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R��������������������� ����������������������ETROSPECTIVE STUD���� ����������������������IES ����������������������IN PATIENTS ����������WITH CORO�
NARY ARTERY DISEASE HAVE SHOWN A HIGH� ����� �����INCI�
DENCE OF ANGINAL PAIN, ACUTE MYOCARDIAL in�
farction, and sudden cardiac death at night.1,2 Previous reports 
addressing this issue have emphasized a role for the intense 
increase in sympathetic activation during rapid eye movement 
(REM) sleep, which occurs four to six times per night with a 
total duration of 90 minutes. According to this widely accepted 
hypothesis, the sympathetic surges precipitate myocardial isch�
emia by increasing myocardial oxygen demand in the presence 
of restricted coronary blood flow (CBF) and by promoting 
thrombotic processes and plague rupture, leading ultimately to 
electrical instability and ventricular fibrillation.3-7

The possibility that hemodynamic changes during non-REM 
(NREM) sleep, e.g., slow-wave sleep, may play a role in noc�
turnal or early morning cardiac events has received minimal 
attention. This stage of sleep (which accounts for 80% of total 
sleep duration) is usually accompanied by hypotension and bra�

dycardia, which is mainly attributed to reduced sympathetic va�
soconstrictor tone and increased cardiac vagal discharge.8,9 Be�
cause these responses would be expected to reduce the cardiac 
workload, most investigators have considered NREM sleep to 
be cardioprotective. However, this analysis ignores the poten�
tially countervailing influence of reduced CBF secondary to ar�
terial hypotension, i.e., reduced perfusion pressure, when coro�
nary vasodilator reserve has been compromised by an upstream 
stenosis. Although this mechanism has been hypothesized for 
many years to occur in subjects with coronary artery disease,10-

12 it has never been confirmed either in humans or in a clinically 
relevant animal model.

This report contains observations made in pigs that were 
chronically instrumented for measurements of left ventricular 
(LV) and systemic hemodynamics, CBF, and global and re�
gional myocardial contractile function.13 These animals were 
subjects in a study in which persistent myocardial stunning 
leading to hibernation was induced by six repetitive episodes of 
90-minute coronary stenosis (30% reduction in baseline CBF) 
followed by full reperfusion every 12 hours. The findings pre�
sented herein describe the effects of sleep during one of these 
episodes of CS on regional myocardial contractile function. 
The present study demonstrates that NREM sleep was not car�
dioprotective in myocardium in the presence of a flow-limiting 
stenosis. In fact, it precipitated severe ischemia, as reflected by 
akinesis, in this region of the LV wall. Interestingly, in con�
tradiction to the prevailing view, this impairment to regional 
contractile function (and degree of ischemia) was worse than 
the impairment observed during REM sleep.
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Study Objectives: Epidemiologic studies have shown a high frequency 
of major cardiac events at night in patients with coronary artery disease. 
This has been attributed to the sympathetic surges accompanying rapid 
eye movement (REM) sleep; the role of non-REM sleep, which com-
prises 80% of total sleep duration, has been largely neglected. Accord-
ingly, we evaluated the effect of non-REM sleep on contractile function 
in a region of the left ventricular wall supplied by a flow-limiting coronary 
stenosis.
Design: Eight domestic pigs were chronically instrumented to measure 
regional left ventricular contractile function (wall thickening), coronary 
blood flow, and systemic hemodynamic variables. Measurements were 
obtained: (1) during wakefulness, i��������������������������������������.�������������������������������������e������������������������������������.�����������������������������������, conscious condition, prior to im-
position of coronary stenosis; (2) during wakefulness following imposi-
tion of coronary stenosis (30% reduction of baseline coronary blood 
flow from 40 ± 4 to 27 ± 3 mL/min); and (3) during non-REM sleep with 
coronary stenosis maintained.
Results: During wakefulness, coronary stenosis reduced wall thicken-
ing (from 23.3 ± 3.4% to 15.7 ± 2.0%), whereas mean arterial pressure 

and heart rate were unchanged. With coronary stenosis maintained, the 
onset of non-REM sleep caused 20% decreases in mean arterial pres-
sure and coronary blood flow, accompanied by a cessation of regional 
wall thickening, i.e., akinesis (wall thickening = 0.2 ± 2.8%), indicating 
severe myocardial ischemia.
Conclusions: The arterial hypotension, and associated reduction in 
coronary blood flow, during non-REM sleep precipitated severe myo-
cardial ischemia in a region of the left ventricular wall supplied by 
flow-limiting coronary stenosis. Such episodes would occur repeatedly 
during the sleep cycle and could potentially set the stage for a major 
cardiac event during the sympathetic activation accompanying REM 
sleep or morning activities.
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Methods

