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Abstract

In this brief review, we have focussed largely on the well-established, but essentially phenomenological, linear

relationship between the energy expenditure of the heart (commonly assessed as the oxygen consumed per beat, oxygen

consumption (VO2)) and the pressure-volume-area (PVA, the sum of pressure–volume work and a specified ‘potential

energy’ term). We raise concerns regarding the propriety of ignoring work done during ‘passive’ ventricular enlargement

during diastole as well as the work done against series elasticity during systole. We question the common assumption that

the rate of basal metabolism is independent of ventricular volume, given the equally well-established Feng- or stretch-

effect. Admittedly, each of these issues is more of conceptual than of quantitative import. We point out that the linearity of

the enthalpy–PVA relation is now so well established that observed deviations from linearity are often ignored.

Given that a one-dimensional equivalent of the linear VO2�PVA relation exists in papillary muscles, it seems clear that

the phenomenon arises at the cellular level, rather than being a property of the intact heart. This leads us to discussion of

the classes of crossbridge models that can be applied to the study of cardiac energetics. An admittedly superficial

examination of the historical role played by Hooke’s Law in theories of muscle contraction foreshadows deeper

consideration of the thermodynamic constraints that must, in our opinion, guide the development of any mathematical

model. We conclude that a satisfying understanding of the origin of the enthalpy–PVA relation awaits the development of

such a model.

r 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

The heart experiences loads during both systole and diastole. The temporal variation of these loads
produces the pressure–volume loop, which characterises the pump function of the heart. Both systolic and
diastolic loads have energetic (i.e., mechanical and metabolic) consequences that remain ill-understood,
despite intensive investigation since the late 19th century (Yeo, 1885). Passive loads are borne by elastic forces
arising in stretched connective tissue. Active forces arise within myocytes. They are generated and borne by the
contractile filaments and the cyclic attachment and detachment of their interconnecting myosin crossbridges.
These microscopic events are funded by the hydrolysis of ATP and produce macroscopic force, shortening and
work. It is straightforward to measure macroscopic work or power, whereas it is less straightforward to
measure the rate of ATP hydrolysis. However, that can be done (Stienen et al., 1993; de Tombe and Stienen,
2007)—either directly or via a surrogate measure (heat production or oxygen consumption (VO2), for
example). So, metabolic energy input and mechanical output of either the whole heart or isolated cardiac
tissue can be assessed experimentally. Given this state-of-the-art, it is surprising that our best predictor of
active cardiac energetics is, essentially, phenomenological in nature. This well-attested description is shown
schematically in Fig. 1. It is attributable to Suga and co-workers (1981a, b) who revealed a linear relationship
between VO2 and pressure-volume-area (PVA: the sum of work and potential energy; see Fig. 1) in the
isolated, blood-circulated, cross-perfused dog heart.

The (extrapolated) intercept of the VO2�PVA relation (Fig. 1B) denotes the VO2 of the empty, beating,
heart. Arrest of the heart under this condition (commonly achieved by elevation of extracellular K+

concentration or reduction of extracellular Ca2+ concentration) reduces VO2 to the value indicated by b, the
PVA (= PE + W)
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basal metabolism. The difference between the extrapolated intercept and b is labelled a. This value is
commonly ascribed the label ‘activation metabolism’—i.e., the energy expenditure, by the sarcolemmal
Na+–K+-ATPase and the sarcolemmal and sarcoplasmic reticular Ca2+-ATPases, required to restore the
trans-membrane gradients of Na+, K+ and Ca2+ from their systolic to their diastolic values. But, given that
the heart continues to beat, thereby causing it to change shape (Suga, 1990), some component of a must reflect
the hydrolysis of ATP by actively cycling cross bridges.

2. Diastolic energetics

2.1. Diastolic work (WD)

Diastolic work is performed as the ventricle is ‘passively’ inflated from its end-systolic (VES) to its
end-diastolic (VED) volume (Fig. 1A). Its magnitude, determined by the quasi-triangular area lying between
the abscissa and the end-systolic pressure–volume relation to the left of the dotted line-segment at VED, is
given by

WD ¼

Z VED

VES

PD dV (1)

Diastolic work is universally excluded from the calculation of PVA. In our view, its omission is unwarranted
for, clearly, something must provide the energy to increase the volume of the heart from VES to VED. Two
possible mechanisms include the recoil of elastic structures that had been compressed during shortening,
and ‘ventricular filling’. Of these, the principal contributor is probably ‘ventricular filling’, achieved by re-
capture of the kinetic energy of blood (venous return), which had been imparted by previous ejections, assisted
by a pressure boost resulting from contraction of the atrium. But, regardless of the mechanism, it seems clear
that the work performed in stretching the (passive) myocardium from its end-systolic to its end-diastolic
volume must ultimately be funded by the expenditure of metabolic energy. In consequence, and despite its
numerical unimportance, it is our contention that diastolic work (Eq. (1)) should be included in the calculation
of PVA.

