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Coronary Artery and Sleep

Relationship Between Coronary Hemodynamic Changes
and the Phasic Events of Rapid Eye Movement Sleep
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Summary: Previous studies in dogs showed dramatic increases in coronary blood flow associated with episodes
of sinus tachycardia during rapid eye movement (REM) sleep. The present study demonstrates that 90% of these
surges in heart rate and coronary flow are concentrated during periods of phasic REM sleep and only 10% in tonic
REM sleep. Intensely phasic REM was distinguished from moderately phasic REM sleep by the degree of phasic
eye movement. The surges were three times more frequent during intensely phasic REM than in moderately phasic
REM sleep. However, the magnitudes of heart rate (37% =+ 3%) and coronary flow (25% + 3%) surges were unaffected
by the specific substage of REM sleep. The incidence of surge events was almost eleven times greater in epochs of
phasic REM that also contained a muscle twitch than in those that did not. During REM sleep, muscle twitches
accompanying surges were not associated with any additional elevations in coronary flow or myocardial demand.
Our data indicate that the sinus tachycardia-associated surges in coronary flow represent integrated autonomic
responses intrinsic to phasic periods of REM sleep in dogs. Key Words: Coronary flow—Sinus tachycardia—Canine—

REM sleep— Phasic activity.

Our present studies were prompted by the obser-
vations of Kirby and Verrier of striking increases in
coronary blood flow (CBF) coupled with episodes of
sinus tachycardia during rapid eye movement (REM)
sleep in dogs (1). Elevations in heart rate (HR) and
CBF each averaged 35%, but sometimes achieved in-
creases of 100% over prevailing levels without any
concurrent effects on blood pressure (BP). Initiation of
the bouts of sinus tachycardia involved the sympa-
thetic nervous system, as demonstrated by their elim-
ination after bilateral ablation of the stellate ganglia.
The enhanced coronary flow appeared to depend large-
ly on the vasoactive effects of increased myocardial
metabolism, as the magnitude of the increases in CBF
paralleled the changes in HR. During the next series
of experiments (2), a stenosis was induced to maintain
a 60% decrement in flow in the left circumflex coronary
artery. In this group of dogs, a paradoxical reduction
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in CBF accompanied the episodes of sinus tachycardia
during REM sleep. These observations provide sup-
port for a canine model of nocturnal angina, which
occurs in humans most often during REM sleep (3).
Phasic periods of REM sleep are marked by a high
frequency of eye movements, occasional muscle
twitches and, in cats, by pontogeniculo-occipital (PGO)
waves (4). These external indicators of phasic REM
sleep are correlated with significant changes in neu-
ronal excitability in widespread regions of the central
nervous system (CNS) (5,6), including areas of the
parabrachial pons involved with sleep state dependent
changes in cardiovascular function (7). In both cats
and humans, substantial fluctuations in heart rate and/
or blood pressure are associated with those epochs of
REM sleep characterized by intensely phasic central
activation (8-11). An increased frequency of sleep-dis-
ordered breathing (12) and marked differences in reflex
responses to respiratory challenges occur during phasic
REM sleep in dogs (13). Thus, across a variety of reflex
systems in several species, there is evidence of sub-
stantial variation in the properties of autonomic reg-
ulation in phasic REM compared to tonic REM sleep.
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We hypothesized that the sinus tachycardia-associ-
ated surges in coronary flow observed during canine
sleep would be predominantly associated with phasic
episodes of REM sleep and that there might be differ-
ences in coronary hemodynamic function during pha-
sic REM compared to tonic REM sleep. In addition,
we proposed that the incidence and the magnitude of
CBEF surges during phasic REM sleep would be signif-
icantly related to the occurrence of muscle twitches.

METHODS

Experimental protocols were approved by the
Georgetown University Animal Care and Use Com-
mittee and complied with standards set by the scientific
community (14,15). The six mongrel beagles (3 males,
3 females) and 1 mongrel labrador (female) in this
study were maintained in the vivarium on a 12:12
light—dark cycle. The following procedures have been
described previously in more detail (16).

