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Introduction
A value of 0.68 for the efficiency of force production and activation
(contraction-coupling efficiency) was recently reported for a
human muscle (Jubrias et al., 2008). This value was calculated from
the change in ATP per change in work over several work levels
(so-called delta efficiency) (Gaesser and Brooks, 1975). Compared
with other values, a contraction-coupling efficiency of 0.68 lies
outside the range normally reported in skeletal muscle (Smith et al.,
2005) and has recently been characterized as an anomalously high
value (Barclay et al., 2010a). Here we evaluate how such a high
value is possible and the implications of differences in the skeletal
muscle efficiency between humans and small animals.

We examine four factors to understand the basis of this high
efficiency value. First we examine two key factors of our system:
(1) the biomechanical transfer of cross-bridge work to mechanical
work and (2) the role of elastic energy transfer in the measured
external work. Next we compare our efficiency estimate with those
from in vitro experiments and other in vivo experiments in human
muscle to determine the range of reported values and whether 0.68
lies outside these values. Finally, we explore the implication of a
high contraction-coupling efficiency to Ca2+ activation costs in this
muscle. In the end we find that the first dorsal interosseous (FDI)
muscle of the hand represents an ideal muscle model system for
measuring contraction-coupling efficiency in vivo as well as for
studying mechanics and control of motor function.

Is the FDI a uniquely suited system for the study of
contraction-coupling efficiency?

We employ a simple mechanical system that ensures a minimal loss
of muscular work in the generation of mechanical work. Muscular
work could be lost by transfer of work to another joint (Williams,

1985; Winter, 1990), co-contraction of an antagonist (Frost et al.,
2002) or work on the muscle itself (Otten, 1988). These losses are
minimized by the FDI muscle, which operates as a simple lever in
a pinching motion involving the index finger and thumb. The FDI
system achieves Wilkie’s (Wilkie, 1949) four criteria for a simple
mechanical system to measure exercise efficiency in human
muscle: (1) it crosses a simple joint formed between the second
metacarpal of the hand and the first phalange of the index finger
(Fig.1), (2) it is the only muscle that moves the index finger
laterally (abduction), (3) it has a movement that is highly
reproducible and often used for the study of motor control
(Duchateau and Enoka, 2008), and (4) it can function while the
hand is held in a rigid constraint. The FDI muscle also has a low
pennation angle (Infantolino and Challis, 2010), which assures an
efficient transfer of muscle work to mechanical work (Azizi et al.,
2008; Otten, 1988). Thus a simple biomechanical system involving
this hand muscle allows for efficient transfer of muscle work to the
measuring device.

Does recycling of energy via elastic storage do positive work
and elevate efficiency?

Release of stored elastic energy during a contraction is an important
source of error in measuring exercise efficiency (Hill, 1965). An
example of how elastic energy can drastically reduce the muscular
work required is hopping in a wallaby or kangaroo. In this system,
elastic energy does half of the performed work at no additional
energetic cost (Kram and Dawson, 1998). It operates by the
gastrocnemius muscle contracting against the external force
generated by the animal landing after each stride. The resulting
stretch of the Achilles tendon stores elastic energy that is released
as the animal is taking off from the ground. Under these conditions,
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Summary
Can human muscle be highly efficient in vivo? Animal muscles typically show contraction-coupling efficiencies <50% in vitro but
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We examine two key factors that could account for this apparently high efficiency value: (1) transfer of cross-bridge work into
mechanical work and (2) the use of elastic energy to do external work. Our analysis supports a high contractile efficiency
reflective of nearly complete transfer of muscular to mechanical work with no contribution by recycling of elastic energy to
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found in small animals in vitro but within the range of values for human muscle in vivo. These high efficiency values support
recent studies that suggest lower Ca2+ cycling costs in working contractions and a decline in cost during repeated contractions.
In the end, our analysis indicates that the FDI muscle may be exceptional in having an efficiency value on the higher end of that
reported for human muscle. Thus, the FDI muscle may be an exception both in contraction-coupling efficiency and in Ca2+ cycling
costs, which makes it an ideal muscle model system offering prime conditions for studying the energetics of muscle contraction
in vivo.
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twice as much work is measured externally as the work that the
muscle alone produces because energy is stored and released from
tendons.