The study was conducted after approval from the Institution�
al Animal Care Committee. Animals used in this study were 
maintained in accordance with the Guide for the Care and Use 
of Laboratory Animals (National Research Council, revised 
1996).

Animal Preparation

Domestic swine (25-30 kg, female, N = 8) were sedated 
with ketamine (10-20 mg/kg, intramusclar) and xylazine (2.2 
mg/kg, intramusclar), and then general anesthesia was main�
tained with isoflurane (0.5%-2.0% vol). The animals were 
instrumented chronically to measure hemodynamic variables, 
including CBF and regional wall thickening in the stenotic 
region (anterior wall) and the nonstenotic control region (pos�
terior wall), as described previously.13 After the pig was al�
lowed to recover for one to two weeks postoperatively, ex�
periments were initiated with the pig resting comfortably and 
quietly in a Panepinto sling (Lomir Biomedical, Inc., Malone, 
NY) under conscious condition. A�������������������������� �������������������������coronary stenosis was in�
duced by introducing air into a hydraulic occluder to reduce 
baseline CBF by approximately 30% for 90 minutes, followed 
by full reperfusion for 12 hours. Myocardial stunning was 
maintained in the anterior region of the LV by six of these 
coronary stenosis-reperfusion cycles sequentially. This proto�
col for persistent myocardial stunning caused no necrosis, and 
produced the phenotype for hibernating myocardium, e.g., 
glycogen deposition.13

Systemic hemodynamic parameters (including arterial 
pressure and heart rate), LV global and regional contractile 
function, and CBF were monitored continuously during wake�
fulness and sleep. All hemodynamic measurements were re�
corded on a digital multiple recorder (PC216Ax, Sony Preci�
sion Technology Inc., Tokyo, Japan), digitized (1000 Hz), and 
analyzed with a computer-based system (Notocord, Croissy, 
France).

Statistical Analysis

Data are presented as mean ± SEM. Comparisons between 
values during wakefulness and sleep were performed using the 
Student t-test for paired samples. A P value less than 0.05 was 
considered statistically significant.

Results

The reported data were obtained during the initial NREM 
phase of sleep, which occurred spontaneously following imposi�
tion of the coronary stenosis. This behavior occurred frequently 
and was observed in all six episodes of coronary stenosis. The 
systemic hemodynamic and myocardial responses for the mul�
tiple periods of sleep in a given animal were identical. Sleep in 
the presence of a coronary stenosis consistently caused hypoten�
sion (reduced perfusion pressure) and converted regional dyski�
nesis to akinesis, indicating severe myocardial ischemia. In order 
to prevent a prolonged period of akinesis during NREM sleep, 
which could lead to myocardial infarction, hemodynamics had to 
be returned to the pre-NREM values by purposely awakening the 
animal (Figure 1). A representative response for each animal was 
used for the statistical analysis (Table 1).

Table 1 summarizes the hemodynamic variables at base�
line (prior to the imposition of the coronary stenosis), follow�
ing imposition of the coronary stenosis, and with the coronary 
stenosis maintained, during and following NREM sleep. The 
coronary stenosis caused a 30% reduction in CBF (from 40 ± 4 
mL/min to 27 ± 3 mL/min) accompanied by a parallel reduction 
in anterior wall thickening (from 23.3 ± 3.4% to 15.7 ± 2.0%), 
whereas posterior wall thickening, i.e., the nonstenotic region, 
was not affected. There were no changes in mean arterial pres�
sure, LV systolic and diastolic pressures, LV dP/dtmax, or heart 
rate. Sleep in the presence of the coronary stenosis caused es�
sentially parallel, approximately 20%, reductions in mean arte�
rial pressure pressure, CBF, and LV dP/dtmax, and akinesis in 
the stenotic anterior region; posterior wall thickening did not 
change. Heart rate increased (+11%). Figure 1 is a represen�
tative tracing demonstrating the strong temporal relationship 

