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Summary

The results of previous studies suggest that the
maximum mechanical efficiency of rat papillary muscles is
lower during a contraction protocol involving sinusoidal
length changes than during one involving afterloaded
isotonic contractions. The aim of this study was to compare
directly the efficiency of isolated rat papillary muscle
preparations in isotonic and sinusoidal contraction
protocols. Experiments were performedin vitro (27 °C)
using left ventricular papillary muscles from adult rats.
Each preparation performed three contraction protocols:
() low-frequency afterloaded isotonic contractions (10
twitches at 0.2Hz), (i) sinusoidal length change
contractions with phasic stimulation (40 twitches at 2 Hz)
and (iii) high-frequency afterloaded isotonic contractions
(40 twitches at 2Hz). The first two protocols resembled
those used in previous studies and the third combined the
characteristics of the first two. The parameters for each
protocol were adjusted to those that gave maximum
efficiency. For the afterloaded isotonic protocols, the
afterload was set to 0.3 of the maximum developed force.
The sinusoidal length change protocol incorporated a cycle
amplitude of £5% resting length and a stimulus phase of
-10°. Measurements of force output, muscle length change
and muscle temperature change were used to calculate the
work and heat produced during and after each protocol.

Net mechanical efficiency was defined as the proportion of
the energy (enthalpy) liberated by the muscle that
appeared as work. The efficiency in the low-frequency,
isotonic contraction protocol was 21.1+1.4% (mean %
s.E.M., N=6) and that in the sinusoidal protocol was
13.2+0.7%, consistent with previous results. This
difference was not due to the higher frequency or greater
number of twitches because efficiency in the high-
frequency, isotonic protocol was 21.5+1.0 %.

Although these results apparently confirm that efficiency
is protocol-dependent, additional experiments designed to
measure work output unambiguously indicated that the
method used to calculate work output in isotonic
contractions overestimated actual work output. When net
work output, which excludes work done by parallel elastic
elements, rather than total work output was used to
determine efficiency in afterloaded isotonic contractions,
efficiency was similar to that for sinusoidal contractions.
The maximum net mechanical efficiency of rat papillary
muscles performing afterloaded isotonic or sinusoidal
length change contractions was between 10 and 15 %.
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Introduction

Many investigations of ventricular energetics have use@ven afterloaded isotonic contractions produce no net work
isolated papillary muscles as a model of ventricular muscléecause the muscle shortens and lengthens against a constant
These muscles have myocytes arranged in parallel along théarce (Gibbs et al., 1967). Consequently, the amount of work
length, can be readily dissected and can have ties or clipene on the muscle to lengthen it is the same as that done by
attached to either end, allowing them to be attached tthe muscle during shortening. Another criticism of the
apparatus for measuring mechanical properties. The moafterloaded isotonic protocol is that the combination of force
common protocols used vitro have involved either isometric and length changes is unrealistic. In an effort to approach a
or afterloaded isotonic contractions, with muscle length sanore realistic pattern of length changes, a number of recent
to that giving maximum active force output. As a modelstudies, using cardiac and skeletal muscle preparations, have
of ventricular function, isometric contraction protocols areused sinusoidal length change protocols (Baxi et al., 2000;
less than ideal since, unlike the contracting ventricle, n€&€urtin and Woledge, 1993; Josephson, 1985; Syme, 1994). An
mechanical work is performed during contraction. Howeveradvantage of this protocol is that, with appropriate selection of
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cycle frequency and timing of stimulation, net work isof work output were used in the two types of contraction
performed and the force—length diagrams resemble thgrotocol.
pressure—volume diagrams of the intact ventricle (Baxi et al.,

2000). .
The efficiency of muscular contraction is, in general terms, Materials and methods
the ratio of work output to energy cost. In studies using Preparation

isotonic contractions, work output is defined as the product Adult male rats (Sprague-Dawley strain; 12—-16 weeks old)
of shortening force and distance shortened (Gibbs et alere killed by cervical dislocation whilst under chloroform
1967; Hartree and Hill, 1928; Kiriazis and Gibbs, 1995;anaesthesia. The heart was rapidly excised and immersed in a
Sonnenblick, 1962). In other words, the work output duringseries of beakers containing oxygenated (9596 @ CQ)

