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ABSTRACT 
Hemodynamic variability in patients with atrial fibrillation may originate 

from a direct influence of the variations in RR intervals on myocardial con
tractility. With the aid of a computer the serial autocorrelation function and 
the histogram of the RR intervals of patients with atrial fibrillation receiving no 
medication were produced. The RR intervals were randomly distributed and 
the histograms rather skew. Next, random rhythms with histograms matching 
those of the patients were produced with a radioa:ctive source and a Geiger
Müller counter. These rhythms were used to stimulate isolated perfused rat 
hearts to study the relationship between the RR interval and a number of con
tractile parameters. The ECG and the isotonic contractions were digitized and 
processed by the computer. Serial crosscorrelation coefficients were computed 
between the RR interval on the one hand, and contraction height, contraction 
area, and maximum of the first derivative of the contraction on the other hand. 
The zero order crosscorrelation coefficient between the RR interval and con
traction height was 0.6, between the RR interval and contraction area 0.8, and 
between the RR interval and maximum of first derivative 0.5. Although smalI, 
the first and second to approximately the tenth order coefficients were definitely 
negative. It is concluded that during a random rhythm the contractile param
eters of an isolated heart are strongly related to the preceding RR interval. It 
is conceivable that this relation contributes to the variability of hemodynamic 
parameters during atrial fibrillation in man. 
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• Atrial fibrillation is a common rhythm dis
turbance of the heart in man. During this type 
of arrhythmia the ventricles beat very irregu
larly and, in general, each contraction differs 
from the preceding one and from the next. 
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As early as 1915 Einthoven and Korteweg (1) 
published a paper on this subject. They 
demonstrated that the amplitude of the pulse 
wave was related to the duration of the pre
ceding RR interval and to the amplitude of 
the preceding pulse wave. In the following 
decades the relationship between diastolic 
pause and pulse wave amplitude was ex
plained by the effect of varying degrees of 
diastolic filling on the contractile force of the 
heart (Frank-Starling mechanism) (2-4). 
However, other investigations have shown 
that when changes in diastolic filling are ab
sent, as in isolated hearts or myocardial strips, 
the contractile force is still dependent on 
the duration of the preceding RR interval 
( 5-7). The question arises whether or not this 
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relationship between the RR interval and myo
cardial contractility (8) plays a role in the 
variability of hemodynamic parameters in pa
tients with atrial fibrillation. 

To avoid the influence of variations in dias
tolic filling we studied the relationship be
tween interval and myocardial contractility 
in irregularly beating isolated hearts per
fused through their coronary system. The ir
regularity which will be imposed on the iso
lated heart during this type of experiment 
should resembie as closely as possible that of 
a ventricular rhythm of a patient with atrial 
fibrillation receiving no medication. Although 
histograms of ventricular rhythms of pa
tients with atrial fibrillation have of ten been 
described in the literature (9, 10) , histograms 
together with the serial autocorrelation coeffi
cients of those rhythmshave, to the best of 
our knowiedge, never been published. For 
most practical purposes, serial autocorrelation 
coefficients together with the histogram de
fine the pattern of a rhythm. 

Possible correlations between interval and 
contractility parameters by standard statis
tical techniques can be best assessed if the 
intervals of the applied rhythm are not inter
related. In other words, the serial autocorrela
tion coefficients of the intervals of such a 
rhythm should be zero (except the zero order 
coefficient) . Hence, before the relationshi p 
between RR intervals and contractility in 
irregularly beating isolated hearts could be 
studied" a statistical analysis of the ventricu
lar rhythm in patients with atrial fibrillation 
was needed. 

This paper presents a statistical analysis of 
the ventricular rhythm of a patient with atrial 
fibrillation and an analysis of the relationship 
between the RR interval and contractility of 
isolated rat he arts stimulated with statistically 
defined irregular or random rhythms. 

Methods 
ANAL YSIS OF THE VENTRICULAR RHYTHM 
OF PATIENTS WITH ATRIAL FIBRILLATION 

Lead 11 of the ECG from six patients 'with 
atrial fibrillation was recorded on magnetic tape 
(AMPEX FR 1300). Between 2,000 and 3,000 
QRS complexes were registered, and the (ana-
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log) signal was digitized with a converter at a 
sampling rate of 750/ sec (IBM 9X12). Aftel' the 
conversion, a computer (IBM 7094) produced 
50 serial autocorrelation coefficients together with 
the histogram, both derived from approximately 
2,500 RR intervals. 