Table 1—Hemodynamic Variables at Baseline and During Sleep in the Presence of Coronary Stenosis

	 Baseline	 CS	 CS-Sleep	 CS-Recovery
MAP, mmHg	 92 ± 3	 95 ± 3	 77 ± 3a,b	 92 ± 4
LVP, mmHg	 116 ± 3	 118 ± 3	 100 ± 3a,b	 116 ± 5
LV EDP, mmHg	 12 ± 1	 10 ± 1	 9 ± 1	 12 ± 1
dP/dtmax, mmHg/s	 3400 ± 113	 3125 ± 164	 2575 ± 129a,b	 3050 ± 124a

HR, beats/min	 133 ± 6	 137 ± 5	 152 ± 11a	 134 ± 4
CBF, ml/min	 40 ± 4	 27 ± 3a	 22 ± 2a,b	 27 ± 3a

AWT, %	 23.3 ± 3.4	 15.7 ± 2.0a	 0.2 ± 2.8a,b	 14.1 ± 1.8a

PWT, %	 20.9 ± 2.9	 18.3 ± 2.0	 18.3 ± 2.0	 19.9 ± 2.2

Values are mean ± SEM. N = 8, except posterior wall thickness (PWT, non- coronary stenosis [CS] region, n = 4). Baseline values were 
obtained prior to the first CS. The values for CS, CS-sleep, and CS recovery were obtained in the second CS in 2 animals, in the third CS in 
2 animals, in the fourth CS in 1 animal, and in the sixth CS in 2 animals. Abbreviations: MAP, mean arterial pressure; LVP, left ventricular 
pressure; LV EDP, LV end-diastolic pressure; dP/dtmax, maximal rate of change of left ventricular pressure; HR, heart rate; CBF, coronary 
blood flow, AWT, anterior wall thickness (CS region).
ap < 0.05 vs. baseline.
bp < 0.05 vs CS
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consistently observed between the decreases in arterial blood 
pressure and CBF and the appearance of akinesis in the stenotic 
region, i.e., the decreases in CBF and anterior wall thickening 
closely followed the decrease in arterial blood pressure. Note�
worthy is the rapidity with which these changes were reversed 
by awakening the animal.

Figure 2 is a plot of the pressure-flow relationship (A) and the 
pressure-wall thickening relationship (B) for findings obtained in 
one animal during wakefulness and NREM sleep in the presence 
of the coronary stenosis. The figure shows (1) that sleep caused 
progressive decreases in mean arterial pressure, CBF, and myo�
cardial wall thickening; (2) that the pressure-related decreases in 
CBF were more gradual than those in wall thickening; and (3) 
that wall thickening was abolished (indicating akinesis) at a time 
that CBF remained approximately 50% of baseline.

Figure 3 presents a representative hemodynamic tracing from 
one pig with a coronary stenosis during NREM sleep followed 
by REM sleep. This figure demonstrates that the onset of REM 
sleep (indicated by an abrupt marked increase in heart rate, ar�
terial blood pressure, and dP/dtmax) eliminated the akinesis that 
was evident in the stenotic region during NREM sleep. This 
was associated with an increase in regional CBF.