only the shortening phase of the contraction is calculatedrebs—Henseleit solution (composition in mmdj 118 NaCl,
Using this definition, previous studies using afterloadedt.75 KCI, 1.18 KHPQy, 1.18 MgSQ, 24.8 NaHCQ, 1.6
isotonic contraction protocols have reported maximum ne€aCb and 10 glucose) at room temperature (approximately
mechanical efficiency values of between 20 and 25%22°C), where it was gently massaged to remove remaining
achieved when shortening against a load of approximatelylood. The heart was then back-perfused through the coronary
0.3Po (wherePg is maximum isometric twitch force) (Gibbs circulation with 10 ml of oxygenated Krebs—Henseleit solution
and Chapman, 1979a; Kiriazis and Gibbs, 1995). Twitcl{at room temperature) containing 30 mméI2,3-butanedione
frequency in these protocols was typically approximatelymonoxime (BDM; Sigma Chemical Co., St Louis, MO, USA).
0.2Hz, and energy use was measured from a total of 10—2is rapidly caused the heart to cease contractile activity. The
twitches. In a recent study using a sinusoidal lengtiheart remained immersed in the BDM-Krebs—Henseleit
change protocol, a considerably lower maximum efficiencysolution throughout the dissection period. The use of BDM
(approximately 15%) was found (Baxi et al., 2000).during dissection does not affect the mechanical or energetic
However, the protocol used in that study involved higheproperties of the preparation once the BDM has been washed
twitch frequencies (1-4 Hz) and more contractions (40) thaout (Kiriazis and Gibbs, 1995; Mulieri et al., 1989). Suitable
in the studies that used afterloaded isotonic contractionpapillary muscles from the left ventricle were trimmed and/or
An additional variable was that, although both the isotonicplit if necessary, and the underside of the selected papillary
and sinusoidal experiments were performed in the sammuscle was separated from adhering tissue. Each end of the
laboratory, different heat recording technologies andnuscle preparation was tied with a silk tie incorporating a
different calibration techniques were used in the two studieglatinum wire loop. Note that the loops were attached to the
Thus, it is unclear whether the differing efficiencies reflectegapillary muscle itself, i.e. no tendon or ventricular wall was
the pattern of length changes or whether the higher frequenaycluded in the preparation. The preparation was maintained
and greater number of contractions used by Baxi et al. (Baxinder a light tension while being dissected from the ventricular
et al., 2000) may also have influenced efficiency. wall.

Another factor clouding the comparison between results All procedures involved in the handling and care of animals
from the two protocols was that different definitions of workwere in accordance with the Australian Code of Practice for
output were, necessarily, used in afterloaded isotonic arttie Care and Use of Animals for Scientific Purposes and
sinusoidal protocols. In sinusoidal protocols, net work outputvere approved by the Monash University Animal Welfare
is calculated by determining the area enclosed by a plot of foré@ommittee.
output as a function of muscle length. Net work output is the
difference between the work done by the muscle during Experimental recordings
shortening and that done on the muscle to re-lengthen it. In Details of recording muscle heat output, length changes
contrast to the sinusoidal protocol, there is no net work outpatnd force have been described previously (Barclay, 1994;
in an afterloaded isotonic contraction, and the work outpuBarclay et al., 1995; Baxi et al., 2000) and are outlined only
is taken as the work performed during the shortening phagwiefly here. The major difference between the present study
alone (Gibbs et al., 1967; Hartree and Hill, 1928; Hill, 1949and earlier ones from this laboratory is that a horizontally
Sonnenblick, 1962). mounted thermopile was used instead of the traditional,

The primary aims of the present study were (i) to confirnvertical arrangement. The advantages of the new thermopile
the different efficiency values in sinusoidal and isotonicincluded greater thermal stability and the ability to
contractions by performing both protocols on the sam@osition preparations more accurately along the active
preparation using the same apparatus and (ii) to determitleermocouples. The new system also incorporated low-
whether the contraction frequency or number of contractionsompliance connections (platinum loops) between the
over which energy output is measured affects efficiency.  preparation and recording apparatus and a more sensitive

In addition, two other factors that can influence estimates dbrce transducer suitable for use with smaller, split
efficiency were assessed: (i) the assumption that all the wopgapillary muscle preparations. The system allowed muscle
done on the muscle to re-lengthen it is ultimately convertegreparations to be immersed in oxygenated saline during non-
into heat in the muscle, and (ii) whether appropriate definitionsecording periods.
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Fig. 1. Diagram of the arrangement of a muscle on the recording apparatus. The preparation lay along the central rediermaipiles t
overlying the active thermocouples. Tungsten wire rods provided low-compliance links between the preparation and theapgarating

At each end of the preparation, one end of a platinum wire loop was bound to the muscle and the other end of the loapavas alhoek

in the end of the tungsten rod. The muscle was stimulgégavo fine platinum wire electrodes soldered to the tungsten rods. The fine wire of
the electrodes (15m in diameter) prevented them from interfering with either the movement of the muscle or the recording of force.

