
The demonstration of alternating contractile state in pulsus
alternans

R. Joe Noble, Donald O. Nutter

J Clin Invest. 1970;49(6):1166-1177. https://doi.org/10.1172/JCI106331.

Pulsus alternans was induced in 11 anesthetized, open-chest dogs by rapid atrial pacing, and the left ventricular filling
characteristics and length-tension-velocity relationship of alternating beats were compared. The end-diastolic
circumferences (cire) of the strong beats were slightly, but significantly, increased over the weak beats (7.3 > 6.9 cm, P <
0.01), confirming that diastolic filling does alternate in pulsus alternans. This alternation in initial fiber length seemed to
result from an alternation in the prior end-systolic length, rather than from an alternation in diastolic filling time or
compliance. There was also no difference in end-diastolic tension as measured by an isometric strain gauge suggesting
no difference in contractile element relaxation before weak and strong beats.

The contractile state of the strong beats was consistently greater than that of the weak beats when contractility was
defined in terms of: (a) Vmax (3.13 > 2.53 circ/sec, P < 0.01); and (b) the velocity of circumferential fiber shortening (0.84
> 0.39 circ/sec, P < 0.001) and developed tension (82.5 > 74 g/cm, P < 0.01) at isolength. The length-tension-velocity
relationship of the left ventricle also varied between strong and weak beats when: (a) the maximum velocity of contractile
element shortening at least common tension (1.68 > 1.28 circ/sec, P < 0.05); and (b) the velocity of circumferential fiber
shortening (0.81 > 0.39 circ/sec, […]

Research Article

Find the latest version:

https://jci.me/106331/pdf

http://www.jci.org
http://www.jci.org/49/6?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://doi.org/10.1172/JCI106331
http://www.jci.org/tags/51?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://jci.me/106331/pdf
https://jci.me/106331/pdf?utm_content=qrcode


The Demonstration of Alternating

Contractile State in Pulsus Alternans

R. JOE NOBLEand DONALD0. Nurrum with the assistance of
HARoLDJ. CRUMLY,JR.

From the Cardiovascular Research Laboratory, Department of Medicine,
Emory University School of Medicine, Atlanta, Georgia 30303

A B S T R A C T Pulsus alternans was induced in 11
anesthetized, open-chest dogs by rapid atrial pacing, and
the left ventricular filling characteristics and length-
tension-velocity relationship of alternating beats were
compared. The end-diastolic circumferences (circ) of
the strong beats were slightly, but significantly, in-
creased over the weak beats (7.3 > 6.9 cm, P < 0.01),
confirming that diastolic filling does alternate in pulsus
alternans. This alternation in initial fiber length seemed
to result from an alternation in the prior end-systolic
length, rather than from an alternation in diastolic filling
time or compliance. There was also no difference in end-
diastolic tension as measured by an isometric strain
gauge suggesting no difference in contractile element
relaxation before weak and strong beats.

The contractile state of the strong beats was con-
sistently greater than that of the weak beats when con-
tractility was defined in terms of: (a) Vmax (3.13 >
2.53 circ/sec, P <0.01); and (b) the velocity of cir-
cumferential fiber shortening (0.84 > 0.39 circ/sec,
P < 0.001) and developed tension (82.5 > 74 g/cm,
P < 0.01) at isolength. The length-tension-velocity re-
lationship of the left ventricle also varied between strong
and weak beats when: (a) the maximum velocity of
contractile element shortening at least common tension
(1.68> 1.28 circ/sec, P <0.05); and (b) the velocity
of circumferential fiber shortening (0.81 > 0.39 circ/
sec, P < 0.001) at maximum developed tension were
examined. Analysis of the length-tension-velocity char-
acteristics of sequential beats at the onset of alternans in
three dogs suggests that an alternation in contractility
initiates alternans, with secondary alternations in ven-
tricular filling. Cross-clamping of the aorta in three
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other dogs essentially eliminated the alternating changes
in end-diastolic length and pressure, while the resultant
isovolumic contractions continued to demonstrate clear
evidence of pulsus alternans in the ventricular systolic
pressure, suggesting the persistance of an alternating
contractile state. The evidence suggests that an im-
portant mechanism in the production and propagation
of pulsus alternans, as produced in the intact canine
ventricle by rapid pacing, is a beat-to-beat alternation
in contractile state with secondary alternations in ven-
tricular filling.

INTRODUCTION
Mechanical alternans in isolated myocardium is said to
result from an alternation in muscle fiber stretch (1)
or from an alternation in the inotropic state of the muscle
(2, 3). Similarly, studies in pulsus alternans in the in-
tact heart have shown this phenomenon to be both as-
sociated with (4-6) and independent of (7, 8) alterna-
tions in ventricular filling or end-diastolic tension. The
relative contribution of variations in contractile state
and in initial fiber length, and tension to the pathogenesis
of pulsus alternans in the intact heart is unknown since
alternating beats have not been analyzed in terms of the
myocardial length-tension-velocity relationship.

In the present study, pulsus alternans was induced
in open-chest, anesthetized dogs by rapid pacing, and
the length-tension-velocity relations of the alternating
beats were compared. In this preparation an important
mechanism of pulsus alternans was found to be beat-to-
beat alternation in the myocardial contractile state.

