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RICHARDH. MARTIN,t SAMUELT. LiM,$ ANDROBERTL. VANCITTERS
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Summary. The effects of atrial fibrillation were studied in 12 healthy un-
anesthetized dogs, 9 to 49 days after surgical implantation of transducers for
measurement of aortic flow and left ventricular diameter. Atrial fibrillation
and pacing at comparable ventricular rates were induced by electrical stimula-
tion of the right atrial appendage, and their effects were compared with ob-
servations made during sinus rhythm in each dog. At rest, cardiac output
and mean arterial pressure were not significantly different during sinus
rhythm, atrial fibrillation, and atrial pacing. After beta-adrenergic blockade
with propranolol, cardiac output during fibrillation was significantly less than
that during pacing at comparable ventricular rates. Arterial pressure was
not detectably altered. During moderately severe treadmill exercise by six
dogs, cardiac output fell significantly upon induction of fibrillation. After
pentobarbital anesthesia fibrillation caused decrements in cardiac output and
arterial pressure that were accentuated after thoracotomy.

These observations suggest the existence of compensatory mechanisms that
maintain an essentially constant cardiac output when atrial fibrillation is in-
duced in healthy unanesthetized dogs at rest. These mechanisms appear to
fail during moderately severe exercise, beta-adrenergic blockade, and pento-
barbital anesthesia.

Introduction

The importance of atrial systole has been dem-
onstrated in a variety of circumstances (1-8), but
the hemodynamic significance of atrial fibrillation
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is less clearly established (9, 10). In patients
with limited cardiac reserve the onset of atrial
fibrillation is often attended by clinical deteriora-
tion, and the studies recently reviewed by Mc-
Intosh, Kong, and Morris (11) have generally
shown an increase in cardiac output upon con-
version of fibrillation to sinus rhythm in patients
with heart disease. Data on the hemodynamic ef-
fects of atrial fibrillation in normal man are limited
(12), but the onset of heart failure after the de-
velopment of fibrillation in apparently healthy pa-
tients (13) has suggested a significant adverse
effect of fibrillation even in the absence of de-
tectable heart disease.

Experimental studies in animals have also dem-
onstrated marked circulatory abnormalities during
atrial fibrillation, with decrements in resting car-
diac output of as much as 60%. However, these
experiments were conducted on open-chest prepa-
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rations (14-16) or no more than 24 hours after
thoracotomy (17-19), and they were complicated
by very rapid ventricular rates during atrial fibril-
lation in all but one series (16). In such circum-
stances cardiac performance is significantly al-
tered (20-22). Thus, these results cannot be di-
rectly extrapolated to the healthy intact animal.

The present investigation was undertaken to
assess some hemodynamic consequences of atrial
fibrillation in the intact unanesthetized dog, both
at rest and during exercise. The results show that
fibrillation does not significantly alter cardiac out-
put or mean arterial pressure at rest. They sug-
gest the presence of a positive inotropic mecha-
nism, previously postulated by several authors
(14-16, 23), acting upon the heart during fibril-
lation.

Methods

During sodium pentobarbital anesthesia left thora-
cotomy was performed on 12 mongrel dogs weighing 17
to 25 kg. Transducers were implanted for measure-
ment of the blood flow in the ascending aorta (24) and
the transverse diameter of the left ventricle (25). Bi-
polar stimulating electrodes set into an acrylic button
were sutured to the right atrial appendage. Wires from
the transducers and electrodes were brought through the
posterior thoracic wall for subsequent connection to the
appropriate electronic equipment. To preclude peri-
cardial constriction, the pericardium was left widely
open when the chest was closed. Experiments were not
performed until the animal appeared to be in good health,
9 to 49 days after the operation. Each dog was alert,
active, and eating well. Its heart rate and exercise tol-
erance had returned to preoperative levels.

Blood flow in the ascending aorta was determined with
an ultrasonic flowmeter, which measures the difference
in transit time of pulses of ultrasound transmitted alter-
nately upstream and downstream, diagonally through
the moving blood. The frequency response of this in-
strument is flat to 50 cycles per second, and its voltage
output is a linear function of volume flow (24). Left
ventricular diameter was measured with the sonocardiom-
eter (25). Arterial pressure in the aortic arch was
sampled through a catheter inserted during local anes-
thesia, via either a femoral or a carotid artery. Pres-
sure was measured with a Statham P23 Db strain gauge
or a miniature differential transformer pressure trans-
ducer (26).