The thermopile was mounted in an aluminium frame. Framevere attached to the antimony tabs using a conductive epoxy
temperature was kept constant by circulating water from a 4@ésin (Conductive Epoxy, CircuitWorks, Chemtronics, USA).
reservoir through channels in the frame. The temperature of Data were recorded using a laboratory computer and a
the water in the reservoir was maintained at 27°C by aulti-function data-acquisition board (DAS1802A0, Keithley
thermostatically controlled heater connected in series witinstruments, Cleveland, OH, USA) using software developed
a cooler. This arrangement was designed to minimisasing Test Point (Capital Equipment Corporation, Burlington,
temperature oscillations inherent in thermostatically controlledMA, USA). Force, length and temperature signals were
systems. sampled at 110 Hz, digitised and stored on disk.

Each muscle preparation was mounted between a semi-During analysis of the recordings, thermopile output was
conductor force transducer (AE801, SensoNor, Norway) andfédtered using a low-pass, digital filter (cut-off frequency 10 Hz;
servo-controlled lever (300H, Cambridge Technology, Inc.see pp. 558-559 in Press et al., 1992), corrected for heat lost
Watertown, MA, USA) (Fig. 1). The lever was used bothfrom the muscle during recording and multiplied by the muscle
to control and to measure muscle length changes. Rodieat capacity to give heat output. Heat loss and muscle heat
constructed of fine tungsten wire provided low-compliancecapacity were determined from the time course of cooling and
links between the preparation and the recording apparatus. Ttiee steady-state temperature reached after a period of Peltier
platinum loops tied to the ends of the preparation were placdtkbating (Kretzschmar and Wilkie, 1972; Woledge et al., 1985).
over hooks at the ends of the connecting rods (Fig. 1). The
muscle was stimulateda platinum wire electrodes attached Experimental protocols
to each tungsten connecting rod. Following dissection, muscle preparations performed

Stimulus pulse amplitude and duration were the minimunisometric contractions for 1.5h at a rate of 0.2Hz to allow
required to elicit maximum twitch force. Stimulus pulses weremechanical performance to stabilise. The lengths at which
typically of 1-2ms duration with an amplitude of 5-7V. active isometric forcelLnay) and sinusoidal work outpult 4p)
Stimulus heat per pulse was calculated from measurementswére maximal were determined. The isometric force—length
the heat produced during stimulation after the muscle had beeslationship was determined using 10 twitches at 0.2Hz at
rendered inexcitable with 20 mmotiprocaine. Stimulus heat each length. The mean maximum active force in the last
accounted for less than 2% of the total heat recorded in theBee twitches was calculated. Sinusoidal work output was
experiments. determined using a series of 10 contractions at 2Hz during

Two thermopiles were used in this study. These had actiughich length was altered in a sinusoidal pattern, also at 2 Hz;
recording regions of 4 and 5mm, contained 16 and 20e.the muscle performed one contraction in each length cycle.
antimony/bismuth thermocouples and produced 1.09mV¥ °C The amplitude and stimulus phase used were *5% initial
and 1.24mV °Cl, respectively. These thermopiles differedlength and-10°, respectively. Stimulus phase was defined as
slightly from those described previously (Barclay et al., 1995)he deviation (in degrees) from the maximum-length point in
in that the tabs connecting the thermopile to the recordingach cycle. The mean work performed in the last five
circuitry were made of antimony rather than copper. Antimonyontractions at each length was calculated. In this stugly,
evaporates at a lower temperature than copper, which allowethd Lopt were found to be the same. This finding differs from
the tabs to be vacuum-deposited on the Melinex substratuthat in previous studies in whidhbpt was slightly less than
with less likelihood of thermal damage to the polymer. Lead&max (Baxi et al., 2000; Layland et al., 1995).
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The present study was designed to compare the efficiency A previous study from this laboratory (Baxi et al., 2000)
of papillary muscles performing isotonic and sinusoidalused a mathematical model to assess the adequacy of diffusive
contractions. Three contraction protocols were selected: th@, supply to isolated papillary muscles. That analysis indicated
afterloaded isotonic protocol used by Kiriazis and Gibbghat & supply was adequate to meet the muscles’ metabolic
(Kiriazis and Gibbs, 1995) (10 twitches at 0.2Hz), therequirements at the contraction rates and temperature
sinusoidal length change protocol used by Baxi et al. (Baxi esmployed in the present experiments. The preparations used in
al., 2000) (40 twitches at 2Hz) and a protocol that combinethe present study were much smaller (cross-sectional area
isotonic contractions with the higher twitch frequency and).57+0.06 mm, mean +s.e.m., N=6) than those used as the
greater number of contractions used in the sinusoidal protocddasis of the previous model (0.98+0.05fmean *s.E.M.,