METHODS
11 mongrel dogs, weighing between 15 and 30 kg, were anes-
thetized with a mixture of 1% halothane and 99% oxygen,
administered by a Harvard respiratory pump through an
endotrachial tube. Respiratory rate and tidal volume were
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adjusted to maintain arterial blood gases within reasonable
physiological levels (Po2> 70 mmHg; Pco2 29-45 mmHg;
pH 7.35-7.48).

The heart was exposed through a left thoracotomy incision
and suspended in a pericardial cradle. A micromanometer
catheter (Model MSD8, Telco, Gentilly, France) was
positioned in the left ventricular (LV) cavity by retro-
grade catheterization from the left common carotid artery.
The right ventricle (RV) was catheterized with a micro-
manometer catheter (Model SF-1, Statham Instruments,
Inc., Oxnard, Calif.) from the left external jugular vein.
A bipolar pacing catheter was passed from the right femoral
vein and positioned in the right atrium. Electromagnetic
flow probes (EMP-400 series, Carolina Medical Electronics,
Inc., King, N. C.) were placed on the ascending aorta and
main pulmonary artery. A pair of ultrasonic transducers
were surgically implanted on opposing, anteroposterior, endo-
cardial surfaces of the LV at the level of the first diagonal
branch of the anterior descending coronary artery. A
Walton-Brodie isometric strain gauge was sutured to the
anterior wall of the left ventricle in eight dogs.

High fidelity LV and RV pressures were recorded from
the micromanometer catheters. A zero reference level was
obtained by positioning strain gauge manometers (model
Db23, Statham), connected to the catheter lumens, at the
anteroposterior mid-chest level. The characteristics of the
micromanometers are described elsewhere (9). The Walton-
Brodie strain gauges were extended between 50 and 75%
of their resting length and uncalibrated wall tension mea-
surements were obtained continuously. Aortic and pulmonary
artery blood flow were recorded using a twin channel square
wave electromagnetic flow meter (model 322, Carolina Medi-
cal Electronics). The dynamic characteristics of this flow
meter have been previously determined (10). Flow probe
calibration was performed in vitro by timing the constant
flow of whole blood (4-11 liters/min) of varying hemato-
crits through hemodialysis tubing. Continuous measurements
of an internal, anteroposterior, LV diameter was performed
by an ultrasonic transit time technique. The method of ven-
tricular dimension measurement by sonomicrometry, the cali-
bration technique, and the electronic characteristics of this de-
vice are described elsewhere ( 11 ). In our laboratory the trans-
ducers and the sonomicrometer were tested with a mechanical
oscillator (Hydraulic Oscillator, Beta Corp., St. Louis, Mo.)
and demonstrated a constant amplitude response without phase
shift over a frequency range of 1-10 Hz. The electronic
first derivatives of LV pressure and of LV internal diameter
were obtained by active differentiation. The differentiators
(differential operational amplifier P2A, Philbrick/Nexus
Research, Dedham, Mass.) have been tested in our laboratory
using a sine wave input signal, and are linear to approxi-
mately 500 Hz with a sharp roll-off above this level. The
phase shift of the derivative was 900 ±10. Derivatives were
calibrated graphically by setting the mean of the derivative
(as determined by planimetry) equal to the calculated mean
rate of change of the differentiated signal (obtained as the
ratio of peak amplitude to the time for its development).
The resultant mean value and a known zero point allow
calibration of the linear derivative curve.

The signals described above were recorded on two Elec-
tronics for Medicine, Inc. photographic recorders running
simultaneously at a paper speed of 200 mm/sec (Model DR-8,
White Plains, N. Y.). A common electrocardiographic
tracing was recorded simultaneously on both recorders for
timing purposes.

Pulsus alternans was induced in seven dogs by rapid atrial

pacing (120-190 beats/min). In four additional dogs, alter-
nans did not result from atrial pacing alone but was produced
by elevating aortic pressure (30-50 mmHg) with methoxa-
mine (0.1 mg/kg) in concert with rapid atrial pacing. In
three dogs the onset of pulsus alternans following the
initiation of rapid atrial pacing was recorded and the initial
beats analyzed for variations in filling and inotropic state.

In three additional dogs, the isolated ascending aorta was
acutely cross-clamped in the presence of sustained pulsus
alternans. The resultant sequence of isovolumic beats were
analyzed for ventricular dimensional changes and the pres-
ence of mechanical alternans.

Calculations. LV stroke volume was determined by pla-
nimetry of the aortic flow pulse during systolic ejection. End-
diastolic circumferential length (EDL) and end-systolic
circumferential length (ESL) were calculated in centimeters
as the products of the measured end-diastolic diameter and
end-systolic diameter and 7r. During isovolumic contraction,
the measured ventricular diameter increased over the end-
diastolic measurement in some dogs and decreased in others.
Isovolumic diameter changes presumably occur due to geo-
metric rearrangement of the chamber during isovolumic
contraction. The variable directional changes in diameter,
in turn, probably reflect the placement of the ultrasonic
crystals nearer the midplane (isovolumic increase due to out-
ward bulging as shown in Fig. 1), or nearer the apex
(isovolumic decrease due to wall thickening and inward
bulging as shown in Fig. 5) of the ventricle. Static end-
diastolic compliance was calculated as EDL/EDP in centi-
meters per mmHg, where EDP equals the end-diastolic
pressure in mmHg.

