular refl exes according to behavioral and physiolog-
ical conditions. In particular, the sleep-dependent changes in cardiovascular function 
result from the integration between cardiovascular refl exes and central command 
that are specifi c to each sleep stage [ 8 ]. 

 The fi rst description that sleep alters the function of the arterial baroreceptors 
(i.e., that during sleep the baroreceptors do not follow the operating logic of wake-
fulness) dates back to 1969 when Smyth et al. [ 9 ] reported the occurrence of a 
nocturnal reduction of heart rate and arterial pressure as well as an increased gain of 
the refl ex arc in the majority of subjects under study (Fig.  8.1 ), thereby suggesting 
that “fl uctuations in the level of arousal might in turn alter the activity of barorecep-
tor refl exes and of other autonomic mechanisms.”
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  Fig. 8.1    Barorefl ex changes with sleep in one subject. Each line represents one barorefl ex sensi-
tivity estimation.  A  average systolic pressure awake, both before and after sleep,  S  average systolic 
pressure during slow wave sleep (Reproduced with permission from Ref. [ 12 ])       
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   Although the neural mechanisms involved in the complex integration between 
sleep stages and cardiovascular refl exes are not completely known, the available 
evidence indicates that NREM sleep is characterized by a progressive decrease in 
neural sympathetic nerve activity [ 10 ] with an accompanying parasympathetic pre-
dominance [ 6 ,  11 ], and a downward resetting of the arterial baroreceptor refl ex [ 12 , 
 13 ]. The relative autonomic stability of NREM sleep is, however, interrupted by 
those burst of sympathetic nerve activity that are observed on the occurrence of 
arousals [ 10 ]. The resulting phasic increase in arterial pressure does not evoke the 
bradycardic response which would be expected due to the arterial barorefl ex, but 
rather an increase in heart rate. 

 A marked sympathetic activation and instability in blood pressure and heart rate, 
likely of central origin, also characterize phasic REM sleep, during which sudden 
bursts of sympathetic nerve traffi c, about twice the level seen during wakefulness, 
are documented [ 10 ]. As these increases in sympathetic activity are interspersed 
between the predominantly parasympathetic activity of tonic REM periods, this 
sleep stage as a whole appears to induce complex fl uctuations in autonomic 
function. 

 In light of the lengthening of REM cycles as sleep progresses, it has been hypoth-
esized that REM sleep represents a vulnerable state for the cardiovascular system 
that can set the stage for nocturnal arrhythmias and cardiovascular events [ 10 ,  14 , 
 15 ]. The fl uctuations in autonomic activity across sleep stages and their impact on 
arrhythmia susceptibility may become particularly dangerous in the context of 
underlying cardiovascular diseases that are often associated with a deranged 
sympatho- vagal balance [ 16 ]. It has been described that after myocardial infarction, 
the loss in the capability of the vagal activity to physiologically increase during 
sleep results in a condition of relative sympathetic dominance even during NREM 
sleep, normally described as a condition at low risk for lethal events [ 17 ]. However, 
it is the sympathetic surge of the normal morning transition from sleep to wakeful-
ness that has been more consistently implicated in the early morning peak in the 
occurrence of sudden death and implanted defi brillator discharges [ 18 ,  19 ].  

8.3    The Respiratory System During Sleep and Sleep Apnea 

 Falling asleep removes postural muscle tone, voluntary respiratory control, and the 
wakefulness stimulus for breathing, leaving metabolic demand as the primary deter-
minant of minute ventilation [ 20 ]. 