The afterload for the isotonic contractions wa$9,8vhere  N=8; Baxi et al., 2000), providing further confidence that O
Po is the maximum isometric twitch force (excluding passivesupply would not have limited muscle metabolism.
force). The pattern of length changes required to generate the
isotonic contractions was determined using an adaptive forgdget mechanical efficiency

control algorithm (Peterson et al., 1989). Briefly, the pattern Net mechanical efficiency efe) was defined as the

of length changes required to produce the desired iSOtO”Eercentage of the total, suprabasal enthalpy ouitptatd) that
contraction was determined in a series of contractiongppeared as external, mechanical work:

performed before the recording run. To determine the correc*

pattern of length changes, force output during a twitch wa: Wrotal 9

compared with the desired time course of force output, and tr Hrotal

difference between the two was used to modify the applieu ,
muscle length changes. The desired time course of force outpifi€réWrota was the sum of the work output produced in each
consisted of the muscle contracting isometrically until the forc€ontraction in the series. It should be noted that work output
reached 0B, then maintaining this force while the muscle Was calculated differently in the isotonic and sinusoidal
shortened and then re-lengthened to the initial length, argfotocols. Following the example of Kiriazis and Gibbs
finally relaxing isometrically. Between five and 10 twitches(Kiriazis and Gibbs, 1995), work output in isotonic
were sufficient to refine the length changes so that an isotonfiontractions was defined as the product of the total afterload
force recording was produced. The main difference in the wal-€- active _force+passwe force) and shortening amplltl_Jde. For
we applied this technique and a conventional isotonic lever g€ Sinusoidal protocol, net work output was determined by
ergometer was that this method produced isotonic contractioffd€grating force with respect to muscle length change, which
in which the relative afterload was constant but the absolut§ €duivalent to the area enclosed by the ‘work loop’ formed
afterload varied between contractions in a series of twitche/nen force is plotted as a function of change in muscle length.
reflecting the changes in the active force-generating capaci{\)lpte that, in an isotonic contraction, there.|s no net work outpyt
of the muscles. In other words, the afterload in each twitch wa&/e" the complete cycle because shortening and re-lengthening

0.3 times the isometric force that could be developed at thi#ke Place against the afterload. Instead, the work output, as
time in the contraction series. defined, is the work output during just the shortening phase of

Experimental recordings of force, length and temperaturf€ isotonic contraction. _
change were made with the solution drained from the HTotl included all the enthalpy, in excess of the basal
thermopile chamber. Stimulation of the muscle ceased prior fgNthalpy output, produced during and after the series of

drainage to allow any heat generated by the muscle durir{é‘.)ntractions and, thus, included both initial and recovery

stimulation to dissipate into the solution. Following drainageMetabolisms. Enthalpy output was also determined differently

any remaining droplets of solution on the thermopile werd? the two protocols. During the sinusoidal length change

carefully blotted using a small piece of tissue. The preparatioprotocol, energy was liberated from the muscle as both heat
remained unstimulated for 8min prior to the start of the2nd work, and the enthalpy output was the sum of the total heat

experimental protocols, allowing thermopile output toProduced and the total work (net) performed. In isotonic
contractions, it was assumed that an amount of heat equivalent

stabilise. . . ) .
to the work done during shortening was liberated in the muscle
Calculations as a consequence of doing work on the muscle to re-lengthen
Data normalisation it (Gibbs et al., 1967; Hill, 1949). Therefore, the total enthalpy

At the conclusion of each experiment, the preparation waQUtPut was equivalent to the total heat output (i.e. the heat
removed from the experimental apparatus, and the ends of tREtPUt included a component equivalent in magnitude to the

muscle beyond the ties were removed. The muscle was light§york done).

blotted using filter paper, and its mass was determined usin ) ) ) )

an electronic balance. The mean cross-sectional area of eaé’ﬂnve_rsmn of mechanical energy into thermal energy in
muscle was calculated [mass/(lengtensity)], assuming a 'Sotonic contractions

density of 1.06 g cr# (Hill, 1931). All forces were normalised ~ An experiment was designed to determine whether all the
by cross-sectional area. work done to re-lengthen the muscle in an isotonic contraction
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was dissipated in the muscle as thermal en A C
Each muscle performed two series of contract 0+ 0-
One consisted of isotonic contractions (20 twit
at a frequency of 1Hz with an afterload of Rb}
and the other was a similar series in w
lengthening was delayed until force had decre
to resting levels (Fig. 2). In the latter protocol,
work done during shortening was the same
the normal isotonic protocol but, by delay
lengthening until the force output had decreas
resting levels, there was net work output; in con 14- B 1~ D