Aortic flow velocity, left ventricular diameter, aortic
pressure, and a continuous electrocardiographic tracing
obtained from bipolar precordial electrodes were re-
corded and stored on magnetic tape by means of an
eight-channel tape recorder.' Stroke volume, cardiac

1 Model 3907A, Hewlett Packard, Sanborn Division,
Waltham, Mass.

output, and heart rate were computed by analogue tech-
niques (27). The voltage output of the aortic flowmeter
was integrated over each cardiac cycle to obtain a gal-
vanometer deflection that was proportional to stroke vol-
ume (minus systolic coronary flow per beat). Cardiac
output (minus total coronary flow) was recorded by
continuous integration of the aortic flowmeter output,
with the integrator being reset to zero at the end of
each 5-second interval. Since each dog served as its
own control, only relative changes in cardiac output were
considered significant. Consequently, volumetric calibra-
tion of the flow records was not performed. Heart rate
was derived as the reciprocal of the time interval between
aortic flow pulses, slightly damped by filtering through
a resistance-capacitance (RC) network. The primary
and derived variables were simultaneously recorded on a
direct-writing oscillograph.2

Atrial arrhythmias. We induced atrial flutter or fibril-
lation by stimulating the right atrial appendage with 2-
to 7-v square wave pulses of 2 msec duration at a rate
of 50 pulses per second using pulse and wave form gen-
erators.3 Atrial pacing was induced by similar pulses
at the desired frequency. In two dogs the implanted elec-
trodes were not effective, and atrial stimulation was ac-
complished by means of a bipolar electrode catheter
placed, during local anesthesia, into the right atrium via
a femoral vein. Although stimulus artifacts appeared on
the electrocardiogram, atrial and ventricular depolariza-
tion potentials were still clearly distinguishable during
atrial stimulation.

The criteria for fibrillation were these: a) an erratically
irregular ventricular rhythm, plus b) either definite fibril-
latory deflections of the base line of the electrocardio-
gram or flutter waves at rates exceeding 650 per min-
ute with no regular interval between these waves and the
QRS complexes. In most experiments both fibrillation
and this very rapid flutter alternated during atrial stim-
ulation. Two dogs developed only atrial flutter, which
fulfilled the criteria listed above, and one dog had clas-
sical fibrillation during each episode of atrial stimulation.
During atrial flutter, distinct flutter waves occasionally
appeared on the tracings of the left ventricular diameter
during diastole, indicating small but somewhat effective
atrial contractions. However, constant intervals be-
tween atrial and ventricular systole did not occur, and
no differences were detected in ventricular rate, stroke
volume, or cardiac output during flutter and fibrillation
in those animals which manifested both rhythms inter-
mittently. Therefore, in the analysis of our results
both rhythms have been treated together and are re-
ferred to as atrial fibrillation.

Resting studies. These experiments were performed
with each dog lying quietly, generally on its right side.
The animal's body position was kept constant, and every
effort was made to keep it calm and relaxed. Records
were obtained during sinus rhythm, atrial fibrillation, and

2 Model 958-2900A, Hewlett Packard, Sanborn Division,
Waltham, Mass.

3 Models 161 and 162, Tektronix, Inc., Beaverton, Ore.
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TABLE I

Ventricular rate and cardiac output in resting unanesthetized dogs*

Control After propranolol

Ventricular rate Relative Ventricular rate Relative
cardiac output cardiac output

D)og NSR AF AP AF/AP NSR AF AP AF/AP

beals/min beats/min
A5 75 100 95 0.95
AIO 102 138 141 1.00 96 134 127 0.81
Si 59 91 92 0.91 60 80 92 0.84
S2 104 124 115 0.94 102 101 105 0.86
S4 93 112 96 1.00 86 108 112 0.98
LI 115 136 132 0.99 98 122 126 0.86
A19 81 105 107 0.96 86 112 114 0.89
S5 165 310( - 143)t 300 0.85 103 146 143 0.72
L3 76 156 120 1.00 68 191(-45) 120 0.99
L4 90 129 130 1.02 105 142 132 0.97
L5 83 128 126 0.94 68 101 98 0.93
A25 62 76 66 1.00 90 135 140 0.98

