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Abstract

When a muscle contracts and shortens against a load, it performs work. The performance of work is
fuelled by the expenditure of metabolic energy, more properly quantified as enthalpy (i.e., heat plus work).
The ratio of work performed to enthalpy produced provides one measure of efficiency. However, if the
primary interest is in the efficiency of the actomyosin cross-bridges, then the metabolic overheads
associated with basal metabolism and excitation—contraction coupling, together with those of subsequent
metabolic recovery process, must be subtracted from the total heat and work observed. By comparing the
cross-bridge work component of the remainder to the Gibbs free energy of hydrolysis of ATP, a measure of
thermodynamic efficiency is achieved. We describe and quantify this partitioning process, providing
estimates of the efficiencies of selected steps, while discussing the errors that can arise in the process of
quantification. The dependence of efficiency on animal species, fibre-type, temperature, and contractile
velocity is considered. The effect of contractile velocity on energetics is further examined using a two-state,
Huxley-style, mathematical model of cross-bridge cycling that incorporates filament compliance.
Simulations suggest only a modest effect of filament compliance on peak efficiency, but progressively
larger gains (vis-a-vis the rigid filament case) as contractile velocity approaches V... This effect is
attributed primarily to a reduction in the component of energy loss arising from detachment of cross-bridge
heads at non-zero strain.
© 2003 Elsevier Ltd. All rights reserved.

Keywords: Energy; Enthalpy; Efficiency; Cross-bridges; Fibre-type; Species-differences

*Corresponding author. Department of Physiology, School of Medicine, University of Auckland, Private Bag 92019,
Auckland, New Zealand. Tel.: +64-9-373-7599; fax: + 64-9-373-7599.
E-mail address: ds.loiselle@auckland.ac.nz (D.S. Loiselle).

0079-6107/$ - see front matter © 2003 Elsevier Ltd. All rights reserved.
doi:10.1016/j.pbiomolbio.2003.11.014



2 N.P. Smith et al. | Progress in Biophysics & Molecular Biology 88 (2005) 1-58
Nomenclature
o forward rate constant
ADP adenosine diphosphate
AMP adenosine monophosphate
ATP adenosine triphosphate
p reverse rate constant
b limit of cross-bridge negative strain (at which elastic energy exceeds AGatp)
Cr creatine
AE change of energy
AG  change of Gibbs free energy
AG3}1p change of standard Gibbs free energy of ATP hydrolysis
AGatp change of Gibbs free energy of ATP hydrolysis
Al, AL change of muscle length
AH  change of enthalpy (work + heat)

AHatp, AHpc: enthalpy of ATP, PCr hydrolysis
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change of entropy

extensor digitorum muscle

efficiency (work/enthalpy)

efficiency of initial metabolism

efficiency of initial plus recovery metabolism

efficiency of recovery metabolism

efficiency of basal plus initial plus recovery metabolism
thermodynamic efficiency (W /AG)

thermodynamic efficiency of cross-bridge cycling

force (see, also, P and T)

x-dependent rate of attachment of cross-bridges in Huxley’s (1957) model

d.91,9> x-dependent rates of detachment of cross-bridges in Huxley’s (1957) model
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P, T,
PCr
Pi
PV

0

maximal extent of cross-bridge displacement from x = 0

maximal rate of isometric enthalpy production

cross-bridge flux

cross-bridge stiffness; Boltzmann’s constant

equilibrium constant (of the creatine phosphotransferase reaction)
proportion of initial heat attributable to activation of contraction
proportion of metabolic heat attributable to recovery processes
proportion of suprabasal heat attributable to the stimulus

force or stress or tension (see, also, F and T)

maximal isometric force

phosphocreatine

inorganic phosphate

product of force and velocity, power (Js™ )

heat (J)

Oa, 01, Or activation, initial, recovery heat
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