-0.25- -0.25-

Length change (mm)

T T T 1 '050 T T T 1
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to the normal isotonic contractions, the heat ot =
did not include a component resulting from £ 121 12
lengthening against the afterload. Therefore, 3
total enthalpy output for this protocol was the : 3 104 10+
of the work and heat outputs. Comparison of g
total enthalpy output in the two protocols ena @ 81 8+
the assumption that all the work done on the mi 6 5
durmg Iengthenlng reappeared as thermal enel o 0.'25 0.|50 0.'75 1.60 0 0"25 0"50 O.I75 1.'00
the isotonic protocol to be assessed. : .
Time @) Time @)
Statistical analyses Fig. 2. Recordings illustrating the protocol used to check the work and enthalpy

All data are presented as means &EM. output during isotonic contractions. The left-hand panels show the length change
Data were analysed using analysis of vari (A) and force output (B) in an isotonic contraction with an afterload d?o0.3
(ANOVA) with repeated measures (i.ethe WherePois the maximum isometric twitch force (excluding passive force). The
multiple-comparisons version of a paired te right-hand panels ;how a contraction in vyhich muscle length (C) was held at the
Post-hoc testing was performed using the e shortest length until active force generation (D) had ceased. Only then was the

significant difference (LSD) test. Data w length returned to the starting length.
included in the analysis only when all rele\
protocols were successfully completed on any one preparation.Cyclic changes in muscle temperature are particularly clear
All decisions concerning statistical significance were made ah the recordings from the 0.2Hz twitch frequency protocol
the 95 % confidence level. (Fig. 3A). There is an abrupt increase in temperature during
each twitch followed by a slow decline in temperature during
the interval before the next twitch. The decline in temperature
Results reflects heat being lost from the thermopile into the frame at a
The primary aim of this study was to compare the efficiencygreater rate than that at which the muscle produced heat. This
of rat cardiac papillary muscle preparations performings compensated for when the correction for heat loss is made
isotonic and sinusoidal contractions. General characteristics ¢fig. 3, bottom panels). In the last half of the low-frequency
the papillary muscle preparations used in this part of the studgotonic contraction protocol, the cyclic temperature changes in

are shown in Table 1. successive cycles were the same, indicating that the muscle had
_ _ _ _ achieved an energetic steady state (Paul, 1983). This state was
Recordings during different contraction protocols not quite achieved in the two high-frequency protocols. In

Typical recordings from all three contraction protocols areall three protocols, muscle temperature returned to its pre-
illustrated in Fig. 3. For each protocol, length change, forcr

output, muscle temperature change and muscle heat output - Taple 1.Characteristics of papillary muscle preparations
shown. The mechanistic difference between the isotonic ar

sinusoidal protocols was that in the former force output wa Wet mass (mg) 8.00£0.32
. Lmaxandl_opt(mm) 4.95+0.20

controlled, whereas in the latter muscle length was controlled. .

. . . . . Cross-sectional area lahax (mm?) 0.57+0.06
notable difference in the recordings is that the magnitudes of tt Passive force dtmax(mN) 3.940.7
temperature changes in the two high-frequency protocols we Isometric active force dtmax (MN) 16.6+1.2
substantially greater than in the 0.2 Hz protocol. Small alteratior Active stress altmax (MmN mnT2) 29.842.1
in the temperature baseline (typically with a magnitude of les Passive force/active force lahax 0.24+0.04

than 2.&104°C) were occasionally observed in the recordings

The high-frequency recordings were much less sensitive to the All values are mean + 4e.m. (N=6).