The velocity of shortening of the contractile element (V00)
was calculated in circumferences per second at 5 msec
intervals during the phase of isovolumic contraction as
Vce= (dp/dt) /KP (12), where dp/dt = the electronic first
derivative of LV pressure in mmHg per second. K is
the modulus of elasticity of the series elastic element which
is equal to 28 in the dog heart (13), and P is the instan-
taneous LV pressure in mmHg. Tension (T) was calculated
at the same 5 msec intervals in grams per centimeter of
circumference as T = (P - D) /4. where P = LV pressure in
g/cm2, and D = LV internal diameter in centimeters. Vee
was plotted against T and the curves were extrapolated
manually to zero T to estimate Vma.; i.e., the maximum
Vce attainable. A comparison of Vm.x for the alternating
beats of pulsus alternans was used to assess the contractile
state of the two beats (14). Vee was also used to assess the
ventricular performance of weak and strong beats by com-
paring Vee at the least tension common to both beats (15).

The velocity of circumferential shortening (Vcf ) during
ejection was calculated in centimeters per second as Wf =
dD/dt X ir, where dD/dt is the electronic first derivative of
LV diameter or in some dogs was the slope of a line
tangent to D during rapid ejection. Vef was divided by the
circumference in centimeters to normalize for variations in
ventricular size, and was expressed as circumferences per
second. Tension during ejection was calculated as during
isovolumic contraction.

The contractile state of alternating beats was estimated by
comparing Vf and tension at equal lengths; i.e., at the iso-
length point on the dimension trace (16). All D, T, and Vcr
comparisons were performed during an interval from 10
mnsec before peak aortic flow to 30 msec after peak
aortic flow to assure that the length-tension-velocity rela-
tionship was determined during the maximum active state of
the muscle (12). Ventricular performance was estimated by
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TABLE I
Pressure and Flow Alternations in Pulsus Alternans

LV pressure Max dp/dt Stroke volume Peak flow

Dog Heart rate Strong Weak Strong Weak Strong Weak Strong Weak

beals/min mmHg mmHg/sec ml mi/sec

1 120 91 88 1152 1201 10.8 6.6 106 83
2 174 111 101 1728 1505 17.7 6.8 200 116
3 190 81 76 1084 917 17.3 4.3 187 50
4 158 146 142 2146 1990 13.0 9.8 150 116
5 190 78 72 1352 1242 11.3 6.0 133 93
6 121 114 109 1259 1110 5.7 4.6 72 51
7 190 113 100 2240 1970 8.5 0.0 105 0.0
8 182 105 90 2165 1671 18.5 4.2 211 86
9 183 141 131 2459 1852 - -

10 190 78 74 1141 995 9.4 6.4 113 84
11 187 130 121 1690 1661 11.8 3.2 121 54

Mean 107 100 1674 1465 12.4 5.2 140 74
±1l SD - ±23 ±422 ±485 ±-373 ±-4.0 ±42.5 44 34
P value <0.001 <0.01 <0.001 <0.001

FlowAO

Diameter LV

dp/dt LV

Pressure LV

ECG"

FIGURE 1 Left ventricular stroke volume, diameter, and pressure in pulsus
alternans. All pressure and flow measurements are significantly greater for
the strong beat. The end-diastolic diameter (illustrated by arrows) pre-
ceding the strong beat exceeds that preceding the weak beat. The slope of
the diameter tracing during ejection reflects the rate of circumferential
shortening. In this experiment the diameter increased during isovolumic
contraction before decreasing with ejection.
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two methods: (a) Vcf, T, and D were compared at the
respective maximum tensions of each beat; and (b) in five
dogs Vfr determined at 10 msec intervals was plotted against
T calculated at 10 msec intervals to produce a continuous
force-velocity curve for ventricular ejection.

The present method of directly measuring a midplane
ventricular dimension and its velocity of shortening obviates
the geometrical assumptions required to mathematically de-
rive dimension and velocity from a volume measurement. The
calculation of tension per unit length of circumference at this
ventricular level still rests on the relatively inaccurate as-
sumption of a circular ventricular segment, and does not take
into account resting wall thickness and its sequential change
during ejection. The contractile state of only a segment of
myocardium; i.e., the circumferential segment containing the
ultrasonic crystals is evaluated by this technique.

The duration of isovolumic contraction (IVC) was defined
and measured from the peak of the R wave of the electro-
cardiogram to the beginning of forward aortic flow. The
systolic ejection period (SEP) was measured on the aortic
flow recording from the onset of forward flow to the point
where the tracing returned to the preejection level. Iso-
volumic relaxation (IVR) was measured from the end of the
SEP to the beginning of the diastolic filling period (DFP),
as defined by a sharp increase in LV diameter. The DFP

IVmax)
4
3.88

(Vmax) 2. 59

2

.)

oA

was measured from the end of IVR to the beginning of
IVC. All measurements of time are expressed in milli-
seconds. The significant difference in the measured and
calculated variables between the weak and strong beats of
pulsus alternans was tested with a paired t test (17).

RESULTS
Of the 11 dogs with alternans, 6 demonstrated con-
cordant LV and RV alternans, 2 demonstrated dis-
cordan LV and RV alternans, and 3 showed LV
alternans only. None of the dogs demonstrated an alter-
nation in RR interval, PR interval, or in the electro-
mechanical interval (as measured from the onset of the
electrocardiographic QRS complex to the beginning of
rapid LV pressure rise).