Mean 92 134 127 0.96 87 125 119 0.89
SD ±27 ±57 ±56 ±0.05 ±-15 ±28 ± 16 ±0.08
p >0.05 <0.01

* Abbreviations: NSR= sinus rhythm; AF = atrial fibrillation; AP = atrial pacing; and AF/AP
put during fibrillation to that during atrial pacing.

t Values in parentheses indicate pulse deficits.

atrial pacing at a rate closely comparable to the average
ventricular rate during atrial fibrillation. The order of
these rhythms was randomized, and each was continued
for 3 minutes or until a stable state had been achieved.
Occasionally atrial fibrillation persisted up to 40 min-
utes after discontinuation of atrial stimulation.

After the completion of two or three sets of control
observations, 11 of the 12 dogs were given propranolol 4

(1-isopropylamino-3- [ 1-naphthyl oxy] -2-propanol hydro-
chloride), 0.5 mg per kg intravenously, over a period of
1 minute. The induction of beta-adrenergic blockade by
this drug was established by demonstrating little or no
cardiovascular response to isoproterenol (1 ,ug per kg,
intravenously) injected rapidly (28). After the mea-
sured variables had stabilized during beta-adrenergic
blockade, two or three sets of observations were made
during sinus rhythm, atrial fibrillation, and atrial pacing
in the same manner as the control observations.

Exercise studies. Six dogs were trained to run on a
motor-driven treadmill, with the speed and grade (3.0 to
6.3 miles per hour, 13.7 to 15.0% grade) adjusted to
achieve the heaviest work load that each animal would
tolerate for repeated runs. On a subsequent day observa-
tions were made while the dog stood quietly on the tread-
mill and during 5-minute periods of exercise at a constant
work load. During each exercise period sinus rhythm
was studied for 1 minute after the variables had stabilized.
At this point atrial fibrillation was induced, and obser-
vations were repeated after stabilization had again oc-
curred. Recovery periods of at least 15 minutes were al-
lowed between duplicate exercise periods. In three dogs

4 Kindly furnished as Inderal by Dr. Alex Sahagian-
Edwards, Ayerst Laboratories, New York, N. Y.

= ratio of out-

rhythm was changed from sinus rhythm to atrial fibril-
lation to atrial tachycardia at various rates during a
more prolonged exercise period.

Studies during anesthesia and thoracotomy. In two
dogs comparisons of the three cardiac rhythms were re-
peated in sequence while the animal was resting, after
he had been anesthetized with sodium pentobarbital (22
mg per kg, intravenously), and after left thoracotomy
with exposure of the heart during positive pressure
respiration.

Statistical analysis. Data for analysis were selected
from records of stable cardiac performance, generally 3
minutes after the onset of a new rhythm. The analogue
computed records of cardiac output and pulse rate were
used as indicators of stability during an experiment and
for illustration of gross changes in these variables.
For statistical analysis pulse rate was obtained more pre-
cisely by counting aortic flow pulses on 1-minute rec-
ords sampled during stable periods. A more precise in-
dex of cardiac output was also obtained from these sam-
ples by measuring the stroke volume of each beat, aver-
aging these values, and multiplying by the mean pulse
rate. Significance was tested by analysis of variance or
a t test for paired data.

Results

Resting hemodynamics. The resting heart
rates of 11 of the 12 dogs were below 120 beats per
minute, and each showed marked sinus arrhythmia
(Table I). During atrial fibrillation their electro-
cardiographically determined ventricular rates
were below 160. When the twelfth dog (S5) was
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FIG. 1. HEMODYNAMICEFFECTS OF ATRIAL PACING, ATRIAL FIBRILLATION, AND

SINUS RHYTHM. Phasic wave forms of parameters are shown at left. During atrial
fibrillation marked beat-to-beat variations are present, but cardiac output and mean

arterial pressure remain essentially constant and unchanged from values during sinus
rhythm and atrial pacing. (Pulse rate record contains several spikes due to triggering
of ratemeter by artifacts.) ECG= electrocardiogram.

in his cage before the experiment, his heart rate

was 90. Throughout the control period he was ex-

cited; his average ventricular rate was 165 beats
per minute during sinus rhythm and 310 during
atrial fibrillation. He was the only animal to man-

ifest a pulse deficit (difference between rate of
QRS complexes and aortic flow pulses) during
control observations. The mean heart rate for all
dogs during atrial pacing was slightly slower than
the mean ventricular rate during atrial fibrillation,
because several of them developed second-degree
atrioventricular block during atrial pacing. The
rate of pacing was always sufficiently slow to pre-

clude significant block.