2.2. The Feng effect

An associated feature of diastolic metabolism arises from the effect of stretching quiescent muscle tissue on
its basal metabolism (b in Fig. 1A). The ‘Stretch Effect’ was first shown, in skeletal muscle (Fig. 2A), by Feng
(1932) and later, in cardiac muscle, by Gibbs et al. (1967). In both of these investigations, the metabolic effect
of stretch was indexed as an increase in rate of heat production by an isolated muscle resting on a thermopile.
Confirmation that the effect, in cardiac muscle, reflects the stimulation of oxidative phosphorylation is
provided in Fig. 2B.

Despite numerous investigations (Loiselle, 1987; Gibbs and Loiselle, 2001; Widén and Barclay, 2005), the
cause of the stretch effect remains obscure. But, given the wealth of data presented in this volume (see, for
example: Iribe and Kohl, 2008; Nishimura et al., 2008; Taggart and Lab, 2008; Ward et al., 2008), it becomes
an intriguing possibility that stretch may indirectly induce an increase of intracellular Ca2+ concentration. We
tested this possibility in silico using the rat myocyte model recently developed by Niederer and Smith (2007).
Simulations involved applying step increments of resting length (bottom trace, Fig. 2C) to the quiescent
myocyte, while computing the resulting increase of [Ca2+]i via reverse-mode Na+–Ca2+ exchange, in response
to an influx of [Na+]i through stretch-activated channels (trace-labelled SAC, Fig. 2C). Also shown is the
independent effect on [Ca2+]i of Na+-influx via stretch-sensitive modulators of pHi: the Na+–H+ and
HCO3

�–Cl� exchangers (trace-labelled pH, Fig. 2C). The individual and combined effects of these simulated
stretch-induced increments of intracellular Ca2+ concentration on the rate of Ca2+ sequestration by the
sarcoplasmic reticular Ca2+ pump are shown in Fig. 2D. The degree of qualitative agreement between the
upper (experimentally measured) and lower (mathematically modelled) panels of Fig. 2 is noteworthy. Given
the magnitude of these observed and simulated effects, it seems unlikely that the basal metabolic rate remains
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Sartorius of R. temporaris in O2 at 20° C., showing the effect on resting heat rate
loading and unloading the muscle by 10 g. steps. Inset showing the disappearance

of the effect after the muscle was electrocuted.

Fig. 2. Stretch effects in striated muscle. (A) Fig. 2 from Feng (1932) showing reversible increase of rate of heat production

(‘‘Galvanometer deflection’’) in response to elongation of passive muscle length in response to various loads (10–30 g). The inset

demonstrates that the effect is of metabolic origin. [Reproduced with the permission of the Journal of Physiology and Blackwell

Publishing.] (B) Fig. 1A from Loiselle (1982) showing reversible increments of rate of oxygen consumption (upper panel) and passive force

(middle panel) in response to stretches (lower panel) of a rat papillary muscle of resting length 7mm. [Reproduced with permission of The

Biophysical Society]. (C,D) Simulated effects of passive stretch (normalised strain (l): right-hand ordinate of panel (C) on intracellular

Ca2+ concentration, C, and resulting rate of sequestration of Ca2+ into the sarcoplasmic reticulum, D). Traces labelled SAC show

singular contribution of reverse-mode Ca2+ influx on the Na+–Ca2+ exchanger following Na+-influx via stretch-activated channels.

Traces labelled pH show corresponding consequence of Na+-influx via stretch-sensitive exchangers that modulate pHi: Na+-H+ and Cl�-

HCO3
�. Uppermost traces show combined effects of SACs and pH-regulating mechanisms.
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constant, independent of VED (and, hence, PVA). Thus, a question must be raised concerning the propriety of
the horizontal line delineating region b in Fig. 1B.

3. Systolic energetics

Whether consideration is focussed on mechanics or metabolism, cardiac energetics is dominated by systole.
Historically, numerous indices of cardiac mechanical performance have been proposed, but from the point-of-
view of whole-heart energetics, it is systolic pressure–volume work that is fundamental. The phenomenological
observation that metabolic energy expenditure is linearly related not to W (as might be expected) but to PVA
(i.e., the sum of W and PE, Fig. 1A) is seductive. But might the phenomenon be merely coincidental?
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Fig. 3. Oxygen consumed per beat (normalised per 100 g of left-ventricular tissue) of an isolated, blood-circulated, cross-perfused dog

heart, as a function of pressure-volume-area (PVA). Closed symbols denote isovolumic contractions; open symbols denote ejecting

contractions (see inset). [reproduced from Fig. 2 of Suga et al. (1984), with permission of Federation Proceedings].
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3.1. The experimental basis of the VO2�PVA relation

An early demonstration of the linear dependence of VO2 on PVA is shown in Fig. 3, where the narrowness
of the confidence limits on the regression line is noteworthy. Note, further, that the same relationship
holds for isovolumic as for ejecting contractions, despite the fact that, for the former, only the PE term
obtains.