 The sensors for chemical stimuli include the central and peripheral chemore-
ceptors. With increasing hypoxemia and hypercapnia, the carotid bodies send 
afferent impulses to the medullary centers to increase ventilation. Similarly, with 
hypercapnia, linear changes in ventilation occur in response to central chemore-
ceptor stimulation. The control of ventilation is organized as a negative feedback 
system to maintain the PaCO 2  at approximately 40 mmHg during wakefulness. 
Three main factors determine the stability of this control system [ 21 ,  22 ]: 
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controller gain (the ventilatory response to changes in arterial blood gas tensions), 
plant gain (the responsiveness of changes in arterial blood gases to changes in 
ventilation), and system delays (the combined effect of circulation time from the 
lungs to chemoreceptors and of phase shifts resulting from mixing and diffusion 
processes in the lungs, heart, vasculature, and brain tissues). In general, both the 
hypoxic and hypercapnic ventilatory responses – that represent the important ele-
ments of the controller gain in the respiratory control loop – decline during NREM 
sleep and decline further with REM sleep [ 23 ]. Thus, the transition from wakeful-
ness to NREM sleep is accompanied by a decrease in ventilation (largely through 
a decrease in tidal volume) associated with an increase in upper airway resistance. 
As a result, the sleep eupneic PaCO 2  increases by 2–7 mmHg, and oxygen satura-
tion decreases by 1–3 %. While reductions in PaCO 2  during wakefulness have no 
or limited effects on the breathing pattern, in NREM sleep small transient reduc-
tions in PaCO 2  (even only to the waking levels) result in signifi cant apnea [ 24 ]. 
Breathing during REM sleep is characteristically more rapid than during NREM 
sleep (despite muscle atonia) as a consequence of an excitatory drive to breath. 
Periods of hyperventilation are interspersed with period of more regular respiration 
and apneas of varying length. 

 In most healthy subjects of any age, the loss of wakefulness infl uences on neuro-
chemical control of breathing and airway patency during sleep is of minor physio-
logical consequences. In some other healthy subjects, and even more in individuals 
with cardiac abnormalities, these changes predispose to respiratory abnormalities 
during sleep, generally referred to as sleep-disordered breathing. Commonly, sleep-
disordered breathing is divided into “central,” denoting an absence or marked reduc-
tion in central motor drive to respiratory muscle and “obstructive” events which are 
comprised of respiratory efforts against a narrowed or closed upper airway.  

8.4    Sleep Apnea in Heart Failure 

 Both obstructive sleep apnea (OSA) and central sleep apnea (CSA) are a common 
comorbidity in patients with heart failure (independently of reduced or preserved 
left ventricular function) (Figs.  8.2  and  8.3 ), occurring approximately in half of 
them despite optimal pharmacological therapy [ 25 – 27 ].

    Irrespective of their origin, central or obstructive, such disorders typically mani-
fest as a cyclic waxing and waning of tidal volume [ 28 ,  29 ], a pattern commonly 
referred to as periodic breathing [ 28 ]. 

 Using an apnea-hypopnea index (AHI, the number of apneas or hypopneas per 
hour of sleep) ≥15/h as a diagnostic threshold, the prevalence of OSA and CSA in 
patients with chronic stable heart failure and reduced ejection fraction ranges from 
15 % to 26 % [ 25 – 27 ] and from 21 % to 38 % [ 25 – 27 ], respectively. 

 As for the relative distribution of OSA and CSA, data from previous investiga-
tions range from 28 % vs. 72 % [ 25 ,  26 ,  30 ] to 55 % vs. 45 % [ 27 ], respectively. 
However, it has to be underscored that many of these patients experience during the 
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  Fig. 8.2    A 3-min polysomnogram of a patient with heart failure revealing three obstructive 
apneas during stage 2 NREM sleep and REM sleep. Note the futile respiratory efforts associated 
with hypoxemia (min SpO 2 , 87 %) terminated by an abrupt arousal. Abbreviations: F3-A2, F4-A1, 
C3-A2, C4-A1, O1-A2, O2-A1, electroencephalograms,  EOG  electro-oculogram,  EMG  chin elec-
tromyogram,  ECG  electrocardiogram,  Therm  thermistor,  Thor  thorax,  Abd  abdomen       

  Fig. 8.3    A 3-min polysomnogram of a patient with heart failure revealing three central apneas 
during stage 2 NREM sleep. Abbreviations as in Fig.  8.2        
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same night varying degrees of both central and obstructive sleep apneas [ 31 ]. 
Compared to patients without sleep apnea or OSA, patients with CSA have a worse 
hemodynamic profi le and higher NYHA class [ 32 ]. 

