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Abstract 

This study is the first to have measured, simultaneously, the mechanics and energetics of isolated 

mammalian cardiac trabeculae. Measurements were made using our unique micromechanocalorimeter 

and work-loop calorimeter. Using these two unique devices, we measured simultaneously the stress 

(force per cross-sectional area) production, muscle length change and heat output of isolated 

ventricular trabeculae from the rat heart. Trabeculae were superfused with 100%-oxygenated solution 

at room temperature (22°C – 24°C), and were predicted to have been supplied adequately with oxygen 

by diffusion.  

Under fixed-end contractions, the heat production of trabeculae is a linear, frequency-independent, but 

[Ca2+]o-dependent, function of their peak active stress and of their stress-length area (SLA: the area 

demarcated by the stress-length relations). The former relation revealed that increased diastolic stress, 

observed at relatively high stimulus frequency (4 Hz), is attained with negligible heat output – 

presumably due to attached, force-bearing, but non-ATP-hydrolysing, crossbridges. The latter relation is 

associated with prolongation of twitch duration as a direct consequence of cooperative binding of 

crossbridges.  

During work-loop contractions, in which trabeculae were required to perform external mechanical work, 

designed to mimic the pressure-volume work of the heart, right-ventricular (RV) trabeculae were found 

to have a greater maximum mechanical efficiency (ratio of work to change of enthalpy, -ΔH) than 

left-ventricular (LV) trabeculae (13% – 14% versus 10%). Consistent with the linear relation between 

oxygen consumption (VO2) and pressure-volume area (PVA) of the intact heart, first observed by 

Suga and colleagues, -ΔH (work plus heat) production of both RV and LV trabeculae is a linear function 

of SLA. The reciprocal of the slope of this relation (a measure of ‘contractile efficiency’ as proposed by 

Suga; we call it Suga’s PVA-efficiency) is independent of ventricle-of-origin, but its intercept (an index of 

metabolic cost of activation due to Ca2+ cycling) is lower in RV trabeculae, leading them to have 

comparably greater maximum mechanical efficiency. Correction for the metabolic cost of activation 

rendered the maximum crossbridge efficiency equal in the two ventricles. 

Under both fixed-end and work-loop contractions, the ‘potential energy’ component of SLA is not only 

proportional to the time-integral of twitch stress production, but is also a linear function of heat 
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production. Both components of SLA (‘potential energy’ and work) are proportional to distinct segments 

under the stress-time profiles. This finding provides insight into the much-observed, but ill-understood, 

linear VO2-PVA relation of the heart. 
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Chapter 1   Introduction 

 

Chapter 1 

Introduction 

 

The heart is a muscular pump. Pumping is achieved by rhythmic contraction and relaxation of the 

cardiac muscle with each beat. During this process, cardiac muscle consumes oxygen, manufactures 

adenosine triphosphate (ATP) and hydrolyses it, produces force and liberates heat. 

 

1.1 Structure and Function of Cardiac Muscle 

Cardiac muscle has cells known as the cardiac myocytes (schematically presented in Figure 1.1) which 

are joined to one another via intercalated discs. At the discs, the two adjacent myocytes are extensively 

intertwined and bound together by desmosomes such that there is a sequential communication 

between the two neighbouring myocytes via gap junctions, which facilitates action potentials to spread.  

Each myocyte, containing a centrally-located nucleus, is enclosed by the sarcolemma, which is a 

membrane acting as a physical barrier to separate the myocyte’s cytosolic space from the extracellular 

space. Invagination of the sarcolemma into the cytoplasm of the myocytes forms the transverse tubules 

(or T-tubules). Within the cytosol, there are mitochondria, myofibrils and sarcoplasmic reticulum (SR). 

The myofibrils are composed of bundles of myofilaments which contain sarcomeres. A sarcomere, 

consisting mainly of thin (actin) and thick (myosin) filaments as well as titin, is the functional contractile 

unit of cardiac myocytes. 
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Figure 1.1: Schematic of the cardiac myocytes, illustrating its organisation from 10 µm scale (myocyte level) and 

0.1-µm scale (sarcomere level). The various ionic channels, exchangers, pumps and receptors are also exemplified 

(not drawn to scale). 

The process that causes the sarcomere to contract and generate force is called ‘excitation-contraction 

coupling’, which is initiated by electrical depolarisation which causes the sarcolemmal 

voltage-dependent L-type Ca2+ channel to open leading to an influx of Ca2+. Ca2+ also enters the cell via 

sarcolemmal Na+-Ca2+ exchanger. The Ca2+ that enters the cell not only contributes directly to the 

activation of the myofilaments (actin and myosin), but is also involved in the activation of the release of 

Ca2+ from the SR via the ryanodine receptors, which lie in close proximity to the L-type Ca2+ channel. This 

process is known as the Ca2+-induced Ca2+release. 