The inset of Fig. 3 reveals that the end-systolic loci of both isovolumic and ejecting contractions fall on the
same straight line, independent of VED- behaviour first explored by Otto Frank (1899) (for an English
translation, see Sagawa et al., 1990).

The data of Fig. 4 show that the end-systolic pressure–volume relation rotates around the dead-space
volume (VD) intercept in response to agents or interventions that change inotropic state. Rotation is counter-
clockwise under increased inotropy and clockwise under decreased inotropy.

If the alteration of inotropic state occurs in the absence of a net effect on the intercept of the VO2�PVA
relation (i.e., on the sum of a and b in Fig. 1B), then the VO2�PVA data fall on the same straight line. An
example is shown in Fig. 5 where hyperthermia decreased myocardial contractility (panel A) with no effect on
PVA-independent metabolism (panel B). By contrast, when hyperthermic hypo-contractility was restored by
increasing the Ca2+ concentration in the coronary perfusate, then the pressure–volume relation rotated
counter-clockwise and the VO2�PVA relation underwent a parallel upward shift, reflecting the increased cost
of Ca2+ clearance from the cytoplasm (panel C).

The linearity of the VO2�PVA relation has been reported in a variety of species (Goto et al., 1988)
including, most recently, the isolated working mouse heart (Kameyama et al., 1998; How et al., 2005, 2006),
an example of which is shown in Fig. 6. Note that, under the ‘high Ca2+’ perfusion condition, both the P�V

(panel A) and VO2�PVA (panel B) relationships are concave downward. Indeed, the data of panel B suggest
that ‘maximal’ rates of VO2 may have been reached in the hearts of these small rodents, whose ‘reserve
metabolic capacity’ is small (Pasquis et al., 1970). Given that the rates of VO2 (normalised per beat and per
mass of heart tissue) are some four times larger than those observed in the blood-perfused dog heart
(cf. Fig. 1), it is possible that saline-perfused mouse hearts are oxygen supply-limited. But, regardless of the
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Fig. 4. Pressure–volume loops recorded from cross-perfused dog hearts under conditions of enhanced (left-hand panels) and compromised

(right-hand panels) mechanical performance [Modified from Goto et al. (1986), with permission of the American Journal of Physiology].
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basis of the non-linearity, it is interesting to note that although the authors emphasised the non-linearity in the
mechanics panel, they disregarded it in the ‘energetics’ panel.

Results comparable to those detailed, above, in isolated whole hearts have been reported in studies using
isolated muscle preparations. In these ‘one-dimensional’ equivalents of whole-heart preparations,
force–length–area (FLA) substitutes for PVA. For example, Mast and Elzinga (1990) reported a linear
relationship between the heat released during relaxation and FLA in rabbit right-ventricular papillary
muscles. But even more germane are the results of Hisano and Cooper (1987), for these authors found a
strikingly linear VO2�FLA relation in papillary muscles isolated from ferret hearts (Fig. 7B) despite the
pronounced convexity of the active force–length relation (Fig. 7A). Of note, too, is the fact that VO2 also
showed (admittedly weaker) linear dependencies upon both peak twitch force development (Fig. 7C) and
force–time integral (Fig. 7D).

Figs. 3, 5 and 6, demonstrate the universality, and consequent wide-spread acceptance, of a linear
VO2�PVA relation in the intact heart. Fig. 7 reveals the phenomenon to be a property of cardiac muscle per

se. In both the 3-D and 1-D models, an entity labelled ‘potential energy’ plays a key role. This entity bears a
close resemblance to elastic energy (as explicitly recognised in the ‘time-varying elastance’ model of Suga and
colleagues). The involvement of elastic forces in theories of muscle contraction has fascinating historical
antecedents.

3.2. Historical antecedents of the VO2�PVA relation

It is instructive to trace the history that precedes the concepts embodied in Fig. 1B. (In doing so, we are
indebted to the brief review by Gibbs and Chapman (1985).) Of particular interest is the notion of ‘potential
energy’ as defined in the concept of PVA, since it appears to have much in common with Hooke’s Law.
Indeed, early ideas of the mechanics of skeletal muscle were based on the notion that, upon excitation, muscle
immediately develops (isometric) force proportional to its length. This 19th century idea has classically been
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Fig. 5. Energetics of blood-perfused, cross-circulated, dog heart. (A) Left-ventricular isovolumic pressure–volume relations under

normothermic (36–37 1C, open circles) or hyperthermic (40–42 1C, filled circles) perfusion. (B) VO2�PVA relation for the data shown in

(A). (C) VO2�PVA relations for ejecting contractions under standard (filled symbols) and elevated (open symbols) extracellular Ca2+

concentration, respectively, during hyperthermic perfusion [adapted from Figs. 3 and 4 of Saeki et al. (2000) with permission of the

American Journal of Physiology].
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attributed to Eduard Weber (1846), but, in a lengthy quote (pp. 101–103), he explicitly attributed the notion to
Schwann’s earlier description published in Müllers Physiology Volume II (pp. 59–61, 1837).