Our system has been designed to remove the possibility that
elastic energy recovery will add to the work generated by the FDI
muscle. We have adopted Hill’s (Hill, 1965) suggestion to use a
lever system with small inertia. However, even after minimizing
inertia there is some fluctuation in force (6.5–11N) evident from
our external measurement of force [fig.1 in Jubrias et al. (Jubrias
et al., 2008)]. The peak of this force fluctuation occurred at the
same time muscle shortening stopped in our experiment, which
prevents any stored elastic energy from generating mechanical
work and artificially elevating the work accomplished in the
experiment. Thus, we can eliminate mechanical energy recycling
as a factor in our calculation of contraction-coupling efficiency.

How high is contraction-coupling efficiency?
Thermodynamic efficiency () is defined in terms of Gibbs free
energy �G:

where w is mechanical work and �G is the free energy from ATP
splitting. The free energy from ATP splitting is calculated from the
extent of ATP splitting times its molar free energy (60kJmol–1).
Jubrias and coworkers measured the work output and ATP splitting
in a series of contractions done at several different workloads
(Jubrias et al., 2008). The value of this ATP flux was multiplied by
the value for the molar free energy of ATP to obtain data for
chemical energy change at each incremental level of workload. The
molar free energy of ATP was derived from measurements of

  
η =

w

ΔG
 ,   (1)

intracellular pH and the concentrations of ATP, orthophosphate (Pi)
and ADP. Contraction-coupling efficiency (cc) was determined
directly from ATP because the predominant energy cost was cross-
bridges doing work (Jubrias et al., 2008). The slope of regression
analyses of work versus energy cost gave cc=(w/GATP). This
method for measuring , termed ‘delta efficiency’ by Gaesser and
Brooks (Gaesser and Brooks, 1975), excludes not only resting ion
pumping costs but also any changes in ion pumping costs with
changes in work rate.

However, most papers on muscular efficiency report results on
the total energetic cost measured as the sum of the liberated heat
and work output that is the total enthalpy change. Mechanical
efficiency () is:

where �H is the total change in enthalpy (Smith et al., 2005) as
originally used by Hill (Hill, 1965) and subsequently by many
authors cited in Smith et al. (Smith et al., 2005).  and  are
quantitatively related. For example, Smith and coworkers (Smith et
al., 2005) illustrated the relationship between enthalpy and Gibbs
free energy in the following equation:

H  G + TS, (3)

where T is the absolute temperature and �S is the change in entropy.
Most of the measurements of  are made such that net splitting of
phosphocreatine (PCr) is the only significant reaction occurring,
and thus the total enthalpy equals the extent of PCr change times
the molar enthalpy of PCr splitting. Therefore:

for HPCr34kJmol–1 and GATP60kJmol–1, /1.765.
However, there are other differences in the conditions of these
thermodynamic experiments leading to the calculations of
thermodynamic and mechanical efficiencies (Barclay et al., 2010b).
Thermodynamic quantities depend on intracellular conditions (e.g.
pH, ionic strength and concentrations of metabolites), but these are
not the source of variation among muscles and animal species. The
temperature dependence of enthalpy and free energy can be
calculated by the van ’t Hoff relationship (Teague and Dobson,
1992), but empirical measurements of efficiency show it varies
little with temperature (Barclay et al., 2010a). Therefore, the major
consideration in comparing papers on efficiency is distinguishing
between  and  and converting one value to the other.

