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The best known aspect of the frequency
force relation is the effect of a short interval 
on the next following beat: 'postextrasystolic 
potentiation' (Hoffman, BindIer, and Suck
ling, 1956). Postextrasystolic potentiation 
can also be recognized under certain clinical 
conditions (Brockenbrough, Braunwald, and 
Morrow, 1961 ; Durrer, Schuilen burg, and 
Meijler, 1968), but the compensatory pause, 
which often follows a premature beat, may 
confuse the issue, so th at the relative con
tribution of the potentiating mechanism 
cannot be differentiated from haemodynamic 
factors. In order to avoid haemodynamic 
pitfalls, we have attempted a statistical 
approach, for the study of the frequency
force relation in the intact organism, making 
use of patients with atrial fibrillation. 

In previous studies we have demonstrated 
that the ventricular rhythm of patients with 
atrial fibrillation is random (Meijler, Strackee, 
van Capelle, and du Perron, 1968; Bootsma, 
Hoelen, Strackee, and Meijler, 1970). This 
randomness of the ventricular rhythm indi
cat es the absence of any relation between 
successive RR intervals and th us allows one 
to draw conclusions from relationships 
found between RR intervals and haemo
dynamic or contractiIe parameters during 
atrial fibrillation. 

The effect of varying RR intervals on left 
ventricular contractile behaviour was studied 
in patients with atrial fibrilJation and a Starr
Edwards prosthetic mitral valve. With the aid 
of a phonocardiograph, the closing and 
opening sounds of the bali valve were re-

. corded. By means of cross-correlation 
techniques, the relationship bet ween duration 
of RR interval and timing of the prosthetic 
mitral valve closing and opening sounds were 
computed. 

The cooperation of the department of 
cardiovascular surgery ·has enabled us to 
study cross-correlation functions between 
duration of RR intervaland aortic blood 

flow in patients with atrial fibrillation during 
thoracotomy. 

Methods 
In eight patients ranging in age from 26 to 52 
years (Tab!e I) , with atria! fibrillation and a 
prosthetic mitra! valve, the cIosing and opening 
sounds of the valve, together wilh the EKG of 
1,000 successive beats, were recorded on magnetic 
tape. 

Figure I presents an examp!e of a typical 
recording. Next the recorded QRS complexes 
together with the heart sounds were transformed 
into rectangular pulses by playback and appro
priate filtering and triggering as described in a 
previous paper (Bootsma et al., 1970). These 
pulses together with the origina! signals were 
written at 50 mm/sec on a multichannel paper
recorder. The RR intervals and time relations 
bet ween R wave and closing and opening sounds 
of the valve of at least 250 successive beats were 
measured from the strips by hand. The intervals 
bet ween subsequent R waves and bet ween R 
waves and cIosing sound (Rel) and between 
cIosing and opening sounds (mi tra! va!ve cIosure 
time, VeT) were listed separately. The mitral 
valve cIosure time (VeT) represents the duration 
of the mechanical systole of the !eft ventricIe. 

A computer (IBM 7094) processed serial cross
corre1ation coefficients bet ween RR interva!s and 
Rel and between RR intervals and veT. A!so 
scatter-diagrams bet ween RR interval and Rel 
and veT were plotted. 

In three patients (Tab!e 2) with at rial fibri!
lation, who underwent a thoracotomy for cardiac 
surgery the EKG, together with aortic blood 
flow, was recorded on magnetic tape for 5 to 10 
min. The flow was measured by means of an 
electromagnetic blood flowmeier (Nikroton), the 
probe being p!aced around the root of the aorta 
(Reneman, Schneider, Wieberdink, and Brouwer, 
1970). 

Figure 2 presents a typica! record ing. Next RR 
intervals together with the maximum of the first 
derivative of the flow ra te signal (max. dF/dt), 
peak flow velocity, and after integration stroke 
volume were measured. A good calibration of an 
e!ectromagnetic blood flowmeter during cardiac 
surgery is difficult to obtain. Since we were main!y 
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TABLE I Distribution ofpatients wUh atria! 
fibrillation and a Starr-Edwards mUra! valve 
by age, sex, diagnosis, and cOITelation 
coefficients (CC). 