Surgical preparation

Each dog was sedated with Acepromazine (0.05 mg/
kg, i.m.) and anesthetized initially with pentobarbital
sodium (20-30 mg/kg, i.v.). The animal was then given
Halothane anesthesia throughout the aseptic thora-
cotomy. Teflon-insulated stainless steel electrodes were
inserted in the heart for electrocardiographic (ECG)
monitoring. A Doppler flow probe was secured around
the left anterior descending coronary artery in the lab-
rador and on the left circumflex coronary artery in the
beagles. Microwire electrodes for recording electro-
myograms (EMG) were implanted in the dorsal neck
muscles. To facilitate access for percutaneous arterial
blood pressure monitoring, the carotid arteries were
exteriorized bilaterally within skin neck tubes. Anti-
biotics (Amoxicillin, 10 mg/kg, p.o. b.i.d.) were ad-
ministered for 7-10 days following surgery.

Approximately 1 week after the thoracic surgery,
each animal was given Acepromazine (0.05 mg/kg,
i.m.), followed by Nembutal (30 mg/kg, i.v.) to main-
tain a surgical plane of anesthesia for implantation of
cephalic electrodes. In order to record electrooculo-
grams (EOG) and electroencephalograms (EEG), stain-
less steel electrodes were placed in the skull. Concentric
bipolar electrodes were implanted in each beagle bi-
laterally at stereotactic coordinates (17) corresponding
to the lateral geniculate nuclei for recording PGO waves.
The previously implanted thoracic leads were retrieved
from a subcutaneous mesh pouch and, along with the
cephalic leads, were attached to a female 36-pin con-
nector. The base of the connector and all wires were
covered with methyl methacrylate. Animals were given
prophylactic antibiotics as before. Each dog partici-

pated in four sessions of behavioral acclimation to the
laboratory during this 2-week recovery period.

Recording procedures

The dogs slept spontaneously in a 3 x 3 x 4-foot
chamber with a window for behavioral monitoring. A
20-MHz pulsed Doppler transducer amplifier system
was used to record CBF from the implanted flow probe.
An 18-gauge angiocatheter line was installed in a ca-
rotid artery on the day of experiment so that arterial
blood pressure could be measured. All data were re-
corded by a Grass Model 78 polygraph employing
7P511 amplifiers for A.C. channels and 7P1/7DA am-
plifiers for D.C. channels.

Sleep states were determined for each 15-second ep-
och, as has been described (16). Assessment of deep
slow wave sleep (SWS), light SWS, REM sleep, and
quiet waking was performed employing the scoring
atlas of Ursin and Sterman (18) with adjustments for
the difference in species (19,20). We arbitrarily defined
substages of REM sleep according to the amount of
phasic activation displayed in the EOG record for each
15-second epoch: tonic REM (0-2 eye movements/
epoch), moderately phasic REM (3-10 eye move-
ments/epoch) and intensely phasic REM (>10 eye
movements/epoch).

Data analysis

The criteria for selecting a heart rate surge for anal-
ysis included a minimum increase of 10% over the
prevailing HR and CBF baseline values during a 12-
second period and without any preceding disruptions
of normal ECG rhythm. Responses were classified ac-
cording to sleep stage and the incidence of responses
per minute of each state was calculated for each dog.
The presence or absence of muscle twitches was noted
and scored (twitch present = 1, absent = 0).

In order to analyze the CBF response to the heart
rate surges, we measured the average HR, average peak
systolic blood pressure (BP) and average peak CBF for
a 12-second pre-surge period and then compared these
values to those in the first 12 seconds of the heart rate
surge. Prior to statistical analysis, all parameters were
normalized to a per minute basis. Post mortem cali-
bration of the Doppler flow probe in situ was possible
in only two of the dogs, and therefore CBF values are
given as Doppler frequency shift (kHz). The heart rate-
systolic blood pressure product (HR x SBP) was cal-
culated as an indicator of cardiac metabolic demand
(21). Summary values were calculated for each dog,
for each hemodynamic parameter, under pre-surge and
surge conditions within each substage of REM sleep.
Paired ¢ tests were used to compare pre-surge and surge
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TABLE 1. Comparison of baseline and surge values in rapid eye movement (REM) sleep
HR x SBP Coronary Blood Flow
(mm Hg x beats/min) (kHz Doppler shift)
Tonic REM
Baseline 9,798 + 499 5.85+0.85
Surge 13,170 = 752 6.88 + 1.04
Significance” p < 0.006 p < 0.034
t=-535 t=-3.17
Moderately phasic REM
Baseline 10,399 + 709 5.46 + 0.63
Surge 14,234 + 842 6.82 + 0.93
Significance® p < 0.0001 p < 0.005
t=-18.08 t=-432
Intensely phasic REM
Baseline 10,424 + 647 5.47 £ 0.62
Surge 14,910 = 703 7.03 £ 0.95
Significance® p < 0.0001 p < 0.005
t=—17.89 t=—-4.38

Abbreviations: HR = heart rate, SBP = systolic blood pressure.

