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“To sleep, perchance to dream. Ay, there’s the rub” - 
Hamlet I,3 

1. Introduction 

The tranquility of slow wave sleep is abruptly disrupted 
several times a night by major changes in brain physiology 
that cause rapid eye movement (REM) sleep and dreaming. 
This is Hamlet’s “rub,” when the dreaded psychologic 
tumult is played out. In patients with cardiovascular dis- 
ease, dire consequences may be precipitated by the intense 
alterations in autonomic activity which accompany dream- 
ing. 

Sudden cardiac death, defined as unexpected death 
within 1 h of onset of symptoms, occurs during the 
nocturnal period at an annual rate of 36000 in the United 
States. This amounts to nearly 80% of the number of 
fatalities due to automobile accidents or 40% more than 
deaths due to HIV infection. Since only 12% of all cardio- 
vascular deaths occur at night [l], and middle-aged adults 
spend approximately 25% of time asleep, it would appear 
at first glance that sleep is a time of relative protection 
against cardiovascular death. However, if one assumes that 
heightened susceptibility to sudden death coincides with 
periods of increased ischemia and arrhythmias, then car- 
diac mortality is likely to be concentrated during the 90 
min of REM. Thus, the relative risk for sudden death 
during REM sleep may be as high as 1.2 times that of 
wakefulness. Finally, the impact of sleep may be underes- 
timated by these statistics, since the final early morning 

bout of intensely phasic REM sleep could initiate coronary 
plaque disruption, with death delayed until wakefulness. 

Clinical reports have provided evidence that REM sleep 
and dreams play an even greater role in precipitating 
myocardial infarction and sudden death in patients already 
afflicted with coronary disease, myocardial infarction, or 
heart failure, in patients with respiratory disorders ranging 
from snoring to central and obstructive sleep apnea, in 
patients with the pause-dependent long QT syndrome or at 
risk for sudden infant death, and in Southeast Asians who 
experience “sudden unexpected death.” While nocturnal 
death can be viewed as a benign mode of exit, it is often 
premature, as it can occur in infants, adolescents, and 
adults with ischemic heart disease, for whom the median 
age is 59 years. 

This review has two main goals. The first is to discuss 
the physiologic and pathophysiologic mechanisms respon- 
sible for sleep-related sudden cardiac death. The second is 
to introduce the concept that the profound surges in auto- 
nomic activity during sleep may constitute a diagnostic 
stress test capable of disclosing undocumented cardiac 
electrical instability. This concept is not new, as it was 
explicitly proposed in the early 1920s by MacWilliam [2] 
that dreams constitute a period of increased risk for cardio- 
vascular mortality and morbidity because of heightened 
sympathetic activity. The renowned clinicians Samuel 
Levine [3] and Paul Dudley White [4] also stressed the 
importance of sleep in the genesis of angina and infarction. 
In the 1960s and 1970s Zanchetti, Mancia, and their 
colleagues [S], pioneers in the field of cardiovascular regu- 
lation during sleep, amassed considerable experimental and 
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clinical data underscoring the significant impact of REM 
and slow wave sleep on the cardiovascular system. How- 
ever, practical exploitation of the concept is only now 
being made possible by the development of noninvasive, 
portable technology for home-based monitoring of sleep 
state [6,7], autonomic function [8], and vulnerability to 
arrhythmias [9]. 

2. Central nervous system sites influencing cardiac 
electrical stability 

Because sleep ultimately exerts its influence on cardiac 
vulnerability through alterations in activity of the central 
(CNS) and peripheral autonomic nervous systems, it is 
worthwhile to summarize the state of our knowledge with 
respect to neural control of cardiac electrophysiologic and 
coronary hemodynamic function. Two major concepts have 
surfaced from extensive investigation of CNS-induced car- 
diac arrhythmias. The first is that triggering of arrhythmias 
by the central nervous system is not only the consequence 
of intense activation of the autonomic nervous system but 
is also a function of the specific neural pattern elicited. 
Thus, the balance in cardiac input from either limb of the 
autonomic nervous system and their interaction must be 
considered [lo- 141. 

The second pivotal concept is that triggering of arrhyth- 
mias by central nervous system activity may also depend 
on several intermediary mechanisms. These include direct 
effects of neurotransmitters on the myocardium and its 
specialized conducting system and changes in myocardial 
perfusion due to alterations in coronary vasomotor tone 
and/or enhanced platelet aggregability. The net influence 
on the heart thus depends upon a complex interplay be- 
tween the specific neural pattern elicited and the underly- 
ing cardiac pathology (Fig. 1). 

Over 80 years ago Levy demonstrated that ventricular 
tachyarrhythmias can be elicited in normal animals by 
stimulating specific areas in the brain [ 151. This finding 
was subsequently confirmed in several species. Hockman 
and colleagues, using stereotaxic techniques, demonstrated 
that cerebral stimulation and hypothalamic activation 
evoked a spectrum of ventricular arrhythmias [16]. The 
posterior hypothalamus is an important locus of centrally 
induced arrhythmias. Stimulation of this structure in- 
creased ten-fold the incidence of ventricular fibrillation 
elicited experimentally by occlusion of the coronary artery 
[17]. This enhanced vulnerability was linked to increased 
sympathetic activity, because beta-adrenergic receptor 
blockade but not vagotomy prevented it [18]. These find- 
ings are consistent with clinical reports that cerebral vascu- 
lar disease, and particularly intracranial hemorrhage, can 
elicit significant cardiac repolarization abnormalities and 
life-threatening arrhythmias [ 19,201. 

Arrhythmias also ensued immediately upon cessation of 
diencephalic or hypothalamic stimulation, but these re- 

i 
Platelet 

Fig. 1. The interaction between neural triggers and cardiovascular sub- 
strate during CNS-induced autonomic activation. As will be discussed in 
detail, stimulation of beta,-adrenergic receptors can decrease electrical 
stability directly as a result of changes in second messenger formation 
and alterations in ion fluxes. This deleterious influence is opposedby 
muscarinic receptor stimulation, which inhibits presynaptically the release 
of norepinephrine and opposes its action at the receptor level. Catechol- 
amines may also alter myocardial perfusion by complex means, including 
alpha-receptor stimulation of coronary vessels and platelets and by im- 
pairing diastolic perfusion time due to adrenergically mediated sinus 
tachycardia. (Reprinted with permission from the Kluwer Academic 
Rublirhers from [262].) 

quired intact vagi and stellate ganglia [21,22]. The likely 
electrophysiologic basis for such post-CNS stimulation 
arrhythmias is the loss of rate-overdrive suppression of 
ectopic activity. This occurs when the vagus regains its 
activity following cessation of centrally induced adrenergic 
stimulation. Accordingly, the enhanced automaticity in- 
duced by adrenergic stimulation of ventricular pacemakers 
is exposed when vagal tone is restored and slows the sinus 
rate, as Manning and Cotten proposed in their original 
article [211. Whereas these arrhythmias may be dramatic in 
appearance, as they include ventricular tachycardias, they 
rarely degenerate into ventricular fibrillation [23]. Their 
occurrence, however, is the basis for the widely held view 
that dual autonomic activation is highly conducive to 
arrhythmias, but this proarrhythmic effect has been erro- 
neously interpreted as profibrillatory [24]. 

Skinner and Reed have provided insights into the cen- 
tral nervous system pathways involved in behaviorally 
induced arrhythmias [25]. Cryogenic blockade of the thala- 
mic gating mechanism or its output from the frontal cortex 
to the brainstem delayed or prevented the occurrence of 
ventricular fibrillation during stress in pigs. Carpeggiani, 
Skinner and colleagues more recently showed that cryo- 
genic blockade of the amygdala is also capable of prevent- 
ing stress-induced ventricular fibrillation [26]. Thus, these 
distinct pathways within the central nervous system appear 
to play a critical role in mediating arrhythmogenesis due to 
intense behavioral arousal. Central nervous system regula- 
tion of cardiovascular function has been reviewed in depth 
by Smith and DeVito [27], Gutterman and colleagues [28], 
Jordan [29], Cechetto and Saper [30], LeDoux [31], and 
Skinner [24,32]. 
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3. Role of the peripheral autonomic nervous system Table 1 

3.1. Sympathetic injluences 

Direct cardiac electrophysiologic effects of sympathetic nervous system 
stimulation 

The sympathetic nervous system has been extensively 
implicated in the genesis of life-threatening arrhythmias 
both in animals and humans. It has been demonstrated in 
the experimental laboratory that activation of the sympa- 
thetic nervous system by stimulation of central [15- 
18,21,22] and peripheral adrenergic structures [33,34], in- 
fusion of catecholamines [35], or imposition of behavioral 
stress [10,36-411 can increase cardiac vulnerability in the 
normal and ischemic heart. These profibrillatory influences 
are substantially blunted by beta-adrenergic receptor block- 
ade [42]. A wide variety of supraventricular arrhythmias 
can also be induced by autonomic activation [23,43]. 

9 Shifts pacemaker from sinus node to junctional region 
0 Alters P-wave morphology 
0 Abbreviates P-R interval 
0 Increases Purkinje fiber automaticity 
0 Increases early afterdepolarizations 
0 Prolongs QT interval on body surface 
l Increases TQ depression and enhances reentry during 
acute myocardial ischemia 
l Decreases ventricular fibrillation threshold 
l Induces T-wave altemans in the long QT syndrome and 
during acute myocardial ischemia 

Reprinted with permission from reference [42]. 

Experimentally, we have found that a striking surge in 
sympathetic activity occurs within minutes of left anterior 
descending coronary artery occlusion. This phenomenon 
has been documented by both direct nerve recording mea- 
surements [44] and more recently by complex demodula- 
tion of heart rate variability [45]. The enhancement in 
sympathetic activity is associated with a marked increase 
in susceptibility to ventricular fibrillation as evidenced by 
the spontaneous occurrence of the arrhythmia [461, a reduc- 
tion in ventricular fibrillation threshold [44], and increased 
T-wave altemans magnitude [46-491. Upon reperfusion, a 
second peak in vulnerability occurs, probably due to libera- 
tion of ischemic byproducts from the myocardium 
[44,50,51]. Stellectomy blunts the surge in vulnerability to 
ventricular fibrillation during occlusion but enhances its 
magnitude during reperfusion. These observations are in 
agreement with the findings that adrenergic factors are 
pivotal during ischemia [52], and that stellectomy enhances 
reactive hyperemia during reperfusion [44]. The net effect 
is a greater release of profibrillatory ischemic byproducts. 

cardiac electrophysiologic properties are summarized in 
Tables 1 and 2. 

Enhanced sympathetic activity increases cardiac vulner- 
ability in the normal and ischemic heart by complex 
mechanisms. The major indirect effects include impaired 
oxygen supply-demand ratio due to increased cardiac 
metabolic activity and coronary vasoconstriction, particu- 
larly in vessels with injured endothelium and in the context 
of altered preload and afterload [53]. The direct profibrilla- 
tory effects on cardiac electrophysiologic function are 
attributable to derangements in impulse formation, conduc- 
tion, or both [13,23]. Increased levels of catecholamines 
activate beta-adrenergic receptors which in turn alter 
adenylate cyclase activity and intracellular calcium flux. 
These actions are probably mediated by the cyclic nu- 
cleotide and protein kinase regulatory cascade, which can 
alter spatial heterogeneity of calcium transients and conse- 
quently increase dispersion of repolarization. The net influ- 
ence is an increase in susceptibility to ventricular fibrilla- 
tion [54-561. Conversely, reduction of cardiac sympathetic 
drive by stellectomy has proved to be antifibrillatory. The 
extensive influences of the sympathetic nervous system on 

The protective influence of beta-adrenergic receptor 
blockade may result in part from blockade of central 
beta-adrenergic receptors [57-591. Parker and coworkers 
[59] have shown that intracerebroventricular administration 
of subsystemic doses of I-propranolol but not d-proprano- 
101 significantly reduced the incidence of ventricular fibril- 
lation during combined left anterior descending coronary 
artery occlusion and behavioral stress in the pig. Surpris- 
ingly, intravenous administration of even a relatively high 
dose of I-propranolol was ineffectual. The latter result may 
relate in part to a species dependence, since, unlike ca- 
nines, pigs do not show a suppression of ischemia-induced 
arrhythmias in response to beta-blockade [60]. Parker and 
coworkers proposed that the centrally mediated protective 
effect of beta-blockade is due to a decrease in sympathetic 
nervous system activity and in plasma norepinephrine con- 
centration [59,61,62]. Importantly, whereas central actions 
of beta-adrenergic receptor blockers may play an important 
role in reducing susceptibility to ventricular fibrillation 
during acute myocardial ischemia, they are unlikely to 
constitute the sole mechanism. This conclusion derives 
from the fact that beta-blockers prevent the profibrillatory 

Table 2 
Protective effect of stellectomy against sudden cardiac death 

Animal studies: 

0 Prevents malignant ventricular arrhythmias and decreases 
T-wave altemans and ventricular fibrillation threshold changes 
associated with acute coronary artery occlusion 
0 Reduces TQ depression and heterogeneity of repolarization 
during myocardial ischemia 
0 Prevents stress-induced cardiac vulnerability in response 
to aversive conditioning 
0 Abolishes REM sleep-related heart rate surges and reduction 
in coronary flow in the stenosed coronary circulation 
Human studies: 

0 Reduces mortality associated the long QT syndrome 
0 Decreases reinfarction and sudden death in post-myocardial 
infarction patients 

Reprinted with permission from reference [42]. 
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effect of direct stimulation of peripheral sympathetic struc- 
tures such as the stellate ganglia [34]. It is noteworthy that 
the three beta-blockers which have longterm effects on 
mortality, namely, propranolol, timolol, and metoprolol, 
are all lipophilic [63], whereas the longterm effects of 
beta-blockers which are less lipophilic have not been as 
extensively studied. Thus, it remains to be established 
whether the protective effect reflects a fundamental phar- 
macologic difference or is related to study design. Finally, 
it is quite possible that in the longterm, the differences in 
efficacy among agents based on lipophilicity are offset by 
diffusion of the agent across the blood-brain barrier. 

3.2. Parasympathetic influences 

Whereas there is substantial evidence indicating that 
enhanced sympathetic nervous system activity is generally 
profibrillatory, vagal activation can result in either benefi- 
cial or adverse effects. As will be discussed, the net effect 
depends on a complex interaction between neural influ- 
ences and intrinsic cardiovascular factors, including heart 
rate, arterial blood pressure, coronary blood flow, and the 
electrophysiologic state of the myocardium, e.g., whether 
there is ongoing ischemia or infarction. Furthermore, 
changes in vagal tone are often accompanied by simultane- 
ous activation of the sympathetic limb of the autonomic 
nervous system. These patterns are under both central and 
reflex control. 

3.2.1. Proarrhythmic effects of vagus nerve activation 
There are several conditions under which intense vagus 

nerve excitation can increase ventricular arrhythmogenesis. 
The first is when the vagus nerve is stimulated on a 
background of heightened adrenergic activity. For exam- 
ple, it has been shown that when the stellate ganglia are 
stimulated, activation of the vagus can lead to ventricular 
ectopic beats and even tachycardias. For many years, 
medical student laboratory demonstrations have shown that 
infusion of catecholamines followed by vagus nerve stimu- 
lation results in a plethora of ventricular premature beats 
and tachycardias. This classic demonstration has left an 
indelible impression in the minds of generations of clini- 
cians that vagal activation is deleterious. It has also been 
shown that the ventricular arrhythmias which ensue imme- 
diately following cessation of diencephalic or hypothala- 
mic stimulation require that both sympathetic and 
parasympathetic limbs be intact [21]. The highly arrhyth- 
mogenic effect resulting from sympathetic and parasympa- 
thetic interactions has been designated the “dual auto- 
nomic tone” theory of arrhythmogenesis by Skinner [24]. 
In a recent review article, he has attempted to explain 
neurally induced arrhythmias in terms of chaos theory 
involving rotating waves. 

However, there is a simpler explanation for all of these 
observations, which is based on fundamental principles of 
cardiac electrophysiology. Specifically, adrenergic stimula- 

*Vagus Stimulation 

6 Hours t 

26 mm/see 

Fig. 2. Vagal stimulation and ventricular pacing. Top: 2 h after coronary 
artery occlusion, vagal stimulation induces asystole which, after 2 sec- 
onds, is followed by couplets of ventricular ectopic beats. Second band: 2 
h after occlusion, when the ventricles are paced at a rate of 58 beats/mm 
during vagal stimulation, couplets do not appear. Third band: 6 h after 
coronary occlusion, within 0.5 seconds of vagal stimulation, VT appears 
at a rate of 100 beats/mitt, the concurrent sinus rate being 115 beats/mitt. 
Bottom: 6 h after occlusion, when the ventricles are paced before and 
during vagal stimulation at the sinus rate of 120 beats/mm VT does not 
appear during vagal stimulation. (Reprinted with permission from the 
American Heart Association from [64].) 

tion markedly increases automaticity of Purkinje fibers 
[23], and when the vagus nerve is activated on a back- 
ground of enhanced automaticity, the sinus node rate is 
markedly reduced, thereby permitting expression of latent 
pacemakers within the ventricles. This, in turn, results in 
diverse ventricular rhythms including ventricular ectopic 
beats, bigeminy, and tachycardias. However, it is critical to 
recognize that these rhythm disturbances are benign inas- 
much as they rarely culminate in ventricular fibrillation. 
Thus., dual activation of sympathetic and parasympathetic 
limbs in the normal heart is arrhythmogenic but not profib- 
rillatory. 

A second condition in which vagal activation has been 
shown to be arrhythmogenic is in the context of myocar- 
dial infarction. Within a few hours or days after total 
coronary artery occlusion in the experimental laboratory, 
stimulation of the vagus nerve can elicit premature beats 
and ventricular tachycardias. This effect, again, appears to 
be due to the fact that vagus nerve stimulation slows the 
sinus rate and exposes latent automaticity and triggered 
activity within the Purkinje fibers. When rate is fixed by 
ventricular pacing, activation of the nerve in the infarcted 
ventricle no longer elicits arrhythmias [64] (Fig. 2). Thus, 
the arrhythmias caused by vagus nerve stimulation are due 
to inhibition of the normal overdrive suppression of ven- 
tricular rhythms by sinoatrial node pacemaker activity. 
Similarly, by slowing heart rate, slow wave sleep may 
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result in firing of latent ventricular pacemakers and trig- 
gered activity. This mechanism may be relevant to the 
occurrence of ventricular ectopic activity in slow wave 
sleep in animals subjected to acute myocardial infarction 
[65]. It is important to emphasize that ventricular fibrilla- 
tion rarely occurs under these conditions [23] and did not 
occur in this sleep study of pigs undergoing infarction. 
Thus, vagal activation in the context of myocardial infarc- 
tion is proarrhythmic but not profibrillatory. 

3.2.2. Profibrillatory eflects of vagus nerve activation 
Vagus nerve activity can predispose to ventricular fibril- 

lation during acute myocardial ischemia, when the hy- 
potensive effect of vagally induced bradycardia is suffi- 
cient to depress coronary perfusion pressure. This phe- 
nomenon has been observed by Billman, Schwartz, and 
Stone [66] in dogs in which exercise has been superim- 
posed on a background of ischemia and prior infarction. In 
some animals, following cessation of exercise, a major 
slowing of heart rate occurred, presumably of vagal origin, 
and ventricular fibrillation ensued. Reflex activation of the 
sympathetic nerves in response to hypotension may have 
contributed to the onset of fibrillation. Clinically, severe 
hypotension, as occurs during hemorrhage, has been shown 
to increase coronary insufficiency and exacerbate myocar- 
dial ischemia [67]. 

The potential deleterious effects of vagus nerve stimula- 
tion on heart rhythm are summarized in Table 3. 