Diagnosis RCl VCT 

Ist CC 2nd CC Ist CC 2/td CC 

MS, MI, AI -0'83 +0'29 + 0,85 + 0'07 
MI -0'87 +0'33 + 0·80 -0' 12 
MS, MI - 0·86 +0'34 +0'83 -O' I! 

MS, MI -0'73 +0'35 + 0'70 - 0'02 
MS, MI -0'69 +0"44 +0'70 -0'26 
MI - 0'91 +0'23 +0'83 + 0'05 
MS, AI -0,68 +0'38 + 0'69 + 0'05 
MI -0'91 + 0'35 + 0'87 -O'JO 

MI = mitral insuffieieney. AI = aortie insuffieieney. 

interested in beat-to-beat variations, we expressed 
the aortie flow measurements in arbitrary units. 
The computer processed serial cross-correlation 
coefficients bet ween RR intervals and the flow 
parameters mentioned and plotted seatter
diagrams bet ween RR intervals and the flow 
parameters. 

ResuIts 
I. Effect of RR intervals on timing of closing 
and opening of valve 
Figure 3 presents a diagram ofthe effect ofRR 
interval changes on Rel and veT. The meas
urements are derived from a representative 
piece of recording. It can be seen that, in 
general, a short RR interval is followed bya 
long Rel and a short VeT and a long RR 
interval is followed by a short RCI and a 
long VeT. The effect of RR interval on 
duration of mechanical systole of the left 
ventricle as presented by duration of mitral 
valve closure is clearly visible. 

Figure 4 presents a scatter-diagram bet ween 
RR interval and duration of mechanical 
systole, directly following that interval, in a 
patient with atrial fibrillation. The high 
correlation (0'S5) bet ween the two parameters 
should be noted. 

Figure 5 presents the relationship between 
RR interval and Rel in the same patient. One 
finds a high negative correlation (- 0'S3) 
between preceding RR interval and the inter
val bet ween R wave and moment of mitral 
valve closing sound. 

FIG. I Recording of heart sounds in a patient with atrial fibrillation and a Starr-Edwards 
prosthetic mitral valve, together with a drawÎllg of the valve in the closed and open position. 
The time between R wave and first heart sound (closing sound) is the RCI (see text). The 
time between the first heart sound and the mitral valve opening sound, VCT (see lext) repre
sents the duration of the mechanica! systole of the left ventric/e. (This key Figure is reproduced 
on a small scale in Figs. 4, 5, 6, and 7.) 
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TABLE 2 Distribution ofpatients with atrial 
fibrillation and aortie flow reeording by age, 
sex, diagnosis, and eorrelation eoeffieients 
(CC) 

Patien! Sex Age Diagnosis 
(yr .) 

S V Peak flow Max . dFfd! 
- ---- -------------

This demonstrates the effect of RR intervals 
on the next following beats. A long RR 
interval shortens the period between R wave 
and mitral valve dosing time but at the same 
time lengthens the Rel of the beat coming 
thereafter. The opposite is also the case, a 
short RR interval increases Rel of the first 
beat and decreases Rel of the second beat. Ist CC 2nd CC Is t CC 211d CC IS! CC 2nd CC 

J.H. F 45 MS + 0'90 -0'1 4 + 0·8 1 -0'20 + 0'79 - 0 '37 
B.S. F 57 AS,MS, MI + 0·85 -0'45 + 0,80 - 0 '52 + 0·80 -0'48 
H .B. F 62 AS, MS, MI + 0,83 - 0 '29 + 0·80 - 0'37 + 0 '58 - 0'56 

AS = aortic stenosis. MS = mitral stenosis. MI = mitral insufficiency. SV = stroke 
volume. 

To summarize: there exists a strong • 
positive correlation bet ween RR interval and . 
duration of mechanical systole and astrong 
negative correlation between RR interval and 
Rel for the beats directly following the RR , 
intervals. At the same time, there is a small 
positive correlation between RR interval and 
Rel of the second following beats (Fig. 7). 