* Surge values signiﬁcant_ly different from baseline values, based on paired ¢ test comparisons of summary values for each condition in
each of 7 animals (df = 6 in the comparisons above, except in tonic REM, where df = 4 because two of the dogs had no surges during

tonic REM sleep).

responses. When appropriate, ¢ tests or one-way anal-
ysis of variation (ANOVA) procedures included the
Bonferroni correction applied to tests of significance
for repeated comparisons. All data values are expressed
as means = SEM. Portions of these data have been
presented at meetings in preliminary form (22,23).

RESULTS

We first studied surges in heart rate that exceeded
baseline levels by at least 10% during a total of 1,370
minutes of sleep recorded from five dogs. Of these 158
heart rate surges, 12% occurred during slow wave sleep,
15% during tonic REM sleep and 73% during phasic
REM sleep. The incidence of heart rate surges was 2.1
+ 0.4 surges/100 minutes of slow wave sleep and 32.6
+ 3.5 surges/100 minutes of REM sleep (p < 0.001,
df = 4, t = —8.95). Because of this highly significant
difference, our present analysis focused on events oc-
curring during REM sleep. Three of these dogs were
then instrumented for acquisition of the arterial blood
pressure and coronary hemodynamic data.

Our data set for the study of coronary hemodynamic
function was comprised of 2,178 minutes of total sleep
time recorded between 4:00 p.m. and midnight from
seven dogs. Of the sleep periods, 901 minutes (41%)
were spent in REM sleep. The dogs displayed consid-
erable respiratory sinus arrhythmia and low average
heart rates during all stages of sleep, consistent with
prior descriptions of enhanced vagal tone during sleep
(8,24).

Surges in heart rate during phasic REM sleep were
accompanied by substantial elevations in coronary flow
(Fig. 1). Of the 180 surge events comprised of increases

Sleep, Vol. 16, No. 6, 1993

in both heart rate and CBF during REM sleep, 90%
occurred during phasic REM sleep, which made up
56% of total REM sleep. The remaining 10% occurred
during tonic REM sleep. Thus, the average incidence
of heart rate-coronary flow surges during tonic REM
sleep was 4 + 2 surges per 100 minutes. Within phasic
REM sleep, the incidence of heart rate-coronary flow
surges was related to the overall degree of phasic eye
movement activity, in that moderately phasic REM
was characterized by 16 = 3 surges per 100 minutes,
whereas intensely phasic REM was marked by 62 +
12 surges per 100 minutes (Fig. 2). The incidence of
surges within each of these three substages of REM
sleep was significantly different from the other two
substages.

Both coronary flow and cardiac metabolic demand
(HR x SBP) were elevated substantially above baseline
values during the heart rate surges in each substage of
REM sleep (Table 1). When surge events during tonic
REM, moderately phasic REM and intensely phasic
REM sleep were compared by one-way ANOVA tests,
no significant differences were found among these three
groups in the magnitudes of the changes observed in
coronary flow, heart rate, blood pressure or cardiac
metabolic demand. Therefore, the ‘“moderate”” and
“intense”’ subgroups of phasic REM were combined
into one group for subsequent analyses of other prop-
erties of the surge events.

During the surges of phasic REM sleep but not tonic
REM sleep, the increase in coronary flow was signifi-
cantly correlated with the increase in cardiac metabolic
demand (p < 0.0002, Pearson correlation coefficient
= 0.29). This result is due to the correspondence be-
tween the increases in coronary flow and heart rate (p
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FIG. 1.