3.2.3. Antifibrillatory influences of vagus nerve activation 
In a milestone article published over 20 years ago, Kent 

and coworkers [68] provided evidence of a potent antifib- 

Table 3 
Effects of vagal stimulation on ventricular electrical stability 

Benejcial influences 

Vagal tone exerts a rate-independent increase in myocardial electrical 
stability which reduces vulnerability to ventricular fibrillation during 
myocardial &hernia 
The basis for the antifibrillatory influence is antagonism of adrenergic 
effects due to 
l Inhibition of norepinephrine release from nerve endings 
l Attenuation of response to catechohunines at receptor sites 
Vagal tone exerts additional protection due to its rate-slowing effect 
during myocardial &hernia and reperfusion by increasing diastolic 
perfusion time and reducing cardiac metabolic demand. 
Potentially deleterious effects 

The rate-slowing effect of vagal activation may expose latent pacemakers 
and lead to ventricular tachyarrhythmias during either enhanced sympa- 
thetic activity or during the early phase of recovery from myocatdial 
infarction. These arrhythmias rarely degenerate into fibrillation and thus 

this constitutes a proarrhythmic but not protibrillatory action. 
Beneficial effects of vagal activity may be vitiated if profound bradycar- 
dia leads to hypotension, exacerbation of myocardial &hernia, and reflex 
sympathetic activation. This potentially deleterious action may operate 
during the acute phase of a myocardial infarction, especially when 
mechanical function of the heart is compromised. 

Adapted from reference [42]. 

CONTROL 
HR 200 b,/min 

CA0 70 set 

VAGAL STIMULATION 
HR 160 

CA0 70sec 

, 1 set, 

Fig. 3. ECG recording in a representative canine during a test involving 
submaximal exercise followed by occlusion of the circumflex coronary 
artery. The intact right cervical vagus nerve was electrically stimulated a 
few seconds after the beginning of the occlusion. Upper tracing: control 
test. Ten seconds after cessation of exercise, ventricular tachycardia 
occurred and degenerated into fibrillation. Lower tracing: test with vagal 
stimulation. The animal had no ventricular arrhythmia. (Reprinted with 
permission from the American Heart Association from [71].) 

rillatory effect of vagus nerve stimulation in dogs. They 
found that electrical excitation of the cardiac end of the 
cervical vagi significantly increased the ventricular fibrilla- 
tion threshold, indicating reduced vulnerability to that 
arrhythmia. They also demonstrated that the enhanced rate 
associated with vagotomy in the acutely ischemic myo- 
cardium results in increased heterogeneity of repolarization 
and vulnerability to fibrillation. A component of the an- 
tifibrillatory influence of the vagus was independent of 
heart rate. This basic observation of a protective effect of 
vagal activation against fibrillation was subsequently docu- 
mented and extended by numerous investigators using a 
variety of experimental animal models in both conscious 
and anesthetized animals (Table 3). 

An antifibrillatory effect of vagus nerve stimulation has 
been demonstrated in anesthetized animals and administra- 
tion of a variety of vagomimetic agents has been shown to 
increase the vulnerable period threshold and to reduce the 
incidence of spontaneous ventricular fibrillation during 
acute myocardial &hernia. The extensive series of inter- 
ventions has recently been reviewed [69,70] and the main 
results can be summarized as follows. Vagotomy has been 
shown to be profibrillatory during acute myocardial is- 
chemia and reperfusion. In conscious animals, stress-in- 
duced decreases in the threshold for inducing repetitive 
extrasystoles are exacerbated by blockade of vagal activity 
with atropine [69], and electrical stimulation of the vagus 
nerves can reduce the incidence of fibrillation associated 
with exercise superimposed on acute ischemia in animals 
with a prior infarction [71] (Fig. 3). 
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The major component of the antifibrillatory action of 
the vagus nerve appears to result from an antagonism of 
the deleterious effects of sympathetic nervous system ac- 
tivity. The molecular and cellular basis for this accentuated 
antagonism appears to be presynaptic inhibition of nor- 
epinephrine release and stimulation of muscarinic recep- 
tors, which inhibits second messenger formation by cate- 
cholamines [72]. Vagus nerve activity is not effective in 
preventing reperfusion-induced ventricular fibrillation dur- 
ing fixed rate pacing. However, during spontaneous rhythm, 
the rate-reducing effect of vagus nerve excitation decreases 
susceptibility to fibrillation by increasing diastolic perfu- 
sion time and reducing myocardial oxygen deficit, thereby 
lessening the release of ischemic byproducts. 

At present there is no direct evidence for an antiarrhyth- 
mic effect of vagal activation at the ventricular level in 
human subjects. However, inferential data suggest that 
some of the mechanisms described in experimental ani- 
mals may operate in the clinical setting. In particular, it 
has been shown that impairment of or a decrease in either 
vagal tone, as assessed by heart rate variability, or in reflex 
activation of the nerve, as assessed by baroreceptor sensi- 
tivity to phenylephrine infusion, are both associated with 

C QTP 
GDP 

C 
ATP 

CAMP 

c GTP 
GDP 

Fig. 4. Mechanisms responsible for cardiac sympathetic-parasympathetic 
interactions. Prejunctionally, vagal activity inhibits (-) the release of 
norepinephrine (NE) from sympathetic nerve endings, whereas NE and 
neuropeptide Y (NPY) inhibit the release of acetylcholine (ACh) from 
vagal nerve endings. Postjunctionally, the norepinephrine (NE) released 
from sympathetic nerve endings occupies beta-adrenergic receptors ( fi) 
on the cardiac cell surface. This process stimulates adenyl cyclase 
(Ad.Cycl.) to catalyze the formation of cyclic-AMP (CAMP) from adeno- 
sine triphosphate (ATP). The beta-adrenergic receptor ( p) is coupled to 
adenyl cyclase through a stimulatory protein, G,. Acetylcholine (ACh) 
released from vagus nerve endings occupies muscatinic receptors (M) on 
the cell surface. These receptors ate coupled to adenyl cyclase through an 
inhibitory protein, Gi. (Reprinted with permission from Futura Publishing 
Company from [263].) 

increased mortality and incidence of sudden death among 
post-myocardial infarction patients [73,74]. The potential 
hazard of blocking tonic vagal activity during the acute 
phase of myocardial ischemia is underscored in a case 
reported by Pantridge in which atropine administration 
precipitated ventricular fibrillation [75]. 

In summary, vagus nerve activation is capable of exert- 
ing both deleterious and beneficial effects on heart rhythm. 
The former may result from exposing latent ventricular 
pacemakers and cycle-length-dependent triggered activity, 
particularly under conditions of heightened sympathetic 
tone or acute myocardial infarction. This influence is 
proarrhythmic but not profibrillatory. Vagus nerve stimula- 
tion can exert a potent antifibrillatory influence by presy- 
naptic inhibition of norepinephrine release from adrenergic 
nerve endings and by direct muscarinic opposition of 
second messenger formation (Fig. 4). Cardiac vagal tone 
also reduces ischemia-induced susceptibility to ventricular 
fibrillation by reducing heart rate and the consequent 
cardiac metabolic demands. However, if the reduction in 
rate is excessive, the beneficial effects of vagal activity 
may be vitiated because of the development of hypoten- 
sion and impaired coronary perfusion. 

4. Physiology of sleep and dreaming 

4.1. Neurophysiology and afective components 

The physiology of sleep is a complex subject and has 
been reviewed [76-831. This section is intended to provide 
a synopsis of sleepstate dependent changes which play a 
major role in cardiovascular regulation. 

The brain’s dynamic changes in state during sleep are 
coordinated by the pons and other subcortical structures. 
The main neurotransmitters involved are norepinephrine, 
serotonin, and acetylcholine [82-881. The electroen- 
cephalographic (EEG) patterns and changes in autonomic 
and somatic activity elicited by this brain state are com- 
plex and subserve many functions. Recent evidence indi- 
cates that sleep is essential to thermal and immunologic 
homeostasis. The death of rats during sleep deprivation is 
caused by overwhelming sepsis after the animals have lost 
their capacity to regulate both dietary calories and body 
temperature [89]. A prime example of the adaptive re- 
sponse to stress is the release of cytokines into the cere- 
brospinal fluid to increase sleep 1901 and to optimize 
effectiveness of the immune defense system [76]. Other 
specific physiologic and behavioral functions include so- 
matic rest, tissue repair, immunity, consolidation of leam- 
ing and memory, and adaptation to the behavioral chal- 
lenges of the awake state. The neurobiology of rapid eye 
movement sleep has recently been reviewed in detail in an 
excellent article by Lydic and Baghdoyan 1911. 

A typical night’s sleep in a normal adult begins with 
slow wave sleep, which is characterized by progressive 
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increases in high voltage, low frequency EEG activity formation and the cholinergic neurones of the dorsolateral 

(Fig. 5A). This pattern is due to the absence of desynchro- pons [92,93]. The noradrenergic locus coeruleus and sero- 

nizing activity emanating from the brain stem reticular toninergic raphe neurones, which fire regularly throughout 
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Fig. 5. (A) Behavioral states in humans. States of waking, slow wave sleep, and REM sleep have behavioral, polygraphic, and psychological 
manifestations. Sample tracings of 3 variables used to distinguish state are shown: electromyogram (EMG). electroencephalogram (EEG) and 
electrooculogram (Em). ‘lluee lower panels describe other subjective and objective state variables. (Reproduced with permission from American 

Physiological Society from reference [83].) (B) Histogram of sleep stages, body movements, and transient arousals, during the sleep period of a young 
adult and an older adult. (Reproduced with permission from W.B. Saunders from [264,265].) 
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waking, also decrease their output at sleep onset. As their 
activity declines, there is a progressive increase in depth of 
sleep, over four discrete phases, as reflected by quantita- 
tive changes in EEG voltage and frequency, as well as by 
discrete EEG patterns including K complexes and sleep 
spindles. At approximately 90-min intervals, sleep lightens 
and REM sleep is initiated, due to increased activity in the 
brain stem reticular formation. As the inhibition from 
serotonin-containing neurones of the raphe is withdrawn, 
the cholinergic neurones of the anterodorsal pons are 
reactivated and their excitability is markedly increased 
over waking levels, so that they come to fire in intense 
bursts. The noradrenergic locus coeruleus also ceases to 
discharge in REM. The net result is a major shift in the 
modulatory chemistry of the brain. REM sleep is charac- 
terized by low-voltage, high-frequency EEG activity, and 
bursts of rapid saccade-like eye movements. Skeletal mus- 
cle tension, already significantly disfacilitated during slow 
wave sleep, is actively inhibited, causing the frank atonia 
of REM sleep [76,78,80-82,941. The neurons activating 
respiratory muscles normally escape the generalized inhibi- 
tion [84,95,96]. However, during sleep apnea, there may be 
cessation of central activity or peripheral obstruction sev- 
eral hundred times each night, with dire consequences in 
terms of the cardiorespiratory system, as will be discussed. 

There are 4 to 6 REM periods per night, with increasing 
duration and intensity toward morning. Each REM period 
is characterized by tonic and phasic epochs, the latter 
being marked by more intense eye movements, by muscle 
twitches [97], and by bursting discharge of neurones, espe- 
cially the pontine cholinergic elements [80,82,83,85,91]. 
Total REM time per night is approximately 90 min or 20 
to 25% of total sleep time. It is significant that after middle 
age there is a progressive fragmentation of the sleep 
pattern, which can exert a significant impact on cardio- 
vascular health (Fig. 5B). 

While dreams can occur during either REM or slow 
wave sleep, subjects awakened from REM report dreaming 
80 to 85% of the time, while those awakened from slow 
wave sleep report dreaming in only 10 to 15% of cases. 
REM-sleep dreams are not only longer but also more 
vivid, bizarre, emotionally intense, and illogical than those 
which occur during slow wave sleep [98]. Subjects, espe- 
cially children, may awaken from slow wave sleep in a 
state of pure terror. These sleep terrors may be accompa- 
nied by tachycardia, polypnea, sweating, and dramatic 
elevations in blood pressure secondary to intense alter- 
ations in autonomic activity [99]. 

The visual imagery which occurs during REM sleep 
may result from internal activation of the oculomotor 
centers which command the bursts of rapid eye movement 
and project specific information to the lateral geniculate 
body and visual cortex [lOOI. The internally stimulated 
forebrain then synthesizes the neurophysiologic barrage 
into episodic dream stories. These may be coupled with 
surges in autonomic activity resulting in the increases in 
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Fig. 6. Sympathetic-burst frequency and amplitude during wakefulness, 
nonREM sleep (8 subjects) and REM sleep (6 subjects). Sympathetic 
activity was significantly lower during stages 3 and 4 (* P < 0.001). 
During REM sleep, sympathetic activity increased significantly (P < 
0.001). Values are means* s.e.m. (Reproduced with permission from 
Massachusetts Medical Society from [102].) 

heart and respiratory rate and in blood pressure and reflect- 
ing activation of central circuits which mediate emotion. A 
possible mechanism is the direct and prominent projection 
from the pontine cholinergic neurones to the amygdala. 
During dreams, other motor systems are also activated, but 
the accompanying commands are not enacted because of 
active inhibition of spinal outflow at the level of the 
anterior horn cells. 

It is relevant that during dreaming, the emotions of 
anger and fear are so commonly generated [83,101]. Fifty- 
seven per cent of all dreams express one or both of these 
emotions, which have been linked in wakefulness to the 
genesis of myocardial infarction and sudden death. The 
intensrty of the emotional states achieved during dreaming 
may be as strong as or stronger than those which are 
experienced during wakefulness, and thus to the extent that 
behavioral stress is an acute risk factor for sudden death 
[36-411, it is reasonable to hypothesize that REM sleep 
and dreaming may be capable of precipitating life-threaten- 
ing arrhythmias. 

4.2. Autonomic nervous system activity and circulatory 
adjustments 

The dramatic changes in autonomic nervous system 
activity which occur as a result of sleep-state changes are 
well documented [5,78,80,82,102-1071 (Fig. 6). These 
autonomic alterations are particularly evident during REM 
or active sleep, when the central nervous system may 
operate with reduced baroreceptor gain [ 1081, with reduced 
moderation of blood pressure fluctuations. By contrast, 
during slow wave sleep, the system operates under condi- 
tions of heightened baroreceptor gain. These alterations are 
thought to account for the greater stability in blood pres- 
sure regulation during slow wave sleep and for the greater 
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instability during REM. The significant increase in barore- 
ceptor gain during slow wave sleep is also likely to play an 
important role in cardiovascular homeostasis in health and 
disease [109]. Baroreceptor alterations may account for the 
fact that blood pressure during sleep may exhibit a normal 
decrease in some hypertensive patients (who are therefore 
referred to as “dippers”) and remain significantly elevated 
in others (known as “nondippers”). The latter typically 
show evidence of central hypersympathetic activity with 
an increased number of microarousals, reduced length and 
depth of slow wave sleep, and a shortened REM latency 
[llO]. 

systemic vascular resistance L&78,80]. The bradycardias 
appear to be due mainly to an increase in vagal activation, 
whereas the hypotension is primarily attributable to a 
reduction in sympathetic vasomotor tone [113]. During 
transitions from slow wave to REM sleep, bursts of vagus 
nerve activity may result in pauses in heart rhythm and 
frank asystole [ 1141. 

REM sleep, in subserving brain neurochemical func- 
tions and behavioral adaptations, can disrupt cardiorespira- 
tory homeostasis [l 1 l]. The brain’s increased excitability 
during REM sleep can result in major surges in cardiac 
sympathetic activity to the coronary and skeletal muscular 
vessels, accompanied by muscular twitching, and in de- 
creased blood flow to the renal and splanchnic beds. 
Cardiac efferent vagal tone is generally suppressed during 
REM [5], and breathing patterns are highly irregular, lead- 
ing to oxygen reduction [95,96,111,112] (Fig. 7). Such 
effects can significantly impact cardiovascular functioning, 
as is evident in changes in heart rate and arterial blood 
pressure in normal subjects and in the development of 
arrhythmias in patients whose myocardium is compro- 
mised. 

Sympathetic nervous system activity appears to be rela- 
tively stable during slow wave sleep and its cardiovascular 
input is reduced [80,102]. Somers and colleagues per- 
formed direct peroneal sympathetic nerve recording studies 
in human subjects during natural sleep and found that 
sympathetic activity was reduced by more than half from 
wakefulness to stage 4 of slow wave sleep [102]. These 
findings appear to be at variance with those of Baust and 
Bohnert, who suggested that sympathetic activity was not 
reduced during sleep in cats [106]. However, the results 
were highly inferential, because direct nerve recordings 
were not performed and heart rate following vagotomy and 
stellectomy was the sole indicator of neural autonomic 
activity during sleep. Other important study limitations 
resulted from acute cervical vagotomy. This procedure 
could have artificially increased sympathetic tone by den- 
ervating aortic baroreceptors and by causing physical dis- 
comfort. Cervical vagotomy also disrupts the pulmonary 
inflation reflex by interrupting a major afferent component 
of respiratory control. 

Slow wave sleep is associated with marked stability of In summary, there is strong evidence of heightened 
autonomic regulation [80]. Respiratory sinus arrhythmia is cardiac vagal tone during slow wave sleep. With respect to 
prominent, indicating a high degree of parasympathetic sympathetic nervous system activity, the weight of the 
tone [78,80,111], a finding supported by heart rate variabil- literature suggests that this component of peripheral auto- 
ity analysis with and without autonomic blockade nomic control is reduced during slow wave sleep. How- 
[103,104]. Slow wave sleep is accompanied by hypoten- ever, definitive demonstration will require direct measure- 
sion, bradycardia, and reductions in cardiac output and ment of cardiac-bound sympathetic nerve activity, a tech- 

200 2lo PO 230 240 2% 2so 270 2w 290 300 
TIME IN YINUTES 

Fig. 7. Minute-by-minute fluctuations iu cardiorespiratory variables during 100 min of uninterrupted sleep iu a healthy subject. EEG, elm&oencephalo- 
gram; SBP, systolic blood pressure. Note that during REM sleep (min 242-273), two sustained bursts of eye movements (filled bars, top line) we= 
associated with marked irregularities in SBP, respiratory frequency, and heart rate. (Reproduced with permission from American Physiological Society 
from [112].) 
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nique which is not presently available. In general, the 
collective data suggest that peripheral changes in auto- 
nomic nervous system activity are reciprocal to those in 
the central nervous system. Namely, in REM sleep, during 
which central cholinergic activity prevails [82,83], there is 
enhanced sympathetic discharge to the cardiovascular sys- 
tem [80,97,102,115,116], whereas in slow wave sleep, 
during which central aminergic factors are predominant 
[82,83], there is increased cardiac vagal tone 
[80,103,104,114]. 

4.3. Coronary blood flow regulation during sleep 

Striking changes in coronary blood flow occur during 
REM and sleep-state transitions [97,114- 1171. Vatner and 
coworkers [117] used baboons to study the effects of the 
sleep/wake cycle on coronary function. During the noctur- 
nal period, when the animals were judged to be asleep by 
behavioral indicators, coronary artery blood flow fluctu- 
ated by as much as twofold. The periodic oscillations in 
blood flow were not associated with alterations in heart 
rate or arterial blood pressure and occurred while the 
animals remained motionless with eyes closed. Since the 
baboons were not instrumented for electroencephalo- 

REM Steep 

graphic recordings, no information was obtained regarding 
sleep stage, nor was the mechanism for the coronary blood 
flow surge defined. 

We studied these sleep-related coronary blood flow 
changes in experiments in dogs chronically instrumented 
for the recording of sleep stage and of systemic and 
coronary hemodynamic function [97,115]. The observa- 
tions were made during natural sleep, and the results were 
scored according to quiet wakefulness, slow wave sleep, or 
REM sleep. During slow wave sleep there were moderate 
but significant reductions in heart rate and coronary blood 
flow and elevations in coronary vascular resistance. During 
REM, the coronary blood flow baseline was moderately 
elevated compared to slow wave sleep, reflecting increased 
cardiac metabolic activity, and there were remarkable, 
episodic surges in flow with corresponding decreases in 
coronary vascular resistance (Fig. 8). There were no signif- 
icant changes in mean arterial pressure. Heart rate was 
elevated during the flow surges, suggesting an increase in 
cardiac metabolic activity as the basis for the coronary 
vasodilation. In fact, the close coupling between rate-pres- 
sure product, an index of metabolic demand, and the 
magnitude of the flow surge, indicates that the surges do 
not constitute a state of myocardial hyperperfusion. The 
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Fig. 8. Surges in heart rate, blood pressure and coronary flow during REM sleep with phasic muscle twitch. Cardiac metabolic demand (HRXSPB) 
increased by 110% and average coronary flow increased by 32.5% during the first 12 seconds of the surge. The maximum coronary flow achieved by the 
end of the i2-second period represents an increase of 87% over baseline values preceding the surge. There was no behavioral evidence of arousal. Brief 
elevations in blood pressure (as shown here) were rarely observed during episodes of phasic REM. Group data indicate that no significant changes in 
baseline blood pressure were associated with HR surges in any of the substages of REM sleep. (Reproduced with permission from American Sleep 
Disorders Association and Sleep Research Society from [97].) 
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surges in coronary blood flow appeared to be due to 
enhanced adrenergic discharge, since they were abolished 
by bilateral stellectomy, and not to nonspecific effects of 
somatic activity or respiratory fluctuations. 