RELATI"NSH !P BETWEEN THE RR INTERVAL 
AND CONTRACTILITY OF ISOLATED RAT HEARTS 
DURING RANDOM STIMULATION 

Random stimulation patterns were generated 
in the isolated hearts by a radioactive sOurce and 
a Geiger-Müller counter. By scaling the impulses 
and introducing a constant dead time (refrac
tory period), histograms matching those of the 
patients were obtained. In this way artificial 
rhythms of any desired mean rate and of com
pletely random spacing were produced. These 
rhythms were stored on magnetic tape and could 
trigger a current source stimulator. This set-up has 
been called a Poisson generator because the histo
grams conform to higher order Poisson distribu
tions. In addition to the stimulation patterns de
rived from the Poisson generator, the human 
ECG signal, also stored on magnetic tape, has 
been used to trigger the stimulator. 

Isolated hearts from white rats weighing 250 g 
were perfused at 37°C using the Langendorff 
technique (11). The perfusion Huid was matched 
as closely as possible to the composition of the 
extracellular Huid. The hearts were stimulated 
via two ring-shaped platinum electrodes (diame
ter 2 mm) stitched to the epicardial surface over
lying the area pretrabecularis of the right ven
tricle. To prevent interference with propagated 
sinus beats the atria of the isolated he arts were 
removed. The contractions of the heart were re
corded by a 7 DCDT-100 Sanborn displacement 
transducer (weight approximately 1 g). In this 
way changes in length of the longitudinal axis 
of the left ventricle were measured. The displace
ment was calibrated with a micrometer screw. 
The ECG was obtained from a small ring-shaped 
electrode (diameter 2 mm) stitched to the epi
cardial surface of the lateral part of the left ven
tricle. Contractions and ECG were amplified 
with Sanborn preamplifiers and recorded on mag
netic tape. Aftel' analog-to-digital conversion 
(sampling rate 750/ sec), the contractions and 
ECG were processed by the computer, which se
Iected from each contraction the height, the area, 
and the maximum of the first derivative; i.e., the 
contractility of the heart was expressed by these 
three parameters. Next the serial crosscorrelation 
coefficients between RR intervals, on the one 
hand, and contraction height, area, and maximum 
of the first derivative of the contraction, on the 
other hand, were computed. Serial crosscorrela
tion coefficients extend the concept of the cor
relation between two variables. 
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FIGURE 1 

A: Histogram of the RR intervals of a patient with atrial fibrillation receiving no medication. 
B: Serial autocorJ'elation coefficients of the same RR intervals depicted in A. C: Histogram of 
intervals of the Poisson rhythm used to stimulate the isolated heart. The mean rate has been 
adjusted to the rat heart. D: Serial autocorrelation coefficients of the intervals of the same 
Poisson rhythm ttsed in C. The similarity between the histograms in A and C and between 
the atttocor1'elograms in Band D should be noted. 

697 

Results 
ANALYSIS OF THE YENTRICULAR RHYTHM 
OFPATIENTS WITH ATRIAL FIBRILLATION 

The results presented here are from one pa
tient and are representative of the six patients. 
Figure 1, A, gives the histogram of the RR 
intervals of this patient. This histogram is 
rather skew. The time from zero to the first 
bar is an indication of the shortest refractory 
period of the A-V conducting system. The 
last bar shows the longe st intervals between 
the R waves. In Figure 1, B, the serial auto
correlation coefficients of the same RR intervals 
are shown. Besides the zero order coefficient, 

which by definition equals one, the first and 
higher order coefficients did not differ from 
zero, indicating that the ventricular rhythm 
of this patient was completely random. 
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Since the aim of this paper is the study of 
the relationship between the RR interval and 
contractility of isolated he arts during random 
stimulation, we limit ourselves in presenting 
only those data of the rhythm analysis of pa
tients which are relevant to this study. 