Mean cardiac output was 2.9%o 14.5% SD
greater during atrial pacing than during sinus

rhythm; this difference is not statistically signifi-
cant. In 11 dogs, cardiac output during atrial
fibrillation ranged from 2%, greater to 9%o less
than that during atrial pacing. Dog S5, which
manifested a large pulse deficit, showed 15% less
output during atrial fibrillation than during atrial
pacing. Mean cardiac output during atrial fibril-
lation was 3.8%o 5.0% SD less than that during
atrial pacing (p > 0.05).

Figure 1 is a typical record obtained during the
three rhythms. It shows an essentially constant
cardiac output with a slight fall in mean arterial
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pressure at the onset of fibrillation. In magnitude
this decrease was comparable to the spontaneous
fluctuations in pressure that occurred during
atrial pacing, and a consistent reduction in ar-
terial pressure at the onset of atrial fibrillation was
-not demonstrated in any dog. In those dogs in
which atrial fibrillation persisted for prolonged
periods neither cardiac output nor arterial pres-
sure showed any consistent change with time.

Records of the diameter of the left ventricle were
obtained in four dogs (Figure 2). End-diastolic
and end-systolic diameters varied considerably
from beat to beat during atrial fibrillation. WVhen
compared to measurements during sinus rhythm,
the average end-diastolic diameter was always
smaller during atrial fibrillation, which was ac-
companied by a faster ventricular rate. End-dias-
tolic diameter was slightly larger during atrial

pacing than during fibrillation at an identical av-
erage ventricular rate. The difference in each in-
stance was comparable to the change in diameter
induced by atrial systole. From records such as
that shown in Figure 2 an index of stroke work
was calculated by multiplying stroke volume and
mean ejection pressure for each beat. Figure 3
shows a plot of end-diastolic diameter against
stroke work for the last 31 beats of an episode of
atrial fibrillation with an average ventricular rate
of 126 beats per minute in dog L3. The values
for these beats form a typical Starling curve.
Immediately after conversion to sinus rhythm the
ventricular rate slowed and beats 1 to 4 occurred.
just before beat 5 atrial pacing was instituted and
clusters of values were obtained at ventricular
rates of 124 and 168. A given level of stroke work
was produced from a smaller end-diastolic diam-
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eter during atrial fibrillation than
rhythms with effective atrial contractio

Beta-adrenergic blockade. After i
propranolol, heart rates tended to be
duced (mean 87 beats per minute), es
dog S5. Cardiac output was reduced l

age of 8% during beta-adrenergic blockade in the

01

11 dogs studied before and after propranolol ad-
ministration, but arterial pressure was unaltered.

02 Essentially complete blockade of the cardiovascu-
lar effects of isoproterenol was induced in 9 of
the 11 dogs; 2 dogs showed markedly attenuated,

03 but still detectable, responses to the drug. After

propranolol infusion, cardiac output was lower
during atrial fibrillation than during atrial pacing
in every dog. The average reduction in output,

11%o 8%o, is significant at the 1% level of con-

fidence. In each dog atrial fibrillation caused a

larger fall in output after propranolol; the differ-
ence in the effect of atrial fibrillation before and
after propranolol is significant at the 2%o level.