During severe coronary artery stenosis, with baseline 
flow reduced by 60%, phasic decreases in coronary arterial 
blood flow, rather than increases, were observed during 
REM sleep coincident with these heart rate surges [116] 
(Fig. 9). These phenomena occurred predominantly during 
periods of REM marked by intense phasic activity, as 
defined by the frequency of eye movements [97]. We have 
proposed that the increase in adrenergic discharge could 
lead to a coronary blood flow decrement by at least two 
possible mechanisms. The first is by the stimulation of 
alpha-adrenergic receptors on the coronary vascular smooth 
muscle. Such an effect, however, could only be transitory, 
as alpha-adrenergic stimulation results in brief (lo- 15 
seconds) coronary constriction, even during sympathetic 
nervous system stimulation in anesthetized animals [ 1181 
or during intense arousal associated with aversive behav- 
ioral conditioning [ 1191. The second possibility for REM- 

induced reduction in coronary flow during stenosis is 
mechanical, namely a decrease in diastolic coronary perfu- 
sion time due to the surges in heart rate. In support of this 
explanation, we found a strong correlation (r2 = O.%) 
between the magnitude of the increase in heart rate and the 
decrease in coronary blood flow [ 1161. The link between 
REM-induced changes in heart rate and the occurrence of 
coronary insufficiency in patients with advanced coronary 
artery disease is consistent with the clinical experience of 
Nowlin and coworkers [ 1201. 

Identification of the central nervous system sites re- 
sponsible for integrating the REM-induced changes in 
coronary and systemic blood flow will be challenging. 
However, some clues are available from the literature 
[80,82]. Particularly germane are the observations that 
phasic changes in heart rate, blood pressure, and respira- 
tion accompany bursts of eye movements and large phasic 
potentials which originate in the peribrachial region of the 
dorsolateral pons. The activity of this area is associated 
with changes in respiratory and cardiovascular effects [ 1211; 
in the past it has been called the apneustic center. 
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Fig. 9. Effects of sleep stage on heart rate, mean and phasic arterial pressures, and mean and phasic left circumflex coronary artery blood flow in a typical 
dog during stenosis. Note phasic decreases in coronary flow occurring during heart rate surges while the dog is in REM sleep. EEG, electroencephalogram; 
EGG, electrooculogram. (Reproduced with permission from Pergamon Press from [116].) 
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It is now clear that the various phenomena of phasic 
REM sleep involve profound and widespread episodic 
changes in fundamental levels of excitability in many 
neuron populations within the central nervous system, but 
none is more intensely activated than the central choliner- 
gic neurones of the dorsolateral pons. As noted above, 
these cells are known to project both to the amygdala, 
where they may trigger emotion, and to the pons and 
medulla, where they could excite reticular neurones pro- 
jecting to the spinal sympathetic chain. One intriguing 
paradox that could be resolved by such a mechanism is the 
dissociation between the central aminergic neurones, which 
are completely silent in REM, while the peripheral sympa- 
thetic system is both tonically and phasically activated. 
The increases in metabolic demands of the brain, in con- 
cert with increased neuronal activity during REM sleep, 
apparently result in a corresponding increase in cerebral 
blood flow [ 122,123]. In support of this view, Townsend 
and coworkers [ 1231 have shown that cerebral blood flow 
during REM sleep exceeds that which occurs during slow 
wave sleep and quiet waking and approaches the level 
observed during intense mental effort. 

4.4. Heart rhythm pauses and arrhythmogenesis during 
sleep 

We observed prolonged pauses in heart rate during 
transitions from slow wave sleep to periods of sleep 
marked by desynchronized EEG rhythms in chronically 
instrumented dogs [114]. These pauses persisted from 1 to 
8 seconds and were followed by dramatic increases in 
coronary blood flow, averaging 30% and ranging up to 
84%, which were independent of metabolic activity of the 
heart as reflected in heart rate-blood pressure product. An 
intense burst of vagal activity appeared to produce the 
phenomenon, since the pauses developed against a back- 
ground of marked respiratory sinus arrhythmia, varying 
degrees of heart block with nonconducted P waves, and 
low heart rate. Furthermore, the heart rate pauses followed 
by the surge in coronary flow were emulated by electrical 
stimulation of the vagus nerve. Guilleminault and col- 
leagues documented similar pauses in young adults [ 1241. 

Tonic control of the vagus nerves over the caliber of the 
epicardial coronary vessels has recently been demonstrated 
in our laboratory using two-dimensional intravascular ul- 
trasound [ 1251. This could be an important factor in dy- 
namic regulation of coronary resistance as a function of 
the sleep-wake cycle. An important question is whether 
tonic vagal activity exerts a protective or a deleterious 
influence on myocardial perfusion and arrhythmogenesis 
in individuals with atherosclerotic disease. The fact that 
acetylcholine produces coronary vasoconstriction rather 
than dilation in atherosclerotic segments due to impaired 
release of endothelium-derived relaxing factor [ 1261, sug- 
gests a mechanism by which nocturnal surges in vagus 

nerve activity could precipitate myocardial ischemia and 
arrhythmias. 

4.5. Efect of sleep states on ventn’cular arrhythmias dur- 
ing acute myocardial ischemia and infarction 

There is a paucity of information regarding the effects 
of sleep states on susceptibility to arrhythmias during 
coronary artery occlusion in experimental animals. Data 
available to-date derive mainly from the investigations of 
Skinner and coworkers, who examined the influences of 
sleep state on the occurrence of ventricular arrhythmias 
during left anterior descending coronary artery occlusion 
in pigs [65]. Two groups of animals were investigated, one 
during the early phase of infarction (2 h or 2 days), and the 
second during acute myocardial ischemia, within the first 
20 min of coronary artery occlusion. 

In the animals undergoing myocardial infarction, it was 
found that during intervals in which transitional and slow 
wave sleep alternated, ventricular arrhythmias were signifi- 
cantly more prevalent than in the awake state [65]. The 
maximum increase in arrhythmias was during the sustained 
period of slow wave sleep, and REM sleep was associated 
with a reduction in the incidence of ventricular arrhyth- 
mias. The authors maintained that the sleep-state depen- 
dent changes in ventricular arrhythmogenesis were not due 
to the well-established phenomenon of rate-overdrive sup- 
pression of latent ectopic pacemakers, which is known to 
occur during myocardial infarction [23] (Fig. 2). According 
to rate-overdrive suppression mechanisms, it would be 
expected that the slower heart rates associated with slow 
wave sleep would expose the latent pacemakers, and REM, 
with its higher heart rates, would suppress them. Skinner 
and colleagues cited the evidence that the heart rates did 
not differ among the states of wakefulness and sleep. This 
is surprising in view of the extensive experimental litera- 
ture, which suggests that slow wave sleep lowers heart 
rate. A possible explanation is that in the infarcted pigs, 
the level of ventricular ectopic activity and tachycardias 
made :t difficult to ascertain the actual sinus rate (see Fig. 
2 in reference [65]). In fact, in the group of animals 
undergoing acute myocardial ischemia, when ventricular 
ectopy was not as prevalent, the investigators did find that 
slow wave sleep resulted in a lower heart rate than did 
REM or the awake state (see Table 2 in reference [65]). 
The definitive method to resolve this issue of rate-over- 
drive suppression of latent ectopic pacemakers would have 
been fixed rate pacing, but this was not performed. It is 
important to emphasize that the effects observed during 
myocardial infarction related to proarrhythmic and not 
profibrillatory influences, since ventricular fibrillation did 
not occur in any of the pigs. 

In ,he second group of pigs, Skinner and colleagues 
examined the effects of sleep states on the time of onset of 
ventricular fibrillation following total coronary artery oc- 
clusion, a measure referred to as “ventricular fibrillation 
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latency” (VFL) [65]. This endpoint, rather than incidence 
of fibrillation, was employed because all of the pigs suc- 
cumbed to fibrillation within 20 min following coronary 
obstruction, regardless of whether the occlusion was per- 
formed during wakefulness or sleep. It is important to note 
that the occlusion awakened all of the 8 pigs studied, and 
that they were awake at the time of onset of fibrillation. In 
5 of the pigs, in which occlusion was initiated during slow 
wave sleep, the VFL significantly decreased from 17 to 6 
min compared to the previous occlusion, which was car- 
ried out during wakefulness. Only 3 pigs were occluded 
during REM sleep. In these subjects, there was an increase 
in VFL from 10 to 19 min, but only one animal could be 
defibrillated. These results were interpreted as indicating 
that slow wave sleep reduces susceptibility to fibrillation, 
whereas REM sleep is protective. 

Given the small number of animals, the fact that all of 
the animals fibrillated and were awake at the time of 
fibrillation, that REM typically lasts only 3 min in this 
species [ 1271 as compared to 15 min in humans, and that 
fibrillation latency, as opposed to incidence, was increased, 
this conclusion must be viewed with caution. The signifi- 
cance of fibrillation latency as a marker of vulnerability to 
fibrillation is not well established, and a major determinant 
of this parameter in the pig may be its well-known lack of 
collateralization. Thus, the hypotension typically associ- 
ated with slow wave sleep could serve to extend ischemic 
injury and predispose to rapid onset of fibrillation. The 
converse is potentially true about REM sleep. As Skinner 
and coworkers did not measure blood pressure or indices 
of myocardial perfusion or extent of ischemic injury, these 
questions remain unresolved. 

The view that slow wave sleep is profibrillatory during 
acute coronary artery occlusion is at variance with a 
substantial body of experimental and clinical literature. In 
animal studies, it is well established that enhanced vagal 
activity is antifibrillatory during acute ischemia [68-751. 
Thus, it would seem inconsistent that slow wave sleep, 
which is characterized by a high degree of vagal tone and 
reduced sympathetic activity, should be more conducive to 
fibrillation than wakefulness or REM sleep. That slow 
wave sleep has a generally deleterious effect on heart 
rhythm is also puzzling on clinical grounds. If slow wave 
sleep, which occupies at least 6 h of sleep, were profibril- 
latory, as Skinner suggests, then the nocturnal period 
should account for at least 25% of sudden deaths. This is 
not the case, as only 12% of sudden deaths occur at night 

Dl. 
In summary, the limited information available indicates 

that slow wave sleep may be proarrhythmic during infarc- 
tion but not that it is profibrillatory. During acute is- 
chemia, slow wave sleep may increase fibrillation latency, 
but whether this finding indicates an enhancement in vul- 
nerability to that arrhythmia remains to be determined. 
Certainly, this possibility seems unlikely in view of the 
low incidence of sudden death at night. Clearly, there is an 

important need to obtain more extensive information in 
experimental models regarding the impact of sleep states 
on susceptibility to sudden arrhythmic death. 

5. Clinical studies of the diurnal pattern of myocardial 
infarction and sudden cardiac death 

5.1. Ischemic heart disease 

A series of studies initiated in the early 1980s demon- 
strated an important diurnal pattern of myocardial infarc- 
tion and sudden cardiac death [ 1,128]. Examination of 
death certificates of 2203 patients who sustained out-of- 
hospital cardiac arrest in Massachusetts during 1983 re- 
vealed a peak incidence from 7 to 11 o’clock A.M. [l] 
(Fig. 101. A similar pattern was subsequently identified in 
the Framingham Heart Study [129] and for nonfatal my- 
ocardial infarction [ 1301. The morning increase in inci- 
dence of myocardial infarction, sudden cardiac death, tran- 
sient myocardial ischemia, and stroke was further corrob- 
orated in numerous studies throughout the world [ 1311. 
The work served to focus attention on triggers associated 
with arousal, since the data suggest that the increases are 
not determined primarily by time of day but by activities 
in the hours after awakening. In terms of the evening 
hours, there is a suggestive moderate peak in coronary 
events in the late afternoon or early evening and another 
minor peak in the incidence of sudden death at 2 o’clock 
A.M., followed by a general trough [1,129]. However, 
these apparent increases have not been validated statisti- 

I SUDDEN CARDIAC DEATH I.. z.to,, 

NON-FATAL MYOCARDIAL INFARCTION 
la * 703 , Nhr*nL. a I 

A.M. 
Timo.of Day 

P.M. 

Fig. 10. Bar graphs of time of day of onset of myocardial infarction, 
sudden cardiac death. Number of events is shown on the y-axis and hour 
of day on the x-axis. Both disorders exhibit a prominent increase in 
frequency of onset from 6 o’clock A.M. to noon. (Reproduced with 
permission from the American Heart Association from [ 11.) 
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tally. It is unknown whether the 2 o’clock A.M. rise is 
related to changes in sleep physiology, such as deep slow 
wave sleep, with attendant decreases in arterial blood 
pressure, or to the proarrhythmic effects of a REM-induced 
surge in sympathetic activity. A significant incidence of 
nocturnal non-Q-wave (subendocardial) infarction in the 
2-h period between 2 and 4 o’clock A.M. has been docu- 
mented but the mechanism remains unknown [ 1321. This is 
also a common time for arousal [133]. These more subtle 
changes in the diurnal pattern of sudden death and infarc- 
tion during the evening and night merit further study as 
they could provide important clues into neural mechanisms 
for coronary events. 

These analyses may underestimate the number of events 
which are initiated during sleep and express themselves 
upon arousal in the form of plaque disruption or life-threa- 
tening arrhythmias. REM sleep and dreams, with the atten- 
dant surges in sympathetic activity and decreases in 
parasympathetic activity [5,78,80,82,97,102-106,115,116], 
are particularly intense just prior to awakening [76,80-831. 
These could impact an already unstable myocardium or 
initiate disruption of vulnerable plaques, leading to is- 
chemia- and reperfusion-induced ventricular tachyarrhyth- 
mias. Studies which could determine whether the early 
morning peak in mortality is initiated by a final surge of 
REM sleep or results from activities following awakening 
would provide important information. A further considera- 
tion is that sleep is fragmented with advancing age, so that 
it becomes difficult to ascertain at what time of the mom- 
ing patients actually awaken. Finally, it remains unknown 
what percentage of nocturnal sudden death is the result of 
an ischemic episode or is due to primary ventricular 
fibrillation. 

5.2. Heart failure 

Sudden death in patients with heart failure also follows 
a diurnal pattern [ 1341. The overall hourly frequency distri- 
bution of time of death is remarkably similar to that for 
myocardial infarction and death in patients with ischemic 
heart disease. Specifically, sudden death occurred 2.5 times 
more frequently between 6 o’clock A.M. and noon than in 
the three other 6-h intervals (P < 0.005). The morning 
peak occurred both in patients with heart failure due to 
coronary artery disease and in those with nonischemic 
causes. Approximately 14% of the deaths occurred during 
the nocturnal period, a proportion comparable to that ob- 
served for myocardial infarction and sudden death due to 
ischemic heart disease. 

Thus, in view of the large number of nocturnal sudden 
deaths in ischemic heart disease or heart failure patients, 
there is a great need to increase our understanding of the 
triggers responsible for precipitating nocturnal arrhythmic 
death and myocardial infarction. 

5.3. Daily activities and physiologic processes implicated 
in precipitation of myocardial infarction during wakefil- 
ness 

Because the sleeping brain is capable of eliciting di- 
verse emotions including anger [loll, autonomic changes 
[80,82,102], and major cardiovascular alterations 
[5,78,103-1051, it is useful to review daytime activities 
and physiologic processes which have been linked to 
myocardial infarction. Mittleman and colleagues employed 
a case-crossover study design to estimate the relative risk 
of myocardial infarction in response to exertion [ 1351 and 
anger [ 1361. The risk was calculated as the observed 
frequency of the activity during a l-h hazard period prior 
to the event, and the result was compared to the expected 
frequency based on the individual’s usual frequency of the 
activity. It was found that heavy exertion (estimated to be 
r 6 metabolic equivalents [METS]) yielded a 5.9-fold 
increase in risk (95% confidence interval: 4.6 to 7.7) of 
myoc,ardial infarction in the subsequent hour. The risk of 
myocardial infarction onset during heavy exertion was 
markedly higher in those who had been sedentary (107- 
fold) compared with those who had exercised regularly 
(Zfold). 

The same epidemiological design was employed to 
study the triggers of infarction associated with outbursts of 
anger [ 1361. Anger corresponding to levels greater than 4 
on a ‘7-level self-report anger scale was noted by 14% of 
patients within 26 h prior to myocardial infarction onset. 
The risk of myocardial infarction was significantly ele- 
vated in the 2 h following an outburst of anger and there 
was a relative risk of 2.0 (95% confidence interval: 1.7 to 
3.2). These findings are consistent with mounting evidence 
from experimental [39] and clinical [ 137-1391 studies 
demonstrating that anger is capable of provoking ischemia. 

A variety of mechanisms, alone or in combination, have 
been implicated in triggering of myocardial infarction dur- 
ing w,akefulness [ 1401. These include surges in sympathetic 
activity and withdrawal of parasympathetic tone resulting 
in elevations in arterial blood pressure. When these occur 
in combination with transitory coronary vasoconstriction, 
they may lead to increased shear stress against the en- 
dothelium and resultant disruption of vulnerable plaque. If 
significant myocardial ischemia ensues, ventricular tachy- 
arrhythmias could be triggered, resulting in an adverse 
positive feedback on coronary hemodynamic function. 
Contributory prothrombotic processes including increased 
platelet adhesion, blood viscosity and platelet aggregabil- 
ity, appear to play a role in morning increases in ischemic 
events. Finally, reduction in fibrinolytic activity is likely to 
lead to the growth of a mural thrombus overlying a plaque 
fissure, thereby causing obstruction of the coronary lumen. 
Similarly, the established nocturnal surges in sympathetic 
activity which occur particularly during REM sleep 
[97,102-106,115,116] could precipitate myocardial infarc- 
tion by stimulating thrombotic and inhibiting fibrinolytic 
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processes, or by increasing hemodynamic stress on the 
vessel walls. While the frequency of myocardial infarction 
onset is significantly reduced (P < 0.01) between midnight 
and 6 o’clock A.M., sleep is not a protected period, as 
14% of myocardial infarctions occur during sleep [ 1411. 

6. Patients at risk for nocturnal sudden death and 
myocardial infarction 

The pivotal question is not whether sudden death occurs 
during sleep, as it has been shown that 12% of cardio- 
vascular deaths and 14% of myocardial infarctions do 
occur during the nocturnal period. Rather, the main issue is 
why cardiovascular events should occur at all during a 
time of relative inactivity of the organism. The challenge is 
to identify physiologic events during sleep that actively 
conduce to myocardial infarction and arrhythmic death. 

Insights into this question can be derived from several 
subsets of patients who are at increased risk for premature 
cardiac demise. These include individuals with ischemic 
heart disease, acute post-myocardial infarction, heart fail- 
ure, or apnea, and a subset of patients with pause-depen- 
dent long QT syndrome, near miss or siblings of sudden 
infant death (SIDS) victims, and young Southeast Asian 
men. Whereas there are likely to be significant differences 
in the pathophysiologic mechanisms responsible for sud- 
den death in each of these syndromes, they also share 
important common elements, namely a vulnerable cardiac 
substrate upon which sleep activates the autonomic ner- 
vous system and/or disrupts breathing, leading to cardiac 
demise. The complexity of neurocardiac interactions dur- 
ing sleep has been discussed in detail in an excellent 
review by Gillis and Flemons [142]. This section focuses 
on conditions in which coronary artery disease is a predis- 
posing factor and thus will not deal with the long QT 
syndrome [ 1431 and SIDS [ 1441, for which excellent re- 
views are available. 