small alterations than the low-frequency recordings because Lmax muscle length at which active isometric force was maximal;
the greater magnitude of temperature change. Lopt, muscle length at which sinusoidal work output was maximal.
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Fig. 3. Examples of recordings made during the three contraction protocols. Recordings are shown for (A) low-frequen@pigcaotions
(10 twitches at 0.2 Hz), (B) high-frequency isotonic contractions (40 twitches at 2 Hz) and (C) sinusoidal contraction$é$Oatvdtiez). For
each protocol, recordings are shown of (from top to bottom) change in muscle length, force output, change in muscle temgerature
cumulative heat output. All recordings were made on the same muscle (mass, 2.0 mg; length, 4.6 mm; cross-sectional afa, 0.41 mm

stimulation value, indicating that all recovery metabolism wasnuscle length for both types of contraction. In the sinusoidal
complete in less than 1 min after completion of the contractiongrotocol (Fig. 4B), the force during shortening was
substantially greater than that during the re-lengthening phase,
Comparison of low-frequency isotonic protocol and resulting in a loop, in which time progressed anticlockwise,
sinusoidal length change protocol indicating that there was net work output. In contrast, in the
The nature of the afterloaded isotonic contraction is suclsotonic contraction, the force was the same during shortening
that little or no net work is performed. This is illustrated inand lengthening, so no loop was formed, which indicates no
Fig. 4, in which force is plotted as a function of change imet work output (Fig. 4A). Therefore, work performed in an
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121 A isotonic contraction is expressed as the work performed during
just the shortening phase.
N During the contraction protocols used to determine
104 efficiency, the total work output was much greater in the
sinusoidal protocol, during which 40 twitches were
performed, than during the low-frequency isotonic protocol,
8- in which only 10 twitches were performed (Table 2).
However, more work was performed in each low-frequency
isotonic twitch than in each twitch with sinusoidal length
changes. The total enthalpy output in the sinusoidal protocol
. (=total heat+total work) was also much greater than that in
-0.15 -0.10 -0.66 the low-frequency isotonic protocol (total enthalpy=total
B heat) but, when normalised by the number of contractions,
the energy cost per twitch did not differ between the two
/ protocols (Table 2). As reported previously, in separate
studies, the net efficiency of the muscles was greater during
20+ isotonic contractions than during sinusoidal contractions. In
the 0.2 Hz isotonic contractions, the mean valuenef was
21.1+1.4%, whereas in the sinusoidal protoeqk: was
10 13.2+0.7%. It should be noted that, in each of these
protocols, the loads, the stimulus timing and the length
changes used were those previously shown to be required to

Force output (mN)

o A

304

Force output (mN)

0 : : : . produce maximum efficiency in the respective protocol.
-0.4 -02 0 02 0.4 The third protocol used isotonic contractions combined with
the twitch frequency and number of contractions used for the
14, C sinusoidal protocol. The notable result was that, with this

protocol,enet was 21.5+1.0%, which did not differ from that
in the low-frequency isotonic protocol but was significantly
greater than that in the sinusoidal protocol. Therefore, the
difference in enet between the isotonic and sinusoidal
contractions was not simply due to the different contraction
frequency or number of twitches.

12+

10+

Force output (mN)
(o]

61 This study used an adaptive force algorithm to control the
muscle length changes, giving a constant relative afterload of

41 0.3Po. Comparison of the present results with those of previous
studies (Gibbs and Chapman, 1979b; Kiriazis and Gibbs, 1995)

2 indicates that the values of the energetic variables measured

from a protocol in which the relative afterload was constant
between contractions (present study) were the same as those in
which the absolute afterload was constant. The mean active
force using the present method was only approximately 5%
Fig. 4. Examples of work loops formed during isotonic (A) anddreater than what would have been recorded if the absolute
sinusoidal (B) contractions. Work loops were produced by plottingafterload force had been constant and equal to 0.3 of the steady
force with respect to change in muscle length. Contraction rate wagate, isometric twitch force.

2 Hz for sinusoidal contractions and 0.2 Hz for the isotonic twitches.

Sinusoidal contractions resulted in work loops enclosing a Conversion of mechanical energy into thermal energy in
substantial area, indicating net work output. Isotonic contractions did isotonic contractions

not form work loops, indicating that little or no net work was A geries of experiments was performed to determine (i)
pirformecli by Lhe muscle. (C) An example of the workdlolop f‘érr“e‘ii/vhether the work output in isotonic contractions was really
when Tre-lengthening in an isotonic contraction was delaye ur't'équivalent to total force distance shortened and (ii) whether

active force production had ceased. The contraction started at th the work performed on a muscle durind isotonic lenathenin
longest length and force increased with no change in muscle leng P 9 9 9

until the force matched the afterload. The muscle then shortened wi H_Vh'_Ch IS (.aqual to the work done during Shortenlng).was
a constant force output, before being allowed to relax while musci@issipated in the muscle as thermal energy. The experiments
length was held at the shortest length. The passive muscle was tH&yolved comparing work output calculated in the usual
stretched back to its initial length. Time progresses around the loo8otonic way with that determined from the area of the work
in an anticlockwise direction (arrows in B and C). loop formed when re-lengthening was delayed until force had