Iustration of HR and CBF surge during a period of REM sleep marked by frequent bursts of phasic eye activity. The arrow

indicating surge onset also indicates the beginning of the 12-second period for measurement and calculation of hemodynamic variables.
During the first 12 seconds of the surge in HR, cardiac metabolic demand (HR x SBP) increased by 64% and average coronary flow
increased by 26%. The maximum coronary flow achieved by the end of the 12-second period represents an increase of 100% over baseline
values preceding the surge. EMG: electromyogram. EEG: electroencephalogram. EOG: electrooculogram. LGN: lateral geniculate nucleus
field potential recordings. ECG: electrocardiogram. pV: microvolts. mV: millivolts.

< 0.0001, Pearson coefficient = 0.31), as there is no
significant correlation with the minimal changes in BP,
which averaged less than 4%. Thus, metabolic factors
play an important role in the coronary flow increases
associated with the heart rate surges (37% =+ 3%) of
phasic REM sleep. These correlation coefficients in-
dicate only a moderate degree of correspondence be-
tween the increases in coronary flow and myocardial
metabolism during the surges.

The data (Fig. 3) indicate a partial mismatch between
the percent increases in coronary flow (25% + 3% above
baseline) and concomitant cardiac metabolic demand
(41% =+ 2%). This disparity was significant during the
surges of phasic REM sleep (p < 0.009, df = 6, ¢ =
—3.82). Additional data may be required to ascertain
the significance of a similar disparity observed in the
small number of events in tonic REM sleep, as there
was no statistical association between the increases in
cardiac metabolic demand (35% =+ 7%) and the cor-
onary flow surges (18% =+ 4%) in this group (Fig. 3).
In summary, although there was a fairly consistent
relationship between coronary flow and metabolic de-
mand during the surges of phasic REM sleep, coronary
flow did not increase nearly as much as would be ex-

pected from the increases in heart rate and cardiac
metabolism.

Events within phasic REM sleep were analyzed on
the basis of the presence or absence of muscle twitches
(Fig. 4). Although brief elevations in blood pressure
were occasionally observed during episodes of phasic
REM with muscle twitches (Fig. 4), these small in-
creases in BP were quite rare, accompanying only one-
sixth of the surges. Also, group data indicated no
statistically significant changes in blood pressure as-
sociated with HR surges in any of the substages of REM
sleep analyzed. Comparison of events within phasic
REM on the basis of the presence or absence of muscle
twitches showed no significant differences in the per-
cent change in heart rate or myocardial metabolic de-
mand.

The presence or absence of muscle twitch had no
significant effect on the temporal relationships of the
initiation of sinus tachycardia and the onset and peak
of the CBF surges. Within phasic REM sleep, the onset
of sinus tachycardia preceded the initiation of the CBF
surge by =0.5 seconds in 54% of events, but in 46%
of events, the CBF surge was delayed by 2.9 + 0.3
seconds after the onset of sinus tachycardia. The CBF
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Incidence of Heart Rate and Coronary Flow Surges
as a Function of Phasic Eye Movement Activity
During REM Sleep

Surges/100 minutes

Tonic REM Moderately

Phasic REM

Intensely
Phasic REM

FIG. 2. Summary of the incidence of surges in heart rate and cor-
onary flow, expressed as number of events per 100 minutes of each
arbitrarily defined substage of REM sleep. REM: rapid eye move-
ment sleep. Tonic REM: 0-2 eye movements per 15-second epoch.
Moderately phasic REM: 3-10 eye movements per 15-second epoch.
Intensely phasic REM: > 10 eye movements per 15-second epoch.
*p < 0.014 for comparison of incidence in moderately phasic REM
to that of tonic REM sleep (df = 6, t = —3.43). **p < 0.007 for
comparison of incidence in moderately phasic REM to that of in-
tensely phasic REM sleep (df = 6, ¢ = —4.03) and p < 0.003 for
comparison of incidence in tonic REM to that of intensely phasic
REM sleep (df = 6, t = —4.86). The Bonferroni relationship yields
0.05/3 = 0.017 as the critical alpha value for significance for these
three comparisons.

surge peaked on average 5.2 + 0.3 seconds after its
onset in 97% of the events. In those events accom-
panied by a muscle twitch, there was no consistent
pattern of twitch initiation either before, after or si-
multaneous with the beginning of the HR surge.
However, the incidence of surge events (139 =+ 28
per 100 min) was almost eleven times greater in those
epochs of phasic REM that also contained a muscle
twitch than in those that did not (13 %+ 5 per 100 min)
(p < 0.006, df = 6, t = 4.18) (Fig. 5). The proportion
of phasic REM epochs containing muscle twitches
ranged from 9% to 38% in the seven dogs, yielding an
average value of 20%. Our data suggest that the pres-
ence of muscle twitch is a highly significant indicator
of the episodic CNS activity that underlies the heart
rate and coronary flow surges of phasic REM sleep.