6.1. Ischemic heart disease 

Precipitation of life-threatening arrhythmias in patients 
with ischemic heart disease may occur as a direct result of 
influences on the stability of cardiac rhythm or through a 
change in myocardial blood flow, such as can occur during 
a thrombotic event involving plaque disruption and platelet 
aggregation. To gain insights into this issue, we will 
review the literature relating to arrhythmogenesis during 
sleep and nocturnal angina. 

6.1 .l. Sleep and ventricular arrhythmias 
The prevailing view from the clinical literature is that 

there is a reduction in ventricular arrhythmias during the 
nocturnal period [ 142,145- 1531. In some cases, arrhythmia 
frequency may be enhanced, and this may be due in part to 
the fact that latent foci may be exposed by the generalized 
reduction in heart rate associated with sleep. Lown and 

coworkers [ 1471 found that in 35 of 45 patients with 
ventricular ectopy during 24-h ambulatory monitoring, 
sleep was associated with a 25-50% reduction in fre- 
quency of ventricular ectopic activity; grade was likewise 
reduced. After many hours of sleep, ventricular premature 
beats decreased at low heart rates. Further analysis with 
polysomnographic monitoring revealed that the abatement 
in arrhythmia was attributable to slow wave sleep, with the 
maximum reduction occurring during stages 3 and 4 [154]. 
During REM sleep, ventricular premature beats increased 
in frequency and grade and were comparable to that 
observed during wakefulness. The fact that 80% of sleep 
time is spent during slow wave sleep, as opposed to REM, 
probably accounts for the general but not complete reduc- 
tion in arrhythmias in the nocturnal period. 

As will be discussed in greater detail below, the impact 
of sleep states on arrhythmogenesis is more complex when 
there are respiratory abnormalities and/or changes in car- 
diac mechanical function, as occurs in patients with sleep 
apnea or heart failure. In patients with these conditions, 
reduction in oxygen saturation due to respiratory impair- 
ment occurring either during slow wave or REM sleep can 
lead to significant brady- or tachyarrhythmias. In patients 
recovering from myocardial infarction, in whom there may 
be impairment of pump function, the hypotension which 
attends slow wave sleep exacerbates ischemia and arrhyth- 
mias [150,155]. 

6.1.2. Nocturnal ischemia and angina 
Although detailed studies of patient activity from sev- 

eral laboratories indicate that mental arousal is a common 
trigger mechanism of transient myocardial ischemia [156- 
1591, it is widely acknowledged that there is a significant 
frequency of spontaneous ischemia and angina 
[3,120,148,160-1661 during the nocturnal period. It has 
been estimated that 8 to 10% of ischemic attacks and 
angina occur during sleep [ 167,168]. The REM phase of 
sleep is particularly conducive to angina and ST-segment 
abnormalities [120,148,163]. This stage is characterized by 
increased heart rate and blood pressure [5,112,169], sympa 
thetic nervous system activity [102-1051, and plasma cate- 
cholamines [170]. Thus, this period could be particularly 
hazardous in angina-prone patients [ 17 1 I. 

Nocturnal ischemia and angina in patients with severe 
coronary disease has been attributed both to a reduction in 
perfusion [ 161,172] due to the generalized hypotension of 
slow wave sleep, and to a REM-induced increase in heart 
rate and blood pressure and, therefore, metabolic demand 
[120,164,165,173,174]. Figueras and colleagues [175] 
demonstrated a decline in the ischemic threshold (defined 
as r 1.0 mm ST segment shift) with atria1 pacing in 
patients with significant coronary artery stenosis ( > 70%). 
The pacing rates which met the ST-segment shift criterion 
were substantially lower at night (125 f 3 beats/min) 
compared to those observed in the morning or afternoon 
(138 rf: 3 and 139 + 2 beats/min, respectively, both P < 
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Fig. 11. Composite graph of a night of sleep in a patient with nocturnal angina pectotis. Note association between REM-related surges in heart rate and 

occurrence of ST-segment changes. Resp, respirations; HR. heart rate; ST, periods of significant ST segment depression on electrocardiogram. 
(Reproduced with permission from the American College of Physicians from [ 1201.) 

0.005). Nowlin and coworkers [120] found in patients with 
advanced coronary artery disease that attacks of nocturnal 
angina occurred predominantly (32 of 39 episodes in 4 
patients) during REM sleep and were associated with heart 
rate acceleration (Fig. 11). Selwyn and colleagues [ 1761 
found that ST-segment depression occurred more often 
(P < 0.001) between 4 and 6 o’clock A.M. than at any 
other 2-h nocturnal period in patients with frequent angina. 

In patients with Prinzmetal’s variant angina, REM sleep 
is associated with coronary spasm, leading to nocturnal 
ischemia and angina [160,163,165,177-1861. Angina1 at- 
tacks in these patients were twice as prevalent during the 
second half of the sleep period, when REM is more 
frequent [ 178-1851. In a study of 8 Prinzmetal’s angina 
patients over an 18-day period, Otsuka and colleagues 
[ 1861 observed that the episodes of nocturnal angina oc- 

curred exclusively during REM and were accompanied by 
ventricular premature beats and ventricular tachycardia. 

Thus, most studies indicate that in the absence of 
significant mechanical compromise of the heart, nocturnal 
ischemic events occur primarily during REM sleep. There 
is evidence to suggest that this may be due largely to 
sympathetically mediated surges in rate-pressure product 
and metabolic demands in flow-limited, stenosed coronary 
arteries. 

6.2. Post-myocardial infarction patients 

Nocturnal sleep is significantly disturbed in the acute 
post-myocardial infarction phase [162,174]. The first week 
following myocardial infarction is particularly critical, as 
chronic hypoxemia is common, and there are recurring 
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Fig. 12. Importance of monitoring nocturnal oxygen saturation in post-infarction patients. Simultaneously occurring nonsustained ventricular tachycardia 

and hypoxemia measured by pulse oximetry in a patient on third night after infarction. The individual died on following day of cardiogenic shock. 
(Reproduced with permission from the British Medical Society from [ 1871.) 
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Fig. 13. Bar graphs indicating mean f  s.e.m. of the low- to high-frequency 
ratio (LF/HF) from spectral analysis of heart rate during the awake state 
(left), during non-rapid eye movement (nonREM) sleep (middle), and 
during REM sleep (right) in normal subjects and in post-myocardial 
infarction (post-MI) patients. * P < 0.01 when comparing control sub- 
jects versus post-MI patients. (Reproduced with permission from the 
American Heart Association from [103].) 

episodes of oxygen desaturation in association with sinus 
tachycardia, ventricular premature beats, and ST-segment 
changes [ 187,188]. Abnormal oxygen saturation and ven- 
tricular tachycardia during sleep are common in patients 
with impaired left ventricular function [ 189-1921 and in 

acute post-myocardial infarction patients [187] (Fig. 12). 
Lack of sleep staging in these studies leaves it inferential 
that the REM phase is of particular significance. However, 
Broughton and Baron [174] found that nocturnal angina 
among post-myocardial infarction patients occurred mainly 
during slow wave sleep and led to awakening. It was 
postulated that the hypotension associated with this phase 
of sleep resulted in a diminution in perfusion pressure in 
the mechanically compromised myocardium. Decreases in 
perfusion pressure supplying collateral vessels may also 
play a role. Thus, during the acute phase of myocardial 
infarction, nocturnal ischemic attacks may be more com- 
mon during slow wave sleep, when they result from hy- 
potension, which may exacerbate ischemia by reducing 
coronary perfusion pressure, and by a reflex increase in 
sympathetic activity. 

The changes in autonomic nervous system activity are 
crucial in the post-myocardial infarction period. Depres- 
sion of heart rate variability or baroreceptor sensitivity, 
markers of vagal influences on the heart, have been corre- 
lated with post-myocardial infarction risk for mortality 
[193,194]. These markers are complementary rather than 
redundant, as heart rate variability is a measure of tonic 
vagal activity and baroreceptor sensitivity is a measure of 
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Fig. 14. Tracing of Cheyne-Stokes respiration observed in a patient with heart failure. EMG, electromyogram; EEG, electroencephalogram; EOG, 
eledmoculogram; EKG, electrocardiogram; SaO, , oxygen saturation; CW, chest wall movement; ABD, abdominal wall movement; HR. heart rate; 
AIRFLOW, expired carbon dioxide at the nose and mouth. An apneic phase is followed by waxing and waning of chest wall and abdominal wall 
movement. SaO, is lowest at the height of the hyperpneic phase. The arousal manifested by the EEG, EMG, EOG activity is observed at the height of the 
hyperpneic phase. (Reproduced with permission from the American College of Chest Physicians from 12661.) 
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the capability of this reflex arc to elicit powerful vagal 
activation with reciprocal suppression of sympathetic ner- 
vous system activity. Vanoli and colleagues [103] demon- 
strated in a recent study using heart rate variability that the 
acute post-myocardial infarction period is associated with 
impairment of vagal activation during sleep (Fig. 13). The 
result was a relative sympathetic dominance, which the 
authors proposed could be a significant factor in life- 
threatening arrhythmias. 

6.3. Heart failure 

Moser and colleagues [134] commented, in view of the 
high incidence of sleep abnormalities in heart failure pa- 
tients, that it was surprising that the incidence of sudden 
death was not higher during the night. Sleep in such 
patients is highly fragmented, with frequent arousals and 
stage changes, which may occur at a rate of up to 50 per 
hour. Stage distribution is also abnormal, with an increased 
density of stage 1 as opposed to deeper stages of sleep 
[195]. Breathing during sleep is also markedly disturbed, 
with the common appearance of Cheyne-Stokes respira- 
tion, which can impair cardiac function (Fig. 14). Because 
polysomnography was not performed in this study, it is 
impossible to identify the sleep states during which ar- 
rhythmic events occurred. However, it is established that 

high sympathetic tone in heart failure patients is associated 
with an increased mortality rate [l%l. 

Thus, there is an important need to study the impact of 
sleep states on cardiac electrical function in patients with 
heart failure. Investigation of this issue is particularly 
attractive in light of recent evidence which suggests that 
noninvasive assessment of QT dispersion is an indicator 
for at-rhythmic events in patients with heart failure [197]. 
This concept is further underscored by the provocative 
findings of Smith [198], who discovered that with progres- 
sive heart failure, patients experienced dreams of death and 
separation. These dreams set the stage for significant nega- 
tive iaffective states such as depression and loss of will to 
survive. Finally, it would be worthwhile to determine 
whether the use of benzodiazepines might exert a benefi- 
cial effect on cardiac electrical stability by interrupting a 
deleterious feedback loop between the brain and the heart. 
These agents have been reported to improve total sleep 
time and quality in patients with congestive heart failure 
without compromising mechanical function [ 1991. 

4.4. Apnea, chronic obstructive lung disease, and snoring 

Harper and colleagues have emphasized that an impor- 
tant homeostatic aspect of sleep is maintenance of control 
over two fundamentally different types of musculature 

WEEP 

CHIN EMG 

THORA IC 
s!ii.. ___ 

AmDOMlNAL S.d? 

ARREST r-- 
/ 

ss- 50% 

HOLTER EKL - 

ch.2 

Fig. 15. Simultaneous segments of a polygraphic recording and Halter recording obtained from a patient with obstructive sleep apnea syndrome during 
REM sleep. Note the progressive bradycardia, sinus arrest, and tachycardia when respiration resumed secondary to arousal from sleep. (Reproduced from 
American College of Cardiology from [ 1461.) 
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[ 1111. One is somatic and is responsible for oxygen ex- 
change; the other is autonomic, involving the heart and 
vasculature and is responsible for blood transport. A signif- 
icant breakdown in the regulation of either or both systems 
can lead to malperfusion of the myocardium, resulting in 
myocardial infarction and/or sudden death. Whereas con- 
siderable attention has been focussed on the mechanisms 
whereby sleep can disrupt myocardial perfusion and elec- 
trophysiologic function, the more subtle and insidious 
potential role played by derangements in respiratory func- 
tion - from snoring to apnea and chronic obstructive lung 
disease - is less well appreciated. 

[213]. Death following a prolonged apnea has been wit- 
nessed [214]. While the precise time of death was not 
identified by Thorpy et al. [215] in their study of 269 
apnea patients, 50% of the 43 deaths occurred between 
midnight and 8 o’clock A.M. Apnea may also have predis- 
posed to lethal daytime events, as 71% of the total deaths 
were due to cardiovascular causes. Thus, death in apnea 
patients is predominantly of cardiovascular origin and 
tends to occur during sleep. 

At the most serious end of the sleep-breathing-disorder 
spectrum is obstructive apnea, which can be treated with 
continuous positive airway pressure (CPAP), tracheostomy 
[200,201], or reduction of body weight to a more normal 
range [202]. The sleep apnea syndrome, which can be due 
either to airway obstruction or to derangement in central 
nervous system control of respiration [ 1461, is estimated to 
affect at least 1% of adults. 

Less studied but at parallel risk are patients with chronic 
obstructive lung disease [216,217], in whom nocturnal 
oxygen desaturation is of sufficient magnitude to be ar- 
rhythmogenic. The specific findings include ST-segment 
and T-wave changes, prolonged QT interval, and increased 
ventricular premature beats at night over daytime. 

Sleep apneic attacks have been shown to be highly 
conducive to nocturnal ischemia, bradyarrhythmias and 
tachyarrhythmias in patients with coronary artery disease 
[146,203-2111. In 6 apneic subjects, 5 of whom had 
coronary artery disease, Koehler et al. [208] found that 
83.5% of the 85 recorded episodes of nocturnal ischemia 
were precipitated during REM sleep, when apnea activity 
was high and hypoxemia was cumulative. Severe, chronic 
oxygen desaturation (to less than 65%) due to apnea is 
highly conducive to ventricular ectopy [206] and tachycar- 
dias [ 146,203-2111. Shepard postulated that the low ebb of 
oxygen saturation toward the end of the apneic episode 
results in a massive surge in sympathetic activity which 
can trigger ventricular ectopic activity and tachyarrhyth- 
mias [207] (Fig. 15). However, apnea does not trigger 
arrhythmia in patients without serious cardiac or respira- 
tory comorbidity, as Flemons et al. [211] demonstrated in a 
group of 173 arrhythmia patients. 

Sleep apnea has also been strongly implicated in the 
occurrence of myocardial infarction. Hung and coworkers 
[210] showed that among patients in the highest quartile of 
apnea severity, the risk of myocardial infarction was 23.3 
times that of patients in the lowest quartile (P < 0.001). 
The precise mechanisms for this relationship remain un- 
known. Among the major possibilities are reduced myocar- 
dial oxygen supply due to bradycardia and asystole and to 
impaired respiration [209,210]. Vagal-sympathetic interac- 
tions during the course of an apneic episode are sometimes 
expressed in patients as a bradycardia-tachycardia se- 
quence [207]. The bradycardia or asystole may be associ- 
ated with increases in the QT-interval which have the 
potential to predispose to serious ventricular arrhythmias 
such as Torsade de Pointes, particularly if the bradycardia 
is terminated by a ventricular premature beat [212]. 

Increased risk of angina, ischemic heart disease, and 
sudden death has been attributed to snoring. Koskenvuo 
and colleagues [218] in a postal questionnaire study of 
3847 Finnish men and 3664 women, aged 40 to 69, found 
a significant association between angina pectoris and habit- 
ual snoring in men but not women. This risk did not 
extend to myocardial infarction. A followup study revealed 
an association between snoring and ischemic heart disease 
(risk ratio = 1.71, P < 0.051, even after adjustment for 
age, body mass index, hypertension, smoking, and alcohol 
use [219]. The relationship between snoring history and 
occurrence of sudden death was analyzed in 460 consecu- 
tive cases of Finnish men, aged 35 to 76 years [220]. It 
was found that the incidence of cardiovascular death was 
significantly greater (P < 0.05) among those who snored 
habitually or often, that a greater proportion of habitual 
snorers died during sleep (P < 0.051, and that snoring was 
a risk factor for sudden death between 4 o’clock A.M. and 
noon among those dying of cardiovascular causes (P < 

0.01). Parallel observations have been made in other popu- 
lations [221]. Snoring has the potential of establishing a 
positive feedback loop of enhanced autonomic discharge to 
the heart during sleep, as there is evidence that this 
condition, especially when accompanied by respiratory 
pauses, can promote anxiety dreams [222]. These findings 
are of particular significance because 20% of the adult 
population snores, including approximately 50% of 50- 
year-old males [2 191. 

Collectively, this information underscores the impor- 
tance of assuring that the cardiac patient is not experienc- 
ing respiratory distress during sleep due either to snoring 
or apnea. Because excessive alcohol is an important pre- 
disposing factor to both snoring and apnea, it may be 
useful to monitor patients on a night following their typical 
consumption of alcohol. Nicotine has also been observed 
to predispose to sleep apnea [223]. 

6.5. Nocturnal asystole 

The risk of cardiovascular death is increased by 33% Our experimental studies demonstrating the occurrence 
across 8 years when frequency exceeds 20 apneas per hour of pauses in heart rhythm due to bursts of vagus nerve 
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activity [ 1141 may carry important implications for diag- 
nosing and treating neurogenically induced ischemia and 
arrhythmias during slow wave sleep. Bradycardias and 
asystoles of up to g-seconds duration can occur during 
sleep in otherwise healthy young adults [ 1241. In patients 
with cardiac disease, nocturnal asystolic events could set 
the stage for arrhythmias, as abrupt changes in cycle length 
are conducive to early and late afterdepolarizations 12241. 
This phenomenon may also be germane to a subset of 
patients with the long QT syndrome, whose syncopal 
episodes occur almost exclusively either at rest or, more 
frequently, during sleep, when the QT-interval is further 
prolonged [143]. Within this subset, most patients appear 
to have the cardiac sodium channel gene SCNSA linked to 
chromosome 3 [225]. Another intriguing possibility is that 
sleep-induced pauses may initiate severe ventricular ar- 
rhythmias in individuals sensitized by ant&rhythmic drugs 
with Class III action, which have the potential to induce 
Torsade de Pointes. Accordingly, we propose that vagally 
mediated pauses associated with transition from slow wave 
to desynchronized sleep as described in our experimental 
studies [ 1141 could predispose to early and late afterdepo- 
larizations and Torsade de Pointes. In patients with dam- 
aged endothelium, vagal surges could result in vasocon- 
striction due to impaired release of endothelium-derived 
relaxing factor. This is an important topic for further 
exploration, as it remains to be determined whether acetyl- 
choline released from the vagus nerve will elicit coronary 
constriction as it does when this substance is administered 
through the intracoronary route [ 1261. 

7. Dreams and sudden death 

The belief that dreams can cause sudden cardiac demise 
is imbedded in folklore and medical history. This stems 
from the common experience of being awakened by vivid, 
frightening dreams, with racing pulse, cold sweat, and 
other physiologic responses associated with intense dis- 
tress. MacWilliam [2] documented “extensive rises in 
blood pressure during sleep, increased heart action, changes 
in respiration, and various reflex effects” which exhibit a 
“suddenness of development.” These pioneering insights 
have been bolstered by substantial evidence of heightened 
autonomic activity associated with dreams [98]. 

The impact of dreaming on the heart is most dramatic 
during night terrors and nightmares. In the former case, 
there is a partial arousal in panic from stages III and IV of 
slow wave sleep, with marked tachycardia and tachypnea 
without recall of dreaming [226]. Nightmares can be pre- 
cipitated during slow wave sleep, when they are charac- 
terized by pure fear without visual hallucination, or REM 
sleep, when vivid and frightening dreams have been re- 
ported. It has been postulated that the autonomic surges are 
due to a failure to synchronize the activation and deactiva- 

tion of sensory autonomic and motor systems during the 
transitions between slow wave and REM sleep. 