According to this simple model (Fig. 8A), the activated muscle has available a fund of potential energy
equivalent to 1

2
P0L0, where L0 is the optimal length, i.e., that length which maximises the peak isometric force,

P0. Hence, according to the 1st Law of Thermodynamics, this amount of energy should be convertible into
either work (shortening contraction) or heat (isometric contraction). It was not until the second decade of the
20th century that this crude model was refined by AV Hill’s finding that a muscle can shorten only about 1

3
of

its optimal length. This result implied that the maximal energy available, E0 ¼ P0L0/6. Hill had the advantage
that he could test this hypothesis experimentally. He must have been gratified to find that, indeed, an isolated
muscle resting on a thermopile produces an amount of heat, Q ¼ P0L0/6. However, no amount of
experimental ingenuity could extract an equivalent amount of work. In fact, Hill observed that WmaxE0.4E0.

In the manner that typifies the often slow advance of Science, attempts were made to salvage the ‘new elastic
body’ theory. It was hypothesised that shortening was hampered by internal (cytoplasmic) viscosity (Z) such
that force (P) was diminished in proportion to the velocity of shortening (V):

P ¼ P0 � ZV (2)

Assuming velocity-independent viscosity, this implied that a muscle’s force–velocity (F– V) relation would
be linear-declining from its intercept on the ordinate (0, P0) to an intercept on the abscissa of (Vmax ¼ P0/Z, 0).
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Fig. 6. Pressure–volume (A) and VO2-PVA (B) relations of isolated, paced (4Hz), isovolumically contracting mouse hearts, perfused with

low (1.5mM, open circles) and high (2.5mM, closed squares) Ca2+. Note the reduction of the intercept at 1.25mM Ca2+ (Panel B),

interpreted as a reduction of activation metabolism. Basal metabolism estimated to be about 1mLO2 g
�1 per beat, thereby contributing

over 2
3
of the total cardiac metabolism. This may be an overestimation, reflecting the large surface-area-to-volume ratio of the mouse heart

and the correspondingly large transepicardial flux of oxygen directly from the coronary perfusate to the environment (Loiselle, 1989a, b;

van Beek et al., 1992; Mawson et al., 1994; Loiselle et al., 1995) [reproduced from Fig. 3 of Kameyama et al. (1998) with permission of the

American Physiological Society].
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But, as can be seen in Fig. 9A, careful measurements by Fenn and Marsh (1935) showed the F�V relation to
be decidedly non-linear; so the ‘new elastic body’ theory was finally interred.

In retrospect, its demise had occurred over a decade earlier, subsequent to the exemplary thermal results of
Fenn (1923), which are reproduced as Fig. 9B. These results, also arising from isolated amphibian skeletal
muscle, were so unexpected that it took the community of muscle physiologists many years to absorb their
implication. For, contrary to earlier ideas, the amount of heat produced during an afterloaded shortening
contraction exceeded the amount liberated in an isometric contraction. Since the ‘excess heat’ was some 30%
of the isometric heat, it could scarcely be attributed to ‘experimental error’. Indeed, appreciating the
thermometric equipment available to Fenn in 1923 (working in the cellar of AV Hill’s house ‘‘y where
the sensitive galvanometer could be made free from the electrical disturbances which are characteristic of the
laboratory in Manchester’’), the quality of his experimental results remains inspirational.

Fenn’s thermal results (Fig. 9B) clearly render implausible any simple ‘global elastic’ theory of muscle
contraction. Nevertheless, it remained obvious to experimentalists that muscle contains compliant elements
and that these can be separately revealed during rest and activity. This idea, first enunciated by Hill (1938), is
readily conceptualised in a three-component model of the sort shown in Fig. 10A. The model consists of a
contractile element (CE) in series with an elastic element (SE), both of which are in parallel with a parallel
elastic element (PE). The benefit of such a conceptual model is that it allows any sort of crossbridge model to
be inserted into the CE. What is less clear is the appropriateness of including an SE element in order to
introduce a compliance which is dependent only on the contractile force exerted by a muscle. Legitimate
arguments for the inclusion of such an SE element must centre on a compliant element that is physically in
series with the contractile apparatus, i.e., the bound actomyosin crossbridge. Possible extracellular candidates
include clips, ties or snares designed to hold the ends of the preparation. Intracellular candidates include titin,
which spans from the Z-disc to the M-line (Labeit et al., 1997, 2003), or the protein filaments that constitute
the Z-discs. From experiments performed using isolated skeletal muscle preparations, it appears that the
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combined compliance of such sources of series elasticity is at least an order of magnitude greater than that of
the crossbridges (Ford et al., 1977; Curtin et al., 1998; Barclay and Lichtwark, 2007).

Characterising the compliance which results from stretch (or compression) of bound crossbridge heads (and
perhaps compliant actin and myosin filaments) during contraction is more complex. It depends on the number
of attachment points and their spatial distributions, as well as crossbridge strain. Thus, we argue that
accounting for ensemble sarcomere compliance, resident in myosin crossbridge heads, requires detailed
modelling of the CE. Such models of the CE can be broadly categorised into three classes: (i) continuum
models which account for crossbridge kinetics based on partial differential equations, (ii) phenomenological,
fitted models based on ordinary differential equations, and (iii) discrete models which stochastically represent
binding and unbinding events.