For comparison, the rhythms derived from 
the Poisson generator were analyzed in the 
same way. C and D of Figure 1 demonstrate 
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FIGURE 2 

Left ventricular pressure curve of a patient with atrial -jibrillation (upper curve) and isotonic 
contractions of an isolated rat heart stimulated with a rhythm derived from a patient with atrial 
-jibrillation (lower curve). 

respectively the histogram and the serial auto
correIation coefficients of such a rhythm. It 
should be emphasized that the mean rate of 
the Poisson rhythm was adjusted for the rat 
heart and therefore the mean rate is higher 
than that of the patient. The "refractory 
period" is the dead time introduced in the 
Poisson generator. As can be seen from com
parison of Band D of Figure 1, the serial 
autocorrelation coefficients from the human 

rhythm and the Poisson rhythm are identical. 
Thus both types of rhythm can be used for 
the interval-contractility study. 

RELATIONSHIP BETWEEN THE RR INTERVAL 
AND CONTRACTILITY OF ISOLATED RAT HEARTS 
DURING RANDOM STIMULATION 

Figure 2 demonstrates the similarity be
tween the left ventricular pressure curve of a 

. patient with atrial fibrillation (upper curve ) 
and the contractions of an isolated rat heart 
stimulated with a rhythm obtained from a 

FIGURE 3 

Serial crosscorrelation coefficients between RR intervals and contraction parameters and their 
respective scatter diagrams of an isolated perfused rat heart stimulated with a random rhythm 
as outlined in C and D of Figure 1. 

A: Serial cl'Osscorrelation coefficients between RR intel'vals and contraction height. Co
efficient zero is strongly positive, several of the following coefficients are negative. B: Scatter 
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diagram of the correlation (coefficient zero of Fig. 3, A) between the RR interval and the height 
of the following contraction. C: Serial crosscorrelation coefficients between RR intervals and 
contmction area. D: Scatter diagram of ~he correlation (coefficient zero of Fig. 3, C) between 
the RR interval and contraction area. E: Serial crossc01'relation coefficients between RR intervals 
and maximum of the first derivative of the contraction. F: Scatter diagram of the correlation 
(coe fficient zero of Fig. 3, E) between the RR interval and maximum of the first derivative of 
the contraction. 

Circulation Research, Vol. XXII, May 1968 



700 

patient with atrial fibrillation (lower curve). 
The human left ventricular pressure curve 
and the rat hemt contractions show a similar 
relation to the preceding interval. During 
these recordings the end-diastolic length of 
the isolated he art did not change. 

Figure 3, A, shows the serial crosscorrela
tion coefficients between the RH intervals and 
contraction height of an isolated perfused rat 
heart, stimulated with a Poisson rhythm as 
outlined in Figure 1, C and D. The zero 
order coefficient (the correlation) between 
the RH interval and contraction height was 
about 60%. This correlation is depicted in an
other way in Figure 3, B, where the scatter 
diagram between the RR interval and contrac
tion height (arbitrary units) is given. Sim
ilarly, the serial crosscorrelation coefficients 
and the associated scatter diagrams between 
RR intervals and the other contraction param
eters (area and maximum of first deriva
tive) are shown in Figure 3, C through F. The 
zero order coefficient between the RR interval 
and area was almost 80% and between the RR 
interval and maximum of the first derivative 
about 50%. However, it should be noted that 
from the first to almost the tenth order, all 
coefficients, though smalI, were negative. 

Summarizing, there exists astrong, positive 
correlation between the RR interval and the 
first following contraction, but a negative 
correlation between the RR interval and the 
second and several of the subsequent contrac
tions. The first contraction af ter a short inter
val is sm all, but the second and the following 
contractions are increased. Af ter a long inter
val, the first contraction is large and the sec
ond and following contractions are reduced. 

Discussion 

The variations in hemodynamics in patients 
with atrial fibrillation have been mainly at
tributed to changes in end-diastolic pressure 
which were related to the variations in RR 
intervals typical in this type of arrhythmia 
(2-4) . Since in previous studies of isolàted 
perfused rat he arts (12) and isolated myo
cardial strips (13, 14) a close relationship be
tween the RR interval and contractility was 
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found, we doubted that this explanation, how
ever plausible and attractive, was the only 
solution. To exclude the role of varying de
grees of diastolic filling we studied the isolated 
rat heart perfused through its coronary system 
using the Langendorff technique. Further
more, we had to be sure that the irregular 
rhythm used for this study should not con
fuse the results because of mutual relations be
tween the RR intervals. 