Figure 6 shows the serial cross
correlograms between RR intervals and 
duration of mechanical systole in five patients 
with atrial fibriIIation and a prosthetic mitral 
valve. For the sake of c1arity the results of 
only five of the eight patients are shown. In 
Table 1, the first and the second coefficients 
of Rel and veT of all eight patients are 
given. The first coefficients (the correlation) 
between RR interval and VeT are all in the 
order of 0,85 (see also Fig. 4) . It should be 
noted that the second and following co
efficients are within their confidence limits of a 
zero value. 

Figure 7 presents the serial cross
correlograms between RR intervals and Rel 
of the same five patients as shown in Fig. 6. 
The first order coefficients are strongly 
negative (in the order of - 0,80), while the 
second coefficients turn out to be positive. 

2 . Effeet of RR intervals on aortie flow 

Figure 8 presents a scatter-diagram bet ween 
RR interval and stroke volume, directly 
following that interval in a patient with atrial 
fibriIIation during thoracotomy. The high 
correlation (0 ,85) between RR interval and 
stroke volume should be noted. A high 
correlation was also found between RR 
interval and aortic peak flow (0 ,80) as weil 
as between RR interval and dF/dt (0 ·80). The 
second coefficient was - o' 52 for the peak 
flowand - 0'48 for the dF/dt. 

Figure 9 presents the serial cross-correIo
grams between RR interval and stroke 
volume in three patients with atriaI fibril
lation during thoracotomy. The firs t order 
coefficients are all in the order of 0 ,85. The 
second coefficients are negative (in the order 

FIG . 2 Typieal recording of eleetromagnetie blood flow in the aorta in a patient with atrial 
fibrillation. Beat-ta-beat changes in the blood flo w rate signal should be noted. 
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FIG. 3 Diagrammatic representation of 
variation in RR intervals and time relations 
of closing and opening of the prosthetic 
mitral valve. The R wave directly preceding 
the contraction was taken as the reference. 
It can be seen that a long RR interval is 
followed by a short RC interval (RCI) and 
'a long mechanical systole (interval between 
C and 0), a short RR interval having the 
opposite effect. 

FIG. 4 Scatter-diagram of the corre/ation 
between directly preceding RR interval and 
dIlration of mechanical systole in a patient 
with atrial fibril/ation and a prosthetic mitral 
valve. 
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of - 0'30). This demonstrates the effect of RR 
interval on a haemodynamic property (in this 
case stroke volume) of both the beat directly 
following that RR interval and the second 
following beat. 

Approximately the same cross-correlo
grams were found (only slightly different 
quantitative results) between RR interval and 
max. dF/dt and peak aortic flow (Tabie 2). 

To summarize: there exists astrong 
positive corre1ation between the RR interval, 
the first following stroke volume, and other 
aartic flow variables and a negative corre
lation between RR interval and the second 
following aortic flow varia bles (stroke 
volume, max. dFjdt, and peak aortic flow). 

Discussion 

I . Evaluation of methods 

The assessment of the mechanical events of 
the left ventricle by atraumatic techniques 
has recently been reviewed (Kumar and Spod
ick, 1970). In 1968 Beck and Schrire described 
a method of studying myocardial contractility 
from phonocardiographically measured time 
components of ventricular contraction in 
patients with prosthetic aortic valves. To 
study the effect of varying RR intervals on 
some aspects of left ventricular contraction, 
we used phonocardiographically measured 
time components in patients with atrial fibril
lation and prosthetic mitral valves. 

It has been shown that, in certain circum
stances, contraction and relaxation of mam
malian cardiac muscle are related (Parmley 
and Sonnenblick, 1969) - a more forceful 
contraction being followed by a faster relax
ation. Preliminary studies in dogs (Eradus 
and Zimmerman, 1970) have shown th at the 
maximum speed of the ball of a prosthetic 
mitral valve is higher at the onset than at the 
end of the ventricular contract ion. In atrial 
fibrillation the force of each ventricular con
traction varies, producing a beat-to-beat 
effect on the speed of the ball valve in either 
direction and introducing a possible error. 

In our laboratory we are currently studying 
the effect of beat-to-beat changes of the force 
of ventricular contraction (and relaxation) 
on the speed of a bali in a prosthetic mitral 
valve in dogs during random stimulation of 
the heart. 