Exercise. Treadmill exercise increased cardiac
output to levels two to three times the resting
output during sinus rhythm (Table II). The av-

erage ventricular rate during sinus rhythm was

.0 224 + 12 beats per minute; during atrial fibril-
lation it was 315 + 26 (Table II). No pulse defi-

RK PLOTTED cit was present during fibrillation. Cardiac output
C DIAMETER. was 4 to 16%o lower during fibrillation than dur-
iring an epi- ing sinus rhythm (mean, 10.4% + 4.6% SD,
ktricular rate p < 0.01).

ye beats im- Atrial pacing at rapid rates during exercise was
inus rhythm.

not studied systematically. In the three dogs
studied in this manner cardiac output was not al-
tered by atrial pacing at rates comparable to their

during the ventricular rates during atrial fibrillation. A rec-

)ns. ord from one of these dogs is shown in Figure 4.
infusion of Exercise was begun during sinus rhythm with the

slightly re- heart rate gradually rising to a plateau at 240

specially in beats per minute. At the point indicated by the

by an aver- first arrow the rate was abruptly increased to 300

TABLE I I

Ventricular rate and cardiac output during exercise

Relative cardiac output

Treadmill setting Ventricular rate NSREx. AF Ex.

Dog Speed Grade NSR AF NSRRest NSREx.

mph % beats/min
A10 3.0 13.7 212 262 2.05 0.91
LI 3.5 13.7 208 330 3.12 0.96
A19 4.8 13.7 245 324 3.11 0.91
S5 6.3 13.7 228 330 2.18 0.84
L4 4.8 13.7 230 306 2.35 0.93
A25 4.8 15.0 221 340 2.41 0.84

Mean 224 315 2.49 0.90
SD 412 ±26 +0.45 ±0.05
p <0.01
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FIG. 4. EFFECTS OF SINUS RHYTHM, ATRIAL FIBRILLATION, AND ATRIAL PACING
AT TWO RATES DURING EXERCISE. Details are in the text. The acceleration
record was obtained by continuous differentiation of aortic flow velocity.

by atrial pacing, but cardiac output did not change.
At the second arrow atrial fibrillation was in-
duced, with an average ventricular rate of 300, and
cardiac output decreased abruptly. Atrial pacing
at 300 beats per minute was reinstituted at the
third arrow (with immediate conversion of atrial
fibrillation), and cardiac output promptly rose to
a level comparable to the control output. At the
fourth arrow the rate of pacing was increased to
390, and cardiac output fell to about 80% of its

to its control level. Atrial fibrillation during exer-
cise did not induce apparent distress in any dog.

Sodium pentobarbital and thoracotomy. Table
III summarizes the cardiac performance in two
dogs before and after pentobarbital anesthesia and
after the left chest had been opened wide to ex-
pose the heart. The record for dog A25 during
this experiment is shown in Figure 5. The heart
rate, cardiac output, and arterial pressure before
anesthesia conformed to the results obtained in the

control value. However, when the rate was re- earlier series. After pentobarbital was adminis-
turned to 300 (arrow 5), cardiac output returned tered the ventricular rate was faster during both
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TABLE III

Ventricular rate and cardiac output during atrial fibrillation in conscious, anesthetized, and open-chested dogs

Relative cardiac
output

Sinus rhythm Atrial fibrillation Atrial pacing AFt AF$
Dog Status Rate CO* Rate CO Rate CO NSR AP

A19 Conscious 88 1,000 118 1,021 108 1,052 1.02 0.97
Pentobarbital 173 1,222 260(-8)§ 1,059 255 1,142 0.87 0.93
Thoracotomy 166 854 258(-113) 678 256(-128) 680 0.79 1.00

A25 Conscious 75 1,000 118 1,126 122 1,157 1.12 0.97
Pentobarbital 146 943 255( -46) 769 237 961 0.82 0.80
Thoracotomy 192 606 277(-134) 366 290(-145) 463 0.60 0.80

* Cardiac output, expressed in relative units.
t Ratio of values during atrial fibrillation and normal sinus rhythm.
t Ratio of values during atrial fibrillation and atrial pacing.
§ Values in parentheses indicate deficit.

sinus rhythm and atrial fibrillation, and modest
pulse deficits appeared during fibrillation. In both
dogs cardiac output decreased during atrial fibril-
lation. Mean arterial pressure was slightly de-
pressed during fibrillation, but comparable values
were obtained during atrial pacing and sinus
rhythm. After thoracotomy much larger pulse
deficits appeared during fibrillation. In addition,
rapid atrial pacing now induced marked pulsus al-
ternans, with every other beat failing to open the
aortic valve. In both dogs atrial pacing reduced
cardiac output by approximately 20%o. In dog
A19 there was no difference in output between
atrial fibrillation and atrial pacing, but in dog A25
atrial fibrillation reduced output by an additional
20%. Arterial pressure was clearly depressed at
the onset of atrial fibrillation in both dogs and
tended to return toward control levels while fibril-
lation persisted.

