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ABSTRACT
Whether a change in myocardial eontractihty is accompanied by a change in

diastolic extensibility was studied by altering stimulation frequency, including
paired stimulation, as the inotropic intervention. Isometric and isotonic contrac-
tions of isolated cat papillary muscles were examined. Apparent changes in
diastolic extensibility were observed with paired stimulation in isometric
preparations. Rapid changes were seen only in muscles that had spontaneous
aftercontractions between driven beats. These changes were believed not to
reflect true extensibility changes but rather a change in timing between the
relaxation of a beat driven by a paired stimulus and the onset of an aftercon-
traction. In continuous isotonic (not afterloaded) preparations, end-diastolic
length depended on beat frequency. The muscle crept to a longer length when
diastole was prolonged by decreasing the heart rate. In isotonic experiments
without aftercontractions myocardial extensibility remained unchanged during
paired electrical stimulation and changes in beat frequency.
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• A characteristic property of cardiac mus-
cle is that the contractile vigor is dependent
on the muscle fiber length. This is the Frank-
Starling law of the heart. Myocardial diastoUc
extensibility is important because it is one of
the determinants of muscle fiber length. For a
given diastolic pressure the myocardial fiber
length is determined by the elastic properties
of the heart and its geometry.

Extensibility has been defined as the re-
ciprocal of the elastic modulus (1). It is used
here in that sense to describe the passive
elastic property of cardiac tissue in contrast
to any change in muscle properties resulting
from contractions or aftercontractions. The
possibility that elastic properties of the resting
heart change with inotropic effects has been
investigated many times (2-22). Some inves-
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tigators have found changes in the diastolic
properties of the myocardium following ad-
ministration of epinephrine or calcium, or
stimulation of the stellate ganglion (6, 11, 17)
and others have found no change (8, 10,
12-14, 16, 21). Recently, changes in diastolic
compliance resulting from paired electrical
stimulation have been reported by Bartle-
stone et al. (18), Koch-Weser (19), and
Scherlag et al. (20).

Properly timed paired electrical stimuli to
cardiac muscle can produce a large positive
inotropic effect. The mechanism may be re-
lated to the staircase phenomenon or interval-
strength relationship (19, 23). Changing the
stimulation frequency (including paired stim-
ulation) has the advantages that it elicits a
change in contractility that can be extin-
guished in only a few beats and that the
inotropic changes are reproducible and can
be elicited repetitively. This permits studies
in short time intervals and minimizes prob-
lems of baseline shift.

Spontaneous aftercontractions are very im-
portant in the interpretation of the results;

CircuUiion Rnircb, Vol. XX, April 1967 447

D
ow

nloaded from
 http://ahajournals.org by on M

ay 16, 2023



448 FEIGL

they have been observed thus far only in iso-
lated in-vitro myocardial preparations (24-
28). They are distinct, small, slow contractions
that occur in the absence of a propagated ac-
tion potential and are most prominent at
temperatures below 37° C. Experiments were
done at 22° C to study the effects of after-
contractions.

This study was an examination of diastolic
extensibility during inotropic changes elicited
by changing the stimulation frequency. An
in-vitro preparation of cat papillary muscle
was used. Results similar to those of Scherlag
et al. (20) were obtained but were related to
the presence of aftercontractions, stress re-
laxation, or both, in an isometric preparation
rather than to a change in passive extensi-
bility.

Methods
Cats and kittens were anesthetized with pento-

barbital, 25 mg/kg intraperitoneally. Papillary
muscles were quickly excised from the right
ventricle and placed in physiological salt solu-
tion. The composition of the solution in mmoles
per liter was: sodium chloride, 90; potassium
chloride, 5; calcium chloride, 2.5; sodium bi-
carbonate, 29; magnesium sulfate, 1; sodium

TEA/S/ O/V x 20

phosphate, 1; sodium fumarate, 5; sodium py-
ruvate, 5; sodium glutamate, 5; dextrose, 10;
disodium EDTA, 0.05; plus 5 units of insulin.
The solution was gassed with 95% oxygen and
5* carbon dioxide, and a pH of 7.3 at 37°C re-
sulted. The bath was kept at constant tempera-
ture in a water jacket with a circulating pump.
Experiments were done at 22° or 37°C. The
muscle was stimulated through the bath with
platinum electrodes that ran the length of the
muscle but did not touch it. The stimulator
(American Electronics Laboratory 104) provided
rectangular pulses through an isolation unit. The
intensity was adjusted to be just supramaximal,
usually 10$ to 501 greater than threshold. A sec-
ond (paired) stimulus could be introduced with
a variable delay without changing the basic rate.