How strong is the evidence linking dreams to sudden 
death and myocardial infarction? Notwithstanding this pre- 
sumptive evidence that dreams result in intense activation 
of the sympathetic nervous system, definitive proof that 
this brain state can trigger these events has been elusive. 
This no doubt results from the dual problems of establish- 
ing the occurrence of a dream state and witnessing the 
cardiac event. The overall case implicating dreams as a 
cause of sudden death or infarction rests on several lines of 
circumstantial evidence. These include the findings that 
REM sleep, when most vivid dreams occur, is a potent 
inducer of ischemic attacks in patients with classical and 
Prinzmetal’s angina [ 120,148,160,163] and the observation 
that REM may precipitate ventricular ectopic activity and 
tachycardias [ 1541. 

Ventricular tachycardia or fibrillation has been reported 
in association with violent or frightening dreams. Lown 
and coworkers performed a detailed sleep study in a 
patient with recurring ventricular fibrillation in the absence 
of coronary heart disease [227]. While being monitored 
during sleep in a coronary care unit, the patient developed 
ventricular fibrillation at 4 o’clock A.M. When the patient 
was interviewed, he recalled dreams with emotionally 
charged content. During subsequent sleep recording ses- 
sions., it was observed that high grade ventricular arrhyth- 
mias occurred at the same time of night during REM sleep. 

7.1. Night terrors 

The most striking association between dreaming and 
sudden death has been observed in Southeast Asians, in 
whom there is a high incidence of sudden, unexplained 
nocturnal deaths in young (age 25-441, apparently healthy 
males [228-2361. These deaths are named “Lai-tai” 
(“sleep death”) in Laos, “Pokkuri” (“sudden and unex- 
pected death”) in Japan, “Bangungut” (“to rise and 
moan in sleep”) in the Philippines and “sudden unex- 
pected nocturnal death (SUNDS)” in the United States, 
where the phenomenon occurs among immigrants. 

Death is unexpected, as the victims are in apparent 
good health. Absence of cardiovascular disease in this 
syndrome has been established in a number of cases at 
autopsy. The immediate symptoms are onset of agonal 
respirations during sleep. Case reports provide varying 
suggestions of the pathophysiologic basis [232,234]. Some 
victims were revived by vigorous massage and then re- 
ported sensations of airway obstruction, chest discomfort 
or pressure, and numb and weak limbs. These symptoms 
recurred within weeks to months and culminated in death 
[232]. While this presentation does not suggest ventricular 
fibrillation, case reports were provided by Otto et al. 12341, 
of three victims who were resuscitated from ventricular 
fibrillation and who experienced recurring fibrillation in 
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hospital during sleep accompanied by similar moaning 
vocalizations. In these three patients, there was no evi- 
dence of atherosclerosis or structural abnormalities and no 
sleep apnea, but creatine kinase levels were markedly 
elevated and potassium depressed. Autopsies suggest that 
some SUNDS deaths may be associated with developmen- 
tally abnormal conduction system pathways [228,230]. 

The terminal events surrounding these deaths suggest 
that the victims suffered from night terrors, a sleep disor- 
der which occurs during stages 3 and 4 of slow wave sleep 
and is characterized by vocalization, violent motor activity, 
nonarousability, rapid irregular deep breathing, perspira- 
tion, and severe autonomic discharge [99,228,237]. Heart 
rates may reach 160 to 170 beats/min within 15 to 4.5 
seconds of onset of a night terror. There is marked sympa- 
thetic discharge as evidenced by pupillary mydriasis and 
decreased Galvanic skin resistance. Patients awakened from 
night terrors report nightmares sometimes linked to trau- 
matic experiences [238]. In these individuals, slow wave 
sleep may be associated with risk of cardiac death because 
of the potent centrally mediated sympathetic activation and 
parasympathetic deactivation due to the emotional content 
of night terrors. This is a variation on the usual autonomic 
pattern of slow wave sleep, which results in decreased 
sympathetic activity and increased parasympathetic activ- 
ity. A psychological component of SUNDS cannot be 
ruled out, due to the stress of daily life as a refugee or 
immigrant [228,229,235,236,239,240]. 

SUNDS may have a dietary basis, as the incidence of 
this syndrome declines with immigration and altered diet 
[233,239]. It has been proposed that low thiamine levels 
[241] or hypokalemia [242] may be predisposing factors. 
Typical diets of poor Asians include raw, dried, and 
fermented fish, which contains potent anti-thiamine com- 
pounds. In a study of over 100 Laotian refugees in Thai- 
land, the QT interval was found to be prolonged, a symp- 
tom associated in individuals at risk for SUNDS with poor 
thiamine status and a history of seizure-like episodes in 

sleep [233]. Nimmannit et al. [242] have reported that 
hypokalemia is related to the diet of sticky rice in the 
Laotian-Thai plateau. Hypokalemia is associated with 
lethal arrhythmias and respiratory failure at night, due to 
sleep-associated dip in potassium levels. Hypokalemic pe- 
riodic paralysis “attacks” show similarities to SUNDS, 
with sudden nocturnal onset, muscle weakness, respiratory 
failure, and potential for death [242]. While SUNDS oc- 
curs at a high rate in culturally and genetically distinct 
groups [232], the phenomenon cannot be viewed as a result 
of inbreeding, which is severely restricted, even to the 
third generation [243]. Whereas this syndrome is clearly 
different from nocturnal sudden death due to ischemic 
heart disease, it underscores the concept that in a predis- 
posed myocardial substrate, the massive surges in sympa- 
thetic activity which occur during intense dreams are 
potentially capable of triggering life-threatening arrhyth- 
mias. 

8. Clinical importance of arousal from sleep 

A high incidence of ischemic events [133] and arrhytb- 
mias [153] is associated with arousal from sleep. It appears 
that a contributing factor to these events is an increase in 
platelet aggregability that results from assumption of the 
upright posture [128,244,245]. There is evidence that car- 
diac electrical stability can be disrupted during rapid tran- 
sitions from sleep to wakefulness. Wellens and coworkers 
[246] reported the case of a 14year-old female who expe- 
rienced repeated episodes of life-threatening ventricular 
tachyarrhythmias when awakened from sleep by a loud 
auditory stimulus (Fig. 16). The trigger mechanism ap- 
peared to be a surge in adrenergic activity, because the 
syncopal episodes could be prevented by propranolol ther- 

apy. 
Somers and coworkers [102] have recently provided 

insights into the potential mechanisms whereby arousal 
from sleep can result in life-threatening arrhythmias. They 

Fig. 16. Initiation of ventricular fibrillation following an auditory stimulus (alarm clock). QT-segment changes are followed by ventricular premature beats 
and ventricular fibrillation. ‘Ihe middle of the record is taken at slower speed than the beginning and end. (Reproduced with permission from the American 
Heart Association from [246].) 
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REM 

Fig. 17. Recordings of sympathetic nerve activity (SNA) and mean blood 
pressure (BP) in a single subject while awake and while in slow wave 
sleep stages 2, 3, 4, and REM sleep. As slow wave sleep deepens (stages 
2 through 4). sympathetic nerve activity gradually decreases and blood 
pressure (mmHg) and variability in blood pressure are gradually reduced. 
Arousal stimuli elicited K complexes on the electroencephalogram (not 
shown), which were accompanied by increases in sympathetic nerve 
activity and blood pressure (indicated by the arrows, stage 2 sleep). In 
contrast to the changes during slow wave sleep, heart rate., blood pressure, 
and blood pressure variability increased during REM sleep, together with 
a profound increase in both the frequency and the amplitude of sympa- 
thetic nerve activity. There was a frequent association between REM 
twitches (momentary periods of restoration of muscle tone, denoted by T 
on the tracing) and abrupt inhibition of sympathetic nerve discharge and 
increases in blood pressure. (Reproduced with permission from Mas- 
sachusetts Medical Society from [ 1021.) 

measured sympathetic nerve activity using peroneal mi- 
croneurography in normal subjects undergoing simultane- 
ous polysomnography. They found that arousal stimuli 
from stage 2 sleep elicited high-amplitude deflections in 
the electroencephalogram (K complexes), which were fre- 
quently associated with bursts of sympathetic activity and 
transient increases in arterial blood pressure. Interestingly, 
similar stimuli during wakefulness did not elicit an in- 
crease in sympathetic firing rate. It was suggested that the 
response during sleep is a consequence of central process- 
ing of auditory and other arousal stimuli. The postulated 
adaptive value is to counter hypotension during slow wave 
sleep by increasing blood pressure to permit adequate 
cerebral and cardiac perfusion required for the postural 
changes in preparation to meet a potential confrontation 
(Fig. 17). 

9. New tools for studying neurocardiac interactions 
during sleep 

The impact of sleep states and dreaming on cardiac 
electrical stability has escaped careful definition, partly 

because of the melding of complex methodologies from 
the fields of cardiac electrophysiology and behavioral neu- 
rophysiology required to address these issues. While the 
occurrence of nocturnal ischemic events and arrhythmias is 
gainiqg attention, the absence of sleep staging hampers 
analysis of the results of these studies and limits the 
amount of information available for possible treatment 
decisions. 

Recent developments provide practical solutions. In 
terms of predicting risk of sudden cardiac death, substan- 
tial evidence has been amassed which indicates that T-wave 
altemans, a beat-to-beat fluctuation in T-wave area, may 
provide a noninvasive means for assessing cardiac electri- 
cal instability [46] (Fig. 18). In our experimental studies in 
canines it has been shown that quantification of the magni- 
tude of altemans by spectral analytical techniques is capa- 
ble of predicting onset of ventricular tachycardia and 
fibrillation under diverse conditions of myocardial is- 
chemia, reperfusion, autonomic stimulation and blockade, 
and behavioral stress [48]. In angioplasty patients, T-wave 
altemans magnitude tracked the timecourse of vulnerabil- 
ity during coronary artery occlusion and reperfusion Ml. 
The data were obtained during spontaneous rhythm, obvi- 
ating the need for fixed rate pacing. In a few Holter 
recording studies in patients with Prinzmetal’s angina 
[247,248] and the long QT syndrome [249], the presence of 
altemans provided a measure of susceptibility to lethal 
ventricular tachyarrhythmias. Rosenbaum and colleagues 
[250] have shown that T-wave altemans is equivalent to 

Cantinwua 

ii& 
Fig. 18. ECG recorded within the left ventricle before, during, and after 
coronary artery occlusion in a single representative animal. The pattern 
shown was observed in all animals studied. Right panels show superim- 
position of six successive beats. Before occlusion (top), the T waves of 
each succeeding beat were uniform (arrowhead designates apex of T 
wave). After 4 min of coronary artery occlusion (middle), there was 
marked alternation of the first half of the T wave, coinciding with the 
vulnerable period of the cardiac cycle. The second half of the T wave 
remained uniform. After release of the occlusion (below), altemans was 
bidirectional, with T waves alternately inscribed above and below the 
isoelectric line. (Reproduced with permission from the American Associa- 
tion for the Advancement of Science from [47].) 
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v6 

3’ 

Fig. 19. Alternation in precordial leads V, to V, 3 min after onset of 
nocturnal angina (A). In B, recorded 8 min after beginning of pain, 
alternation has disappeared. (Reprinted with permission from the Ameri- 
can College of Chest Physicians from [267].) 

electrophysiologic testing in predicting arrhythmia-free 
survival. Fortuitous monitoring of nocturnal angina has 
provided two illustrations from the literature of T-wave 
altemans in patients with established electrical instability 
(Figs. 19 and 20). Th us, a noninvasive marker for tracking 
cardiac vulnerability is available and is amenable to Holter 
monitoring during sleep [9]. Another promising noninva- 
sive electrocardiographic technique for monitoring cardiac 
vulnerability, which has been tested in several laboratories, 
could be employed, such as QT-interval dispersion 
[12,197,251-2531. 

Such noninvasive electrocardiographic techniques for 
assessing risk of sudden death could be combined with 
new, at-home sleep monitoring systems, such as the ana- 

ECG OUAING NOCTURNAL ANGINA 
S.Q. :7 ,,I 

logue Oxford Medilog or digital Vitalog system or the 
simpler “Nightcap”, which uses eyelid and body move- 
ment sensors to discriminate wake, slow wave, and REM 
sleep automatically [6,254]. The Nightcap’s algorithms 
predicted the results of handscoring of sleep records with a 
percent agreement of 85.6 f 1.7%. The eyelid movement 
component of the device is particularly sensitive to the 
flurries of REM with which autonomic activity is typically 
associated. 

Two general types of studies would be required to 
establish the potential diagnostic value of sleep as an 
autonomic stress test. The first would be to establish 
normative, age-matched control data for the main parame- 
ters of interest. These could include measurements of heart 
rate variability dynamics including Poincark plots along 
with indices of cardiac electrical instability including QT- 
dispersion and T-wave altemans. In order to obtain these 
data, subjects would be monitored across 24 h. Nighttime 
records would include information from an ambulatory 
sleep device synchronized to the ECG recorder. The com- 
puterized analysis of cardiovascular variables could then 
be compared to the distribution of each of these parameters 
of interest. The second type of study would be to obtain 
followup data on high-risk patients in order to establish 
whether the results of the sleep stress test can predict 
cardiovascular events including arrhythmia-free survival, 
myocardial infarction, and sudden death. These studies 
would establish sensitivity and specificity of the sleep 
stress test at several predetermined cut-points defining 
abnormal test results. For T-wave altemans analysis, there 
is a precedent in the investigations by Estes, Cohen, and 
coworkers who showed that the presence of altemans 
during the exercise phase of an exercise stress test was 
significantly associated with vulnerability to ventricular 
arrhythmias. Altemans at rest was not predictive. How- 
ever, the sensitivity of the exercise phase was improved by 
incorporating the altemans data from the resting state 

Fig. 20. ECG (precordial to posterior chest wall) showing amplitude decrease during nocturnal angina. The ECG exhibited ST changes and amplitude 
decrease before awakening (not shown), although the patient did not complain of chest pain until 2 min after the arousal. Note the presence of ST-segment 
altemans during pain. Nitroglycerin resulted in rapid return towards pm-anginal ECG patterns. (Reprinted with permission from Elsevier/North Holland 
Scientific Publishers, Ltd., from [ 1741.) In experimental animals nitroglycerin has also been shown to suppress ischemia-induced T-wave altemans 12681. 
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[254]. Similarly, a sleep test, by incorporating both rest and 
the challenge of autonomic activation associated with 
changes in sleep state, could detect latent cardiac electrical 
instability in patients at risk for life-threatening arrhyth- 
mias. 

More important than the details of the test is the 
concept that new tools for assessing sleep state at home 
can be applied simultaneously with noninvasive measures 
of autonomic function and cardiac vulnerability. Thus, the 
stage is set for making major inroads in understanding the 
effect of sleep state on cardiac vulnerability both from a 
scientific perspective and for advances in diagnosis and 
therapy. 

10. Final comments: the case for sleep as an autonomic 
stress test for the heart 

The literature reviewed points to a functional resem- 
blance between sleep and its apparent antithesis, exercise. 
Both activities involve motor programs of the central 
nervous system, and the appropriate central autonomic 
patterns are activated. Both operations exert a salutary 
influence on coronary hemodynamic and cardiac electro- 
physiologic function but are capable of precipitating catas- 
trophic events. Slow wave sleep and exercise conditioning 
increase cardiac electrical stability by augmenting vagal 
tone and baroreceptor sensitivity. In contrast, the surges in 
sympathetic activity and reduction in baroreceptor sensitiv- 
ity associated with REM sleep and severe exertion during 
wakefulness may disrupt plaques, precipitate myocardial 
ischemia, and trigger ventricular tachyarrhythmias. There 
is an important interaction between the circulatory and 
respiratory systems in sleep and exercise. The autonomic 
challenges may be more likely to provoke ischemia, infarc- 
tion, and arrhythmic death when ventilatory function is 
impeded by respiratory disease. In the case of sleep, the 
ventilatory malfunction may take the form of apnea, and 
during exercise, smoking-induced pulmonary disease may 
compromise respiratory capacity. 

The use of sleep as an autonomic stress test for the 
heart could prove helpful in identifying individuals at risk 
for sudden cardiac death. It is proposed that simultaneous 
assessment of autonomic function using heart rate variabil- 
ity and baroreceptor sensitivity [12,193,194] measures, in 
conjunction with indicators of abnormal repolarization, in 
the form of T-wave altemans [46-491 and QT dispersion 
[251-2531, holds considerable promise in this regard. The 
recent development of a convenient home monitoring sys- 
tem for sleep staging could aid precise identification of the 
neural and cardiac electrophysiologic mechanisms of ar- 
rhythmogenesis during sleep and arousal. The studies re- 
viewed also highlight the relatively unrecognized impor- 
tance of respiratory derangements, ranging from snoring to 
apnea, which constitute significant accomplices in noctur- 
nal death and morbidity. There is a strong case for moni- 
toring respiratory parameters and arterial oxygen saturation 

during sleep in patients at risk for cardiac death. A home 
oximetry test can effectively rule out (to 3%) the probabil- 
ity of apnea [256]. 

The potential disruptive effects on sleep pattern of 
cardiac drugs, such as antihypertensives, beta-blockers 
which cross the blood-brain barrier, and calcium channel 
blockers [257] need to be considered. Many pharmacologic 
agents, including barbiturates, and treatments such as con- 
tinuous positive airway pressure (CPAP) have the capabil- 
ity of inducing REM deprivation and creating the condi- 
tions For a subsequent rebound phenomenon, with intense 
autonomic activity which could trigger coronary vascular 
and arrhythmic events. Conversely, the opportunity to 
prevent cardiac death by improving sleep quality with 
pharmacologic measures deserves exploration. This con- 
cept is supported by the demonstration of a significant 
beneficial effect of benzodiazepines on sleep quality in 
heart failure patients who suffer from grossly fragmented 
sleep [258]. 

Particular attention should be paid to the 2 o’clock 
A.M. increase in coronary events and to the last episode of 
REM before arousal, which is often intense and associated 
with a marked increase in autonomic discharge. Auto- 
nomic surges could stimulate platelet aggregability, disrupt 
plaques, or precipitate coronary spasm or arrhythmia, which 
may become manifest only upon arousal and could be 
inappropriately attributed to events during wakefulness 
rather than to sleep. 

Improved understanding of the circulatory conse- 
quences of sleep should lead to a greater appreciation of 
diurnal variations in drug responsiveness and the need to 
adjust the therapeutic regimen [78,259-2611. Mancia [78], 
for example, has suggested that in certain patients with 
impaired perfusion due to stenotic lesions in the brain or 
heart, exacerbation of the hypotensive effect of slow wave 
sleep can constitute a risk for thrombosis and embolism. 
Floras [261] postulated that the lack of diminution of 
nocturnal myocardial infarction in patients treated with 
antihypertensive agents was attributable to an unrecog- 
nized increase in nocturnal hypotension. Thus, since anti- 
hypertensive and vasodilatory drugs can exacerbate hy- 
potension, there is a rationale for considering their use 
primarily for daytime. 

In summary, the profound autonomic changes which 
occur during sleep states and transitions exert a significant 
impact on the cardiovascular system, which can culminate 
in major cardiovascular events, including myocardial in- 
farction and claims 36000 lives due to sudden death 
annually in the United States. Whereas the sheer numbers 
of events are not as large as those encountered during 
wakefulness, they are nevertheless of epidemic proportion, 
amounting to nearly 80% of the number of fatalities due to 
automobile accidents or 40% more than deaths due to HIV 
infection. Furthermore, there is an important heuristic 
corollary that sleep, particularly REM, constitutes an im- 
portant physiologic challenge or test of the cardiovascular 
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system. Thus, it is reasonable to exploit the concept that 
REM sleep provides a diagnostic opportunity to disclose 
latent cardiac electrical instability, using the new diagnos- 
tic noninvasive tools of heart rate variability and T-wave 
altemans. Though the measurements would be made dur- 
ing sleep, the findings would also be relevant to the awake 
state. Finally, improved understanding of the impact of 
sleep on cardiovascular function could result in improved 
dosing of drugs as indicated by the promising field of 
chronotherapy. 