The strong beat demonstrated, in comparison with the
weak beat, a significantly greater peak LV pressure,
LV maximal dp/dt, peak aortic flow, and stroke volume.
These data are presented in Table I. Representative
recordings of LV pressure, aortic blood flow, and LV
internal diameter during pulsus alternans are illustrated
in Fig. 1.

DOG NO. 2

t- Ad STRONG BEAT

i----~ WEAK BEAT

T E N S I O N g / c m

FIGuRE 2 The relation of contractile element velocity (VcE) to tension (T)
during isovolumic contraction in alternating beats. VcE increases at the onset of
contraction until the contractile state is maximally active near the zenith of the
curve, then diminishes reciprocally as T rises. Vcz is manually extrapolated to
zero T for each curve to compare Vmax, which is demonstrated to be greater for
the strong (3.9 circ/sec) than the weak beat (2.6 circ/sec). Points A and B
indicate the maximum Vcu of the strong (2.6 circ/sec) and weak (1/9 circ/sec)
beats at the least T common to both beats.
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TABLE I I
Comparison of Filling Char-

IVC SEP IVR DFP

Dog Strong Weak Strong Weak Strong Weak Strong Weak

msec msec msec msec

1 80 85 185 175 112 102 132 125
2 70 72 128 125 65 75 65 75
3 58 68 145 132 78 78 68 70

4 80 92 145 132 95 98 62 50
5 62 72 142 112 78 82 42 50
6 95 92 145 142 120 122 135 135
7 72 85 140 108 70 80 35 32

8 80 85 155 145 65 75 95 85
9 _ _- -

10 80 95 152 122 58 58 35 30
11 72 98 148 95 82 100 48 38

Mean 75 84 148 129 82 87 72 69
1I SD E10 4±9.9 414.1 ±21 3 ±19.8 ±17.6 435.4 435.2

* P Value <0.01 <0.01 <0.1 <0.1

* Significance of difference expressed between strong and weak beats.
IVC, isovolumic contraction period; SEP, systolic ejection period; IVR, isovolumic relaxation time; DFP, diastolic
filling period; EDL, end-diastolic circumferential length; ESL, end-systolic circumferential length; EDP, end-
diastolic pressure; IDP, instantaneous diastolic pressure of strong beat at diastolic isolength equal to the EDL of
the weak beat.

In five dogs, stable nonalternating beats were re-
corded at heart rates which approximated those re-
corded during pulsus alternans. The mean stroke volume
of the strong alternating beats (13.8 cc) exceeded the
mean stroke volume of the stable, control beats (10.5 cc)
at comparable heart rates. However, the weak alternating
beat demonstrated such a significant reduction in stroke
volume (5.3 cc) that the cardiac output was reduced
during pulsus alternans.

Ventricular filling relationships. Circumferential
length at end-diastole (EDL) was consistently slightly
greater before the strong (mean 7.3 cm, range 4.6-11.7
cm) than the weak beats (mean 6.9 cm, range 4.4-10.7
cm P < 0.01). End-diastolic pressures (EDP) were
quite variable, and there was no significant difference
between the EDP initiating the strong (mean 15.6 mm
Hg; range 9.2-29.6 mmHg) and weak beats (mean
15.5 mmHg; range 8.2-28.1 mmHg). However, there
was not a significant alternation in end-diastolic com-
pliance when defined either as (a) EDL/EDP (strong
beat 0.57 cm/mm Hg, weak beat 0.53 cm/mm Hg); or
when (b) diastolic pressures were compared at a length
common to both beats, i.e., the EDL of the weak beat
(instantaneous diastolic pressure of strong beats, mean
12.9 mmHg, range 8.6-24.5 mmHg, was not signifi-

cantly different than that observed with weak beats,
mean 15.1 mmHg, range 8.1-28.1 mmHg).

The strain gauge wall tension measurement at end-
diastole did not differ before strong (23.4 mm) and
weak (23.7 mm) beats. Since the myocardial segment
under the strain gauge is presumptively maintained iso-
metrically, it should not be affected by the small changes
in ventricular dimensions that occurred before alter-
nating beats in this study. A changing end-diastolic wall
tension would, therefore, suggest a change in the de-
gree of contractile element relaxation and the unvarying
tensions in this study suggest no change in the extent
of relaxation.

The end-systolic circumferential length was signifi-
cantly less for the strong (6.5 cm, range 4.2-10.6) than
the weak beats (6.7 cm, range 4.3-10.6, P < 0.01). Dur-
ing ejection, circumferential length shortened an average
of 11% with the strong beats, but only 2.9% with the
weak beats.