The muscle was arranged so that muscle force
and shortening could be measured simultaneous-
ly. The lower end of the muscle was held in a
special spring clamp which is part of the force
transducer. The force transducer (Honeywell)
was entirely submerged in the bath and held by
a sturdy post. The compliance of the force gauge
was 0.30 mm/100 g.

The upper end of the muscle was attached to
an isotonic lever (29) with a length of straight-
ened, full, hard-temper stainless steel wire,
which was tied to the chorda tendineae with 4-0
silk suture just long enough to make a knot. The
knot was constantly below the bath surface. The
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FIGURE 1

A prompt fall in diastolic isometric tension followed the first paired stimulation. This was an
apparent increase in diastolic extensibility. Note the aftercontractions between driven contrac-
tions. The period between the onset of a stimulated contraction and the subsequent aftercon-
traction was 1.7 sec, which promptly increased to 2.2 sec with paired stimulation. Tempera-
ture, 22°C; diastolic muscle length, 8.3 mm; cross-sectional area, 2X)5 mm'. Stimulus rate
was 23/min; duration, 5 msec; paired delay, 743 msec.
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MYOCARDIAL EXTENSIBILITY 449

lever was used to record instantaneous muscle
length. The electronic circuit was modified to
improve the stability and linearity. The equiva-
lent mass of the lever was less than 80 mg. The
lever was equipped with an adjustable microme-
ter stop. The length signal was differentiated by
an operational amplifier (Philbrick P65) to ob-
tain shortening velocity.

With this arrangement, the muscle could be
studied under true isotonic, isotonic afterloaded,
and isometric conditions by simply adjusting the
load and the movable stop. Calibrations of all
experimental variables were made after each
experimental run. Length was calibrated with
the micrometer stop on the lever, the force trans-
ducer with weights. Velocity was calibrated by
a triangular wave generator (Hewlett Packard
3300A), which gave a trace on the calibrated
length record, and the derivative on the velocity
record. Recording was on an oscillograph (Brush
1707). At the end of the experiment, the muscle
was weighed and cross-sectional area calculated
on the basis of a cylinder of unit density. Mus-
cle cross-sectional areas ranged from .40 to 2.6

mm2. This paper reports the results from 15
technically satisfactory preparations; eight mus-
cles were studied at 22°- C and seven at 37° C.

Results
Isometric Contractions with Ajtercontrac-

tions. When aftercontractions were present
at 22° C, a decrease (Fig. 1), increase, or no
change in isometric diastolic tension could
accompany paired stimulation. Whether the
isometric diastolic tension increased or de-
creased with paired stimulation was depen-
dent on the timing of the extra stimulus.
Figures 2 through 4 are records taken from the
same muscle. In Figure 2, when the paired
stimulus was delayed 550 msec, the diastolic
tension increased, indicating an apparent de-
crease in diastolic extensibility. In Figure 3,
the delay was increased to 650 msec, and
there was no apparent change in resting
extensibility. In Figure 4, a further increase

TENS/ON /O
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2 0

i
/O sec

FIGURE 2

Increase in diastolic isometric tension accompanying paired stimulation. There was an apparent
decrease in diastolic extensibility. Note the aftercontractions between driven contractions. The
period between the onset of a stimulated contraction and the subsequent aftercontraction was
1.3 sec, which promptly increased to 1.5 sec with paired stimulation. Temperature, 22°C;
diastolic muscle length, 7.5 mm; cross-sectional area, 2.13 mm'. Stimulus rate was 25/min;
duration, 4 msec; paired delay, 550 msec. Figures 2, 3, and 4 are from the same muscle.
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450 FEIGL

in delay to 740 msec gave a fall in resting ten-
sion and an apparent increase in extensibility.

