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Clinical implications of the interval -force relationship of
the heart
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Introduction

When the interval between cardiac contractions
varies, either on a beat by beat basis such as before
an extrasystole or during atrial fibrillation, or in the
sustained fashion which can accompany exercise,
fever and arrhythmias, a change in the force of
contraction of the heart may follow. Since it is
recognized that both ventricular filling and aortic
end-diastolic pressures are themselves interval
dependent, it is to these influences and their
modification by neuroendocrine control, that the
variations in cardiac function are usually att-
ributed.'4 There is, however, another intrinsic
property ofcardiac muscle which is a manifestation
of interval per se.5 This interval - force relationship
allows the heart to respond to a change in interval
with a change in the force of contraction through a
mechanism which is independent of changes in
ventricular volume and aortic end-diastolic pres-
sure. Why then is this mechanism not invoked more
often in clinical thinking? Before this question can
be addressed, or the clinical implications of the
interval-force relationship explored, an under-
standing of mechanical restitution and postextra-
systolic potentiation is essential.

Underlying physiology: mechanical restitution and
postextrasystolic potentiation

Ifa piece ofcardiac muscle is fixed at both ends and
stimulated to contract at a fixed rate, then a
steady-state force will develop.6 If a single short
interval is introduced, followed by an immediate
return to the basic stimulus interval, the short
interval will modify the developed force of a

number of subsequent contractions. The contrac-

tion which immediately follows the short stimulus
interval, and which has its clinical counterpart in
the extrasystole, is weak because of incomplete
mechanical restitution of the cardiac muscle.7'8 If a
slightly longer test pulse interval is introduced, this
allows the muscle to restitute to a greater extent
and there is a corresponding increase in the force of
contraction (see lower curve in Figure 1). The time
course of mechanical restitution is species depen-
dent,6'9 in man restitution is usually complete by
800 milliseconds'0 " but may occur later in myocar-
dial disease.9"2 The introduction of the short
stimulus interval also modifies the subsequent beat
which is strengthened or potentiated as compared
with the steady-state beats: the inverse relationship
between the degree of potentiation and the (now)
pre-preceding interval describes postextrasystolic
potentiation'3 (see upper curve in the figure). If an
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Figure 1 The relationship between the contractile res-
ponse of a beat (ES, *) and its preceding interval (the
ESI) described mechanical restitution (lower curve). The
influence of the same interval on the subsequent beat
(ES + 1, 0) is inverse and describes postextrasystolic
potentiation (upper curve). Data are from guinea-pig
papillary muscle stimulated to contract isometrically in
response to the pacing protocol shown (insert)."
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interval is sufficiently long to allow full mechanical
restitution of a beat, there is no potentiation of the
subsequent beat (for example, this is illustrated in
Figure 1 by intervals of 800 milliseconds and
beyond). When a short interval provokes post-
extrasystolic potentiation, this potentiation can be
seen to decay gradually over a number of subse-
quent beats provided all the potentiated beats are
themselves fully restituted.'3 In other words any
single interval variation has the potential to modify
the contractile response of several or more beats.

Interval force relationships
Mechanical restitution and postextrasystolic
potentiation influence cardiac function on a
beat to beat basis, and are mediated through
variations in the amount of calcium reaching
the contractile proteins. These variations in the
calcium transients are determined by the inter-
val between contractions.

Mechanical restitution
* Relationship between the force of con-

traction of a beat and the preceding inter-
val.

* Independent of ventricular filling or aor-
tic pressure.

* Complete by 800 milliseconds in patients
with normal hearts but longer in heart
disease.

* Incomplete mechanical restitution follow-
ing short RR intervals may contribute to
the acute cardiac dysfunction of tachyarr-
hythmias such as atrial fibrillation and
ventricular tachycardia.