The continuum modelling framework proposed by Huxley (1957) was the first significant advance on the
paradigm proposed by Hill. This two-state model, which is still widely applied, explicitly accounts for the
transitions between force-bearing ‘bound’ and non-force-bearing ‘unbound’ populations of crossbridges
within each sarcomere. The rates of transition between states are dependent on the strain experienced by a
given crossbridge head and the presence of ATP, whose chemical free energy is converted to work during the
crossbridge cycle. At the level of the single crossbridge, the time-dependence of transition rates on spatial
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Fig. 9. (A) Fig. 3 from Fenn and Marsh (1935). (B) Fig. 2 from Fenn (1923). (Note the estimate of initial mechanical efficiency: 15.2%.

This value was subsequently found to be only about one-half of the correct value, due to the retrospective discovery of a constant

calibration error (Hill and Woledge, 1962)), which had previously led to overestimation of the amount of heat produced by contracting

muscles.) [Figures reproduced with permission of the Journal of Physiology and Blackwell Publishing.]
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L0. Hence its maximal

work (or energy) output would be only 1
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of that predicted by the model of Weber.
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crossbridge strain requires the system to be modelled as a partial differential equation. The tension generated
within the CE is determined by summing the tension carried by each myosin crossbridge bound to an actin
site. This formulation assumes that the source of the CE compliance resides entirely within the crossbridge
head and that the actin and myosin filaments are inextensible. Within this paradigm, compliance within the
sarcomere (defined as change of tension with respect to change of sarcomere length) at a given point in time is
calculated as the sum of the attached crossbridges multiplied by the spring constant of an individual
crossbridge head.

Thus, the central assumption, common to the entire class of sliding filament models, is that the actin and
myosin filaments are inextensible. The corollary of this assumption is that each crossbridge acts as a separate
force generator which is independent of the state of the other myosin heads in the half sarcomere. However,
experimental evidence now indicates that both actin and myosin filaments are extensible, and may make
significant contributions to the compliance (Goldman and Huxley, 1994; Wakabayashi et al., 1994) of the
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Fig. 10. (A) Three-component Maxwell model of muscle mechanics consisting of a contractile element (CE) in series with an elastic

component (SE), both of which are in parallel with a second elastic component (PE). At rest, the CE is freely extensible (Jewell and Wilkie,

1958) so that passive extension of the muscle by the pre-load has two consequences: extension of the PE (with concomitant increase of

resting force) and increase of diastolic length of the sarcomeres that constitute the CE. (B) Normalised strain (l) of each of CE, SE & PE,

throughout a single cardiac cycle consisting of passive filling, isovolumic contraction (IVC), ejection, and isovolumic relaxation (IVR).

(C) Corresponding stresses (pressure) experienced by each of the three components.
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sarcomere. Such compliance implies that there is coupling between adjacent myosin heads. This has important
implications for the use of muscle models to interpret experimental data. To determine sarcomere compliance,
in the presence of compliant filaments, requires summing the effects of individual compliant elements. The
number and arrangement of these elements is dependent on the specific arrangements of bound crossbridge
heads (see Smith et al. (2005) for details). Compliant myosin and actin filaments have been incorporated into
two recently published models. Forcinito et al. (1998) applied a discrete framework to show the relationship
between filament and crossbridge compliance, with stiffness depending on the distribution of attached myosin
heads. Daniel et al. (1998) adopted a Monte Carlo simulation to capture the binding kinetics and thus the
transient tension–length behaviour of the model. Smith et al. (2005) used their model to demonstrate the
possibility of a ‘tuning’ relationship whereby compliant filaments increase the efficiency of transducing
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chemical potential into work at high contraction velocities. The implications of such a mechanism for whole-
heart contraction remain to be investigated.

The slow progress in applying these notions to the intact heart reflects the fact that, in order to solve a
continuum-scale tissue-mechanics problem, the active tension generated by cellular contraction must be
calculated at a large number of spatially distributed points in the model. Solving systems of partial differential
or stochastic equations at each point is computationally prohibitive in this context. Zahalak and co-workers
have applied a homogenisation approach by using a set of Gaussian functions to approximate the solutions of
these partial differential equations, thereby reducing them to a set of ordinary differential equations. These
authors have successfully applied this approach to models of both skeletal (Ma and Zahalak, 1991) and
cardiac (Guccione et al., 1998) tissue. The validity of this approach, however, is questionable—as the Gaussian
distribution does not provide a good fit to the solutions, particularly for perturbations distant from isometric
equilibrium.