The fact that all coefficients were zero seems 
to imply that no mutual relationship exists 
between consecutive RR intervals in patients 
with atrial fibrillation. We realize that our 
findings are different from those of Moe and 
Abildskov (15, 16) , who found a certain pat
tem of interrelationship between RR intervals 
in dogs with experimental atrial fibrillation. 
The resuIts shown here from the one patient 
are representative of the statistical behavior 
of RR intervals in the six patients with atrial 
fibrillation receiving no medication. Assum
ing that our statistical approach is comparable 
to that of Moe and Abildskov it would appear 
that the ventricular dysrhythmia in dogs with 
experimental atrial fibrillation differs from that 
in man with autochthonous atrial fibrillation. 
Goldstein and Bamett (17) found in 14 of 
their 28 patients a complete independence of 
successive RR intervals, and in the remaining 
patients RR intervals tended to be adjacent 
to RR intervals of nearly the same duration. 
Whether or not our findings are in agreement 
with the present explanation of the role of 
the conduction system in patients with atrial 
fibrillation is beyond the scope of this paper. 

In Figure 3 the crosscorrelation between 
RR intervals and contractility of a single heart 
are shown. The variability between the differ
ent he arts studied in this way was negligible. 
However, marked changes in resuIts can be 
obtained by various factors such as lowering 
of the calcium content of the perfusion Huid 
( unpublished observations) . 

Contractility is an ill-defined conception 
(18). Myocardial contractility in this study 
has been defined by three parameters: con
traction height, contraction area, and maxi
mum of the first derivative of the upstroke of 
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the contraction. Of course we do realize that 
these three parameters which present differ
ent aspects of one contraction are interde
pendent. The contraction area had the high
est correlation with the preceding interval. 
From our findings (Fig. 3) it can also be con
cluded that during random stimulation the 
contractile behavior of an isolated he art is 
strongly related to the preceding RR interval, 
as demonstrated by the high, positive zero 
order crosscorrelation coefBcient. Since the 
phenomenon is present in an isolated heart 
without diastolic filling and without appre
ciabie changes in end-diastolic length, the 
Frank-Starling mechanism may indeed not be 
solely responsible for similar relationships be
tween RR interval and hemodynamic param
eters found in patients with atrial fibrillation 
(2-4). 

The programs developed for this study wilI 
enable us to study similar correlations be
tween RR intervals and hemodynamic param
eters, such as left ventricular pressure, in pa
tients with atrial fibrillation. Analog data of 
only a few patients have been collected so 
faro Although these data have not yet been 
processed by the computer, from inspection 
of the curves we are inclined to predict that 
the results will not differ too much from the 
data on isolated hearts presented in this paper. 
The fact that for each contraction parameter 
the first (and very of ten the second, third, and 
fourth) order crosscorrelation coefBcient was 
definitelynegative, demonstrates that poten
tiation and depotentiation mechanisms (7, 
13, 19) are also present during random stim
ulation. The finding of negative correlation 
can possibly explain the relationship between 
the amplitudes of two subsequent puIse waves 
found by Einthoven and Korteweg (1) and 
by Dodge et al. (3). 

It is conceivable that the RR interval-con
tractility relationship found in isolated rat 
hearts-and also present during random stimu
lation-contributes to the variations of he
modynamics during atrial fibrillation in man. 
So far this factor has not been taken into ac~ 
count for the explanation of "the variability of 
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the size of the pulse in cases of auricular fibril
lation" (1). 

Acknowledgment 
It is a pleasure to thank Drs. Durrer and van der 

Tweel for their aclvice and encouragement. 

References 
1. EINTHOVEN, W., AND KORTEWEG, A. J.: On the 

variability of the size of the pulse in cases of 
auricular fibrillation. Heart 6: 107, 1915. 