DISCUSSION

We have demonstrated that 90% of the surges in
heart rate and coronary flow are concentrated in pe-
riods of phasic REM sleep compared to 10% during
tonic REM sleep. Increased eye movement activity and
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Phasic Activity and the Relationship between Coronary Flow
and Cardiac Metabolic Demand
during the HR Surges of REM Sleep in 7 Dogs
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FIG.3. Phasicactivity and the relationship between coronary flow
and cardiac metabolic demand during the HR surges of REM sleep.
Paired comparisons of the percent increase in coronary flow to the
percent increase in cardiac metabolic demand indicated that the
mismatch was statistically significant (*p < 0.009, df = 6, t = —3.82)
in phasic REM sleep but not during tonic REM sleep (p < 0.06, ns;
df = 4; 1t = —2.60).

the presence of muscle twitches were taken as indi-
cators of the enhanced CNS excitability associated with
episodes of phasic REM sleep. The incidence of the
flow surges was related in rather striking fashion to the
degree of phasic eye movement activity. During in-
tensely phasic REM, the surges were three times more
frequent than in moderately phasic REM sleep and 15
times more frequent than in tonic REM sleep. Neither
the frequency of eye movements nor the presence of
muscle twitch had any effect on the magnitudes of the
heart rate and coronary flow surges. However, the in-
cidence of surge events was almost 11 times greater in
those epochs of phasic REM sleep that also contained
a muscle twitch than in those that did not. The he-
modynamic responses of phasic REM sleep were clear-
ly distinct from those during awakening, which typi-
cally initiates sustained increases in both blood pressure
and heart rate. The REM sleep-associated surges in
HR and coronary flow also differ markedly from epi-
sodes of coronary vasodilation, which often follow
pauses in heart rhythm during transitions from one
sleep state to another state (16).

Our data indicate that enhanced cardiac metabolic
demand (as indicated by the product of HR x systolic
BP) (21) was sufficient to account for the sinus tachy-
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FIG. 4. Iliustration of surges in heart rate, blood pressure, and coronary flow during REM sleep with phasic muscle twitch. Cardiac
metabolic demand (HR x SBP) 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 12-second period represents an increase of 87% over baseline values preceding
the surge. There was no behavioral evidence of arousal during this period of monitoring. Although brief elevations in blood pressure were
occasionally observed during episodes of phasic REM (as shown here), these small increases were rare. Group data indicate that no

statistically significant changes in blood pressure were associated with HR surges in any of the substages of REM sleep.

cardia-associated increases in coronary flow. However,
during the first 12 seconds of the surge events, coronary
flow increased by only 25%, which is not as great as
would be expected from the increases in heart rate
(37%) and cardiac metabolism (41%). Normal coro-
nary circulation exhibits remarkably linear coupling
between coronary blood flow and myocardial metab-
olism (21). The mismatch of these elements during
phasic REM sleep suggests involvement of nonmeta-
bolic vasomotor control. For example, this mismatch
might be the result of: 1) transient neurally mediated
coronary vasoconstriction at the onset of the surges in
heart rate or 2) tonic coronary vasoconstriction pre-
vailing throughout the duration of some surge events.
Another hypothesis is that sleep might be associated
with an additional delay in the normal response of
coronary vessel tone to metabolic vasoactive sub-
stances.