Discussion

We present herein the first direct evidence that NREM sleep-
induced hypotension can lead to myocardial akinesis (implying 

severe ischemia) in the presence of a flow-limiting coronary 
stenosis. This phenomenon occurred consistently and reproduc�
ibly in our swine model and was rapidly reversed by awakening. 
These findings are important because they may help to explain 
why adverse cardiac events occur at a high rate during the noc�
turnal period, with a second peak in early morning hours.1,2,14-17

Previous investigators have�������������������������������� �������������������������������focused on the role of the sym�
pathetic surges during ��������������������������������������REM����������������������������������� sleep in the precipitation of noc�
turnal cardiac events.5,7,18 It is well established that enhanced 
sympathetic activity �����������������������������������    �can promote myocardial ischemia, an�
gina pectoris, and arrhythmias in patients with coronary 
insufficiency.5,7,18 The underlying mechanism for these effects 
is an imbalance between myocardial oxygen ���������������demand ��������and oxy�
gen supply caused by increases in cardiac work, i.e., arterial 
pressure and heart rate, in the absence of adequate increases in 
CBF.4,19 Slow-wave (NREM) sleep has been assumed by most 
previous investigators to be free of cardiac risk because it is 
associated with hypotension, bradycardia, and a reduction in 
cardiac output and systemic vascular resistance. This is largely 
ascribed to a reduction in sympathetic activity and, in part, to 
an increase in vagal activation.20 This view has failed to take 
into account the possibility that the reductions in arterial pres�
sure during NREM sleep could lead to myocardial ischemia in 
patients with coronary artery disease, e.g., if the induced de�
creases in CBF were disproportionate to those in cardiac work.

Our findings are in keeping with the results of human and ani�
mal studies, indicating that arterial pressure decreases 10 to 20 
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Figure 1—Representative tracings of hemodynamic variables at baseline (prior to coronary stenosis) and during a coronary stenosis. Induc�
tion of a coronary stenosis caused decreases in coronary blood flow (CBF) and anterior wall thickness (AWT). Under this condition, the onset 
of non-rapid eye movement (REM) sleep was associated with a decrease in arterial pressure (AP), which reduced CBF further, resulting in 
akinesis in the anterior wall (stenotic region). Intentionally reawakening the animal caused a rapid reversal of these hemodynamic responses. 
dP/dt refers to the rate of change of left ventricular pressure; LVP, left ventricular pressure.
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a decrease in heart rate, and no change in CBF. In the other study 
performed in dogs fitted with an occluder to induce a 60% de�
crease in baseline CBF,4 it was observed that NREM sleep had 
no effect on mean arterial pressure, heart rate, or CBF, whereas 
REM sleep, during apparent sympathetic activation, caused 
an increase in heart rate and a decrease in CBF; mean arterial 
pressure was not affected. It is difficult to compare the present 
findings to those from these aforementioned studies because of 
differences in species or severity of the coronary stenosis. For 
example, the more severe coronary stenosis cited above 4 would 
have (1) rendered the subendocardial vasculature more vulner�
able to mechanical closure because of increased extravascular 
compression secondary to tachycardia32 and (2) caused a more 
marked decrease in regional myocardial contractile function, 
which would have limited the ability of the heart to respond to 
stresses, including sympathetic activation.

It is important to recognize that the current findings apply 
specifically to the conditions of the present study, ie, a 30% 
decrease in baseline CBF. These conditions would have elimi�
nated vasodilator reserve in the stenotic region, thus rendering 
CBF pressure-dependent and increasing the risk for myocardial 
ischemia. It would be expected that the heart with a less severe 
coronary stenosis would have a better ability to maintain perfu�
sion in the presence of the drop in perfusion pressure during 
NREM sleep. It must be emphasized that our findings apply to 
a model of acute ischemia and cannot be extended to conditions 
of chronically stenotic arteries, such as occurs in atherosclerotic 
coronary artery disease.

The animals, which provided the findings during sleep, were 
subjects in a broader study evaluating the ability of chronic 
stunning, caused by repeated episodes of coronary stenosis, to 
recapitulate the phenotype of hibernating myocardium.13 Note�
worthy is (1) that NREM sleep converted dyskinesis to akinesis 
regardless of the coronary stenosis episode and (2) that waking 
the animal reversed the effect immediately. These observations 
are evidence that the akinesis responses were not due to a cu�
mulative effect of the repeated periods of ischemia but were 
undoubtedly the effect of the acute hemodynamic responses 
induced by sleep.