0 T .
-06 -0.4 -02

Muscle length charce (mm)
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Table 2.Mean values of energetic variables for the three contraction protocols

Low-frequency isotonic Sinusoidal High-frequency isotonic
Contraction frequency (Hz) 0.2 2 2
Number of twitches 10 40 40
Total work output (mJd) 19.5+1.6 51.5+3.P 60.6+7.8
Total heat output (mJ¢) 93.0+6.6 349.1+£32.9 283.6+33.6
Work per twitch (mJ ) 1.95+0.16 1.29+0.08 1.52+0.20
Heat per twitch (mJd) - 8.73+0.82 -
Enthalpy per twitch (mJg) 9.30+0.66 10.01+0.89 7.09+0.84
Net efficiency (%) 21.1+13% 13.2+0.P 21.5+1.@

All values are mean £ 4e.m. (N=6).

Letters indicate significance differende<(Q.05). For each variable, values labelled a differ from those labelled b and ¢, and thosellabelled
differ from those labelled c.

For isotonic protocols, values for heat output per twitch are not listed since, by definition, heat output per twitch guydoetpiaalpe
twitch are the same.

relaxed to passive values. Mean values for the protocols aveork loop. If work was calculated using the first of these
displayed in Table 3. methods, then the enthalpy output in the delayed lengthening
When work output was calculated as total foxcgistance protocol was significantly greater than that in the normal
shortened, the work per twitch was, as expected, the sansmtonic protocol. However, when the second method of
in the two contraction protocols. However, work outputcalculating work (work loop area) was used, then there was no
calculated from the area of the work loops in the delayedignificant difference between the enthalpy output in the two
re-lengthening contractions was significantly less than thairotocols (Table 3). This is consistent with the idea that the
calculated as total forceshortening amplitude (Table 3). The area of the work loop was the accurate index of work output.
difference between the two methods for calculating work waf this is so, then it can also be concluded that all the work done
that the work loop method took account of the work that had tduring re-lengthening in the normal isotonic contractions was
be done on the muscle to re-lengthen it; the net work output dissipated in the muscle as heat.
the difference between the work performed during shortening
and the work required to re-lengthen the muscle. A comparison
of the enthalpy output for these two protocols provided a Discussion
thermodynamic assessment of which method of calculating The initial set of experiments in this study confirmed that
work was correct. the efficiency, as previously defined, of papillary muscles is
The enthalpy output in response to the normal isotonidifferent when performing sinusoidal contractions and when
protocol was compared with the enthalpy output calculated fguerforming isotonic contractions. The subsequent experiments
the protocol in which lengthening was delayed (Table 3). Therovided information that can be used to investigate the basis
enthalpy output of the delayed lengthening protocol was equaf this difference. Specifically, the final set of experiments
to the heat + work, but work could be calculated two ways: (ijndicated that the method of calculating work used in the
as total force< shortening amplitude and (ii) as the area of thdsotonic contractions probably overestimated work output and,

Table 3.Work and enthalpy outputs for normal and delayed-lengthening isotonic contractions

Contraction type

Calculation Normal isotonic Delayed lengthening
Work output (mJ gt twitch™1) Work=PxAL 1.61+0.17 1.48+0.22
Work=[PdL - 0.81+0.1%
Enthalpy output (mJgtwitch™1) H=total heat 7.06+1.70 -
H=(PxAL)+heat - 8.33+1.19
H=[PdL+heat - 7.64+1.14

All values are mean £ 4em. (N=5).

Letters indicate significant differences using repeated-measures comparison: a differs from b, and c differs from d.
PxAL=total afterloadx amplitude of shorteningPdL=force integrated with respect to length change=area enclosed by work Joopscle

length.

H, enthalpy output; enthalpy is heat output for normal isotonic contractions and (heat+work) for isotonic contractions yeith dela

lengthening.