For brevity, we selected the highest four  values reported for
animals to compare with four papers reporting on  in human
muscle (Table1). The highest  values come from four studies of
different animal species and range from 0.33 to 0.77 (Barclay,
1994; Curtin and Woledge, 1993; Curtin et al., 1974; Woledge,
1968), which seems to suggest that Jubrias and colleagues’ (Jubrias
et al., 2008) value of 0.68 is not different from previous reports in
animals. However, after we correct for the different denominators
in the  and  calculations, this range of efficiency values becomes
0.19 to 0.44, well below the 0.68 measured for the human FDI
muscle. This clearly shows that estimated values for  in animal
muscle in vitro are below 0.5 whereas the values measured in
human muscle are higher.

For comparison to our recent estimate (Jubrias et al., 2008), the
human studies require a complex adjustment to contemporary
reference values because they measure energy costs by indirect or
direct calorimetry (Table1). In contrast to the animal studies, all of
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Fig.1. The orientation of the hand, first dorsal interosseous (FDI) muscle,
and point of external force measurement. (A)The hand and FDI muscle
oriented in our restraining apparatus used to make work and cost
measurements. (B)The FDI muscle in greater detail, with its muscle
moment arm (mM), phalange moment arm (mP), internal and external
tendon (red) and pennation angle ().
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the human studies found efficiencies of 0.5 or greater; one of these
studies even came very close to our estimate of 0.68 after
corrections to common units (Table1). All values listed in Table1
are those as published followed by values recalculated using a
common energetic parameter, mitochondrial efficiency (P/O), of
2.5 and a GATP value of 60kJmol–1. A study using direct
calorimetry in the quadriceps (Bangsbo et al., 2001) found a range
of efficiencies during work isolated to this muscle group. Efficiency
values were highest early in a sustained work bout and decreased
by half at the end; the value given in Table1 reflects the results
over the initial 10s of exercise. Another study (Gaesser and Brooks,
1975), using well-conditioned individuals, reported contraction-
coupling efficiency in the range of 0.41–0.57 in steady state work
on a bicycle; those values were adjusted in Table1, as explained in
the following paragraph. A third study found a contraction-
coupling efficiency value of 0.49 based on an analysis of the series
of efficiencies linking contraction-coupling, mitochondrial and
exercise efficiency (Whipp and Wasserman, 1969).

Mitochondrial coupling has been found to be lower (ATP/O25,
P/O2.5) than classical values (ATP/O26) (Amara et al., 2007;
Brand, 2005). Recent work from our laboratory shows a P/O of ~
2.5 in human and mouse muscle in vivo (Amara et al., 2007;
Marcinek et al., 2004), which is indicative of well-coupled
mitochondria (Brand, 2005). This value confirms the value found
in the quadriceps (P/O2.3) in an earlier study using independent
methods [calculated from Conley et al. (Conley et al., 2000)] and
values on isolated muscles (P/O2.6) (Lou et al., 2000). The
conversion of the P/O ratio from a stoichiometric to an efficiency
value requires the use of Gibbs free energy (�G), which our
measurements show is higher than previously thought (~60kJmol–1

during exercise) (Barclay et al., 2010a; Jubrias et al., 2008). We
use 60kJmol–1 to scale all reported values in Table1. The total
energy available per mole of O2, as used in indirect calorimetry
(Scott and Kemp, 2005), is 258kJmol–1 and, with P/O2.5, yields
a value for free energy from ATP (GATP) equal to 52kJmol–1, or
0.86 times our value of 60kJmol–1. Applying these adjustments
decreases the adjusted  values from the results of Whipp and
Wasserman [table1 in Whipp and Wasserman (Whipp and
Wasserman, 1969)]. The two cycling efficiency values (Gaesser
and Brooks, 1975; Whipp and Wasserman, 1969) could have had
some co-contraction or a lower mitochondrial coupling than we
guessed, leading to an underestimate of contraction-coupling
efficiency. The contraction-coupling efficiency values for one
cycling study (Whipp and Wasserman, 1969) and the study of the
quadriceps muscle group (Bangsbo et al., 2001) were calculated
only at one workload, so they did not account for possible floating

baselines. Nonetheless, there is an overall consistency in human
contraction-coupling efficiency values, given the number of
assumptions and complications of the mechanical systems and
techniques. These reports of human muscle efficiency give high
efficiency values, above 0.5, and considerably higher than found in
animal muscles in vitro.