 It is recognized that heart failure contributes to the development of CSA and 
OSA by several mechanisms. First, in patients with heart failure, the ventilatory 
control system may become unstable and give rise to self-sustaining ventilatory 
oscillations owing to a long circulatory delay and an increased loop gain brought 
about, respectively, by impaired hemodynamics and augmented chemosensitivity 
[ 33 ,  34 ]. Second, the presence of a narrowed CO 2  reserve enhances the susceptibil-
ity to central apneas [ 35 ]. Third, overnight rostral fl uid displacement from the legs 
may cause fl uid accumulation in the neck and lungs, thereby predisposing to the 
occurrence of OSA (due to the increased collapsibility of upper airways) and CSA 
(due to an increase in pulmonary congestion leading to worsening of the lung func-
tion and to stimulation of pulmonary vagal receptors, both of which would promote 
ventilatory instability) [ 36 ,  37 ]. 

 The hallmark of sleep-disordered breathing – being central or obstructive in 
nature – is the triggering of intermittent episodes of hypoxemia and hypercapnia 
and of arousals which cause fragmentation of physiological sleep [ 38 ]. These events 
take place in repetitive cycles during sleep and induce the activation of a number of 
pathophysiological consequences including sympathetic activation, endothelial 
dysfunction, oxidative stress, metabolic dysregulation, and infl ammation [ 39 ,  40 ], 
which have been shown to impact on the clinical outcome [ 41 ,  42 ]. Interestingly, in 
heart failure patients, disordered breathing also occurs during day time, possibly 
contributing to poor prognosis [ 43 ].  

8.5    Sleep Apnea and the Autonomic Nervous System 
in Heart Failure 

 Autonomic cardiovascular control may be importantly implicated as a potential link 
between sleep-disordered breathing and its pathophysiological consequences. 
Autonomic responses to apnea are complex and mainly involve chemorefl ex and 
barorefl ex regulation. 

 In OSA patients, several studies have demonstrated that recurrent nocturnal 
apneas are followed by sympathetic activation [ 44 ] and impaired barorefl ex control 
[ 45 ] that persist during daytime wakefulness [ 44 ,  46 ], thus leading to a chronic 
dysfunction in autonomic balance (Fig.  8.4 ). Interestingly, the OSA-induced baro-
refl ex dysfunction can be partly reversed following effective continuous positive 
airway (CPAP) treatment [ 47 ].

   It is currently thought that in patients with heart failure, sleep-disordered breath-
ing causes cyclical increases in sympathetic nerve activity which results from the 
complex interplay of several mechanisms, including: (i) the refl ex cardiac response 
to cyclical stimulation of chemoreceptors by hypoxia and hypercapnia, (ii) central 
effects of the cyclical increase in inspiratory drive and of arousals from sleep on 
sympathetic outfl ow, and (iii) the elimination of refl ex inhibition of sympathetic out-
fl ow by pulmonary stretch receptors during obstructive apneas [ 37 ,  48 ,  49 ]. 
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 In patients with heart failure, the sympathetic activation that accompanies sleep- 
disordered breathing may signifi cantly add to the already existing autonomic dys-
function that characterizes heart failure [ 50 ], thus contributing to the progression of 
the disease. Not only awake sympathetic activity – as assessed by microneurogra-
phy – was signifi cantly higher in patients with heart failure and either obstructive or 
central sleep apnea [ 51 ], but also baroreceptor sensitivity was found to be signifi -
cantly more depressed when compared to patients with similar cardiac function but 
without breathing disorders [ 52 ].  