We have already found that the time it 
takes for the valve to close does not exceed 
10 msec. This indicates that the speed of the 
balI valve movement cannot account solely 
for the differences in VCT and RCI as shown 
in Figs. 3, 4, and 5. We therefore feel that 
timing of balI valve closing and opening 
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F IG. 5 Scatter-diagram of the correlation 
between the directly preceding RR interval 
and Re interval in a patient with atrial 
fibrillation and a prosthetic mitral valve. 

FIG. 6 Serial cross-correlograms bet ween 
RR intervals and duration of mechanical 
systole in 5 patients with atrial fibril/afion 
and a prosthetic mUral valve. 
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contains important (though as yet not quanti
fiabIe) information on left ventricular con
tractile behaviour. It has the advantage that 
long lasting measurements can be obtained 
without injuring or jeopardizing the patient . 

The early c10sure of the valve (early occur
rence of the first heart sound) after a long in
terval need not only be due to a more forceful 
contraction. It is wen known that a mitral balI 
valve has a slightly steno tic effect causing a 
pressure gradient between atrium and ven
tric1e. In cases of atrial fibrillation this 
pressure gradient is variabIe. After a long RR 
interval (long diastolic pause), the pressure 
difference bet ween left atrium and left 
ventric1e may have levelled off, at least be 
smaller than after a short diastolic pause. The 
forthcoming ventricular contraction does not 
have to overcome a quantitative significant 
pressure difference and an early c10sure of the 
valve can occur. In addition, the site of the 
bali in the cage is not fixed. During long 
diastoles the bali may float towards the open 
end of the cage, which actually may con
tribute to an early c10sure of the bali valve 
after long RR intervaIs. 

Although stroke volume is dependent on 
many contractile and non-contractile in
fluences, it is one of the most relevant para
meters of the pump-function of the heart, 
though peak flow and max. dFjdt are pro
bably more relevant to the contractile 
properties of the myocardium. 

2. Evaluation of results 
A high corre1ation was found between RR 
interval and RCI, VCT, and stroke volume of 
the contraction directly following that RR 
interval. It is difficult - if at all possible -
to evaluate the relative contribution of the 
frequency- force relationship to the magnitude 
of the first corre1ation coefficient. Haemo
dynamic influences, such as end-diastolic 
volume of the left ventric1e (preload) andjor 
end-diastolic pressure in the aorta (afterload) 
tend to affect the first corre1ation coefficient 
in the same direction as beat-to-beat changes 
in the contractile state of the myocardium, due 
to potentiating or depotentiating mechanisms. 

However, in a previous paper (Meijler et 
al., I968) we demonstrated that similar 
correlations between RR interval and con
tractile parameters were found in the isolated 
perfused mammalian heart, in which haemo
dynamic factors did not play any role. 

Using electromagnetic flow probes around 
the aortic root in intact unanaesthetized dogs 
with a sinus arrhythmia, Scher, Young, and 
Kehl (I968) were able to demonstrate that 
stroke volume is heavily dependent on dura-
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FIG. 7 Serial cross-correlograms bet ween 
RR intervals and RC interval in 5 patients 
with atrial fibrillation and a prosthetic mitral 
valve. The first coefficient is strongly negative. 
The positivity of the second coefficients should 
be noted. 

FIG. 8 Scatter-diagram ofthe correlation 
bet ween the directly preceding RR interval 
and stroke volume (arbitrary units) in a 
patient with atrial fibrillation. 
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tion of the preceding interval, as weIl as on 
filling pressure and arterial pressure. It was 
not felt to be permitted to make any state
ment regarding the importance of each 
variabIe. In the patients we have studied it 
was also not possible to assess the relative 
contribution of each separate regulation 
mechanism to left ventricular performance. 
We have therefore focused our attention on 
the second cross-correlation coefficient (Figs. 
6, 7, and 9)· This coefficient very probably 
expresses the influence of the frequency-force 
relation. It is the only mechanism that can ex
plain why the mitral valve c10ses earl ier after a 
short pre-preceding cyc1e or later af ter a long 
pre-preceding cYc1e (positive second cor
relation coefficient, Fig. 7). A short interval 
potentiates the second following beat which 
may give rise to an early mitral valve c1osure. 
A long interval depotentiates the second 
following beat, the contraction becomes 
weaker, and the mi tra I valve c10sure comes 
relatively later. 