2. KATZ, L. N., AI\'D FEIL, H. S.: Clinical observa
tions on the dynamics of ventricular systole. 
I. Auricular fibrillation. Ann. Internal Med. 
32: 672, 1923. 

3. DODGE, H. T., Knurn:AM, JR., F. T., AND KING, 
C. V.: Ventricular dynamics in atrial fibrilla
tion. Circulation 15: 335, 1957. 

4. BRAUNWALD, E., FRYE, R. L., AYGEN, M. M., 
AND GILBERT, JR., J. W.: Studies on Starling's 
law of the heart: 111. Observations in patients 
with mitral stenosis and atrial fibrillation on 
the relationships between left ventricular end
diastolic segment length, filling, pressure, and 
the characteristics of ventricular contraction. 
J. Clin. Invest. 39: 1874, 1960. 

5. SIEBENS, A. A., HOFFMAN, B. F., CRANEFIELD, 
P. F., AND BROOKS, CH. McC.: Regulation of 
contractile force during ventricular arrhyth
mias. Am. J. Physiol. 197: 971, 1959. 

6. LENDRUM, B., FEINBERG, H., BOYD, E., AND 
KATZ, L. N.: Rhythm effects on contractility 
of the beating isovolumic left ventricle. Am. J. 
Physiol. 199: 1115, 1960. 

7. MEIJLER, F. L., VAN DEN BOGAARD, F., VAN DER 
TWEEL, L. H., AND DURRER, D.: Postextra
systolic potentiation in the isolated rat heart. 
Am. J. Physiol. 202: 631, 1962. 

8. KOCH-WESER, J., AND BLINKS, J. R.: InHuence 
of the interval between beats on myocardial 
contractility. Pharmacol. Rev. 15: 601, 1963. 

9. HOI~AN, L. G., AND KISTLER, J. C.: Study of 
ventricular response in atrial fibrillation. Circu
lution Res. 9: 305, 1961. 

10. MACREZ, C.: Essai d'analyse de I'irrégularité 
ventriculaire clans l' arythmie complète. (Notion 
de récepti~ité ventriculaire). Presse Med. 68: 
607, 1960. 

11. LANGENDORFF, 0.: Untersuchungen am überle
benden Säugethierherzen. PHuegers Arch. Ges. 
Physiol. 61: 291, 1895. 

12. MEIJLER, F. L.: Staircase, rest contractions, 
anel potentiation in the isolateel rat heart. Am. 
J. Physiol. 202: 636, 1962. 

13. KRUTA, V., A.t'ID BRAVENY, P.: Potentiation of 
contractility in the hemt muscle of the rat anel 
same other mamma\s. Nature 187: 327, 1960. 

14. BLINKS, J. R. , AND KOCH-WESER, J.: Analysis of 



702 

the effects of changes in rate and rhythm up on 
myocardial contractility. J. Pharmacol. Exptl. 
Therap. 134: 373, 1961. 

15. MOE, G. K., AND ABILDSKOV, J. A.: Observations 
on the ventricular dysrhythmia associated with 
atrial fibrillation in the dog heart. Circulation 
Res. 14: 447, 1964. 

16. ABILDSKOV, J. A., AND MOE, G. K.: Ventricular 
response in atrial fibrillation. In Mechanism 
and therapy of cardiac arrhythmias, edited by 
Dreifus, L. S., and Likoff, W . New York, 
Grune and Stratton, lnc., 1966, p. 135. 

MEIJLER, STRACKEE, van CAPELLE, du PERRON 

17. GOLDSTEIN, R. E., AND OCTO BARNETT, G.: Sta
tistical study of the ventricular irregularity of 
atrial fibrillation. Comp. Biomed. Res. 1: 146, 
1967. 

18. BLINKS, J. R., AND KOCH-WESER, J.: Physical 
factors in the analysis of the actions of drugs 
on myocardial contractility. Pharmacol. Rev. 
15: 531, 1963. 

19. MEIJLER, F. L., NIEUWENDlJK, E. S., AND 
DURRER, D.: Physiological basis of paired 
stimulation potentiation. Bull. N. Y. Acad. 
Med., in press, 1968. 

Circulation Research, Vol. XXII, May 1968 