Following depolarisation, relaxation of the cell occurs in which the Ca2+ is sequestered from the 

cytoplasm by the SR Ca2+-ATPase (SERCA) into the SR. Ca2+ is also removed from the cell via the Na+-Ca2+ 

exchanger, the sarcolemma Ca2+-ATPase and the mitochondrial Ca2+ uniporter. In rat ventricular 
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myocytes, these Ca2+ extrusion units contribute 87%, 8.7%, 2.6% and 1.7% of the total cytosolic Ca2+ 

removal, respectively (Negretti et al., 1993). Similarly, Bers (2002) found a balance of 92% for SERCA, 7% 

for Na+-Ca2+ exchanger and 1% for the ‘slow systems’ (sarcolemma Ca2+-ATPase and the mitochondrial 

Ca2+ uniporter). The balance of Ca2+ fluxes in mouse (Li et al., 1998) are similar to rat , but in rabbit, 

ferret, dog, cat, guinea-pig and human, the balance is around 70% for SERCA, 28% for Na+-Ca2+ 

exchanger, and 1% for the ‘slow systems’ (Bers, 2001; 2002). 

The molecular events associated with the crossbridge cycle, described by the sliding filament theory, are 

summarised as follows (Figure 1.2). In the absence of Ca2+, tropomyosin blocks access to the 

myosin-binding site of actin. When Ca2+ binds to troponin, the positions of troponin and tropomyosin 

are altered on the thin filament and myosin then has access to its binding site on actin. Myosin, which 

itself is also an ATPase whose activity is enhanced in the presence of actin, hydrolyses ATP into 

adenosine diphosphate (ADP) and inorganic phosphate (Pi), which generates heat, and undergoes a 

conformational change into a high-energy state. The head of myosin binds to actin forming a crossbridge 

between the thick and thin filaments. The energy stored by myosin is released, and ADP and Pi 

dissociate from myosin. Subsequently, the heads of myosin molecules rotate, which induces longitudinal 

sliding of the filaments. When the Ca2+ level is low, troponin locks tropomyosin in the blocking position 

and the thin filament returns back to the resting state.  

 

Figure 1.2: The crossbridge cycle which involves the exposure of the myosin-binding site on actin filament by a 

shift of tropomyosin in the presence of Ca
2+

 bound to troponin, the binding of ATP to the myosin head, the 

hydrolysis of ATP into ADP and Pi which generates heat, and the release of ATP and Pi from the myosin head. 
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1.2 The Cardiac Mechanical Cycle and Pressure-Volume Loop 

During a single cardiac cycle, the mechanical events include changes of pressures in the ventricular 

chambers, which cause blood to move in and out of the ventricles and concurrently the volumes of the 

ventricles change. Thus, the cardiac mechanical cycle is characterised by tracking predominantly 

changes of ventricular pressures and volumes.  

Figure 1.3A depicts the changes in the left ventricle (LV). The events in the right ventricle are similar, 

though occurring at slightly earlier later times and considerably lower magnitudes of pressure. As can be 

seen, the cardiac mechanical cycle may be partitioned into four distinct phases: (1) filling, (2) isovolumic 

contraction, (3) ejection and (4) isovolumic relaxation.  

 

Figure 1.3: A: changes of aortic pressure, left ventricular (LV) pressure, left atrial pressure and LV volume during a 

single cycle of cardiac contraction (systole) and relaxation (diastole) as a function of time. The four phases of a 

cardiac cycle: (1) filling, (2) isovolumic contraction, (3) ejection and (4) isovolumic relaxation, separated by the 

states of the mitral and aortic valves: (a) mitral valve closes, (b) aortic valve opens, (c) aortic valve closes and (d) 

mitral valve opens.  B: LV pressure-volume loop, depicting the four phases and states of the mitral and aortic 

valves. The arrows indicate the direction of time. 

In the first phase, the heart is in its relaxed (diastolic) state; the atrial pressure is slightly above that of 

ventricular pressure (red line) and blood enters the LV through the mitral valve resulting in an increase 

of ventricular volume. At time ‘a’, there is electrical activation of the heart, contraction of cardiac 
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muscle commences and ventricular pressure rises. The increase of ventricular pressure, first above that 

of the atrial (at time ‘a’; closing of the mitral valve) and then of the aortic pressure (at time ‘b’), with 

constant ventricular volume, defines the second phase. The third phase begins at time ‘b’; the 

ventricular pressure slightly exceeds the aortic pressure and the aortic valve opens, and blood is ejected 

from the ventricle into the aorta and ventricular volume decreases. As the myocytes begin to relax, 

upon reaching the maximum pressure, the rate of ejection decreases until ventricular pressure falls 

below the aortic pressure. This results in closure of the aortic valve (at time ‘c’), and the final phase 

commences. Ventricular pressure continues to decline, at constant ventricular volume, with both the 

mitral and aortic valves in the closed state. The sequence then repeats. A more useful view of cardiac 

pump function is the pressure-volume (PV) loop. This is accomplished by plotting ventricular pressure 

against ventricular volume.  The instantaneous relationship is shown in Figure 1.3B, from which we can 

identify the four phases of the cardiac cycle, as well as the times when the valves opens and close. The 

PV trajectory goes around in a counter-clockwise direction. With this representation, it is easy to 

ascertain values of several parameters and variables of physiological importance. 