The strong beats demonstrated a significantly shorter
mean isovolumic contraction period (75 < 84 msec, P <
0.01) and a longer systolic ejection period (148 > 129
msec, P < 0.01) than did the weak beats. There was no
significant difference in the isovolumic relaxation time
(82 < 87 msec, NS) since the rate of relaxation (nega-
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acteristics in Pulsus Alternans

EDL ESL EDP EDL/EDP IDP
Strong Weak Strong Weak Strong Weak Strong Weak Strong Weak

cm cm mmHg cm/mmHg mmHg
6.91 6.62 5.89 5.99 29.6 28.1 0.23 0.235 24.5 28.1
5.24 4.98 4.27 4.69 11.0 10.0 0.48 0.50 11.0 10.0

11.69 10.70 10.61 10.61 17.3 20.5 0.68 0.52 No isolength in
end-diastolic

6.36 6.33 5.67 5.75 24.4 25.5 0.26 0.25 22.4 25.5
5.07 4.90 4.28 4.76 9.2 8.2 0.55 0.60 2.6 8.2
8.24 8.05 7.40 7.52 11.4 10.9 0.76 0.74 8.9 10.9
7.65 6.78 6.72 6.90 11.5 14.0 0.66 0.48 No isolength in

end-diastolic
8.79 8.42 8.35 8.22 14.0 12.5 0.63 0.67 14.0 12.5
6.96 6.28 5.74 6.18 9.5 10.0 0.73 0.63 12.0 10.0
4.57 4.38 4.20 4.26 26.0 23.0 0.18 0.19 12.0 23.0
8.85 8.59 8.33 8.45 7.6 8.1 1.16 1.06 8.6 8.1

7.30 6.91 6.50 6.66 15.6 15.5 0.57 0.53 12.9 15.1
41.97 1.80 41:1.94 :411.83 :1=7.3 =417.0 40.27 ±0.24 ±6.4 ±7.6

<0.01 <0.01 < 1.0 <0.3 <0.2

tive dp/dt) was greater for the strong beat, but the
extent of pressure drop was also greater. There was
also no significant difference in the period available for
diastolic filling (72> 69 msec, NS) between the two
beats. Data from individual dogs with the mean and one
standard deviation for variables related to ventricular
filling and the systolic time intervals are presented in
Table II.

The force-velocity relation during isovolumic con-
traction. A plot of VC. and T during isovolumic con-
traction in an individual dog with pulsus alternans is
shown in Fig. 2. Vc. was manually extrapolated to zero
T to approximate V.a.. In this example, and in all nine
dogs in which adequate curves were available for ex-
trapolation, Vma. was greater for the strong beat. V..a
averaged 3.13 circumferences per second (circ/sec) and
ranged from 1.61 to 5.36 circ/sec for the strong beats.
These values were significantly greater (P < 0.01) than
those for Vmax of the weak beats, which averaged 2.53
circ/sec, and ranged from 1.50 to 3.81 circ/sec. The
maximum Vc. at the least T common to both beats was
consistently and significantly (P < 0.05) greater for
the strong (mean 1.68 circ/sec; range 1.04-2.93 circ/sec)
than the weak beats (mean 1.28 circ/sec; range 0.08-
1.89 circ/sec). Individual data with the means and one

standard deviation for Vm. and Vc. at least common
tension are presented in Table III.

The length-tension-velocity relation during ejection.
Tracings of LV pressure, diameter, and rate of change
of diameter of alternating beats in an individual dog are
reproduced in Fig. 3, and are superimposed to indicate
the relationships at systolic isolength. At isolength, i.e.
when the diameter of the alternating beats is equal, the
comparative tensions are functions of ventricular pres-
sure. In Fig. 3 the pressure and therefore the tension,
of the strong beat exceeds that of the weak beat. Vcv,
whether determined by electronic differentiation or by
constructing a tangent to the dimension tracing is also
substantially greater for the strong beat. In all 10 dogs
in which adequate isolength points were available, the
T and VCF were greater for the strong beat than the
weak beat by an average of 12 and 136%, respectively.
The differences in T were small (82.5 > 74.0 g/cm) but
significant (P < 0.01). The values for VcF of the strong
beat (mean 0.84 circ/sec; range 0.50-1.39) were sig-
nificantly greater (P <0.001) than those of the weak
beats (mean 0.39 circ/sec; range 0-0.74).

When the length-tension-velocity relationship was as-
sessed at the time of maximal developed tension, the
length of the strong beat (mean 7.24 cm; range 5.08-
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TABLE III
Comparison of Length- Tension- Velocity Relationships in Alternating Beats

Systolic isolength determinations Maximum tension determination

Vmax Max Vee Vcf Tension Vcf Tension Length

Dog Strong Weak Strong Weak Strong Weak Strong Weak Strong Weak Strong Weak Strong Weak

circlsec circlsec circ/sec g/cm circ/sec g/cm cm
I - - - - 0.63 0.54 65 63 0.60 0.54 65 64 6.46 6.56
2 3.88 2.59 2.57 1.89 1.11 0.59 58 53 1.11 0.65 58 54 5.08 5.30
3 2.82 2.22 1.08 0.08 - - - - 0.65 0.15 98 87 11.3 10.7
4 2.72 2.32 1.36 1.25 0.67 0.34 96 94 0.67 0.34 96 94 6.31 6.31
5 - - - - 1.39 0.74 42 40 1.37 0.74 43 40 5.12 5.05
6 1.61 1.50 1.04 0.94 0.63 0.45 122 95 0.63 0.45 129 95 7.64 7.69
7 4.16 3.68 2.16 1.71 0.50 0.00 86 74 0.78 0.00 87 76 7.35 7.06
8 5.36 3.81 2.93 1.75 0.89 0.18 95 85 0.89 0.18 95 85 8.73 8.73
9 2.48 1.88 1.28 1.52 1.15 0.32 93 82 - - - - - -

10 2.18 1.94 1.09 0.86 0.76 0.54 47 44 0.72 0.54 50 46 6.00 5.77
11 2.94 2.82 1.59 1.50 0.66 0.22 119 110 0.66 0.32 119 112 8.47 8.60

Mean 3.13 2.53 1.68 1.28 0.84 0.39 82 74 0.81 0.39 84 75 7.24 7.17
41 SD ± 1.08 40.75 :40.66 40.54 40.27 40.22 427 ±22 ±0.24 40.22 428 4±22 ±1.80 ±1.68
P Value <0.01 <0.05 <0.001 <0.01 <0.001 <0.02 <0.4

Vmax, velocity of contractile element shortening (Vee) extrapolated to zero tension; Max Vce at least tension common to both beats; Vcf, velocity of cir-
cumferential shortening; Length, circumference length (diameter X sr).