Acknowledgements 

The authors acknowledge the helpful comments and 
suggestions by Drs. Murray Mittleman and Edward F. 
Pace-Schott and thank Sandra Verrier for her editorial 
contributions. 

Supported by grants I-IL50078 and I-IL41016 from the 
National Heart, Lung, and Blood Institute of the National 
Institutes of Health, Bethesda MD. Dr. Hobson is a Merit 
Awardee of the National Institutes of Mental Health 
(MH13923); his work is also supported by the Mind-Body 
Network of the MacArthur Foundation. 

References 

[I] Muller JE, Ludmer PL, Willich SN, Tofler GH, Alymer G, Klan- 
gos I, Stone PH. Circadian variation in the frequency of sudden 
cardiac death. Circulation 1987;75: 13 I- 138. 

[2] MacWilliam JA. Blood pressure and heart action in sleep and 
dreams: their relation to haemorrhages, angina, and sudden death. 
Br Med J 1923;22:1196-1200. 

[3] Levine SA. Clinical Heart Disease. Philadelphia: WB Saunders, 
1951, p. 816. 

[4] White PD. Heart Disease. New York: MacMillan, 1964, p. 87. 
[5] Mancia G, Zanchetti A. Cardiovascular regulation during sleep. In: 

Orem J, Barnes C, eds. Physiology in Sleep. New York: Academic 
Press, 1980. 

(61 Mamelak A, Hobson JA. Nightcap: a home-based sleep monitoring 
system. Sleep 1989;12:157-166. 

[7] Broughton RJ. Ambulant home monitoring of sleep and its disor- 
ders. In: Kryger MH, Roth T, Dement WC, eds. Principles and 
Practice of Sleep Medicine. Philadelphia: WB Saunders, 1994. 

[S] Bigger JT, Schwartz PJ. Markers of vagal activity and the predic- 
tion of cardiac death after myocardial infarction. In: Levy MN, 
Schwartz PJ, eds. Vagal Control of the Heart Mt. Kisco: Futura, 
1994. 

[9] Venier RL, Nearing BD, MacCallum G, Stone PH. T-wave alter- 
nans during ambulatory &hernia in patients with coronary heart 
disease. Annals of Noninvasive Electrocardiology 1996; in press. 

[lo] Lown B, Verrier RL. Neural activity and ventricular fibrillation. N 
Engl J Med 1976;294: I 165- 1170. 

[l I] Verrier RL, Dickerson LW. Autonomic nervous system and coro- 
nary blood flow changes related to emotional activation and sleep. 
Circulation 1991;83(Suppl II):II-81-11-89. 

[ 121 Schwartz PJ, La Rovere MT, Vanoli E. Autonomic nervous system 
and sudden cardiac death: experimental basis and clinical observa- 
tions for post-myocatdial infarction risk stratification. Circulation 
1992;85(Suppl 1):1-77-I-91. 

1131 Corr PB, Yamada KA, Witkowski FX. Mechanisms controlling 
cardiac autonomic function and their relation to arrhytbmogenesis. 
In: Fozxard HA, Haber H, Jennings RB, Katz AM, Morgan HE, 
eds. The Heart and Cardiovascular System. New York Raven 
Press, 1986. 

[I41 

[151 

b51 

t171 

[I81 

Zipes DP, Miyazaki T. ‘Ibe autonomic nervous system and the 
heart: basis for understanding interactions and effects on arrhyth- 
mia development. In: Zipes DP, Jabfe J, eds. Cardiac Electrophysi- 
ology: From Cell to Bedside. Philadelphia: WB Saunders, 1990. 
Levy AG. The exciting causes of ventricular fibrillation in animals 
under chloroform anesthesia. Heart 19 12;4:3 19. 
Hockman CH, Mauck HP, Hoff EC. ECG changes resulting from 
cerebral stimulation: II. A spectrum of ventricular arrhythmias of 
sympathetic origin. Am Heart J 1%6,71:695-700. 
Satinsky J, Kosowsky B, Lown B, Kerxner J. Ventricular fibrilla- 
tion induced by hypothalamic stimulation during coronary occlu- 
sion [abstract]. Circulation 1971;44:11-60. 
Verrier RL, Calvert A, Lown B. Effect of posterior hypothalamic 
stimulation on the ventricular fibrillation threshold. Am J Physiol 
1975;228:923-927. 

1191 

1201 

Cropp GJ, Manning GW. Electrocardiographic changes simulating 
myocardial ischemia and infarction associated with spontaneous 
intracranial hemorrhage. Circulation 1960;22:25-38. 
Hugenholtz PG. Electrocardiographic abnormalities in cerebral dis- 
orders: report of six cases and review of the literature. Am Heart J 
1%2;63:451-461. 

Dl Manning JW, Cotten M de V. Mechanism of cardiac arrhythmias 
induced by diencephalic stimulation. Am J Physiol 1%2;203: 
1120-1124. 

El Korteweg GCJ, Boeles JTF, Ten Cate J. Influence of stimulation of 
some subcortical areas on electrocardiogram. J Neurophysiol 
1957;20:100-107. 

ml 

[241 

Janse MJ, Wit AL. Electrophysiological mechanism of ventricular 
arrhythmias resulting from myocardial &hernia and infarction 
Physiol Rev 198969: 1049- 1169. 
Skinner JE. Neurocardiology: how stress produces fatal cardiac 
arrhythmias. In: Podrid PJ, Kowey PR, eds. Cardiac Arrhythmia: 
Mechanisms, Diagnosis, and Management. Baltimore: Williams & 
Wilkins, 1995. 
Skinner JE, Reed JC. Blockade of frontccortical-brain stem path- 
way prevents ventricular fibrillation of ischemic heart. Am J Phys- 
iol 1981;24OzH156-H163. 

[%I 

LX’1 

Carpeggiani C, Landisman C, Montaron M-F, Skinner JE. Cry- 
oblockade in limbic brain (amygdala) prevents or delays ventricular 
fibrillation after coronary artery occlusion in psychologically 
stressed pigs. Circ Res 1992;70600. 
Smith OA, DeVito JL. Central neural integration for the control of 
autonomic responses associated with emotion. Annu Rev Neurosci 
1984;7:43. 

m 

[291 

(301 

[311 

[=I 

Gutterman DD, Bonham AC, Arthur JM. et al. Central neural 
regulation of coronary blood flow. In: Buckley JP, Ferrario CM, 
eds. Brain Peptides and Catecholamines in Cardiovascular Regula- 
tion. New York: Raven Press, 1987. 
Jordan D. Autonomic changes in affective behavior. In: Loewy 
AD, Spyer KM, eds. Central Regulation of Autonomic Functions. 
New York: Oxford University Press, 1990. 
Cechetto CF, Saper CB. Role of the cerebral cortex in autonomic 
function. In: Loewy AD, Spyer KM, eds. Central Regulation of 
Autonomic Functions. New York: Oxford University Press, 1990. 
LeDoux JE. Emotion. In: Mountcastle VB, Plum F, Geiger SR, eds. 
Handbook of Physiology, vol. 5, part 1: Higher Functions of the 
Brain. Bethesda: American Physiological Society, 1987. 
Skinner JE, Mohmr M, Harper RM. Higher cerebral regulation of 
cardiovascular and respiratory functions. In: Kryger MH, Roth T, 
Dement WC, eds. The Principles and Practice of Sleep Medicine. 
Philadelphia: WB Saunders, 1994. 

1331 Verrier RL, Thompson PL, Lown B. Ventricular vulnerability 

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/c
a
rd

io
v
a
s
c
re

s
/a

rtic
le

/3
1
/2

/1
8
1
/4

0
7
5
3
8
 b

y
 g

u
e
s
t o

n
 1

6
 A

u
g
u
s
t 2

0
2
2



206 R.L. Verrier er al./Cardiovascular Research 31 (1996) IN-211 

during sympathetic stimulation: role of heart rate and blood pres- 
sure. Cardiovasc Res 1974;8:602-610. 

[34] Schwartz PJ, Vanoli E, Zaza A, et al. The effect of antiarrhythmic 
drugs on life-threatening arrhythmias induced by the interaction 
between acute myocardial ischemia and sympathetic hyperactivity. 
Am Heart J 1985;109:937-948. 

(351 Han J, Moe GK. Nonuniform recovery of excitability in ventricular 
muscle. Circ Res 1964;14:44-60. 

[36] Lown B, Verrier RL, Corbalan R. Psychologic stress and threshold 
for repetitive ventricular response. Science 1973;182:834-836. 

[37] Corbalan R, Verrier RL, Lown B. Psychological stress and ventric- 
ular arrhythmias during myocardial infarction in the conscious dog. 
Am J Cardiol 1974;34:692-6%. 

[38] Verrier RL, Lown B. Behavioral stress and cardiac arrhythmias. 
Annu Rev Physiol 1984;46:155-176. 

[39] Verrier RL, Hagestad EL, Lown B. Delayed myocardial ischemia 
induced by anger. Circulation 1987;75:249-254. 

[40] Kovach JA, Nearing BD, Thumher M, Verrier RL. Effect of 
aggressive arousal on precordial T-wave altemans magnitude in the 
normal and ischemic canine heart with and without beta,-adren- 
ergic blockade with metoprolol [Abstract]. J Am Co11 Cardiol 
1994;23:329A. 

[41] Tofler GH, Stone PH, Maclure M, Edehnan E, Davis VG, Robert- 
son T, Antman EM, Muller JE. Analysis of possible triggers of 
acute myocardial infarction (the MILLS study). Am J Cardiol 
1990;66:22. 

[42] Verrier RL, Kovach JA. Primary role of beta-adrenergic receptors 
in arrhythmogenesis during sympathetic nervous system activation. 
In: Podrid PJ, Kowey PR, eds. Cardiac Arrhythmias: Mechanism, 
Diagnosis and Management. Baltimore: Williams & Wilkins. 1995. 

[43] Randall WC. Nervous Control of Cardiovascular Function. New 
York: Oxford University Press, 1984. 

[44] Lombardi F, Verrier RL, Lown B. Relationship between sympa- 
thetic neural activity, coronary dynamics, and vulnerability to 
ventricular fibrillation during myocaniial &hernia and reperfusion. 
Am Heart J 1983;105:958-%5. 

[45] Nearing BD. Verrier RL. Simultaneous assessment of autonomic 
regulation and cardiac vulnerability during coronary occlusion and 
reperfusion by complex demodulation of heart rate variability and 
T-wave altemans [abstract]. Circulation 1992;8tisuppl 111-639. 

[46] Nearing BD, Gesterle SN, Verrier RL. Quantification of 
ischaemia-induced vulnerability by pmcordial T-wave altemans 
analysis in dog and human. Cardiovasc Res 199428: 1440- 1449. 

[47] Nearing BD, Huang AH, Venier RL. Dynamic tracking of cardiac 
vulnerability by complex demodulation of the T-wave. Science 
1991;252:437-440. 

[48] Verrier RL, Nearing BD. Electrophysiologic basis for T-wave 
altemans as an index of vulnerability to ventricular fibrillation. J 
Cardiovasc Electrophysiol 1994;5:445-461. 

[49] Verrier RL, Nearing BD. T-wave altemans as a harbinger of 
ischemia-induced sudden cardiac death. In: Zipes DP, Jalife J, eds. 
Cardiac Electrophysiology: From Cell to Bedside. Philadelphia: 
WB Saunders, 1995. 

[50] Verrier RL, Hagestad EL. Mechanisms involved in reperfusion 
arrhythmias. Eur Heart J 1986;7(suppl A): 13-22. 

[51] Corbalan R, Verrier RL. Lown B. Differing mechanisms for ven- 
tricular vulnerability during coronary artery occlusion and release. 
Am Heart J 1976;92:223-230. 

[52] Elharrar V, Zipes DP. Cardiac electrophysiologic alterations during 
myocardial &hernia. Am J Physiol 1977;233:H329-H345. 

[53] Verrier RL. Autonomic modulation of arrhythmias in animal mod- 
els. In: Rosen MR, Wit AL, Janse MJ, eds. Cardiac Electrophysiol- 
ogy: a Textbook in Honor of Brian Hoffman. New York: Futura 
Press, 1990. 

[54] Levy MN. Role of calcium in arrhythmogenesis. Circulation 
1989;8O(suppl IV):IV-23-IV-30. 

[55] Billman GE. The ant&rhythmic and antitibrillatory effects of 

calcium antagonists. J Cardiovasc Pharmacol 1991;18(suppl 
10):s107-s117. 

[56] Moore EN, Spear JF. Ventricular fibrillation threshold. Its physio- 
logical and pharmacological importance. Arch Intern Med 
1975; 135446-453. 

[57] Eckberg DL. Beta-adrenergic blockade may prolong life in post-in- 
farction patients in part by increasing vagal cardiac inhibition. Med 
Hypoth 1984;15:421-432. 

[58] Ablad B, Bjurii T, Bjiirkman J-A, Edstriim T, Olsson G. Role of 
central nervous beta-adrenoceptors in the prevention of ventricular 
fibrillation through augmentation of cardiac vagal tone [abstract]. J 
Am Co11 Cardiol 1991;17:165A. 

[59] Parker GW, Michael LH, Hartley CJ, Skinner JE, Entman ML. 
Central beta-adrenergic mechanisms may modulate ischemic ven- 
tricular fibrillation in pigs. Circ Res 1990$6:259-270. 

[60] Benfey BG, Elfellah MS, Ogilvie RI, Varma DR. Antiarrhythmic 
e-rfects of prazosin and proptanolol during coronary artery occlu- 
sion and reperfusion in dogs and pigs. Br J Pharmacol 1984;82: 
717-725. 

[61] Lewis PJ, Haeusler G. Reduction in sympathetic nervous activity as 
a mechanism for the hypotensive action of propranolol. Nature 
1975;256:440. 

[62] Privitera PJ, Webb JG, Walle T. Effect of centrally administered 
propranolol on plasma tenin activity, plasma notepinephrine, and 
arterial pressure. Eur J Pharmacol 1979;54:51-60. 

[63] Hjalmarson A, Olsson G. Myocardial infarction. Effects of beta- 
blockade. Circulation 1991;84&uppl VI):VI-IOl-VI-107. 

[64] Kerzner J, Wolf M, Kosowsky BD, Lown B. Ventricular ectopic 
rhythms following vagal stimulation in dogs with acute myocardial 
infarction. Circulation 1973;47:44-50. 

[65] Skinner JE, Mohr DN, Kellaway P. Sleep-stage regulation of 
ventricular arrhythmias in the unanesthetized pig. Circ Res 
1975;37:342-349. 

[66] Billman GE, Schwartz PJ, Stone HL. Baroreceptor reflex control of 
heart rate: a predictor of sudden cardiac death. Circulation 1982;6: 
874-880. 

(671 Master AM, Dack S, Horn H, Freedman BI, Field LE. Acute 
coronary insufficiency due to acute hemorrhage: an analysis of one 
hundred and three cases. Circulation 1950;1:1302. 

(681 Kent KM, Smith ER, Redwood DR, Epstein SE. Electrical stability 
of acutely ischemic myocardium. Influences of heart rate and vagal 
stimulation. Circulation 1973;47:291-298. 

[69] Verrier RL, Carr DB. Stress-specific influences of opioids on 
cardiac electrical stability. In: Verrier RL, Kaufmann PG, Weiss 
SM, eds. Pain and Cardiovascular Regulation. J Cardiovasc Elec- 
trophysiol 1991;2@uppl):S124-S 129. 

[70] De Ferrari GM, Vanoli E, Schwartz PJ. Vagal activity and ventricu- 
lar fibrillation. In: Levy MN, Schwartz PJ, eds. Vagal Control of 
the Heart. Mt. Kisco: Futura, 1994. 

[71] Vanoli E, De Ferrari GM, Stramba-Badiale M, et al. Vagal stimula- 
tion and prevention of sudden death in conscious dogs with a 
healed myocardial infarction. Circ Res 1991;68:1471-1481. 

[72] L.evy MN, Warner MR. Autonomic interactions in cardiac control: 
role of neuropeptides. In: Zipes DP. Jalife J, eds. Cardiac Electro- 
physiology and Arrhythmias. Orlando: Grune & Stratton, 1985. 

[73] Kleiger RE, Miller JP, Bigger JT Jr, Moss AJ. The Multicenter 
Post-Infarction Research Group. Decreased heart rate variability 
and its association with increased mortality after acute myocardial 
infarction. Am J Cardiol 1987;59:256-262. 

[74] L.aRovere MT, Specchia G, Mortara A, Schwartz PJ. Baroreflex 
sensitivity, clinical correlates and cardiovascular mortality among 
patients with a first myocardial infarction: a prospective study. 
Circulation 1988;78:8 16-824. 

[75] Pantridge JF. Autonomic disturbance at the onset of acute myocar- 
dial infarction. In: Schwartz PJ, Brown AM, Malliani A, Zanchetti 
A, eds. Neural Mechanisms in Cardiac Arrhythmias. New York: 
Raven Press, 1978. 

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/c
a
rd

io
v
a
s
c
re

s
/a

rtic
le

/3
1
/2

/1
8
1
/4

0
7
5
3
8
 b

y
 g

u
e
s
t o

n
 1

6
 A

u
g
u
s
t 2

0
2
2



R.L. Verrier et al. / Cardiovascular Research 31 (19%) 181-21 I 207 

[76] Kryger MH, Roth T, Dement WC, eds. The Principles and Practice 
of Sleep Medicine. Philadelphia: WB Saunders, 1994. 

[77] Saunders NA, Sullivan CE, eds. Sleep and Breathing. Lung Biol- 
ogy in Health and Disease, vol. 71. New York Marcel Dekker, 
1994. 

[78] Mancia G. Autonomic modulation of the cardiovascular system 
during sleep. N Engl J Med 1993;328:347-349. 

[79] Verrier RL, Dickerson LW. Central nervous system and behavioral 
factors in vagal control of cardiac arrhythmogenesis. In: Levy MN, 
Schwartz PJ. eds. Vagal Control of the Heart, Mt. Kisco: Futura, 
1994. 

[SO] Parmeggiani PL. The autonomic nervous system in sleep. In: 
Kryger MH, Roth T, Dement WC, eds. The Principles and Practice 
of Sleep Medicine. Philadelphia: WB Saunders, 1994. 

[8 t] Lydic R, Biebuyck JF, eds. Clinical Physiology of Sleep. Bethesda: 
American Physiological Society, 1988. 

[82] Lydic R. Central regulation of sleep and autonomic physiology. In: 
Lydic R, Biebuyck JF, eds. Clinical Physiology of Sleep. Bethesda: 
American Physiological Society, 1988. 

[83] Hobson JA, Steriade M. Neuronal basis of behavioral state control. 
In: Mountcastle VF, Bloom FE, Geiger ST, eds. Handbook of 
Physiology: Section 1. The Nervous System, Vol. IV: Intrinsic 
Regulatory Systems of the Brain. Bethesda: American Physio- 
logical Society, 1986. 

[84] Lydic R, Baghdoyan HA. Microdialysis of cat pons reveals en- 
hanced acetylcholine release during state-dependent respiratory de- 
pression. Am J Physiol 1991;261:R766-R770. 

[85] Gilbert KA, Lydic R. Pontine cholinergic reticular mechanisms 
cause state-dependent changes in the discharge of parabrachial 
neurons. Am J Physiol 1994,266:Rl36-R150. 

[86] Baghdoyan HA, Carlson BX, Roth MT. Pharmacological charac- 
terization of muscarinic cholinergic receptors in cat pons and 
cortex. Pharmacology 1994;48:77-85. 

[87] Kodama T, Lai YY, Siegel JM. Enhancement of acetylcholine 
release during REM sleep in the caudomedial medulla as measured 
by in vivo microdialysis. Brain Res 1992;580:348-350. 

[88] Lopez-Rodriguez F, Kohlmeier K, Morales FR, Chase MH. State 
dependency of the effects of microinjection of cholinergic drugs 
into the nucleus pontis oralis. Brain Res 1994$49:27 1-28 1. 

[89] Rechtschaffen A, Bergmann BN, Everson CA, Kushida CA, 
Gilliland MA. Sleep deprivation in the ran X. Integration and 
discussion of the finding. Sleep 1989;12:68-87. 