The central role of calcium

By loading the cytoplasm of isometrically contrac-
ting muscles with aequorin (a bioluminescent pro-
tein that emits light in the presence of calcium)
something of the mechanism that underlies inter-
val-force behaviour can be understood. Using this
method it has been shown that changes in stimulus
interval are associated with changes in the concent-
ration of calcium ions released to the contractile
proteins following depolarization. These fluctua-
tions in intracellular calcium transients, produced
in response to both steady-state and transient
changes in stimulus interval, are accompanied by
parallel changes in developed tension (or
force).`4-7 This ability to modify developed force
in response to interval (by varying the intracellular
calcium transient) is not peculiar to human cardiac
muscle but appears to be an intrinsic property of

cardiac muscle in general.6 As such it has been
extensively explored in many species and prepara-
tions including single myocytes,'8"9 isolated musc-
les and hearts620'2' and in vivo in animals and
man. 10,22-25

Historical perspectives

In spite of such observations, interval-related
changes in cardiac function continue to be ascribed
to the Frank-Starling mechanism.26-27 Why is this
so? This tradition seems to reflect the difficulties of
trying to measure either contractile function or
ventricular filling in man combined with the
forceful belief of early investigators that the
Frank-Starling mechanism was all important, for
example, references 1- 3. Starling, in an attempt to
explain the effects of exercise on the heart, main-
tained that the heart had to enlarge at the beginning
ofexercise and, in spite of evidence to the contrary,
this provoked a prolonged and heated debate
about the relative importance of Starling's Law
and neuroendocrine control.28 Lewis appears to
have been strongly influenced by Starling and
invoked Starling's Law as the mechanism underly-
ing the beat to beat variation of the pulse in atrial
fibrillation (AF). Thus beats which followed short
RR intervals were said to be weak because of
incomplete ventricular filling and the strengthening
of subsequent beats was seen as an expression of
volume carried over from the weak beats.' This
view subsequently dominated clinical thinking on
the subject, although the idea that the beat to beat
variations of the pulse in atrial fibrillation might
represent an intrinsic inotropic mechanism of the
heart had been suggested by Wenckebach as early
as 1903.29 This hypothesis was dismissed by Ein-
thoven and Korteweg2 and was then largely
ignored until the 1960s when renewed interest in the
influence of interval itself followed animal work on
either simulated or induced AF. From these
studies, where contractile indices could be more
easily quantified, it was clear that both preceding
and pre-preceding intervals were important deter-
minants of cardiac function.3032

Confirmation that postextrasystolic potentia-
tion in man was a manifestation of interval, rather
than of interval-dependent ventricular filling, came
with a series of studies in: patients with atrial
fibrillation;24,33-36 patients with spontaneous
ectopics;37 and patients where postextrasystolic
potentiation was produced by pacing.23'38'39 These
conclusions followed the use ofmeasured variables
which were independent ofvolume,23'24'33 the ability
to estimate volume changes,3740 or protocols where
the timing of the first extrasystolic beat was
adjusted to match that of the pre-extrasystolic
beat.38'39 However, not all investigators have been
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this rigorous in their attention to interval or
measured variables, and the cumulative clinical
literature on postextrasystolic potentiation and its
implications for patients is consequently confused.
The extent to which mechanical restitution

modifies cardiac function in man has proved a still
more elusive issue, though like postextrasystolic
potentiation, mechanical restitution is mediated
through interval-determined variations in intracel-
lular calcium transients. Mechanical restitution
can easily be demonstrated in isolated muscles and
isolated hearts where the effects of length and
volume can be controlled. The difficulty arising in
man is that mechanical restitution and ventricular
filling have similar time courses so that their
respective influences become difficult to separate.
Too often, however, there has been little inherent
recognition of this association and it has often been
presumed that changes in volume (or aortic end-
diastolic pressure) somehow preclude a simul-
taneous influence of mechanical restitution. This
bias appears throughout the literature on atrial
fibrillation where much ofthe data attributed to the
effects of volume could, just as plausibly, be
explained on the basis of interval.",3'4'34-36 Nonethe-
less, unequivocal evidence for mechanical restitu-
tion in man does exist and comes from studies of
spontaneous arrhythmias"' 4' and from studies in
which varying degrees of mechanical restitution
were produced by pacing.1'20'22'42'43