11.3) was not significantly different from that of the
weak beat (mean 7.17 cm; range 5.05-10.7). The strong
beats developed a maximum T (mean 84.1 g/cm; range
42.9-128.9) slightly but significantly greater (P < 0.02)
than the weak beats (mean 75.5 g/cm; range 39.8-

112.5). The VCF was appreciably greater (P < 0.001)
for the sarong (mean 0.81 circ/sec; range 0.6-1.37 circ/
sec) than the weak beats (mean 0.39 circ/sec; range
0-0.74 circ/sec). On the average, the strong beats de-
veloped an 11 % greater T and a 96% greater VCF than

FIGURE 3 A comparison of the instantaneous force-velocity relations of the
alternating beats at isolength. Reproduced tracings of the original signals on the
left are superimposed on the right. The dashed lines indicate the systolic
isolength point at which tension (a product of pressure and an equal dimension)
and velocity (the product of dD/dt and 7r) are compared between the two
superimposed beats. Both the velocity of circumferential shortening and the
tension are greater for the strong (0.89 circ/sec and 95.1 g/cm) than the weak
beat (0.18 circ/sec and 85.0 g/cm) at isolength (2.8 cm).
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FIGURE 4 A comparison of the continuous force-velocity relations of the
alternating beats during ejection. The velocity of circumferential shortening
(VcF) is plotted against instantaneous tension (T) for each of the beats of
pulsus alternans in one representative animal. The curves are discussed in
the text.

the weak beats. Individual data for the variables which
characterize the length-tension-velocity relationship dur-
ing ejection can also be found in Table III.

Continuous plots of the instantaneous force-velocity
relation of the alternating beats in one representative dog
with pulsus alternans are compared in Fig. 4. The strong
beat developed a slightly greater maximum tension and
a significantly greater maximum rate of shortening.
Near the point of maximum tension, the velocity of
shortening continued to increase with the strong beat,
but showed little appreciable increase with the weak beat.
The curves relating the tension and the velocity of cir-
cumferential shortening for the strong beats were broader
and more likely to be inscribed in a counterclockwise
direction than the curves for the weak beats.

The sequence of events during the onset of pulsus
alternans. The characteristic sequence recorded in
three dogs during the development of alternans is illus-
trated in Fig. 5. The first paced beat appeared as a pre-
mature atrial contraction with an abortive ventricular
pressure pulse which failed to eject. The subsequent pe-
riod of diastolic filling was shortened and the rate of
filling was probably impaired by the elevated diastolic
pressure. The subsequent, strong beat was initiated from

an equivalent or reduced end-diastolic length, but de-
veloped a greater pressure at a faster rate (dp/dt) and
ejected a larger stroke volume than the control beat.
Both developed tension and the velocity of circumferen-
tial shortening were greater at systolic isolength, which
suggests post-extrasystolic potentiation of contractile
state without augmented filling. The third paced beat
necessarily originated from a reduced end-diastolic length
since it filled from a reduced end-systolic volume. This
beat, however, also demonstrated a reduction in con-
tractile state since both the developed tension and the
velocity of circumferential fiber shortening were dimin-
ished at isolength. This sequence of events indicates that
pulsus alternans induced by tachycardia may result
from an alternation in contractile state with secondary
alternations in ventricular filling, i.e., the observed vari-
a4-ions in ventricular filling may result from a contrac-
tility-mediated alternation of stroke volume.

The development of isovolumic contractions during
pulsus alternans by acute aortic cross-clamping in three
dogs permitted equilibration of the LV end-diastolic
diameters between strong and weak beats. Minor geo-
metrical changes persisted during the isovolumic and
ejection phases of systole, probably in response to the
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FIGURE 5 The length-tension characteristics of the initial
beats at the onset of pulsus alternans. The first three con-
secutive atrial paced contractions which initiate pulsus al-
ternans are labeled a, b, and c, respectively. Interval A-B
indicates isovolunic contraction and interval B-C indicates
ejvection on the dimension tracing. The end-diastolic length
(point A on the dimension trace) of the second paced beat

is decreased as performance is augmented by postextra-
systolic potentiation (see text for details). In this experi-
ment, in contrast to Fig. 1, left ventricular internal diameter
decreases during isovolumic contraction.

presence of isovolumic chamber realignment and systolic
coronary blood flow. The three dogs continued to demon-
strate clear evidence of pulsus alternans in the ventricular
pressure pulse despite the elimination of significant
variation in chamber dimensions. Left ventricular di-
mension and pressure relationships before and after
aortic cross-clamping are illustrated in Fig. 6.