The modelling framework of Hunter et al. (1998) couples a linear, time-dependent, fading memory
component with a static nonlinearity to produce a phenomenological description of tension development
associated with crossbridge kinetics. The form of this fading memory model is consistent with
frequency–phase relationships fitted from sinusoidal length perturbation experiments arising from a number
of different muscle preparations including cardiac myocytes (Saeki et al., 1991; Kawai et al., 1993). Most
recently, Niederer et al. (2006) have updated this framework via a detailed re-parameterisation suitable for rat
cardiac myocytes. It is this contractile model that we have embedded in the CE component of the Maxwell
model (Fig. 10A).

For the results shown in Fig. 10, we have chosen to embed a full model of left-ventricular mechanics
(Niederer et al., 2006) into the CE (panel A). In order to simulate the strains (B) and stresses (C) experienced
by each of the three components over a single cardiac cycle, the model was driven using a Ca2+-transient
prescribed by the model of Hunter et al. (1998). The SE component was modelled as a simple spring whose
tension (T) as a function of normalised strain (l) was given by

T ¼ kðl� 1Þ (3)

where k ¼ 500 kPa. The behaviour of PE was characterised by a non-linear pole-zero law (see Appendix A of
Hunter et al. (1998)) and the model solved for Cauchy stresses.

As alluded above, the concept of ‘series elasticity’ must exclude any contribution from either the contractile
filaments or the crossbridges—as explicitly recognised a decade ago by Curtin et al. (1998). Nevertheless, work
must be done against the remaining series elasticity (whatever its cellular or extracellular substrate). The
magnitude of this ‘internal work’ component is given by

WSE ¼

Z DLSE

0

FSE dLSE (4)

Note that, during the ejection phase, there is a steady increase in both the stress (Fig. 10C) and the strain
(Fig. 10B) experienced by the SE component. A proportion of these effects arises from the progressive
unloading of the PE component, as sarcomeres shorten. This, in turn, progressively increases the after-load
seen by the CE, thereby increasing the work done by it in lengthening the SE component commensurately—as
recognised by Alan Wong a quarter of a century ago (Wong, 1971, 1972). Conventionally, it is presumed that
the ‘pure elastic’ energy resident in the stretched series elastic component is converted to heat during
relaxation. It has already been noted (Eq. (1)) that work must be done against the parallel elastic element, as
well. And, as in that case, the total amount of ‘internal work’ against series elasticity is quantitatively minor
(probably adding only some 5% to the total). Nevertheless, it is conceptually inescapable, and we argue that it
should be included in the work component of PVA.

3.3. Modelling the VO2�PVA relation

We consider that any mechano-energetic model capable of explaining the experimentally observed
VO2�PVA relation must, at minimum, be thermodynamically constrained. This requirement involves four
criteria, each of which applies to the transition between the various states which a crossbridge transits during
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one complete cycle of attachment and detachment (Eisenberg and Hill, 1978; Eisenberg et al., 1980; Hill,
1989).

3.3.1. Mathematical modelling constraints
(i)
 Each transition, from one state to the next, must be (at least theoretically) reversible. Hence, if f+ is the
rate of transition from some (say, low force-bearing) state (S1) to some other (say, high force-bearing)
state (S2), then there must exist a non-zero rate of back-transition (the reverse rate constant): f�.

S1 #
f þ

f �

S2 (5)
(ii)
 For such a simple reaction, the forward and reverse rate constants (f+ and f� in Eq. (4)) must be
constrained, as follows:

f þ
f �
¼ e�ðG2�G1Þ=RT ¼ Keq (6)

where R is the universal gas constant (8.31 Jmol�1K�1), T is the absolute temperature (K), Gi is the Gibbs
free energy (DG) of state i (Jmol�1) and Keq is the equilibrium constant of the transition reaction.
(iii)
 In order for the transition between states to occur spontaneously, the sum of the DG transitions over the
complete cycle cannot exceed the DG of hydrolysis of ATP (DGATP):X

i

Gi � DGATP (7)
(iv)
 Over a complete crossbridge cycle, the ratios of forward and backward rate constants are related to the
DG of hydrolysis of ATP (DGATP) as follows:Q

if þQ
if �
¼ eDGATP=RT (8)

where

DGATP ¼ DG0
ATP þ

½ADP�½Pi�½Hþ�

½ATP�
(9)

where DGATP
0 is the standard DG of ATP hydrolysis, measured under unit molar concentration of all

products and reactants, and Pi signifies inorganic phosphate.
It is difficult to judge the explanatory effectiveness of any mathematical model of the crossbridge cycle
purporting to explain the PVA phenomenon if it is not subject to the above constraints.

3.3.2. Examples of PVA-focussed models

A model that is based on the above constraints has been developed by Vendelin et al. (Vendelin et al., 2000,
2002; Saks et al., 2006). This model successfully demonstrates a linear relationship between the quantity of
ATP consumed per crossbridge and the stress–strain area (SSA) experienced by the contractile filaments,
regardless of whether the simulated contractions are isometric, isotonic or ‘physiologic’. But, as the authors
expressly admit, this is a consequence of the fact that they sought a set of parameters that would generate the
linear relationship.