Sinusoidal and isotonic contractions of papillary musclés’3

thus, efficiency in these contractions. Both these issues apapillary muscle energetics in which appropriate corrections

addressed in the following discussion. were made to the work output (Gibbs and Gibson, 1970; Gibbs
et al.,, 1967). In addition, the maximum efficiency of frog

What is the correct method to calculate work output in ventricular muscle, determined using a work loop technique,

isotonic contractions? was reported to be 13% (Syme, 1994), again similar to the

Work output calculated as total foreshortening amplitude values in the present study if work output is calculated on the
was substantially greater than that calculated from the area bésis of active force output alone.
the work loop in the modified isotonic protocol. The difference In a very recent study investigating changes in the energetics
between these two estimates of work output is that the formeff rat papillary muscles with age, Kiriazis and Gibbs (Kiriazis
includes the work done by elastic elements in parallel with thand Gibbs, 2000) presented data for work output calculated
contractile elements. In contrast, using the area of a work lodpoth without and with a correction for changes in passive force
to measure work output recognises that work must be done during shortening in isotonic contractions. Making an estimate
the muscle to re-lengthen parallel elastic elements (assumifigm their data indicates that maximum efficiency was
that there is no contractile activity during re-lengthening), salecreased from approximately 25 to 19 % when the total work
they contribute no net work output or may even absorb energyas replaced by the estimated net work output. The magnitude
(Baxi et al., 2000; Josephson, 1985). It is interesting to notef the difference between the two methods for calculating work
that, in early studies on the the energetics of muscles durimgas smaller in that study than ours, which must be due to the
isotonic contractions, explicit corrections were made for theassive force dtmax being lower in the work of Kiriazis and
underlying passive force (Gibbs and Gibson, 1970; Gibbs éibbs (Kiriazis and Gibbs, 2000) than in the present study.
al., 1967; Hill, 1949) so that work output was calculated in &lowever, the results of those authors support the idea that the
manner analogous to the work loop method used witimaximum efficiency of papillary muscles is likely to be less
sinusoidal contractions. Using such an analysis yieldethan 20 %.
maximum efficiency values of between 10 and 15 %.

Support for the idea that the work output during isotonic Comparison with efficiency of whole hearts
shortening, excluding parallel elastic work, did correspond There is extensive evidence to indicate that the efficiency of
to the area of the work loop in the delayed lengtheningnimal (Elzinga and Westerhof, 1980) and human (for a
contractions was provided by observations of the enthalpseview, see Gibbs and Barclay, 1995) hearts is likely to be at
output in the two isotonic protocols (i.e. normal isotonicleast 20 %. If the efficiency of papillary muscle determined in
twitches and those with delayed re-lengthening; Fig. 4C). Ithe present study is an accurate index of the efficiency of
the delayed re-lengthening protocol, the heat output was lessntricular muscle, then for the efficiency of the ventricle to
than that in the normal isotonic protocol. However, when thée substantially higher than the net efficiency of the muscles
sum of the heat and work produced in the delayed resuggests that some other process contributes to power output
lengthening protocol was calculated, it was the same as tloé the ventricles but without using metabolic energy from
total heat produced in the normal isotonic protocol. This iventricular muscle. If, for instance, the energy required to
what would be expected if (i) the work output duringstretch the ventricular muscle during diastole was ultimately
shortening in the isotonic protocol, excluding work done byderived from a source other than contraction of cardiac muscle,
parallel elastic elements, was equivalent to the work loop argben the efficiency of the heart would be greater than that of
in the delayed re-lengthening protocol, and (ii) all the workhe muscle itself. An alternative possibility is that neither of
required to stretch the muscle in the normal isotonithe contraction protocols used in the present study could
contractions was dissipated as heat in the muscle (Gibbs et gitpduce efficiency values as high as those for cardiac muscle
1967; Hill, 1949). If, however, the enthalpy output in thein vivo. To test this possibility, similar experiments should be
delayed re-lengthening protocol was calculated using thperformed using strain patterns that more closely match those
product of total force and shortening amplitude (the definitioroccurringin vivo.
used in previous studies), then the calculated enthalpy output
was greater than the enthalpy output measured in the normal Concluding remarks
isotonic protocol. In conclusion, the maximum efficiency of papillary muscles

If calculating work as total forcex distance shortened appears likely to be the same in both sinusoidal and afterloaded
overestimated the actual work output, then efficiency wouldsotonic contraction protocols, provided that comparable
also have been overestimated. The data in Table 3 indicate thdéfinitions of work output are used. If the definition of work
in the preparations used in this study, the values of total foraeutput incorporates the energy cost of re-lengthening the
x distance shortened were approximately twofold greater thgmarallel elastic elements of the muscle, then the maximum
the work loop area. Correcting for an error of this magnitudefficiency of rat papillary muscles in both protocols is between
reduces the efficiency for isotonic contractions in this studylO and 15 %.
from a mean value of approximately 21 to 12 %, a value similar
to that determined for the sinusoidal contractions. This revised The authors would like to thank Mr David Caddy for
value is also similar to those quoted in early studies ostatistical advice and Ms Michelle Mulholland for the
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