Clinical implications

Despite all these difficulties some interesting and
potentially useful applications do emerge from
those studies in which intervals before and after the
extrasystole were carefully controlled.22'23' One
area which merits further investigation is the
possibility of deriving an index of cardiac function
from interval-force behaviour. There is a tendency
for the degree of potentiation, following an extra-
systole, to be increased in the diseased heart when
compared with the response of the more normal left
ventricle. When this is expressed as a ratio of the
potentiated beat to that of a preceding steady-state
beat,22 comparisons of contractile function
between patients appear to be clinically dis-
criminating.23 This is potentially applicable to a
wide range of clinical situations. For example,
when does an individual patient with aortic regur-
gitation require surgical intervention? Many
patients can tolerate aortic regurgitation for years
with little apparent left ventricular decompensa-
tion: cardiac dilatation then heralds rapidly
deteriorating cardiac function. The clinician
advocates intervention before this point is reached
but currently has no means of detecting the early
stages of this progressive myocyte dysfunction.45

Similarly, whilst it is well recognised that angioten-
sin converting enzyme inhibitors improve the prog-
nosis ofa group of patients with congestive cardiac
failure,'6 there are distinct limitations to the way
the response to such therapy in individual patients
can be monitored and so optimized. How should
we best monitor cardiac function in AF, demon-
strate functional improvement following angio-
plasty or explore preconditioning in patients?47 In
all of these situations a measure of deteriorating or
improving contractile health would prove
invaluable.

Postextrasystolic potentiation (PESP)
* Inverse relationship between the force of

a beat and the pre-preceding interval.
* Potentiation of a beat is only fully

expressed when the beat is completely
restituted.

* Contributes to the irregular cardiac func-
tion of atrial fibrillation.

* Future possibility of manipulating PESP
to modify the inotropic state of patients
with both therapeutic and diagnostic
benefit.

Postextrasystolic potentiation reflects an in-
crease in the amount of calcium released in the
vicinity ofthe contractile proteins upon depolariza-
tion. 17 The idea of manipulating this during pacing
to strengthen systolic contractions of the diseased
or failing heart has obvious clinical appeal and to
some extent this application has been explored
during paired pacing (where normal pacing inter-
vals alternate with short intervals). When post-
extrasystolic potentiation occurs spontaneously
the 'price' of augmentation of the potentiated beat
is the reduced force of the extrasystole (which may
reflect a combination of incomplete mechanical
restitution, inadequate ventricular filling, a high
aortic end-diastolic pressure and an abnormal
sequence of ventricular conduction). During pac-
ing a short stimulus interval can be introduced
which produces electrical depolarization but no
contraction and which strengthens the subsequent
beat or beats. The idea of paired pacing is an
alternation of interval so that every systole is
potentiated in this way but whether this actually
represents the optimal arrangement is unclear.
Although this area initially attracted widespread
interest,""49 it has only been explored to a limited
extent in patients50'5' and may yet offer intriguing
therapeutic options.

Studies in muscles isolated from patients suggest
that the time course of mechanical restitution is
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delayed by disease.9""' 2 This effect can be seen in
patients as well" and may explain why slowing of
the heart rate may have beneficial effects even when
this is achieved using beta adrenergic receptor
blockade in patients with cardiac failure.52 Thus by
increasing the extent of mechanical restitution, the
negative chronotropic influence ofthe beta blocker
could result in a positive inotropic response which
far outweighs the negative inotropic effects of the
same drug. Beta blockade may also prolong vent-
ricular filling where left ventricular diastolic dys-
function has produced critical shortening of the
effective filling time.53 Interestingly, both
mechanisms would suggest that chronotropic
'incompetence'54 may actually confer a therapeutic
advantage. The similar time course of mechanical
restitution and ventricular filling, in health and
some forms of cardiac disease, underlines the
difficulties involved in trying to disentangle the
relative influences of the two mechanisms.
The influence of sustained interval changes

(which were the focus of Bowditch's early work5)
on contractile and ejection function of the heart is
still more complex and the clinical role is corres-
pondingly less well understood. Some, but not all,
patients with a ventricular tachycardia develop
signs of acute left ventricular decompensation
which occurs despite 'normal' ventricular function
and which is abolished with a return to their usual