Discussion

Although the term "cardiac output" has been
used to describe the computed volume of blood
passing through the aorta, it is recognized that
this value differed from the true cardiac output
by the amount of blood entering the coronary
system. The records of cardiac output obtained by
continuous integration of aortic flow excluded
both systolic and diastolic flow from the estimate;
however, the technique used to estimate cardiac
output for statistical analysis deleted only sys-
tolic coronary flow. If the coronary flow changed
significantly during our experiments, our tacit as-
sumption that changes in cardiac output were

closely approximated by the changes in aortic flow
would be in error. Unfortunately, the only reports
on coronary flow during atrial fibrillation (15, 29)
involved conditions which so reduced cardiac out-
put and arterial pressure that no inferences can
be made regarding the occurrence or magnitude of
such an error in our data. Although absolute val-
ues were not obtained, in other respects the method
used to estimate relative cardiac output appears
to compare favorably with the indicator dilution
and direct Fick techniques. Samples of stroke
volume and heart rate were averaged for periods
that exceeded the time generally required for in-
scription of dye curves or sampling of blood. In
addition, the continuous record of aortic flow per-
mitted calculations to be made only when the
cardiac output had reached a stable state.

Spontaneous changes in heart rate, cardiac out-
put, and arterial pressure may exceed those in-
duced by our experimental manipulations. Al-
though spontaneous changes were minimized by
controlling the animal's posture and attempting to
prevent extraneous stimuli, steady values seldom
persisted for more than several minutes. To mini-
mize such variation, the most critical comparisons
-between atrial fibrillation and atrial pacing-
were performed in close temporal sequence. In
contrast, the periods of sinus rhythm and atrial
fibrillation selected for analysis were frequently
separated by an interval of atrial pacing, and the
comparison of these rhythms yielded a larger
standard deviation, 14.5%o compared to 5.0%o.

Atrial fibrillation, when compared to sinus
rhythm, induced a moderate increase in ventricular
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FIG. 5. SINUS RHYTHM, ATRIAL FIBRILLATION, AND ATRIAL PACING BEFOREANDAFTERANESTHESIAAND AFTER THORA-

COTOMY. The ratemeter responded to aortic flow pulses; therefore, the rate record represents ventricular rate minus
pulse deficit during fibrillation and one-half of the ventricular rate during atrial pacing after thoracotomy when pulsus
alternans was present. Pulse deficits were calculated from simultaneous records at fast paper speed.

rate, but did not significantly alter cardiac output
or mean arterial pressure. The comparison of
atrial fibrillation with atrial pacing likewise re-

vealed no significant differences in these variables.
These results differ from those of previous stud-

ies (14-19) in which atrial fibrillation consistently
reduced cardiac output. Lewis (14) concluded
that the hypotension and evidence of reduced
cardiac output which he observed during fibrilla-
tion were due to the rapid ventricular rates pres-

ent in his open-chested dogs. Wegria and his as-

sociates (15) also studied open-chested dogs, un-

der pentobarbital anesthesia, and did not control
ventricular rate. The more recent observations
by Skinner, Mitchell, Wallace, and Sarnoff (16)
were made in areflexic, open-chested canine prep-

arations with heart block. Although the ventricles
were paced at rates comparable to those in the
present study, the majority of these experiments

were carefully designed to exclude any reflex
compensation for the adverse effects of atrial fibril-
lation. In three dogs with intact reflexes and
without heart block, cardiac output and arterial
pressure fell at the onset of atrial fibrillation and
then tended to return toward control values.