In retrospect, it has to be said that in 
patients with atrial fibrillation the duration 
of the mechanical systole (VeT) is not a good 
parameter to detect a frequency-force rel a
ti on in left ventricular contractile behaviour. 
An effect of RR interval on VeT of the 
second following beat was not demonstrabIe. 
We know from studies with isolated hearts 
(Meijler, van den Bogaard, van der Tweel, 
and Durrer, 1962) that a single short RR 
interval decreases height and shortens dura
tion of the contraction directly following that 
RR interval, while a single long RR interval 
increases height and lengthens duration ofthe 
directly following contract ion. This can 
explain the first highly positive serial cross
correlation coefficient between RR interval 
and duration of mechanical left ventricular 
systole (VeT). The second following poten
tiated beat after the single short interval is 
large and wide and the depotentiated beat due 
to a single long interval is smal1(er) and 
narrow. From this phenomenon, one would 
expect a negative second coefficient. However, 
at a (steady state) high heart rate contractions 
are large and narrow and at a low rate sm all 
and wide (Meijler, 1962). Since during a 
random rhythm there is a continuing tran
sition between high and low rates, the steady 
state phenomenon, just described, might 
counteract the widening (or narrowing) 
effect of one single beat on veT and th us 
explain why the second coefficient does not 
significantly differ from zero. 

Stroke volume, and also the other aortic 
flow varia bles, show a negative second cross
correlation coefficient. A short RR interval 
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The absolute value of the second cross-
1.00 sec correlation coefficient of a relevant parameter 

could be indicative for the contractile state of 
the myocardium, hopefully enabling the 
dinician to distinguish heart failure due to 
abnormal loading from that resulting from 
depression of myocardial function per se. 
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FIG. 9 Serial cross-correlograms between 
RR intervals and stroke volume in three 
patients with a trial fibrillation . The first 
coefficient is strongly positive. The negativity 
of the second coefficients should be noted. 

increases stroke volume of the second 
following beat, a long RR interval has the 
opposite effect. This can be explained only by 
the frequency-force relation. The absolute 
value of the second coefficient might reflect 
the relative contribution of pre-preceding 
interval to stroke volume. 

ConcIusions 
We feel that these results present qualita
tive evidence of the beat-ta-beat effect of the 
frequency-force relation in the intact human 
organism. The regulation of the intact cir
culation is complicated and depends on a 
number of factors operating at the same time 
(Meijler, 1969). 

These factors influence each other, which 
makes it very hard to select and study the 
effect of one such factor on the regulation of 
the circulation. A statistical approach making 
use of random ventricular rhythms in patients 
with atrial fibrillation seems to enable one to 
select a single factor such as the frequency
force relation. Of course more work is needed 
further to evaluate the effect of frequency
force relation on other contractile or haemo
dynamic parameters in the intact 
unanaesthetized organism. 

In order to assess the frequency-force rela
tionship in man, the relation between RR 
intervals and timing of dosing and opening 
sounds of a prosthetic mitral valve was 
studied by means of cross-correIation tech
niques in eight patients with atria I fibrillation. 

The relation bet ween RR intervals and 
aortic blood flow velocity was also studied 
with the same techniques in th ree patients 
with atrial fibrillation during thoracotomy. 
Computer facilities were used for the data 
processing. 

Frequency-force relation could be demon
strated in the cross-correlograms between RR 
interval and the interval between the occur
rence of the R wave and the mitral valve 
dosing sound and also in the cross
correlograms between RR interval and aortic 
blood flow parameters such as stroke volume. 

We thank Professor Nieveen of Groningen 
and Professor Snellen of Leiden for sending 
us patients with atrial fibrillation and a prosthetic 
mitral valve. We also thank Professor Strackee 
of Amsterdam and Professor Denier van der Gon 
of Utrecht for their help and criticism. 
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