rhythm. The mechanism which underlies this re-
mains obscure. Similarly, there is no adequate
explanation for the cardiomyopathy described in
association with prolonged episodes ofsome of the
more 'benign' tachyarrhythmias." This also
appears to be reversible and it is the gradual
recovery of function, following a return to sinus
rhythm, that offers the most convincing argument
for a tachycardia-induced cardiomyopathy, as dis-
tinct from the acute dysfunction which may accom-
pany the tachycardia. The extent to which normal
or abnormal interval - force relationships cont-
ribute to such acute and chronic manifestations of
sustained tachyarrhythmias is an intriguing ques-
tion but one which has barely been considered.
As clinicians we are only just beginning to

acknowledge that the interval-force relationship is
offundamental clinical importance. Such tardiness
belies the extent to which mechanical restitution
and postextrasystolic potentiation have been inves-
tigated during the course of this century. Ifwe were
to base future clinical studies on this knowledge of
the underlying physiology, then we would stand to
gain exciting answers to some basic clinical ques-
tions.

Acknowledgement

Dr Hardman is the recipient of a British Heart Found-
ation Intermediate Fellowship.

Referemces

1. Lewis, T. Fibrillation of the auricles: its effect upon the
circulation. J Exp Med 1912, 16: 395-420.

2. Einthoven, W. & Korteweg, A.J. On the variability of the size
of the pulse in cases of auricular fibrillation. Heart 1915, 6:
107-120.

3. Buchbinder, W.C. & Sugarman, H. Arterial blood pressure in
cases of auricular fibrillation measured directly. Arch Intern
Med 1940, 66: 625-642.

4. Dodge, H.T., Kirkham, F.T. & King, C.V. Ventricular
dynamics in atrial fibrillation. Circulation 1957, 15: 335-347.

5. Bowditch, H.P. On the peculiarities of excitability which the
fibres of cardiac muscle show. Berichte der Sachsische
Gesellschaft Wissenschaften 1871, 23: 652-689.

6. Koch-Weser, J. & Blinks, J.R. The influence of the interval
between beats on myocardial contractility. Pharmacol Rev
1963, 15: 601-652.

7. Braveny, P. & Kutra, V. Dissociation de deux facteurs:
restitution et potentiation dans l'action de l'intervalle sur
l'amplitude de la contraction du myocarde. Arch Int Physiol
Biochem 1958, 66: 633-652.

8. Edman, K.A.P. & Johannsson, M. The contractile state of
rabbit papillary muscle in relation to stimulation frequency. J
Physiol 1976, 254, 565-581.

9. Cooper, I.C. & Fry, C.H. Mechanical restitution in isolated
myocardium: species differences and underlying mechanisms.
J Mol Cell Cardiol 1990, 22: 439-452.

10. Pidgeon, J., Miller, G.A.H., Noble, M.I.M., Papadoyannis,
D. & Seed, W.A. The relationship between the strength ofthe
human heart and the interval between beats. Circulation
1982, 65: 1404-1410.

11. Hardman, S.M.C. Cardiac interval force relationships in man
and their role in atrial fibrillation. Ph.D. Thesis 1992,
University of London.

12. Fry, C.H., Walker, J.M., Webb-Peploe, M.M. & Williams,
B.T. Restitution of contractility in vitro of human and
guinea-pig ventricular myocardium. J Physiol 1983, 339:
26-27P.

13. Hoffman, B.F., Bindler, E. & Suckling, E.E. Postextrasystolic
potentiation of contraction in cardiac muscle. Am J Phvsiol
1956, 185: 95- 102.

14. Allen, D.G. & Kurihara, S. Calcium transients in mammalian
ventricular muscle. Eur Heart J 1980, (Suppl A): 5-15.

15. Morgan, J.P. & Blinks, J.R. Intracellular Ca2+ transients in
the cat papillary muscle. Can J Physiol Pharmacol. 1981, 60:
524-528.

16. Allen, D.G. & Blinks, J.R. Calcium transients in aequorin-
injected frog cardiac muscle. Nature 1985, 273: 509-513.

17. Weir, W.G. & Yue, D.T. Intracellular calcium transients
underlying the short term force-interval relationship in
ferret ventricular myocardium. J Physiol 1986, 376: 507- 530.

18. Tung, L. Force frequency relation in single frog ventricular
heart cells. Biophys J 1987, 51: 11 la.

19. Lee, H.-C. & Clusin, W.T. Cytosolic calcium staircase in
cultured myocardial cells. Circ Res 1987, 61: 934-939.

20. Pidgeon, J., Lab, M., Seed, W.A., Elzinger, G., Papadoyan-
nis, D. & Noble, M.I.M. The contractile state of cat and dog
heart in relation to the interval between beats. Circ Res 1980,
47: 559-567.