The diastolic portions of the records in
Figures 1 through 4 are not flat. In each case
there is a small spontaneous aftercontraction
between the larger contractions driven by
the stimulator. Aftercontractions were also
present during the period of paired stimula-
tion. The aftercontractions are clearly seen in
Figure 2, where the slower aftercontraction
was on the down slope at the time the driven
contraction began. Aftercontractions can be
seen on close examination in Figures 1, 3, and
4; tension developed slowly and was inter-
rupted by the rapid development of tension
of the stimulated beat. The "shoulder" be-
tween the up slope of the aftercontraction
and the rapid beginning of the driven con-
traction is readily apparent in Figure 3 and
less apparent in Figures 1 and 4.

The time between the onset of a driven con-
traction and beginning of the subsequent

TEA/S/O/V X /O

aftercontraction was lengthened during paired
stimulation. In Figure 1 the period between
the beginning of the driven beat and the
subsequent aftercontraction was 1.7 sec before
and after paired stimulation. During paired
stimulation the aftercontraction began 2.2 sec
after the driven contraction. For the muscle
shown in Figures 2, 3, and 4 the time between
the onset of driven and aftercontraction was
1.3 sec during control periods. With paired
stimulation, this increased to 1.5 sec in Figure
2, 1.8 sec in Figure 3, and 1.9 sec in Figure
4. This indicates that the second depolariza-
tion of paired stimulation in some way alters
the onset of the spontaneous aftercontractions.

Eight muscles with aftercontractions were
studied isometrically at 22° C. In three, diastol-
ic isometric tension fell (an apparent increase
in extensibility) with paired stimulation of the
type seen in Figures 1 and 4. Aftercontractions
disappear at low stimulation frequencies (24-
28). It was not possible to obtain the right
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FIGURE 3

Unchanged diastolic isometric tension during paired stimulation. The period between the
onset of a stimulated contraction and the subsequent aftercontraction was 1.3 sec, which
promptly increased to 1.8 sec with paired stimulation. Stimulus rate was 25/min; duration,
4 msec; paired delay, 650 msec.
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MYOCARDIAL EXTENSIBILITY 451

combination of aftercontraction, with basic
beat frequency, or with proper paired delay
interval to demonstrate a fall in diastolic iso-
metric tension in all muscles. At 22° C an
increase in diastolic isometric tension (an
apparent decrease in extensibility) was ob-
served in all eight muscles with aftercontrac-
tions.

Isotonic Contractions with Aftercontrac-
tions. Six muscles with aftercontractions
were studied isotonically at 22° C. In all
six, paired stimulation decreased diastolic
length (an apparent decrease in extensibility).
This effect was observed at high stimulation
frequencies when aftercontractions followed
each beat (three muscles) and also at low
basic stimulation frequencies when aftercon-
tractions were elicited by paired stimula-
tion (six muscles). These effects are more com-
pletely described below in the section on
aftercontractions. Decreased isotonic diastolic

length resulting from paired stimulation in
the presence of aftercontractions is illustrated
in Figure 9. Increases in diastolic length ac-
companying paired stimulation were never
observed in an isotonic preparation.

Isometric Contractions toHhout Aftercon-
tractions. Seven muscles were studied iso-
metrically at 37° C without aftercontractions.
None had rapid changes in diastolic tension
with paired stimulation. When resting ten-
sion was kept low (below 0.3 g) little stress
relaxation was observed (21). An experiment
of this type is illustrated in Figure 5.