Studies in conscious dogs by Billman and Randall
support the possibility of a delay in vascular response
due to neural activation (25). Dogs subjected to Sid-
man avoidance trials experienced a 12-15-second lag

between onset of heart rate increase and the subsequent
increase in coronary flow. When this early phase of
coronary constriction was blocked by alpha-adrenergic
antagonists, the onset of the increase in coronary flow
was nearly simultaneous with the surge in heart rate.
Thus, in the absence of alpha-adrenergic blockade, va-
soactive products of cardiac metabolism require time
to build up to levels sufficient to counteract the sym-
pathetically mediated coronary constriction that ini-
tially accompanies the increase in heart rate. A similar
mechanism may operate during the onset of some of
the REM sleep-associated surges in HR and CBF.
Transient fluctuations in heart rate, blood pressure
and respiration accompany bursts of eye movements
and PGO waves (8-13). During REM sleep, phasic
CNS activity apparently provides a physiological sub-
strate for the potential, but not obligatory, expression
of episodic variability in autonomic regulation. In our
study, increased eye movement activity and the pres-
ence of muscle twitches were taken as indicators of the
pervasive changes in CNS neuronal excitability asso-
ciated with episodes of phasic REM sleep. It is likely
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Incidence of Heart Rate and Coronary Flow Surges
as a Function of the Presence of Muscle Twitch
During Phasic REM Sleep
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FIG. 5. Association between muscle twitches and the incidence of
heart rate and CBF surges during phasic REM sleep. Intensely phasic
REM and moderately phasic REM sleep were combined into one
group for this analysis. In comparison to REM sleep without muscle
twitch, surge events occurred almost eleven times more frequently
in 15-second epochs of REM sleep which also included a muscle
twitch (p < 0.006, df = 6, t = 4.18).

that the phasic enhancement of CNS excitability is
responsible for the increased incidence of sinus tachy-
cardia-associated surges in coronary flow. Other qual-
itative differences in autonomic regulation during pha-
sic REM compared to tonic REM sleep have been
described. The following are but a few illustrative ex-
amples. Substantial fluctuations in HR, BP and res-
piration are associated with phasic episodes of REM
sleep in both cats (8,11) and humans (9). In the medulla
of sleep-deprived cats, specific patterns of respiratory
neuronal activity have been correlated with PGO ac-
tivity (26,27), another standard indicator of phasic
REM sleep. An increased frequency of sleep-disor-
dered breathing (12) and diminished respiratory reflex
responses to hypercapnia or lung inflation (13) occur
during phasic REM sleep in dogs. Muscle twitches and/
or frequent eye movements accompany transient va-
soconstriction in regionally specific vascular beds. These
episodic changes occur against a background of selec-

Sleep, Vol. 16, No. 6, 1993

tive redistribution of blood flow in renal, mesenteric
and skeletal muscle beds during REM sleep in cats (10).
Our data are consistent with these prior reports to the
extent that the frequency of HR and CBF surges, but
not their magnitude, was characteristic of the most
intensely phasic periods of REM sleep, as evidenced
by numerous eye movements and muscle twitches.

Various state-dependent changes in the association
of heart rate and/or blood pressure with specific pat-
terns of neuronal discharge have been observed in the
parabrachial pons (7), the midbrain periaquéductal gray
(28), the amygdala (29) and regions of limbic cortex
(30). These regions are involved with the cardiovas-
cular variability observed during REM sleep, but it is
not known whether such state-dependent neuronal ac-
tivity represents a central correlate of autonomic af-
ferent or efferent activity (30). Correlation of sleep-
state dependent changes in coronary flow-to neural
activity in specific CNS regions awaits identification
of the CNS sources of vagal influences on coronary
vasomotor tone, details of which are still lacking. Sym-
pathetically mediated coronary vasoconstriction is in-
fluenced by the medullary reticular formation (31) and
the perifornical lateral hypothalamus (32).

In summary, dynamic changes in CBF exhibit char-
acteristic patterns of association with specific sleep state
phenomena. The direct implication of our data is that
the sinus tachycardia-associated surges in coronary flow
represent part of the coordinated repertoire of auto-
nomic responses intrinsic to phasic periods of REM
sleep. The phenomena observed during tonic and pha-
sic REM sleep probably are due to fundamental vari-
ations in patterns of neural activation of the heart. In
terms of providing insights into clinical problems, our
experimental model may help to identify the factors
involved in the genesis of nocturnal angina and in
cardiac arrhythmias during sleep or during episodes of
sleep apnea. These and other clinical phenomena have
been studied extensively during sleep, but the under-
lying mechanisms remain to be explored (3,33-35).
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