21. Burkhoff, D., Yue, D.T., Franz, M.R., Hunter, W.C. &
Sagawa, K. Mechanical restitution of isolated perfused
canine left ventricles. Am J Physiol 1984, 246: H8- 16.

22. Anderson, P.A.W., Manring, A., Serwer, G.A. et al. The
force-interval relationship of the left ventricle. Circulation
1979, 60: 334-348.

copyright.
 on M

ay 23, 2023 by guest. P
rotected by

http://pm
j.bm

j.com
/

P
ostgrad M

ed J: first published as 10.1136/pgm
j.70.826.553 on 1 A

ugust 1994. D
ow

nloaded from
 

http://pmj.bmj.com/


INTERVAL-FORCE RELATIONSHIPS OF THE HEART 557

23. Seed, W.A., Noble, M.I.M., Walker, J.M. et al. Relationships
between beat-to-beat interval and the strength ofcontraction
in the healthy and diseased human heart. Circulation 1984,
70: 799-805.

24. Hardman, S.M.C., Noble, M.I.M. & Seed, W.A. Postext-
rasystolic potentiation and its contribution to the beat-to-
beat variation of the pulse during atrial fibrillation. Circula-
tion, 1992, 86: 1223-1232.

25. Seed, W.A. Interval-force processes in the intact animals and
human heart. In: The Interval-Force Relationship of the
Heart: Bowditch Revisited. Noble, M.I.M. & Seed, W.A.
(eds). Cambridge University Press, Cambridge, 1992,
pp. 326-328.

26. Frank, 0. Zur dynamik des Herzmuskels. Zeitschrift Biol
1895, 32: 370-447.

27. Starling, E.H. The Linacre Lecture on the Law of the Heart.
Eds. Porter, R. & Fitzsimons, D.W. Longmans, Green& Co.,
London, 1918.

28. Guz, A. Chairman's introduction. In: The Physiological Basis
ofStarling's Law ofthe Heart. Porter, R., & Fitzsimons, D.W.
Ciba Foundation Symposium. Vol. 24. Associated Scientific
Publishers, Amsterdam. 1974, pp. 1-5.

29. Wenckebach. Die Arrythmie als Ansdruck bestimmter Funk-
tionsstorungen des Herzens, Leipzig, 1983, p 184.

30. Meijler, F.L., Strackee, J. van Capelle, F.J.L. & du Perron,
J.C. Computer analysis of the RR interval-contractility
relationship during random stimulation of the isolated heart.
Circulation Res, 1968, 22: 695-702.

31. Rogel, S. & Mahler, Y. Myocardial tension in atrial fibrilla-
tion. J Appl Physiol 1969, 27: 822-825.

32. Edmands, R.E., Greenspan, K. & Fisch, C. The role of
inotropic variation in ventricular function during atrial
fibrillation. J Clin Invest 1970, 49: 738-749.

33. Gibson, D.G., Broder, G. & Sowton, E. Effect of varying
pulse interval in atrial fibrillation on left ventricular function
in man. Br Heart J 1971, 33: 388-393.

34. Karliner, J.S., Gault, J.H., Bouchard, R.J. & Holzer, J.
Factors influencing the ejection fraction and the mean rate of
circumferential fibre shortening during atrial fibrillation in
man. Cardiovasc Res 1974, 8: 18-25.

35. Belenkie, I. Beat to beat variability of echocardiographic
measurements of left ventricular end diastolic diameter and
performance. J Clin Ultrasound 1979, 7: 263-268.

36. Rawles, J.M. A mathematical model of left ventricular
function in atrial fibrillation. Int J Biomed Comput 1988, 23:
57-68.

37. Hamby, R.I., Aintablian, A., Wisoff, G. & Hartstein, M.L.
Response of the left ventricle in coronary artery disease to
postextrasystolic potentiation. Circulation 1975, 51:
428-435.

38. Cooper, M.W., Lutherer, L.O., Stanton, M.W. & Lust, R.M.
Jr. Postextrasystolic potentiation: analysis of methods of
induction. Am Heart J 1986, 111, 330-333.