Isotonic Contractions without Aftercontrac-
tions. Seven muscles without aftercontractions
were studied isotonically at 37° C. Under
completely isotonic (not afterloaded) condi-
tions, end-diastolic muscle length was de-
pendent on the stimulation frequency—the
longer the diastolic period, the longer the
end-diastolic length the muscle would creep

TEA/S/ON X /O

0.2 g

ST/MULUS

TENS/ON X /

2 g

/O sec
FIGURE 4

Decrease in diastolic isometric tension during paired stimulation. The period between the
onset of a stimulated contraction and the subsequent aftercontraction was 13 sec, which
promptly increased to 1.9 sec with paired stimulation. There was an apparent increase in
diastolic extensibility. Stimulus rate teas 29/min; duration, 4 msec; paired delay, 740 msec.
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FIGURE 5

Unchanged diastolic isometric tension during paired stimulation. Note the absence of after-
contractions. Temperature, 37° C; diastolic length, 7.5 mm; cross-sectional area, 0.93 mm1.
Stimulus rate was 18/min; duration, 4 msec; paired delay, 212 msec.
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FIGURE 6

Isotonic contractions. End-diastolic length was dependent on the duration of diastole. Increased
stimulation frequency abbreviated diastole preventing the muscle from creeping to a longer
length before the next contraction. Shortening downward; diastolic muscle length, 93 mm;
cross-sectional area, 0.56 mm1; temperature, 37°C; duration, 4 msec. Load toas 0.4 g.
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FIGURE 7
sofon contractions. Essentially no change in diastolic length was observed with two periods

of paired stimulation. The potentiation due to paired stimulation was manifest by increased
shortening and shortening velocity. Shortening downward; diastolic muscle length, 7.5 mm;
cross-sectional area, 0.93 mm'; temperature, 37"C. Rate was 30/min; duration, 4 msec; paired
delay, 212 msec. Load was 0.3 g.
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FIGURE 8

Isotenic contractions. AftercorUractions which were not apparent at low stimulation frequency
were elicited at higher stimulation frequency. Shortening downwards; diastolic muscle length,
6.2 mm; cross-sectional area, 2.42 mm*; temperature, 22°C. Load was 0.5 g.
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FIGURE 9

Isotonic contractions. Aftercontractions were elicited by paired stimulation. From left to right,
the stimulator was turned off for pauses after regular stimulation, after a single paired stimulus,
after two paired stimuli, after three paired stimuli, and again without paired stimuli. Note that
the diastolic length was shorter after the first paired stimulus in each case. Without a pause
in stimulation the slow aftercontractions can be missed. Both the driven contractions and the
aftercontractions were potentiated over several beats with paired stimulation. Shortening down-
ward; diastolic muscle length, 7.3 mm; cross-sectional area, 1.64 mm'; temperature, 22°C.
Rate was 15/min; duration, 4 msec; paired delay, 800 msec. Load was 0.4 g.

to. Conversely, the shorter the diastolic period,
the shorter the end-diastolic length because
of the viscous creep observed in diastolic mus-
cle. These effects are illustrated in Figure 6.

Paired stimulation resulted in a very slight
decrease in end-diastolic muscle length be-
cause of the shorter diastolic period when
the muscle is stimulated twice. An increase
in isotonic diastolic length (which would in-
dicate an increased extensibility) with paired
stimulation was never observed in these stud-
ies. The effects of paired electrical stimula-
tion are shown in Figure 7.

Aftercontractions. Aftercontractions were a
complication in this study. They were regular-
ly present in some muscles following each
stimulated beat as shown in Figures 1 through
4. However, they could be elicited by in-
creases in the stimulation frequency, and if
they had not been recognized, an erroneous
conclusion of a decreased extensibility with
increasing stimulation frequency might have
been made. This is illustarted in Figure 8. At

a stimulation of 3/min, the aftercontraction
was not readily recognized—though the mus-
cle did not show a smooth diastolic lengthen-
ing. When the stimulation frequency was
increased to 6/min, the diastolic length de-
creased because of the aftercontraction. After
the stimulation frequency was further in-
creased to 12/min, a clear aftercontraction
with distinct shortening was observed. Com-
pare Figure 8 with aftercontractions to Figure
6 without aftercontractions.