DISCUSSION
Mechanisms based on both an -alternation in contrac-
tile state and an alternation in end-diastolic length and
tension have been proposed to explain the pathogenesis
of pulsus alternans. Vigorous debate continues as to
which of the two phenomena constitutes the primary
mechanism. Lendrum, Feinberg, Boyd, and Katz ob-
served beat-to-beat alternation in peak-developed ten-
sion in an intact heart preparation that was maintained
in isovolumic state (7). Since their preparation. per-
mitted no variation in ventricular filling they concluded

that the alternation in tension depended upon an alterna-
tion in the contractile state of the myocardium. Mitchell,
Sarnoff, and Sonnenblick cast some doubt on this inter-
pretation with their observation that an isolated papil-
lary muscle strip maintaining itself isometric during
mechanical alternans always developed a greater resting
tension before the weak beat (1). Since muscle length
remained constant, the greater resting tension before
the weak beat was thought to -result from a greater
stretch of the series elastic element by a shorter con-
tractile element. Thus, the weak beat originated from
a reduced contractile element length and alternans in
this circumstance could be explained by variation in the
number of available contractile sites. The same authors
also reported that in the intact heart end-diastolic volume
was always less before the weak beat, regardless of
end-diastolic pressure. End-diastolic wall tension in
both the right and left ventricles of the intact dog heart
was shown to be elevated before the weak beats in both
concordant and discordant alternans (6). These authors
also found an inverse relationship between ED wall
tension and pressure during alternans in some dogs. Two
studies of pulsus alternans in the intact human have
employed cineangiography to demonstrate a reduced
end-diastolic volume before the weak beat (4, 5). On the
other hand, Cohn, Sandler, and Hancock found no varia-
tion in diastolic filling in two of three patients with pulsus
alternans, thus suggesting that an alternation in a con-
tractile state might occur in some patients during pulsus
alternans (8). End-diastolic tension measurements were
not available in the human studies listed above and
changes in resting contractile element length cannot,
therefore, be ruled out. The abolition of mechanical al-
ternans in both isolated papillary muscle and in the in-
tact heart with a variety of positive inotropic agents
has suggested some indirect evidence for the existence
of alternating inotropic state in the pathogenesis of
mechanical alternans (18). Floyd and Dillon noted that
pulsus alternans accompanied changes in rate and out-
flow resistance in the hypothermic dog heart where sys-
tolic relaxation was markedly prolonged and the dia-
stolic filling period markedly shortened (19). Their
data, however, does not distinguish between the pres-
ence of alternating end-diastolic tension or length and
an alternating contractile state.

The detection and quantification of changes in myo-
cardial contractile state and their relationship to al-
tered ventricular filling can be best studied from the
ventricular length-tension-velocity relationship (15).
In the present study, the relationship was analyzed in an
attempt to define the relative contribution of contractility
and initial length in the pathogenesis of pulsus alternans
associated with a rapid heart rate.

The present study does confirm a small, but con-
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B. AORTIC OCCLUSION

FIGURE 6 The effects of producing a series of isovolumic contractions
during sustained pulsus alternans on left ventricular internal diameter,
pressure, and dp/dt are illustrated. Panel A contains superimposed
alternating beats from one dog and shows the increase in end-diastolic
length (arrow), peak LV pressure, and max dp/dt that occurs with the
strong beat. (dotted line) Panel B contains superimposed beats recorded
shortly after the ascending aorta was cross-clamped. The end-diastolic
lengths (arrow) are equal, while pulsus alternans persists as indicated
by the LV pressure events.

sistent alternation in ventricular filling in the intact
heart with pulsus alternans, since the end-diastolic
length initiating the strong beat was always slightly
greater than the end-diastolic length of the weak beat.
The observed differences in diastolic filling cannot be
explained by a variation in time available for filling
since the diastolic filling period of the strong beat did not
significantly exceed that of the weak beat. A similar
observation has been reported by Katz and Feil (20).
The two indices of static end-diastolic compliance and
the end-diastolic wall tensions calculated from our data
do not reveal a significant difference between the al-
ternating beats. The evidence, therefore, to support al-
ternation in the degree of ventricular relaxation at end-
diastole is not available. Dynamic compliance, however,
was not evaluated in our preparation and previous stud-
ies have shown the difficulty in relying on a single static
index of compliance to assess the impedance to ventricu-
lar filling or the sarcomere length (21, 22). Our data
suggests, but does not prove, that the diminished end-
diastolic length preceding the weak beats of pulsus al-

ternans results from the significantly reduced end-sys-
tolic length of the previous strong beats.

The quantitative effect of a given variation in end-
diastolic length on ventricular performance is difficult
to predict. In the present study, the mean circumferential
length of the strong beats at end-diastole (7.3 cm) was

only 4 mm, or approximately 5% greater than the mean

end-diastolic circumferential length of the weak beats
(6.9 cm). Extrapolating from two studies of the relation
of muscle length to ventricular pressure and stroke vol-
ume in the human heart, it seems reasonable to assume

that a 5% alternation in end-diastolic circumference
would substantially influence ventricular performance
(4, 23). In certain of our experiments, e.g. dog 4, the
minimal increase of 0.5% in end-diastolic length dem-
onstrated by the strong beat hardly seems adequate to
explain the 32% increase in stroke volume. An addi-
tional mechanism would appear to be operative in the
production of alternans in such examples.