8.6    Sleep Apnea and Sudden Death in Heart Failure 

 It has been previously shown how sleep apnea can be the cause of a derangement in 
autonomic cardiovascular control resulting in sympathetic overactivity [ 44 ,  45 ]. 
Moreover, the autonomic effects of arousals that can occur hundreds of times per 
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  Fig. 8.4    Recording of sympathetic neural activity ( SNA ), respiration ( RESP ), and intra-arterial 
blood pressure ( BP ) in the same subject when awake, with obstructive sleep apnea during REM 
sleep and with elimination of obstructive apnea by CPAP therapy during REM sleep. SNA is very 
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REM. Blood pressure increases from 130/65 when awake to 256/110 at the end of the apnea. 
Elimination of apneas by CPAP results in decreased nerve activity and prevents BP surges during 
REM sleep (Reproduced with permission from Ref. [ 44 ])       
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night in patients with sleep-disordered breathing, also provide the milieu for an 
increased arrhythmia susceptibility. Clinical data support an increased risk for noctur-
nal arrhythmia and sudden death in patients with sleep-disordered breathing. In the 
Sleep Heart Health Study, not only the prevalence of nonsustained ventricular tachy-
cardia was signifi cantly higher in subjects with sleep-disordered breathing as com-
pared to those without [ 53 ], but also the relative risk of the occurrence of an arrhythmia 
was markedly increased within 90 s after a respiratory disturbance in subjects with 
sleep-disordered breathing [ 54 ]. A retrospective analysis on death certifi cates of 
patients known to have OSA demonstrated a shift to nighttime (from midnight to 
6 am) in the circadian distribution of sudden death as compared to the usual early 
morning peak of subjects without OSA in the general population [ 55 ]. In a large study 
on 10,701 consecutive adults undergoing a diagnostic polysomnogram who were fol-
lowed up to 15 years, OSA predicted incident sudden cardiac death, and the magni-
tude of risk was predicted by multiple parameters characterizing OSA severity [ 56 ]. 

 The role of the autonomic nervous system in triggering cardiac arrhythmias 
might be particularly relevant with regard to arrhythmic events taking place in 
patients with heart failure and sleep-disordered breathing. Several studies in patients 
with heart failure reported that the presence of both obstructive and central sleep 
apnea poses an independent risk factor for the occurrence of malignant arrhythmias 
documented by implantable cardioverter defi brillator therapies [ 57 ,  58 ]. In a study 
analyzing the circadian pattern, a striking increase in the incidence of ventricular 
arrhythmias occurring during the sleep period as opposed to periods of wakefulness 
was observed in patients with sleep-disordered breathing [ 59 ] (Fig.  8.5 ). Finally, a 
major impairment of the autonomic control has also been documented in patients 
with SDB and ventricular arrhythmias suggesting that sympathetic overactivity and 
vagal withdrawal are important contributing mechanisms [ 60 ].
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      Conclusions 

 The autonomic nervous system is deeply involved in the mechanisms mediating 
the cardiovascular effects of sleep within its different stages. Autonomic cardiac 
control during sleep is characterized by a vagal predominance for most of the time 
that is interrupted by bursts of sympathetic activity during arousals in NREM 
sleep and even more during the phasic REM sleep periods. The autonomic fl uc-
tuation during sleep associated with the lasting sympathetic activation that occurs 
in many cardiovascular diseases, particularly heart failure, sets the stage for an 
increased susceptibility to life-threatening arrhythmias. Sleep apneas, which are a 
common comorbidity in patients with heart failure, further complicate the picture 
of autonomic dysregulation and the risk of cardiac events in these subjects by 
eliciting a further sympathetic activation mostly due to the associated oxygen 
desaturation and recurrent arousals. Further understanding of the pathophysiolog-
ical pathways linking sleep disorders to cardiac events is however important to 
improve clinical management and reduce cardiovascular risk.     
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