In some muscles, paired stimulation would
generate aftercontractions that were not pre-
viously present at the same beat frequency
with single stimulation. Under isotonic condi-
tions this could be erroneously interpreted as
a decreased extensibility. Figure 9 illustrates
the development of aftercontractions with
paired stimulation; their presence might be
overlooked if the stimulator had not been
turned off for a pause. They were potentiated
by paired, stimulation over several beats sim-
ilar to the potentiation of the stimulated
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MYOCARDIAL EXTENSIBILITY 455

beats. Potentiation of regularly occurring after-
contractions by paired stimulation can be seen
in Figures 2 and 3.

Discussion

Four problems appear to be involved in the
determination of myocardial diastolic com-
pliance. These are: (1) incomplete relaxation
at higher heart rates; (2) alterations in the
shape or geometry of intact ventricles; (3)
viscous effects in isolated or intact cardiac
preparations; and (4) aftercontractions in iso-
lated muscle preparations.

The importance of slow heart rates has been
commented on by others (9, 22). If the dia-
stolic properties of cardiac muscle are being
studied it is apparent that heart rate must be
slow enough to prevent mechanical fusion of
beats. Partial mechanical fusion with a rate of
24/min at 22° C is shown in Figure 8.

During diastole, the relationship between
pressure and volume of a ventricle is deter-
mined not only by its extensibility, but also by
its geometry or shape. It has been pointed
out that the left ventricle changes shape
throughout the cardiac cycle (30, 31). Mitch-
ell, Linden and Samoff (8) measured a seg-
ment length of the free left ventricular wall
with intraventricular pressures during sympa-
thetic and vagal stimulation. They found no
change in the relationship between pressure
and diastolic segment length with altered ino-
tropism. Hefner and co-workers (11) mea-
sured left ventricular circumference with a
mercury-in-rubber gauge with and without a
norepinephrine infusion. They found a small
change in the pressure-circumference relation
with norepinephrine, an indication of in-
creased extensibility. The possibility that the
left ventricle changed shape with norepineph-
rine, and thus its pressure-circumference re-
lation, cannot be ruled out in their experi-
ments. It is possible that the relative pressures
in the right and left ventricles change with
norepinephrine and that a relative move-
ment of the interventricular septum might
alter the shape of the left ventricle. If this
were the case, the segment length recorder on
the free wall of the ventricle used by Mitchell,

CircmUtwu Rtivnb, Vol. XX, April 1967

Linden and Sarnoff might be less affected by
shape changes than a circumference gauge.

Viscous behavior has been reported in skel-
etal muscle (32, 33) and in frog (34) and
cat (17, 21) myocardium. Sonnenblick and
co-workers (21) have recently demonstrated
viscous stress relaxation (decreasing tension
at constant length) resulting from increase in
contractile force in isometric papillary mus-
cles and isochoric ventricles. Since isometric
preparations show stress relaxation, an un-
equivocal demonstration of increased exten-
sibility accompanying an increase in contrac-
tility cannot be made with an isometric
preparation. However, the rapid fall in iso-
metric diastolic tension after a single paired
stimulus as reported by Scherlag et al. (20)
and as shown in Figures 1 and 4 is very unlike-
ly to result from viscous stress relaxation. In
the present study, a rapid change in isometric
diastolic tension following the first paired
stimulus was observed only when aftercon-
tractions were present. The rapid iftcFease in
diastolic isometric tension with paired stimu-
lation shown in Figure 2 cannot be attributed
to stress relaxation, since the change is in the
opposite direction from stress relaxation.