39. Kuijer, P.J.P., van der Werf, T. & Meijler, F. L. Postextrasys-
tolic potentiation without a compensatory pause in normal
and diseased hearts. Br Heart J 1980, 63: 284-286.

40. Sung, C.S., Mathur, V.S. Garcia, E. de Castro, C.M. & Hall,
R.J. Is postextrasystolic potentiation dependent on Starling's
Law? Biplane angiographic studies in normal subjects. Cir-
culation 1980, 62: 1032-1035.

41. Hardman, S.M.C., Noble, M.I.M., Biggs, T. & Seed, W.A.
What determines the pulse during atrial fibrillation? Circula-
tion 1992, 86 (Suppl I): 70.

42. Schaefer, J., Reichel, H., Schwarzkopf, H.J. et al. Unter-
suchungen zur Kraft-Frequenz-Beziehung des menschlichen
Herzens. Verhandlung Deutschen Gesellschaft Kreis-
laufforschung 1971, 37: 356-359.

43. Franz, M., Schottler, M., Schaefer, J. & Seed, W.A. Simul-
taneous recording of monophasic action potentials and
contractile force from the human heart. Klin Wochenschrift
1980, 58: 1357-1359.

44. Kvasnicka, J., Liander, B., Broman, H. & Varnauskas, E.
Quantitative evaluation of postectopic beats in the normal
and failing human heart using indices derived from catheter-
tip mamometer readings. Cardiovasc Res 1975, 9: 336-341.

45. Treasure, T. When to operate in chronic aortic valvar
regurgitation. Br J Hosp Med 1993, 49: 613-628.

46. The Consensus Trial Study Group. Effects of enalapril on
mortality in severe congestive heart failure. Results of the
cooperative north Scandinavian enalapril survival study
(CONSENSUS). N Engl J Med 1987, 316: 1429-1435.

47. Lawson, C.S. & Downey, J.M. Preconditioning: state of the
art myocardial protection. Cardiovasc Res 1993, 27:
542-550.

48. Symposium on paired pulse stimulation and postextraystolic
potentiation in the heart. Bull NY Acad Med 1965, 41:
417-747.

49. Braunwald, E., Sonnenblick, E.H., Frommer, P. L. & Ross, J.
Jr. Paired electrical stimulation of the heart: physiologic
observations and clinical implications. Adv Int Med 1967, 13:
61-96.

50. Braunwald, E., Ross, J. Jr, Frommer, P.L., Williams, J.F.,
Sonnenblick, E.H. & Gault, J.H. Clinical observations on
paired electrical stimulation of the heart. Am J Med 1964, 37:
700-711.

51. Braunwald, E., Ross, J. Jr, Sonnenblick, E.H., Frommer,
P.L., Braunwald, N.S. & Morrow, A.G. Slowing of heart
rate, electroaugmentation of ventricular performance, and
increase of myocardial oxygen consumption produced by
paired electrical stimulation. Bull NY Acad Med 1965, 41:
481-497.

52. Bashir, Y., McKenna, W.J. & Camm, A.J. P Blockers and the
failing heart: is it time for a U-turn? Br Heart J 1993, 70:
8-12.

53. Ng, K.S. & Gibson, D.G. Impairment ofdiastolic function by
shortened filling period in severe left ventricular disease. Br
Heart J 1989, 62: 246-252.

54. Katritsis, D. & Camm, A.J. Chronotropic incompetence: a
proposal for definition and diagnosis. Br Heart J 1993, 70:
400-402.

55. Gillette, P.C., Crawford, F.C. & Zeigler, V.L. Mechanisms of
atrial tachycardias. In: Zipes, D.P. & Jaliffe, J. (eds). Cardiac
Electrophysiology From Cell to Bedside. W.B. Saunders,
Philadelphia, 1990, pp. 559-563.

copyright.
 on M

ay 23, 2023 by guest. P
rotected by

http://pm
j.bm

j.com
/

P
ostgrad M

ed J: first published as 10.1136/pgm
j.70.826.553 on 1 A

ugust 1994. D
ow

nloaded from
 

http://pmj.bmj.com/