In summary, our value of 0.68 in the FDI muscle has been
characterized as an ‘anomaly’ relative to values in animal muscle
(Barclay et al., 2010a). Our analyses show that there is a systematic
difference between measurements of efficiency in human muscle
in vivo (Table1) and animal muscle in vitro [table3 in Smith et al.
(Smith et al., 2005)]. The reason for this difference remains to be
discovered. One possibility is that this difference is due to scaling
with body mass. For example, smaller animals tend to have lower
efficiencies than larger animals during locomotion [table3 in
Heglund et al. (Heglund et al., 1982)]. Independent of these
differences, this paper outlines how the FDI muscle can be used to
advantage for studies of muscle efficiency. We argue that it is a
useful model and exceptionally good system for studying muscle
efficiency. For example, the FDI has a high and stable
mitochondrial coupling (P/O2.7) value up to late middle age
(19–50 years old) in comparison with the large range of values
found in the quadriceps [calculated from Conley et al. (Conley et
al., 2000)] and tibialis anterior muscle (Amara et al., 2007). It also
is uniquely able to exercise close to its aerobic capacity without the
fatigue that is evident in leg muscles (Jubrias et al., 2003).
Exceptional systems are highly sought after in comparative studies
to provide insight into physiological limits and as means to explore
underlying mechanisms that might not be apparent at the middle of
the continuum (Krebs, 1975; Krogh, 1929). The exceptional
contraction-coupling efficiency of the FDI muscle may qualify this
muscle as a model system for investigating how high efficiency is
possible.

Is the energetic cost of activation of cross-bridge cycling low
in human muscle?

One factor that could account for a high contraction-coupling
efficiency is a low cost for activating cross-bridge cycling. The cost
of activation is typically attributed to Ca2+ cycling by the
sarcoplasmic reticulum Ca2+ ATPase and has recently been
estimated to be 0.25–0.40 of contraction-coupling costs in isometric
contractions (Barclay et al., 2007). However, this value could
decline in working contractions. Barclay and coworkers [fig.1B in
Barclay et al. (Barclay et al., 2010b)] illustrate that the energetic
cost does not show the expected linear increase with shortening
velocity in a working contraction. This non-linearity suggests that

Table1. Mechanical and thermodynamic efficiency studies with original and converted values using a common denominator

Converted value
Measurement Reported value (free energy to 60kJmol–1) Reference

Mechanical power and oxygen uptake ratea 0.49 0.53 Whipp and Wasserman, 1969
Mechanical power, oxygen uptake and carbon dioxide productiona 0.41 to 0.57 0.45 to 0.62 Gaesser and Brooks, 1975
Workb 40 0.66 Bangsbo et al., 2001
ATPc 0.68 0.68 Jubrias et al., 2008

aMechanical output in calories divided by oxygen uptake. Oxygen uptake converted to free energy of ATP using P/O3 and GATP11kcalmol–1. Conversion to
common reference values used newer values of P/O2.5 and GATP60kJmol–1. Thus the conversion multiplier factor is ([2.5/3.0]�[60/(11�4.184)]1.086.

bExtent of ATP use measured chemically in biopsies taken during exercise, taking into account oxidative and glycolytic metabolism. Mechanical output is given
in J mmol–1 ATP.

cMeasured ATP by 31P nuclear magnetic resonance spectroscopy, taking into account glycolytic ATP production and small oxidative metabolism. GATP was
calculated from measured concentrations of ATP, Pi, pH and ADP from equilibration of creatine kinase. This value for GATP is used to convert reported
values. Mechanical output is given in JJ–1 free energy.
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the relative activation costs may decrease with shortening velocity
in a working contraction.