The animals that we studied were not equipped with electrodes 
for monitoring the electroencephalogram. Thus, states of wake�
fulness and sleep were surmised on the basis of the monitored 
hemodynamic responses (Figure 1 and 3) and observed behavior 
state. The use of a sling, which allowed the pig to �������������rest��������� comfort�
ably and quietly for a long period of study while constrained, 
facilitated direct and uninterrupted observations of behavior.

The chronically instrumented pig has been used extensively 
by us13,33,34 and others31,35 for studies of cardiovascular physi�
ology and pharmacology. An advantage of the pig is its size, 
which permits extensive hemodynamic monitoring, and a coro�
nary circulation that, like that of the human, is free of intrinsic 
collateral vessels.36,37 Limitations of the pig are a weak vagal 
tone and a respiratory sinus arrhythmia that was intermediate in 
size between that observed in the dog and human.31

Clinical Implications

The conventional wisdom has been that sudden cardiac death 
during the nocturnal period occurs predominantly during REM 

mm Hg during the NREM phase of sleep.9,11,21-24 We observed that 
this hypotension was associated with decreases in CBF (and con�
tractile function) in the region supplied by the stenotic coronary 
artery. Hypotension was accompanied by a modest increase in 
heart rate, presumably via a baroreflex-mediated activation of the 
cardiac sympathetic nerves sufficient to override the presumed 
increase in cardiac vagal activity. This reflex pathway has been 
shown to have heightened sensitivity during sleep.25 The increas�
es in heart rate would have the effect of blunting the decrease in 
cardiac work caused by the reductions in afterload, while also 
reducing the duration of diastole, the phase during which most 
coronary perfusion occurs.26,27 The net effect of the hemodynamic 
changes during NREM sleep was severe myocardial ischemia, as 
reflected in akinesis in the stenotic region (Figure 1 and Table 1). 
The complete cessation of transmural contractile activity in the 
face of a relatively modest, 50%, decrease in CBF is noteworthy. 
It likely reflects a disproportionate decrease in subendocardial 
versus subepicardial flow because of more limited autoregula�
tory capability in the deep layers of the LV wall.28-30

Conventional thought has been that REM sleep, not NREM 
sleep, is harmful in myocardium with limited coronary reserve 
because the marked sympathetic activation, i.e., increases in 
heart rate and arterial pressure (afterload), results in an imbalance 
between myocardial oxygen supply and demand.9 However, in 
the current study (Figure 3), we demonstrated������������������� ������������������that REM sleep re�
versed the severe ischemia and resulting akinesis during NREM 
sleep. Apparently, the ability of the REM-related increase in arte�
rial pressure, i.e., perfusion pressure, to augment CBF (presum�
ably preferentially in the subendocardium), more than offset the 
effect of the increases in determinants of myocardial oxygen de�
mand (afterload, heart rate, and LV contractility).

Two previous studies have examined the hemodynamic and 
CBF responses during sleep in normal animals and in animals 
with an experimentally-induced coronary stenosis,4,31 although 
neither obtained measurements of global or regional contractile 
function. In one of the studies conducted in pigs with a normal 
coronary circulation, Zinkovska et al31 found that NREM sleep 
caused no change in mean arterial pressure, heart rate, or CBF 
and that REM sleep caused a decrease in mean arterial pressure, 
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Figure 2—A representative pressure-flow (A) and pressure-
function (B) relationship during sleep in the presence of coronary 
stenosis (CS) in 1 animal. Each point represents an average of 
3 beats. Sleep, as indicated by the arrow, initiated a decrease in 
mean arterial pressure (MAP), which caused a proportional reduc�
tion in coronary blood flow (CBF), indicating a lack of coronary 
autoregulation. This lead�����������������������������������������s���������������������������������������� to a complete loss of contractile func�
tion (WT: wall thickening), i.e., akinesis in the CS region.
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potentiate the hypotensive responses during NREM sleep leading 
to more pronounced decreases in CBF and an exacerbation of 
myocardial ischemia. The likelihood of this effect is increased by 
an enhanced sensitivity of the circulation to vasodilators during 
sleep.9 In light of our findings, it seems prudent to reevaluate the 
use of vasodilators at bedtime in the patient in whom impaired 
coronary autoregulation has been demonstrated or is suspected. 
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