[90] Krueger JM, Majde JA. Microbial products and cytokines in sleep 
and fever regulation. Crit Rev Immunol 1994; 14355-379. 

[91] Lydic R, Baghdoyan HA. The neurobiology of rapid-eye-move- 
ment sleep, In: Saunders NA, Sullivan CE, eds. Sleep and Breath- 
ing. Lung Biology in Health and Disease, vol. 71. New York: 
Marcel Dekker, 1994. 

[92] Montzzi G, Magoun HW. Brainstem reticular formation and activa- 
tion of the EEG. Electroencephalogr Clin Neurophysiol 1949;l: 
455-473. 

[94] Chase MH, Morales FR. Subthreshold excitatory activity and mo- 
toneuron discharge during REM periods of active sleep. Science 
1983;221:1195-1198. 

[93] Steriade M, Pare D, Parent A, Smith Y. Projections of cholinergic 
and non-cholinergic neurons of the brainstem core to relay and 
associational thalamic nuclei in the cat and macaque monkey. 
Neuroscience 1988;25:47-67. 

[95] Grem J. Neural basis of behavioral and state-dependent control of 
breathing. In: Lydic R, Biebuyck JF, eds. Clinical Physiology of 
Sleep. Bethesda: American Physiological Society, 1988. 

[96] Phillipson EA. Bowes G. Control of breathing during sleep. In: 
Chemiack NS, Widdicombe JG, eds. Handbook of Physiology, 
Section III. The Respiratory System. Bethesda: American Physio- 
logical Society, 1986. 

[97] Dickerson LW, Huang AH, Thumher MM, Nearing BD, Verrier 

RL. Relationship between coronary hemodynamic changes and the 
phasic events of rapid eye movement in sleep. Sleep 1993;16:550- 
557. 

[98] Hobson JA. Sleep and dreaming. J Neurosci 1990,10:371-382. 
[99] Fisher C, Kahn E, Edwards A, Davis DM. A psychophysiological 

study of nightmares and night terrors: I. Physiologic aspects of the 
stage 4 night terror. J Nerv Ment Dis 1973;157:75. 

[lo01 Callaway CW, Lydic R, Baghdoyan HA, Hobson JA. Pontogenicu- 
looccipital waves: spontaneous visual system activity during rapid 
eye movement sleep. Cell Mol Neurobiol 1987;7:105-149. 

[101] Merritt JM, Stickgold R, Pace-Schott E, Williams J, Hobson JA. 
Emotional profiles in the dreams of men and women. Conscious- 
ness and Cognition 1994;3:46-60. 

[102] Somers VK, Dyken ME, Mark AL, Abboud FM. Sympathetic 
nerve activity during sleep in normal subjects. N Engl J Med 
1993;328:303-307. 

[103] Vanoli E, Adamson PB, Ba-Lin, Piia GD, Lazzam R, Grr WC. 
Heart rate variability during specific sleep stages: a comparison of 
healthy subjects with patients after myocardial infarction. Circula- 
tion 1995;91:1918-1922. 

[104] Zemaityte D, Varoneckas G, Sokolov E. Heart rhythm control 
during sleep. Psychophysiology 1984;21:279. 

[IO51 Furlan R, Guzzetti S, Crivellar W, Dassi S, Tinelli M, Baselli G, 
Cerutti S, Lombardi F, Pagani M, Malliani A. Continuous 24hour 
assessment of neural regulation of systemic arterial pressure and 
RR variabilities in ambulant subjects. Circulation 1990;81:537-547. 

[ 1061 Baust W, Bohnert B. The regulation of heart rate during sleep. Exp 
Brain Res 1969;7:169-180. 

[107] Raetz SL, Richard CA, Gtimkel A, Harper RM. Dynamic charac- 
teristics of cardiac R-R intervals during sleep and waking states. 
Sleep 1992;14:526. 

[108] Conway J, Boon N, Jones JV, Sleight P. Involvement of the 
baroreceptor reflexes in the changes in blood pressure with sleep 
and mental arousal. Hypertension 1983;5:746. 

[ 1091 Smyth HS, Sleight P, Pickering GW. Reflex regulation of arterial 
pressure during sleep in man. Circ Res 1%9;24: 109. 

[ 1 IO] Pedulla N, Silvestri R, Lasco A, Mento G, Lanuzza B, Sofia L, 
Frisina N. Sleep structure in essential hypertension patients: differ- 
ences between dippers and nondippers. Blood Pressure 1995;4. 

[ 1111 Harper RM, Frysinger RC, ‘Zhang J, Ttelease RB, Terreberry RR. 
Cardiac and respiratory interactions maintaining homeostasis dur- 
ing sleep. In: Lydic R, Biebuyck JF, eds. Clinical Physiology of 
Sleep. Bethesda: American Physiological Society, 1988. 

[ 1121 Snyder F, Hobson JA, Morrison DF, Goldfrank F. Changes in 
respiration, heart rate, and systolic blood pressure in human sleep. J 
Appl Physiol 1964;19:417-422. 

1131 Baccelli G, Guazzi M, Mancia G, Zanchetti A. Neural and non- 
neural mechanisms influencing circulation during sleep. Nature 
1969;223: 184- 185. 

1141 Dickerson LW, Huang AH, Nearing BD, Verrier RL. Primary 
coronary vasodilation associated with pauses in heart rhythm dur- 
ing sleep. Am J Physiol 1993;264:Rl86-Rl%. 

1151 Kirby DA, Verrier RL. Differential effects of sleep stage on 
coronary hemodynamic function. Am J Physiol 1989;256:H1378- 
H1383. 

[I 161 Kirby DA, Verrier RL. Differential effects of sleep stage on 

[117] Vamer SF, Franklin D, Higgins CB, Patrick T, White S, Van 

coronary hemodynamic function during stenosis. Physiol Behav 

Citters RL. Coronary dynamics in unrestrained conscious baboons. 
Am J Physiol 1971;221:1396-1401. 

1989;45:1017-1020. 

[ 1 IS] Feigl EO. Coronary physiology. Physiol Rev 1983;63: l-205. 
[119] Billman GE, Randall DC. Mechanisms mediating the coronary 

vascular response to behavioral stress in the dog. Circ Res 
1981;48:214--223. 

[ 1201 Nowlin JB, Troyer WG Jr, Collins WS, Silverman G, Nichols CR, 

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/c
a
rd

io
v
a
s
c
re

s
/a

rtic
le

/3
1
/2

/1
8
1
/4

0
7
5
3
8
 b

y
 g

u
e
s
t o

n
 1

6
 A

u
g
u
s
t 2

0
2
2



208 R.L. Verrier et al./ Cardiovascular Research 31 (1996) 181-21 I 

McIntosh HD, Estes EH Jr, Bogdonoff MD. The association of 
nocturnal angina pectotis with dreaming. Arm Intern Med 
1%5;63:1040-1046. 

[122] Sakai F, Meyer JS, Karacan 1, Detman S, Yamamoto M. Normal 
human sleep: regional cerebral hemodynamics. Ann Neural 

[121] Rye DB, Saper CB, Lee HJ, Wainer BH. Pedunculopontine 
tegmental nucleus of the rat: cytoarchitecture, cytochemistry, and 

1980;7:471-478. 

some extrapyramidal connections of the mesopontine tegmentum. J 
Comp Neurol 1987;259:483-528. 

[I231 Townsend RE, Prinz PN, Obrist WD. Human cerebral blood flow 
during sleep and waking. J Appl Physiol 1973;35:620-625. 

[I241 Guilleminault CP, Pool P, Motta J, et al. Sinus arrest during REM 
sleep in young adults. N Engl J Med 1984,311: 1006. 

[ 1251 Kovach JA, Gottdiener JS, Venier RL. Vagal modulation of epicar- 
dial coronary artery size in dogs. A two-dimensional intravascular 
ultrasound study. Circulation 1995;92:2291-2298. 

[126] Ludmer PL, Selwyn AP, Shook TL, Wayne RR, Mudge GH. 
Alexander RW, Ganz P. Paradoxical vasoconstriction induced by 
acetylcholine in atherosclerotic arteries. N Engl J Med 
1986;315:1046-1051. 

[I271 Ruckebusch Y. The relevance of drowsiness in the circadian cycle 
of farm animals. Anim Behav 1972;20:637-643. 

[128] Muller JE, Stone PH. Turi ZG, Rutherford JD, Czeisler CA, Parker 
C, Poole WK. Passamani E, Roberts R, Robertson T, Sobel BE, 
Willerson JT, Braunwald E, and the MILIS Study Group. Circadian 
variation in the frequency of onset of acute myocatdial infarction. 
N Engl J Med 1985;313:1315-1322. 

[ 1291 Willich SN, Levy D, Rocco MB, Tofler GH, Stone PH. Mulier JE. 
Circadian variation in the incidence of sudden cardiac death in the 
Framingham Heart Study population. Am J Cardiol 1987;60:801- 
806. 

[130] Willich SN, Linderer T, Wegscheider K, et al., and the ISAM 
Study Group. Increased morning incidence of myocardial infarction 
in the ISAM study: absence with prior beta-adrenergic blockade. 
Circulation 1989;80:853-858. 

[ 13 11 Manolio TA, Furberg DC. Epidemiology of sudden cardiac death. 
In: Akhtar M. Myerburg RJ, Ruskin JN. Sudden Cardiac Death: 
Prevalence, Mechanisms, and Approaches to Diagnosis and Man- 
agement. Philadelphia: Williams & Wilkins, 1994. 

[132] Kleiman NS, Schechtman KB, Young PM, Goodman DA, Boden 
WE, Pratt CM, Roberts R, and the Dihiazem Reinfamtion Study 
Investigators. Lack of diurnal variation in the onset of non-Q-wave 
myocatdial infarction. Circulation 1990;81:548-555. 

[I331 Barry J, Campbell S, Yeung AC, Raby KE, Selwyn AP. Waking 
and rising at night as a trigger of myocardial ischemia. Am J 
Cardiol 1991;67: 1067. 

[134] Moser DK, Stevenson WG, Woo MA, Stevenson LW. Timing of 
sudden death in patients with heart failure. J Am Co11 Cardiol 
1994;24:963-%7. 

[135] Mittleman MA, Maclure M, Tofler GH, Sherwood JB, Goldberg 
RJ, Muller JE for the Determinants of Myocardial Infarction Onset 
Study Investigators. Triggering of acute myocardial infarction by 
heavy physical exertion. Protection against triggering by regular 

exertion. N Engl J Med 1993;329:1677-1683. 
[136] Mittleman MA, Machne M, Sherwood JB, Muhy RP, Tofler GH, 

Jacobs SC, Friedman R, Benson H, Muller JE for the Determinants 
of Myocardial Infarction Onset Study Investigators. Triggering of 
acute myocardial infarction onset by episodes of anger. Circulation 
1995;92: 1720- 1725. 

[137] Ironson G, Taylor CB, Boltwood M, Bartzokis T, Dennis C, 
Chesney M. Spitzer S, Segall GM. Effects of anger on left ventricu- 
lar ejection fraction in coronary artery disease. Am J Cardiol 
1992;70:281-285. 

[I381 Boltwocd MD, Taylor CB, Burke MB, Grogin H, Giacomini J. 
Anger report predicts coronary artery vasomotor response to mental 

stress in atherosclerotic segments. Am J Cardiol l993;72: 1361- 
1365. 

[140] Muller JE, Abela GS, Nesto RW, Tofler GH. Triggers, acute risk 

[ 1391 Gottdiener JS, Krantz DS, Howell RH, Hecht GM, Klein J, Fal- 
ccner JJ, Rozanski A. Induction of silent myocardial ischemia with 

factors and vulnerable plaques: the lexicon of a new frontier. J Am 

mental stress testing: relation to the triggers of ischemia during 
daily life activity and to ischemic functional severity. J Am Co11 

Co11 Cardiol 1994;23:809-813. 

Cardiol 199424: 1645. 

[ 1411 Pell S, Alonzo CA. Acute myocardial infarction in a large indus- 
trial population. JAMA 1963; 185:83 l-838. 

[ 1421 Gdlis AM, Flemons WW. Cardiac arrhythmias during sleep. In: 
Kryger MH, Roth T, Dement WC, eds. The Principles and Practice 
of Sleep Medicine. Philadelphia: WB Saunders, 1994. 

[I431 Schwartz PJ, Locati EH, Napolitano C, Priori SG. The long QT 
syndrome. In: Zipes DP, Jalife J, eds. Cardiac Electrophysiology: 
From Cell to Bedside, second edition. Philadelphia: WB Saunders, 
1995. 

[144] Schwartz PJ. Southall DP, Valdes-Dapena M, eds. The Sudden 
Infant Death Syndrome: Cardiac and Respiratory Mechanisms and 
Interventions. Ann NY Acad Sci 1988;533. 

[I451 Brodsky M, Wu D, Denes P, et al. Arrhythmias documented by 
24-hour continuous electrocardiographic monitoring in 50 male 
medical students. Am J Catdiol 1977;39:390. 

[ 1461 Guilleminault C, Connolly SJ, Winkle RA. Cardiac arrhythmia and 
conduction disturbances during sleep in 400 patients with sleep 
apnea syndrome. Am J Cardiol 1983;52:490. 

[147] Lown B, Tykccinski M, Garfein A, Brooks P. Sleep and ventricular 
premature beats. Circulation 1973;48:691-70 1. 

[148] Murao S, Harumi K, Katayama S, et al. All-night polygraphic 
studies of nocturnal angina pectoris. Jpn Heart J 1972;13:295. 

11491 Pickering TG, Goulding L, Cobem BA. Diurnal variations in 
ventricular ectopic beats and heart rate. Cardiovasc Med 
1977;2:1013-1022. 

11501 Pickering TG, Johnston J, Honour AJ. Comparison of effects of 
sleep, exercise and autonomic drugs on ventricular extrasystoles, 
using ambulatory monitoring of electrocardiogram and electroen- 
cephalogram. Am J Med 1978;65:575. 

[ 15 11 Rosenberg MJ, Uretz E, Denes P. Sleep and ventricular arrhyth- 
mias. Am Heart J 1983;106:703-709. 

11521 Rosenblatt G, Hartman E, Zwilling GR. Cardiac irritability during 
sleep and dreaming. J Psychosom 1973; 17: 129- 134. 

11531 Smith R, Johnson L, Rothfeld D, et al. Sleep and cardiac arrhyth- 
mias. Arch Intern Med 1972,130:751. 

[154] DeSilva R. Central nervous system risk factors for sudden cardiac 
death. Ann NY Acad Sci 1982;382:143-161. 

[155] Monti J, Folle LE. Peluffo C, et al. The incidence of premature 
contractions in coronary patients during the sleep-awake cycle. 
Catdiology 1975;60:257. 

[156] Deantield JE, Maseri A, Selwyn AP, Riberio P, Chierchia S, 
Krikler S, Morgan M. Myocardial ischaemia during daily life in 
patients with stable angina: its relation to symptoms and heart rate 
changes. Lancet 1983;2:753-758. 

[157] Deanfield JE, Shea M, Kennett M, Horlock P, Wilson RA, de 
Landsheere SM. Selwyn A. Silent myocardial ischaemia due to 
mental stress. Lancet 1984.2: 1001-1005. 

[ 1581 Rozanski A, Bairey CN, Krantz DS, Friedman J. Resser KJ, Morel1 
M, Hilton-Chalfen S, Hestrin L, Bietendorf J, Berman DS. Mental 
stress and the induction of silent myocardial ischaemia in patients 
w:th coronary artery disease. N Engl J Med 1988;318:1005-1012. 

[159] Deedwania P, CarbaJa E. Silent &hernia during daily life is an 
independent predictor of mortality in stable angina. Circulation 
lm81:748-756. 

[160] Biagini A, Emdin M, Michelassi C, Mszzei MG, Carpeggiani C, 
Testa R, Andreotti F, L’Abbate A. The contribution of ventricular 

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/c
a
rd

io
v
a
s
c
re

s
/a

rtic
le

/3
1
/2

/1
8
1
/4

0
7
5
3
8
 b

y
 g

u
e
s
t o

n
 1

6
 A

u
g
u
s
t 2

0
2
2



R.L. Verrier et al./ Cardiovascular Research 31 (1996) 181-21 I 209 

tachyarrhythmias to the genesis of cardiac pain during transient 
myocardial ischaemia in patients with variant angina. Em Heart J 
1988;9484-488. 

[I611 Figueras J, Singh BN, Ganz W, Charuzi Y, Swan I-UC. Mechanism 
of rest and nocturnal angina: observations during continuous hemo- 
dynamic and electrocardiographic monitoring. Circulation 
1979;59:955-968. 

[162] Karacan I, Williams RL, Taylor WJ. Sleep characteristics of pa- 
tients with angina pectoris. Psychosomatics 1%9;10:280-284. 

[163] King MJ, Zir LM, Kaltman AJ, et al. Variant angina associated 
with angiographically demonstrated coronary artery spasm and 
REM sleep. Am J Med Sci 1973;265:419. 

[164] Quyyumi AA, Wright CA, Mockus LJ, Fox KM. Mechanisms of 
nocturnal angina pectoris: importance of increased myocardial oxy- 
gen demand in patients with severe coronary artery disease. Lancet 
1984; 1: 1207- 1209. 

[165] Quyyumi AA, Efthimiou J, Quyyumi A, Mockus LJ, Spiro SG, 
Fox KM. Nocturnal angina: precipitating factors in patients with 
coronary artery disease and those with variant angina. Br Heart J 
1986;56:346-352. 

[ 1661 Stem S, Tzivoni D. Dynamic changes in the ST-T segment during 
sleep in ischemic heart disease. Am J Canliol 1973;32: 17-20. 

[167] Barry J, Selwyn AP, Nabel EG, et al. Frequency of ST-segment 
depression produced by mental stress in stable angina pectoris from 
coronary artery disease. Am J Cardiol 1988;61:989. 

[168] Campbell S, Barry J, Rebecca GS, et al. Active transient myocar- 
dial &hernia during daily life in asymptomatic patients with 
positive exercise tests and coronary artery disease. Am J Cardiol 
1986;57:1010. 

[169] Khatri IM, Freis ED. Hemodynamic changes during sleep. J Appl 
Physiol 1%7;22:867-873. 

[ 1701 Mandell AJ, Chaffey B, Brill MP, Rudnick RT, Rubin RT, Sheff R. 
Dreaming sleep in man: changes in urine volume and osmolality. 
Science 1%9;151:1558. 

[ 1711 Kales A, Kales JD. Sleep disorders: recent ftiings in the diagnosis 
and treatment of disturbed sleep. N Engl J Med 1974;290:487-499. 

[172] Chierchia S, Brunelli C, Simonetti I, Lazzari M, Maseri A. Se- 
quence of events in angina at rest: primary reduction in coronary 
flow. Circulation 1980;61:759. 

[173] Bemardi L, Lumina C, Ferrari MR. Ricordi L, Vandea I, Fratino P, 
Piva M, Fmardi G. Relationship between fluctuations in heart rate 
and asymptomatic nocturnal &hernia. Int J Cardiol 1988;20:39-5 1. 

[ 1741 Broughton R, Baron R. Sleep patterns in the intensive care unit and 
on the ward after acute myocardial infarction. Electroencephalogr 
Clin Neurophysiol 1978;45:348-360. 

[ 1751 Figueras J, Cinca J, Balda F, Moya A, Rius J. Resting angina with 
fixed coronary artery stenosis: nocturnal decline in ischemic thresh- 
old. Circulation 198674: 1248- 1254. 

[176] Selwyn AP, Fox K, Eves M, Oakley D, Dargie H. Shillingford J. 
Myocardial ischaemia in patients with frequent angina pectoris. Br 
Med 3 1978;2:1594-15%. 

[177] Yasue H. Omote S, Takizawa A, Nagao M, Miwa K, Tanaka S. 
Circadian variation of exercise capacity in patients with Prinzmetal’s 
variant angina: role of exercise-induced coronary arterial spasm. 
Circulation 1979;59:938-948. 