In an extensive study of atrial fibrillation in
intact unanesthetized dogs (17-19, 30-32), Stew-
art and his co-workers included a comparison of
responses to atrial fibrillation and atrial tachy-
cardia at comparable ventricular rates (30). The
ventricular rates were much higher than those in
the present study, however, and significant pulse
deficits were present (18). Cardiac output was

20% to 62%o less during atrial fibrillation than
during sinus rhythm (17); atrial tachycardia re-

duced output by an average of only 12% (30).
Administration of digitalis slowed ventricular
rates during fibrillation, abolished pulse deficits,
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and resulted in cardiac outputs that were generally
higher during fibrillation than during sinus rhythm
(31). Roentgenographically determined cardiac
silhouettes were larger during atrial fibrillation
than during sinus rhythm (32), in spite of a
marked increase in ventricular rate which, per se,
decreases left ventricular diameter in the intact
dog (33). This observation and the presence of
tachycardia during sinus rhythm in all the dogs
suggest lingering adverse effects of the ether
anesthesia and thoracotomy the animals had un-
dergone the day before the experiments.

It thus appears that variables in addition to
the cardiac rhythm influenced the results of these
studies. This conclusion is supported by our
data indicating marked differences in the effects
of atrial fibrillation in the same dogs before and
after pentobarbital anesthesia and after thora-
cotomy. Although the dogs in the present in-
vestigation cannot be considered strictly normal,
they were obviously more normal than those stud-
ied by previous investigators.

There can be no doubt that under appropriate
conditions atrial systole contributes significantly
to ventricular function (1-8). The absence of
any demonstrable reduction in cardiac output dur-
ing atrial fibrillation, therefore, suggests that com-
pensatory mechanisms quickly offset the loss of
atrial systole (and the possible adverse effect of
the irregular ventricular response during atrial
fibrillation). Such compensatory mechanisms
have been postulated previously (14-16, 23) to ex-
plain the tendency for arterial pressure and cardiac
output in open-chested preparations to return
toward control values after the onset of atrial fibril-
lation or tachycardia. In the present study a de-
crease in the stroke work of the left ventricle at a
given end-diastolic diameter was observed upon
conversion of atrial fibrillation. Such a shift sug-
gests that positive inotropic influences were acting
upon the left ventricle during atrial fibrillation.

Nakano (34) found that reserpine blocks the
return of cardiac output toward normal levels
during atrial tachycardia in open-chested dogs, and
suggested that catecholamines induce this compen-
sation, in response to arterial hypotension. In the
present investigation, propranolol was used in an
attempt to demonstrate a similar phenomenon.
After administration of this drug a small, but sig-

nificant, reduction in cardiac output occurred dur-
ing atrial fibrillation. This does not prove that
the observed reduction in output was caused by
the associated beta-adrenergic blockade. A non-
specific myocardial depressant effect of propranolol
cannot be excluded. If an adrenergic mechanism
is responsible for the positive inotropic response
to atrial fibrillation, our data do not indicate its
exact nature. Arterial hypotension, if present
at the onset of fibrillation, was too slight and too
transient to be consistently detected.

The reduction in cardiac output induced by
atrial fibrillation during exercise may have been
due to the associated tachycardia, for atrial sys-
tole is more important at rapid heart rates (6).
However, beta-adrenergic mechanisms appear to
play an important role in the normal cardiovas-
cular response to exercise (35). Possibly, the
same mechanisms are utilized in the responses to
exercise and to atrial fibrillation. During suffi-
ciently severe exercise, compensation for the ad-
verse effects of atrial fibrillation might become
inadequate.

Depletion of myocardial catecholamine stores
has been noted in patients with heart failure (36).
WVhereas the presence of valvular or myocardial
lesions may influence the effects of atrial fibrilla-
tion in patients with heart disease (10), a reduc-
tion in resting cardiac output during atrial fibril-
lation may reflect a failure of the beta-adrenergic
compensatory response to fibrillation in these pa-
tients. This hypothesis is supported by a recent
report (12) which suggests that atrial fibrillation
may have little effect on cardiac output in patients
who show no evidence of heart disease.

Atrial fibrillation eliminates effective atrial con-
tractions, increases ventricular rate, and induces
a grossly irregular ventricular rhythm. Although
the effects of changes in average ventricular rate

were controlled in the present study, it is possible
that the irregular ventricular response was par-
tially responsible for the adverse effects of atrial
fibrillation seen during exercise and beta-adren-
ergic blockade. Atrial fibrillation may have al-
tered other uncontrolled variables such as coronary
blood flow, and thereby adversely influenced ven-

tricular performance. It is therefore not possible
to attribute the findings of this investigation to

the loss of atrial systole per se.
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