In this study an analysis of the length-tension-velocity
relationship of the alternating beats, both during iso-

Alternating Contractile State in Pulsus Alternans

LV DIAMETER =---
1KI--

ZERO
PRESSURE

STRONGBEAT-
WEAKBEAT

A. CONTROL

1175



volumic contraction and during ejection, has demon-
strated an alternation of contractile state in pulsus
alternans. Vmax, which has been shown to depend upon
contractile state but not upon initial length or load,
(14) was consistently increased for the strong beat.
This demonstration of an augmentation in contractility
for the strong beat was supported when the force-
velocity relation was examined during ventricular ejec-
tion. The force-velocity relation at any instant in time
is a function of the instantaneous muscle length (24);
therefore, the measurement of tension and velocity in
alternating beats at a common length during ejection
should provide an additional comparison of the con-
tractile state of the two beats (16). The greater velocity
of circumferential shortening (VcF) and the greater
wall tension developed by the strong beat at systolic
isolength indicates an enhanced contractile state. Fur-
thermore, the greater tension developed by the strong
beat at isolength implies a greater stretch of the series
elastic element with a decrease in the length of the
contractile element as compared to the weak beat. Since
a shorter contractile element would tend to reduce the
velocity of shortening, the observed increase in velocity
of shortening during the strong beat at systolic isolength
emphasizes the augmentation in contractility.

The augmented ejection performance of the strong
beats was demonstrated by the increase in VCF at peak
tension. The more rapid VCF of the strong beat in the
presence of a greater peak tension and comparable
circumferential lengths also suggests that the contractile
state is augmented. The curves depicting the force-
velocity relation during ejection (Fig. 4) further serve
to illustrate the differences in cardiac function and
ventricular contractility in the alternating beats of pulsus
alternans. The strong beat develops a greater maximum
tension and velocity of circumferential fiber shortening.
Because of the more rapid rate of circumferential fiber
shortening, the dimensions of the ventricle decrease
more rapidly during the strong beat. Tension, a function
of dimension, thus decreases more rapidly with the
strong beat. Consequently, the tension of the strong
beat at the conclusion of ejection is considerably less
than that developed at the initiation of ejection, whereas
there is little difference in initial and terminal tension
for the weak beat. The tension-velocity curve of the
strong beat resembles that described for the normal
heart, whereas the curve for the weak beat is similar
to that described for the failing ventricle (25).

The demonstration of an alternating contractile state
during sustained pulsus alternans, the sequential changes
in contractile state during the onset of pulsus alternans,
and the demonstration of a persistent mechanical alter-
nans in the presence of sustained isovolumic ventricular
contractions all suggest that pulsus alternans induced in
the intact canine heart by rapid atrial pacing manifests

a significant alternation in contractile state similar to
that observed during rate-induced alternans in isolated
myocardium (2, 3).

The demonstration of alternating contractility, as de-
fined by our measurements, does not distinguish between
a true alternation of contractile state and an alternation
in the strength of contraction that could result from
alternating deletion of some portion of the myocardial
fibers from the contraction process. Although V.a. is
theoretically independent of the number of contractile
sites, the deletion of fibers would probably alter the
constant of elasticity employed in the calculation of Vnax
(26). Similarly, the force-velocity relation during ejec-
tion would be expected to vary with the number of
fibers actively involved in contraction. Previous investi-
gation, however, provides some evidence against the
fiber deletion theory of alternans by recordig intracellu-
lar action potentials from a variety of sites with every
impulse during mechanical alternans (27, 28).

Mechanical alternans in the isolated, isovolumic myo-
cardial preparation has in several studies been accom-
panied by alternation of the intracellular action poten-
tial (3, 27, 29). Similar alternations in the action poten-
tial configuration have been correlated with changes in
contractile state (3, 30, 31), and therefore suggest that
mechanical alternans in the isolated myocardium is due
to an alternating contractile state.

The association of an alternation in action potential
with an alternation in contractile state should not
suggest that the changes in the cellular membrane re-
sponsible for the action potential variations are also
responsible for the alternation in mechanical perform-
ance (32). Indeed, the observed action potential changes
occur during repolarization, after the onset of the ven-
tricular contraction. It has been proposed that a more
central event in the contraction process influences both
the membrane electrical activity and mechanical per-
formance through some common pathway (3).

A unifying concept of the pathogenesis of pulsus alter-
nans must interrelate the alternations which occur in
contractile state, membrane repolarization, and ventricu-
lar performance. The available evidence, from the pres-
ent and previous studies, suggests that a beat-to-beat
alternation in the basic, cellular contractile process, in-
duced by the time limitations imposed by rapid pacing,
may be manifested as an alternation in membrane elec-
trical activity and ventricular performance, with the
latter inducing an alternation in ventricular filling.
Speculations on the nature of the mechanism by which
time and the events of one contraction influence the
inotropic state of the subsequent beat are beyond the
scope of this paper. An understanding of this phe-
nomenon must await a full explanation of the interval-
strength relationship and the basic contractile process
itself.
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ADDENDUM
A current report by Gunderoth, Morgan, McGough, and
Scher analyzes the dynamics of tachycardia-induced pulsus
alternans in anesthetized dogs. These authors also conclude
that heterometric autoregulation is not the primary mecha-
nism in pulsus alternans. They propose that an alternate
deletion of contraction, coupled with potentiation of the
contracting beats, in a certain proportion of myocardial cells
constitutes the pathophysiologic mechanism of pulsus alter-
nans (33).
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