A decline may also occur for long-duration contraction trains
such as the >40s contraction train needed to measure ATP flux
versus work in the FDI experiment. A good example of reduced
costs during prolonged contractions is shown in fig.1 of Crow and
Kushmerick (Crow and Kushmerick, 1982). Their study shows that
contraction-coupling costs per time-tension integral decline by half
at longer stimulus trains in mouse extensor digitorum longus (EDL)
muscle. The EDL has substantial levels of parvalbumin (Moerland
et al., 1989), which act as a Ca2+ buffer in the muscle cell. In
contrast, mouse soleus muscle lacks parvalbumin and does not
show a change in contraction-coupling costs under the same
conditions (Moerland and Kushmerick, 1994). Therefore,
parvalbumin may act to reduce Ca2+ cycling costs in later
contractions because it acts as a buffer that fills with Ca2+ in a series
of contractions. Once the buffers are full or close to full, the amount
of Ca2+ necessary is only that needed to be cycled for activation
and deactivation. Evidence that this occurs in human muscle is the
decrease in the fraction of the total cost with exercise duration in
gastrocnemius muscle (Russ et al., 2002). Thus, one plausible
explanation for the high contraction-coupling efficiency in human
FDI is the intriguing possibility that the ATP cost for non-cross-
bridge cycling is lower in this muscle. This lower activation cost
may be apparent during working contractions and in the series of
contractions that are needed to measure ATP flux in vivo.

Conclusions and integration
In this paper we examined two key factors that are responsible for
contraction-coupling efficiency in human FDI: (1) efficient transfer
of cross-bridge work to mechanical work and (2) the absence of
elastic energy to do this external work. Comparison of our value
with in vitro and other in vivo estimates from the literature reveals
that a contraction-coupling efficiency of 0.68 is probably outside
the range reported for animal muscles but on the upper end of
published values in human muscle. This high value leads to the
intriguing notion that non-cross-bridge energy costs during
contraction may be lower in this muscle in a series of working
contractions than in single isometric twitches typically used in
isolated muscle studies. Thus, the unusually high contraction-
coupling efficiency in the FDI muscle may provide a unique
opportunity for exploring the limits of cross-bridge and Ca2+

cycling costs that underlie contraction in vivo in human muscle.

Glossary
Gibbs free energy (�G)

Total useable energy from a quantity of a substance at constant
temperature and pressure (Gibbs, 1873), which can be used for mechanical
work (Whipp and Wasserman, 1969).

Entropy (�S)
A measure of the energy not available for useful work in a thermodynamic
process (Clausius, 1865; Whipp and Wasserman, 1969).

Enthalpy (�H)

The heat content of the system at constant pressure, this includes the
Gibbs free energy and the temperature of the environment times the
entropy (Smith et al., 2005; Whipp and Wasserman, 1969).

Mechanical efficiency ()

Total mechanical work divided by the change in heat content, where the
change in heat content is measured by changes in heat (Smith et al., 2005).

ΔH = ΔG + TΔS

ε =
w

ΔH
 

Thermodynamic efficiency ()

Total mechanical work divided by total free energy, where the total free
energy is measured by the flux of ATP (Smith et al., 2005).

Delta efficiency (� or �)

Total change in mechanical work divided by the change in total or total
free energy across loads; �G is used in this equation but �H could also be
used (Gaesser and Brooks, 1975).

Exercise efficiency
Total mechanical work divided by energy expended in doing work, where
the energy expended is measured by indirect calorimetry (Powers et al.,
1984).

Mitochondrial efficiency (P/O)
The ratio of mitochondrial phosphorylation flux to mitochondrial oxidation
flux divided by two (Amara et al., 2008).

Contraction-coupling efficiency
Total mechanical work divided by ATP flux (Whipp and Wasserman,
1969).
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