A comparable, but more subtly achieved, result has been proffered by Landesberg and co-workers
((Landesberg and Sideman, 1994, 1999, 2000; Landesberg, 1996; Landesberg et al., 2000, 2004; Levy and
Landesberg, 2004, 2006; Levy et al., 2005; Tchaicheeyan and Landesberg, 2005; Yaniv et al., 2006), who have
extensively explored the behaviour of a model that falls into the ‘loose coupling’ category, as defined by
Zahalak and Ma (1990) (i.e., crossbridges can bear force in either the presence (+Ca2+) or absence (�Ca2+)
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of calcium bound to Troponin-C). It is worth examining this model, in some detail, because of its success in
mimicking a large number of experimentally observed phenomena, including the linear VO2�PVA relation,
and because it carefully distinguishes among ‘double overlap’, ‘single overlap’ and ‘no overlap’ regions of actin
and myosin within the sarcomere. The model is of particular interest because it is not of the ‘Huxley-type’.
That is, force generation does not arise from microscopic strain in the crossbridge head, but rather from a
unitary crossbridge isometric force (F̄) (whether or not Ca2+ is bound to Troponin-C) diminished in
proportion to strain velocity (V). That is,

F ¼ F̄ � ZV (10)

where Z is crossbridge viscosity. (Note the similarity to Eq. (3), above.) The model is not thermodynamically
constrained. Specifically, it contains no reverse rate constants attributable to crossbridge cycling. Both its rate
of transition (f), from the ‘weakly bound’ to the ‘strongly bound’ state (+Ca2+), and its rate of unbinding (g),
from the ‘strongly bound’ state (�Ca2+), are velocity-dependent:

f ¼ f 0 � f 1V (11a)

g ¼ g0 þ g1V (11b)

Landesberg and co-authors suggest that the linear form of the VO2�PVA relation, as predicted by their
model, arises exclusively from its ‘‘cooperativity mechanism’’, whereby the affinity for Ca2+ of troponin-C is
determined by the number of crossbridges in the ‘strong-force’ configuration (whether or not Ca2+ is bound).
Our implementation of their model finds the nature of the predicted VO2�PVA relationship to be strongly
sensitive to this cooperativity, with the apparent linearity contingent on the chosen parameterisation of the
Ca2+ binding curve. Furthermore, the relationship was also found to deviate when we changed the Ca2+

transient, as might be expected, given the significance of cooperativity in the binding of Ca2+. Nevertheless,
the model gives rise to the experimentally testable prediction that the ‘potential energy’ (PE) component of
PVA is proportional to the force–time integral of a twitch. But, as Vendelin et al. (2000) point out, this
prediction requires that the duration of a twitch scale linearly with its peak force.

Taking into account the SSA dependency on sarcomere length, such prolongation is required to reproduce
the relationship between ATP consumption and SSA. Namely, one can roughly estimate that the maximal
developed force is increasing linearly as a function of sarcomere length, and consequently, SSA is increasing
with the second order of the sarcomere length. To have the same second-order increase of ATP
consumption, which is the time integral of ATP consumption rate in a beat, the twitch duration has to
increase linearly with respect to sarcomere length. (Vendelin et al., 2000)

The Landesberg model implicitly allows variable stoichiometry—i.e., multiple crossbridge cycles per
ATP-hydrolysis event:

The present model allows multiple stroke steps per single ATP consumption compared with Huxley’s 1:1
relationship.(Page H1281, Landesberg and Sideman, 2000).

So, too, does the model proposed by Vendelin et al., where crossbridges that dissociate without hydrolysing
ATP (colourfully yclept ‘passenger crossbridges’) appear more frequently as the afterload is reduced below
about 20% of peak isometric force (Fig. 10 of Vendelin et al., 2000). These predictions resonate with that of
Taylor et al. (1993), whose insights from a comparable (albeit non-thermodynamically constrained) model
also suggested a contribution of variable stoichiometry to the linear dependence of enthalpy on FLA. Whether
or not multiple crossbridge cycles per ATP hydrolysis event are either necessary or sufficient to explain the
linearity of the VO2�PVA relation is confounded by the fact that, in the model of Landesberg and colleagues,
cycling crossbridges in the ‘non-overlap region’ of the sarcomere consume ATP without generating force. That
is, their model accommodates both multiple force-generating events per ATP-hydrolysis event and multiple
ATP hydrolysis events per force-generating event.

Before terminating this discussion, attention should be drawn to the fact that cardiac energy expenditure
has been repeatedly shown to be proportional not only to FLA but also to peak force development (Gibbs,
1974, 1978; Gibbs and Chapman, 1979b; Hisano and Cooper, 1987; Wannenburg et al., 1997) and force–time
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integral (Weber and Janicki, 1977; Gibbs and Loiselle, 1978; Gibbs, 1978; Gibbs and Chapman, 1979a, b;
Hisano and Cooper, 1987; Loiselle, 1987; Widén and Barclay, 2006). It probably does not need stating that
these three mechanical indices are mutually incommensurate (although, as argued by Vendelin et al. (2000),
given a linear end-systolic pressure–volume relation, peak force and FLA are themselves linearly related—at
least during isometric contractions).