Rapid changes in diastolic isometric tension
with paired stimulation when aftercontrac-
tions were present were believed to result
from an alteration in the relative timing be-
tween driven contractions and aftercontrac-
tions. The extent to which the isometric ten-
sion fell was dependent on the duration of
relaxation of the driven beat before the after-
contraction began. In effect this was a mechan-
ical fusion between the end of the driven
beat and the onset of the spontaneous after-
contraction. The observation that isometric
diastolic tension could be made to increase,
decrease, or remain constant as a function of
the timing of the paired stimulus supports
this interpretation. Also, the period between
the beginning of a driven contraction and the
subsequent aftercontraction lengthened and
shortened in the expected manner. This re-
sulted in delayed or earlier fusion of the
driven contraction and aftercontraction and
accounted for the change in diastolic tension.
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Katzung (28) has studied aftercontractions
in cardiac muscle from several species and
found spontaneous increases and decreases
in resting isometric tension following periods
of stimulated contractions. Since the term
aftercontraction did not seem appropriate for
a fall in tension he named the phenomenon
"diastolic oscillation." Katzung equated posi-
tive oscillation with aftercontractions de-
scribed by others (24-26). A spontaneous fall
in tension had not been reported previous-
ly. Katzung used an isometric preparation,
and the decreases in tension he illustrated
(Figs. IB and 1C) may be due to stress re-
laxation. His Figure IB shows a rather rapid
fall in diastolic isometric tension at the onset
of a period of stimulated beats. The fall is
less abrupt than it appears because diastole
following the first beat is mechanically fused
with the second beat and is off scale. In any
case, the rapid fall is in keeping with the rap-
id recovery at the end of the series of beats
and indicates a short "time constant" for the
viscous element. Katzung's Figure 1C shows
a period of rest interrupted by a series of
rapid contractions with mechanical fusion fol-
lowed by a fall in resting tension with a slow
recovery to the prestimulation resting ten-
sion. These two experiments show what would
be expected in an isometric preparation show-
ing stress relaxation.

The interpretation of a decreased isometric
tension due to aftercontractions in the pres-
ent paper is based on altered timing between
driven contractions and aftercontractions.
This differs from Katzung's negative diastolic
oscillation or "hyper-relaxation." An isotonic
preparation is not subject to stress relaxa-
tion. Muscles examined isotonically in the
present study did not show "hyper-relaxa-
tion" when aftercontractions were present.

All observers agree that aftercontractions
are more prominent at temperatures below
37° C and when Ca++ is increased in the
bath (24-28). The rapid diastolic changes as-
sociated with aftercontractions in this study
were observed at 22° C. The rapid fall in iso-
metric diastolic tension with paired stimula-
tion reported by Scherlag et al. (20) was in

a cat papillary muscle at 37° C. However,
their Figure 2 shows unmistakable aftercon-
tractions at 37° C. Figure 1 in their paper
does not have sufficient time resolution to
determine if aftercontractions are present.
Katzung (28) reports aftercontractions at
35° C with increased Ca". In one of the iso-
tonic preparations studied at 37° C, the Ca~
was increased tio n w i t h aftercontractions
were elicited by paired stimulation similar
to the experiment shown in Figure 9.

The relation between aftercontractions and
the strength of subsequent driven contrac-
tions has been investigated by Braveny, Sum-
bera and Kruta (27). They found that the
greater the shortening due to an aftercontrac-
tion, the smaller was the next stimulated
contraction. This was related to the Frank-
Starling length-tension relationship. That is, if
the muscle had shortened by an aftercontrac-
tion and then a stimulated contraction was
superposed, the stimulated contraction was
smaller because it began from an already
shortened length. However, it would be mis-
leading to describe the results in terms of a
change in the passive extensibility of the
muscle.

Figure 8 illustrates that aftercontractions
are potentiated by increasing the stimulation
frequency. This has been reported by several
other workers (24-28). Eliciting aftercontrac-
tions by paired stimulation as shown in Figure
9 has not been previously reported. The diffi-
culty of making interpretations concerning
diastolic distensibility when aftercontractions
are present is pointed up in Figures 8 and 9.
Even when an isotonic preparation is used,
slow aftercontractions may not be recognized
unless the stimulator is turned off.

It is concluded that an unequivocal dem-
onstration of a change in diastolic extensibil-
ity accompanying a positive inotropic effect
should be free from: (1) mechanical fusion
found at high heart rates, (2) shape changes
found in intact ventricles, (3) viscous stress
relaxation found in isometric and isochoric
preparations, and (4) aftercontractions found
with in vitro preparations. Within the limits
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MYOCARDIAL EXTENSIBILITY 457

of the isotonic method used, a change in dias-
tolic extensibility was not observed to ac-
company the inotropic effects of altered beat
frequency or paired stimulation.
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