[178] Prinzmetal M, Kennamer R, Merliss R, Wada T, Bor N. Angina 
pectoris. I. A variant form of angina pectoris. Am J Med 
1959;27:375. 

[179] Otsuka K, Yanaga T, Ichimaru Y, Seto K. Sleep and night-type 
arrhythmias. Jpn Heart J 1982;23:479-486. 

[ISO] Maseri A, Severi S, L’Abbate A, Chierchia S, Marzilli M, Ballestra 
AM, Parodi 0, Biagini A, Distante A. Variant angina: one aspect 
of a continuous spectrum of vasospastic myccardial ischemia. Am J 
Cardiol 1978;42:1019-1035. 

[181] Maseri A, L’Abbate A, Chierchia S, Parodi 0, Severi S, Biagini A, 
Distante A, Manrilli M, Ballestra AM. Significance of spasm in the 
pathogenesis of ischemic heart disease. Am J Cardiol 
1979;44:788-792. 

[182] Kerin NZ, Rubenfire M, Naini M, Wajszczuk WJ, Pamatmat A, 
Cascade PN. Arrhythmias in variant angina pectoris: relationship of 
arrhythmias IO ST-segment elevation and R-wave changes. Circula- 
tion 1979;60: 1343. 

[183] Araki H, Koiwaya Y, Nakagaki 0, Nakamura M. Diurnal distribu- 
tion of ST-segment elevation and related arrhythmias in patients 
with variant angina: a study by ambulatory ECG monitoring. 
Circulation 1983;67:995- 1000. 

11841 Waters DD, Miller DD, Bouchard A, Bosch X, Theroux P. Circa- 
dian variation in variant angina. Am J Cardiol 1984;54:61-64. 

[I851 Levy RD. Shapiro LM, Wright C, Mockus LJ, Fox KM. The 
hemodynamic response to myocardial ischaemia in ambulant pa- 
tients to variant angina. Br Heart J 1986,56:515-525. 

11861 Otsuka K, Yanaga T, Watanabe H. Variant angina and REM sleep 
[letter]. Am Heart J 1988; 115: 1343- 1346. 

[ 1871 Galatius-Jensen S, Hansen J, Rasmussen V, Bildsoe J, Therboe M, 
Rosenberg J. Nocturnal hypoxemia after myocardial infarction: 
association with nocturnal myocardial ischaemia and arrhythmias. 
Br Heart J 19947223-30. 

11881 Moller M, Lyager Nielsen B, Fabricius J. Paroxysmal VT during 
repeated 24hr ambulatory electrographic monitoring of post-MI 
patients. Br Heart J 1980;43:447-453. 

[I891 Cripps T, Rocker G, Stradling J. Nocturnal hypoxia and arrhyth- 
mias in patients with impaired left ventricular function. Br Heart J 
1992;68:382-386. 

[190] Davies SW, John LM, Wedzicha JA, Lipkin DP. Overnight studies 
in severe chronic left heart failure: arrhythmias and oxygen desatu- 
ration. Br Heart J 1991;65:77-83. 

[191] Spudge DD, Seims SF, Maron BJ, Myers DH, Epstein SE. Preva- 
lence of arrhythmias during 24hour Holter electrocardiographic 
monitoring and exercise testing in patients with obstructive and 
nonobstructive hypertrophic cardiomyopathy. Circulation 
1979;59:866-875. 

] 1921 McKenna WJ. Arrhythmia and prognosis in hypertrophic car- 
diomyopathy. Eur Heart J 1983;4:225-234. 

11931 Bigger JT, La Rovem MT, Steinman RC, et al. Comparison of 
baroreflex sensitivity and heart period variability after myocardial 
infarction. J Am Co11 Cardiol 1989; 14: 15 11. 

[194] LaRovere MT, Specchia G, Mortara A, et al. Baroreflex sensitivity, 
clinical correlates and cardiovascular mortality among patients with 
a first myocardial infarction: a prospective study. Circulation 
1988;78:816. 

[195] Yamashiro Y, Kryger MH. Sleep in heart failure. Sleep 
1993;16:513-523. 

[l%] Woo MA, Stevenson WG, Moser DK, Trelease RB. Harper RM. 
Patterns of beat-to-beat heart rate variability in advanced heart 
failure. Am Heart J 1992;123:704-710. 

[I971 Barr CS, Naas A, Freeman M, Lange CC, Struthers AD. QT 
dispersion and sudden unexpected death in chronic heart failure. 
Lancet 1994;343:327-329. 

11981 Smith RC. Do dreams reflect a biological state? J Nerv Ment Dis 
1987;175:201-207. 

[ 1991 Biberdod DJ, Steens R, Millar TW, Kryger MH. Benzodiazepines 
in congestive heart failure: effects of temazepam on arousability 
and Cheyne-Stokes respiration. Sleep 1993; 16529-538. 

[2CO] Guilleminault C, Simmons FB, Mona J, et al. Obstructive sleep 
apnea syndrome and tracheostomy, long-term followup experience. 
Arch Intern Med 1981;141:985-988. 

[201] Conway WA, Victor LD, Magilligan DJ, et al. Adverse effects of 
tracheostomy for sleep apnea. JAMA 1981;246:347-350. 

12021 Smith PL, Gold AR, Meyers DA, Haponick EF, Bleeker ER. 
Weight loss in mildly IO moderately obese patients with obstructive 
sleep apnea. Ann Intern Med 1985;103:850-855. 

12031 Miller WP. Cardiac arrhythmias and conduction disturbances in the 
sleep apnea syndrome. Am J Med 1982;73:313-321. 

[204] De Olazabal JR, Miller MJ, Cook WR, et al. Disordered breathing 
and hypoxia during sleep in coronary artery disease. Chest 
1982;82:548. 

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/c
a
rd

io
v
a
s
c
re

s
/a

rtic
le

/3
1
/2

/1
8
1
/4

0
7
5
3
8
 b

y
 g

u
e
s
t o

n
 1

6
 A

u
g
u
s
t 2

0
2
2



210 R.L. Verrier et al./Cardiovascular Research 31 (19%) 181-211 

[205] Kawakami T, Otsuka K, Saito H, Seto K, Gzawa T, Yanaga T. 
Arrhythmogenesis during sleepinduced apnea [letter]. Am Heart J 
1984;108:1591-1593. 

[206] Shepard JW, Garrison MW, Grither DA, et al. Relationship of 
ventricular ectopy to nocturnal oxygen desaturation in patients with 
obstructive sleep apnea. Chest 1985;88:335-340. 

[207] Shepard JW. Hypertension, cardiac arrhythmias, myocardial infarc- 
tion, and stroke in relation to obstructive sleep apnea. Clin Chest 
Med 1992;13:437-458. 

(2081 Koehler U, Diibler H, Glammin T, Junkermann H, Liibbers C, 
Ploch T, Peter JH, Pomykaj T, von Wichert P. Nocturnal myocar- 
dial ischemia and cardiac arrhythmias in patients with sleep apnea 
with and without coronary heart disease. Klin Wochenschr 
1991;69:474-482. 

(2091 Shaw TRD, Corral1 RIM, Craib IA. Cardiac and respiratory stand- 
still during sleep. Br Heart J 1978;40: 1055. 

[210] Hung J, Whitford EG, Parsons RW, Hillman DR. Association of 
sleep apnoea with myocardial infarction in men. Lancet 
1990;336:261. 

[21 l] Flemons WW, Remmers JE, Gillis AM. Sleep apnea and cardiac 
arrhythmias. Is there a relationship? Am Rev Respir Dis 
1993;148:618-621. 

[212] Gillis AM, Stoohs R, Guilleminault C. Changes in the QT interval 
during obstructive sleep apnea. Sleep 1991; 14346. 

[213] He J, Kryger MH, Zorick FJ, et al. Mortality and apnea index in 
obstructive sleep apnea. Experience in 385 male patients. Chest 
1988;94:9- 14. 

[214] Partinen M, Jamieson A, Guilleminault C. Long-term outcome for 
obstructive sleepapnea syndrome patients: mortality. Chest 
1988;94: 1200- 1204. 

[215] Thorpy MJ, Ledereich PS, Burack B, et al. Death in patients with 
obstructive sleep apnea. Sleep Res 1990: 19301. 

[216] Flick MR. Block AJ. Nocturnal vs. diurnal cardiac arrhythmias in 
patients with chronic obstructive pulmonary disease. Chest 
1979;75:8. 

[217] Holford FD, Mithoefer JC. Cardiac arrhythmias in hospitalized 
patients with chronic obstructive pulmonary disease. Am Rev 
Respir Dis 1973; 108:879-885. 

[218] Koskenvuo M, Kaprio J, Partinen M, Langinvainio H, Santa S, 
Heikkils K. Snoring as a risk factor for hypertension and angina 
pectoris. Lancet 1985;2:893. 

[219] Koskenvuo M, Kaprio J, Telakivi T, Partinen M, Heikkila K, Sama 
S. Snoring as a risk factor for ischemic heart disease and stroke in 
men. Br Med J 1987;294: 16. 

[220] Sepp;ilP T, Partinen M, Penttila A, Aspholm R, Tiainen E, Kaukia- 
nen A. Sudden death and sleeping history among Finnish men. J 
Intern Med 1991;229:23-28. 

[221] Norton PG. Dunn EV. Snoring as a risk factor for disease: an 
epidemiological survey. Br Med J 1985;291:630. 

[222] de Green JHM, Op den Velde W, Hovens JE, Falger PRJ, Schouten 
EGW, van Duijn H. Snoring and anxiety dreams. Sleep 
1993;16:35-36. 

[223] Jarvik ME. Beneficial effects of nicotine. Br J Addiction 
1991;86:571-575. 

[224] Rosen MR. The concept of afterdepolarizations. In: Rosen MR. 
Janse MJ, Wit AL, eds. Cardiac Electrophysiology: a Textbook. 
Mt. Kisco: Futura, 1990, p. 267. 

[225] Schwartz PJ, Priori SO, Locati EH, Napolitano C, Canti F, Towbin 
AJ, Keating MT, Hammoude H, Brown AM, Chen LK, Colatsky 
TJ. Long QT syndrome patients with mutations of the SCNSA and 
HERG genes have differential responses to Na+ channel blockade 
and to increases in heart rate. Implications for gene-specific ther- 
apy. Circulation 1995:92:338 l-3386. 

[226] Broughton RJ. Sleep disorders: disorders of arousal? Science 
1968;159:1070-1078. 

[227] Lown B, Temte JV, Reich P, Gaughan C, Regestein Q, Hai H. 
Basis for recurring ventricular fibrillation in the absence of coro- 

nary heart disease and its management. N Engl J Med 
1976;294:623-629. 

[228] Etaron RC, Thacker SB, Gorelkin L, Vernon AA, Taylor WR, Choi 
K. Sudden death among Southeast Asian refugees: an unexplained 
nocturnal phenomenon. JAMA 1983;250:2947-2951. 

[229] Goh KT, Chao TC, Chew CH. Sudden nocturnal deaths among 
Thai construction workers in Singapore [letter]. Lancet 
1990;335: 1154. 

[230] Kirschner RH, Eckner FAO, Baron RC. The cardiac pathology of 
sudden, unexplained nocturnal death in Southeast Asian refugees. 
JAMA 1986;256:2700-2705. 

[231] Munger RG, Weniger BG, Warintrawat S, Kunasol P, van der 
Werff H, van Bmggen G, Paquet C, Holtan NR. Sudden death in 
sleep of South-East Asian refugees. Lancet 19862: 1093-1094. 

[232] Munger RG. Sudden death in sleep of Laotian-Hmong Refugees in 
Thailand: a case-control study. Am J Pub1 Health 1987;77: 1187- 
1190. 

[233] Munger RG, Prineas RJ, Crow RS, Changbumrung S, Keane V, 
Wangsuphachart V, Jones MP. Prolonged QT interval and risk of 
sudden death in South-East Asian men. Lancet 1991;338:280-281. 

[234] Otto CM, Tauxe RV, Cobb LA, Greene HL, Gross BW, Werner 
JA, Burroughs RW, Samson WE, Weaver WD, Trobaugh GB. 
Ventricular fibrillation causes sudden death in southeast Asian 
immigrants. Ann Intern Med 1984;101:45-47. 

[235] Paulozzi LJ, Munger R. Sudden unexpected nocturnal deaths in 
Washington [letter]. JAMA 1985;253:2645. 

[236] Vang Pao, Xeu Vang Vangyi, Eckert WG, et al. for the US Center 
for Disease Control. Sudden, unexpected nocturnal death among 
Southeast Asian refugees. Morbidity and Mortality Weekly Report 
1981;30:581-589. 

[237] Melles RB, Katz B. Night terrors and sudden unexplained noctur- 
nal death. Med Hypotheses 1988;26: 149- 154. 

[238] Fisher C, Kahn E, Edwards A, Davis D. Fine JA. A psychophysio 
logical study of nightmares and night terrors: III. Mental content 
and recall of stage 4 night terrors. J Nerv Ment Dis 1974,158: 174. 

[239] Parish G, Tucker M, Downes D. Surveillance for sudden unex- 
plained death syndrome [letter]. JAMA 1986;255:2893. 

[240] Westenneyer J. Hmong deaths [letter]. Science 1981;213:952. 
[241] Munger RG, Booton EA. Thiamine and sudden death in sleep of 

South-East Asian refugees [letter]. Lancet 1990,335: 1154- 1155. 
[242] Nimmannit S, Malasit P, Chaovakul V, Susaengrat W, Vasuvat- 

takul S, Nilwarangkur S. Pathogenesis of sudden unexplained 
nocturnal death (lai tai) and endemic distal renal tubular acidosis. 
Lancet 1991;338:930-932. 

12431 Munger RG, Hurlich MG. Hmong deaths [letter]. Science 
:,981;213:952. 

[244] 13rezinski DA, Tofler GH, Muller JE, Pohpla-Sintonen S, Willich 
!iN, Schafer AI, Czeisler CA, Williams GH. Morning increase in 
platelet aggregability: association with assumption of the upright 
posture. Circulation 1988;78:35-40. 

[245] Parker JD, Testa MA, Jimenez AH, Tofler GH, Muller JE, Parker 
.‘O, Stone PH. Morning increase in ambulatory &hernia in patients 
with stable coronary artery disease. Importance of physical activity 
and increased cardiac demand. Circulation 1994.89604-614. 

[246] Wellens HJJ, Vermeulen A, Durrer D. Ventricular fibrillation 
occurring on arousal from sleep by auditory stimuli. Circulation 
1972;46:661-665. 

12471 Tmitto G, El-Sherif N. Altemans of the ST segment in variant 
angina. Incidence, time course and relation to ventricular arrhyth- 
mias during ambulatory electrocardiographic recording. Chest 
1988;93:587-591. 

[248] Salerno JA, Previtali M, Panciroli C, Klersy C, Chimienti M, 
Regazzi Bonora M, Marangoni E, Falcone C, Guasti L, Campana 
13, Rondanelli R. Ventricular arrhythmias during acute myocardial 
ischaemia in man. The role and significance of R-ST-T altemans 
;md the prevention of ischaemic sudden death by medical treat- 
ment. Eur Heart J 1986.763-75. 

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/c
a
rd

io
v
a
s
c
re

s
/a

rtic
le

/3
1
/2

/1
8
1
/4

0
7
5
3
8
 b

y
 g

u
e
s
t o

n
 1

6
 A

u
g
u
s
t 2

0
2
2



R.L. Verrier et al./Cardiovascular Research 31 (1996) 181-211 211 

[249] Zareba W, Moss AJ, le Cessie S, Hall WJ. T-wave altemans in [260] Lemmer B, Scheidel B. Behne S, et al. Chronopharmacokinetics 
idiopathic long QT syndrome. J Am Co11 Cardiol 199423: 1.541- and chronopharmacodynamics of cardiovascular active drugs. Ann 
1546. NY Acad Sci 1991;618:166-181. 

[250] Rosenbaum DS, Jackson LE. Smith JM, Garan H, Ruskin JN, 
Cohen RJ. Electrical altemans and vulnerability to ventricular 
arrhythmia. N Engl J Med 1994;330:235-241. 

[251] Day CP, McComb JM, Campbell RWF. QT dispersion: an indica- 
tion of arrhythmia risk in patients with long QT intervals. Br Heart 
J 1990;63:342-344. 

[261] Floras JS. Antihypertensive treatment, myocatdial infarction, and 
nocturnal myocardial ischaemia. Lancet 1988;2:994-996. 

[262] Verrier RL. Central nervous system modulation of cardiac rhythm. 
In: Rosen MR. Palti Y, eds. Lethal Arrhythmias Resulting from 
Myocaniial Ischemia and Infarction. Boston: Kluwer Academic 
Publishem, 1988;149-164. 

[252] Hii TJY, Wyse DG. Gillis AM, Duff HJ, Solylo MA, Mitchell LB. 
Precordial QT interval dispersion as a marker of torsade de pointes: 
disparate effects of class Ia antiarrhythmic drugs and amiodarone. 
Circulation 199286: 1376 1382. 

[263] Levy MN. Sympathetic-parasympathetic interactions in the heart. 
In: Kulbertus H, Franck G, eds. Neurocardiology. Mt. Kisco: 
Futura, 1988. 

[253] Priori SG, Napolitano C, Diehl L, Schwartz PJ. Dispersion of the 
QT interval. A marker of therapeutic efficacy in the idiopathic long 
QT syndrome. Circulation 199489: 168 1 - 1689. 

[254] Ajilore 0, Stickgold R, Rittenhouse CD, Hobson JA. Nightcap: 
laboratory and home-based evaluation of a portable sleep monitor. 
Psychophysiology 1995;32:92-98. 

(2641 Carskadon MA, Dement WC. Normal human sleep: an overview. 
In: Kryger MH, Roth T, Dement WC, eds. Principles and Practice 
of Sleep Medicine. Philadelphia: WB Saunders, 1994. 

[265] Roth T, Roehrs TA, Carskadon MA, Dement WC. Daytime sleepi- 
ness and alertness. In: Kryger MH, Roth T, Dement WC, eds. 
Principles and Practice of Sleep Medicine. Philadelphia: WB Saun- 
ders, 1994. 

[255] Estes NAM, Zipes DP, El-Sherif N, Venditti FJ, Rosenbaum DS, 
Albtecht P, Wang PJ, Krause PC, Cohen RJ. Electrical altemans 
during rest and exercise as predictors of vulnerability to ventricular 
arrhythmias [abstract]. J Am Co11 Cardiol 1995 [special issue]:409A. 

[256] Series F, Marc I, Cormier Y, La Forge J. Utility of nocturnal home 
oximetry for case finding in patients with suspected sleep apnea 
hypopnea syndrome. Arm Intern Med 1993;119:449-453. 

[257] Kumar KL, Hodges M. Disturbing dreams with long-acting vera- 
pamil. N Engl J Med 1988;318:929-930. 

[258] Guilleminault C, Clerk A, Labanowski M, Simmons J, Stoohs R. 
Cardiac failure and benzodiazepines. Sleep 1993;16:524-528. 

[259] Otsuka K, Watanabe H. Experimental and clinical chronocardiol- 
ogy. Chronobiologia 1990; 17: 135- 163. 

[266] Hanly PJ, Millar TW, Steljes DG, Baert R, Frais MA, Kryger MH. 
Respiration and abnormal sleep in patients with congestive heart 
failure. Chest 1989;%:480-488. 

[267] Cinca J, Janse MJ, Mot&a H, Candell J, Valle V, Durrer D. 
Mechanism and time course of the early electrical changes during 
acute coronary artery occlusion. An attempt to correlate the early 
ECG changes in man to the cellular electrophysiology in the pig. 
Chest 1980;77:499-505, 

[268] Nearing BD, Verrier RL. Evaluation of antitibrillatory interven- 
tions by complex demodulation of the T-wave [abstract]. Circula- 
tion 1991;84:11-499. 

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/c
a
rd

io
v
a
s
c
re

s
/a

rtic
le

/3
1
/2

/1
8
1
/4

0
7
5
3
8
 b

y
 g

u
e
s
t o

n
 1

6
 A

u
g
u
s
t 2

0
2
2