3.4. A fundamental paradox

The above discussion has highlighted a number of matters, yet to be resolved, if a compelling explanation
of the observed VO2�PVA relation is to be forthcoming. We now address another issue that we, and others
(Gibbs and Chapman, 1985; Gibbs and Barclay, 1995), consider to be of principal concern—namely, that the
linearity of the experimental VO2�PVA relation implies a constant mechanical efficiency. Conventionally, in
muscle thermodynamics, mechanical efficiency (e) is defined as the proportion of the net enthalpy change (DH)
that is converted to work:

� ¼
W

DH
(12)

where the enthalpy change, DH, is readily measured experimentally as the sum of work and heat (Q):

�DH ¼ QþW (13)

When dealing with the concept of PVA, it is necessary to modify the definition accordingly:

�PVA ¼
W þ PE

VO2
¼

W þ PE

DH
(14)

where the enthalpy equivalent of aerobic combustion of metabolic substrates by the heart is approximately
20 kJ/L. Thus, it can be seen that ePVA (Eq. (14)) exceeds e (Eq. (12)) by the extent to which PE exceeds W.
Again, one is struck by the similarity between the PVA concept and the elastic models described earlier; the
‘PVA efficiency’ reflects not only work output but also a potential capacity to do work that has the same unit
metabolic cost as actual work output. In practice, ‘PVA efficiency’ (i.e., the inverse of the slope of the
VO2�PVA relation, Fig. 1B) is commonly about 0.4 (Suga, 1990), whereas maximum ‘mechanical efficiency’
falls in the range 0.1–0.15 (Baxi et al., 2000; Barclay et al., 2003).

Note that, in Eqs. (12) and (14), the denominators are given by the change of enthalpy (DH) during a single
beat of the heart. But Eqs. (6)–(9) make it clear that it is the Gibbs free energy (DG) rather than the enthalpy
(DH) that dictates the thermodynamic constraints. DG and DH are related by the Second Law of
Thermodynamics:

�DH ¼ DG þ TDS (15)

where T is temperature and S signifies entropy. It is to be emphasised that work arises solely from DG, whereas
heat (or its aerobic equivalent) arises both from the change of entropy, which accompanies the transition from
reactants to products, and from the fraction of DG that is not converted into work. Hence, the more
fundamental expression of efficiency is given by

Z ¼
W

DG
(16)

where Z is the thermodynamic efficiency. We are now in a position to focus on what we have labelled the
‘fundamental paradox’.

At the level of the crossbridges, W (and, hence, Z) must be highly variable. This can be seen by reference to
Fig. 11, where crossbridge attachment at xoh or detachment at x6¼0 will result in the sub-optimal production
of work. Such diminution of potential work is exacerbated if detachment fails to occur until xo0 since now
the attached crossbridge will be producing a force that is counter to the direction of the sliding filaments. It is
difficult to see how, given this inherent variability of both magnitude and sign of W, thermodynamic efficiency
(Eq. (16)) could be constant. But the matter is even more complicated since DGATP is unlikely to remain
constant locally—especially at high rates of ATP utilisation (Aliev and Saks, 1993, 1994, 1997). This is readily
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Fig. 11. Thermodynamic interpretation of Huxley’s (1957) two-state model, showing the improbability that thermodynamic efficiency

(Eq. (16), text) is constant. (A) Interpretation of the Hookean force (F) that arises when a crossbridge forms at displacement +h from its

neutral position. Shaded region denotes the maximum work (Wmax) achievable under the conditions shown. (B) Gibbs free energy profile

for a single crossbridge that attaches at +h and detaches at zero, as exemplified in (A). Diagonal arrows emphasise the variability of both

the Gibbs free energy of ATP hydrolysis (DGATP) and the work achievable from a single crossbridge cycle of attachment and detachment

[modelled on Fig. 5.2 in Woledgeet al. (1985), Energetic aspects of muscle contraction, Academic Publishers].
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appreciated by consideration of Eq. (9), recalling that, as creatine phosphate buffers ATP locally (via the MM
isoform of creatine kinase, for example), the local concentration of Pi necessarily increases. Thus, DGATP can
vary, even in the face of constant concentrations of both ATP and ADP. And, of course, the concentration of
ATP per se can wax and wane, thereby providing a ‘direct’ source of variation of DGATP. Hence, both the
numerator and denominator of the expression for thermodynamic efficiency are variable, making it even less
likely that their ratio remains constant. So, unless the localised production of entropy (Eq. (15)) varies in a
complementary fashion, it is difficult to see how ‘PVA efficiency’ (Eq. (14)) can remain constant, independent
of the relative contribution of W and PE to PVA, as demanded by the constant slope of the VO2�PVA
relation. It is our conviction that only a detailed mathematical model of cardiac mechano-energetics is likely to
provide an explanation of this paradox.

Editor’s note

Please see also related communications in this issue by Kockskämper et al. (2008) and Zhang et al. (2008).
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