 

1.3 Cardiac Energy Metabolism 

Cardiac muscle displays remarkable homeostasis (Figure 1.4) of its direct source of energy for 

contraction, adenosine triphosphate (ATP). ATP is synthesised within the inner membrane of the 

mitochondria by oxidative phosphorylation (a complex sequence of reactions, including the tricarboxylic 

acid cycle, the electron transfer chain and the ATP synthetase). ATP reacts, in the mitochondrial outer 

membrane, with creatine (Cr) to form phosphocreatine (PCr) and ADP, a reaction of which is catalysed 

by the mitochondrial iso-enzyme of creatine kinase (CK).  

During contractions, ATP is hydrolysed into ADP and Pi by the energy sinks (primarily the actomyosin 

ATPase, SERCA and the sarcolemmal Na+-K+ ATPase). But, ATP is quickly restored from 

re-phosphorylation of its product ADP by PCr, within the cytosol, which is catalysed by the cytosolic 

iso-enzyme of CK. Thus, cytosolic iso-enzyme of CK holds ATP and PCr in equilibrium (equilibrium 

constant of about 100). Since the equilibrium is greatly shifted toward ATP formation (and not toward 

PCr formation) suggests that ATP is the preferred immediate source of energy for muscle contraction.  
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Figure 1.4: Scheme of cardiac energy metabolism in the mitochondrial inner membrane (green), the mitochondrial 

outer membrane (yellow), cytosol (blue) and sites of ATPase sinks (purple). ATPase hydrolyses ATP into products of 

ADP and Pi. In the cytosol, ADP is re-phosphorylated by PCr into ATP and Cr (catalysed by the cytosolic iso-ezyme of 

creatine kinase, CK), whereas Pi diffuses into the mitochondria. PCr that diffuses into the cytosol to 

re-phosphorylate ADP is re-phosphorylated from Cr in the vicinity of mitochondria. In the mitochondrial inner 

membrane, ADP is re-phosphorylated to ATP in a complex reaction known as oxidative phosphorylation. The ATP 

generated then diffuses to the energy sinks and is hydrolysis to ADP in the mitochondria outer membrane which is 

catalyses by the mitochondrial iso-ezyme of CK.   

 

1.4 Oxygen Consumption and Pressure-Volume Area 

The change of ventricular pressure, which arises from contraction and relaxation of the cardiac muscle, 

is associated with expenditure of metabolic substrate, subsequent to the hydrolysis of ATP, which is 

funded almost exclusively by mitochondrial oxidative phosphorylation. 

Direct measurement of ATP hydrolysis, or surrogate measures such as oxygen consumption (VO2) and 

heat production, are performed to quantify the energetics of cardiac mechanical function. Yet, the most 

reliable predictor of cardiac energetics is, surprisingly, phenomenological in nature (Loiselle et al., 2008). 

This description is attributable to Suga and colleagues (Suga et al., 1981; Suga et al., 1981) who first 

revealed a linear correlation between VO2 and pressure-volume area (PVA).A schematic of the linear 

VO2-PVA relation is shown in Figure 1.5C.  
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PVA is the area bounded by the end-systolic and end-diastolic PV relationships (ESPVR and EDPVR) and 

the systolic segment of the PV loop trajectory. As shown in Figure 1.5A, PVA is the sum of potential 

energy (U) and work (W). PVA can convincingly predict the VO2 (or change of enthalpy: -ΔH = W + heat) 

of the heart under different preloads (stretch on the myocardial wall at the end of diastole, i.e., during 

phase 1) and afterloads (the load imposed on the ventricle during the ejection period). The end-systolic 

points (point ‘c’ Figure 1.3B) of the various preloaded isovolumic PV lines (purple solid line), afterloaded 

PV loops (red solid lines) or combination of both (red dotted lines), shown graphically in Figure 1.5B, 

define the ESPVR and the diastolic trajectories of these loops all lie on the EDPVR.  

 

Figure 1.5: A: the pressure-volume (PV) loop (refer Figure 1.3B) in which the area of the loop represents the 

external mechanical work (W) done by the cardiac muscle, and the area of the ‘triangle’ to the left of the loop 

represents the potential energy (U), which is bounded by the end-systolic PV relationship (ESPVR; upper broken 

line) and the end-systolic PV relationship (EDPVR; lower broken line). B: the ESPVR is obtained by fitting a (straight) 

line to the end-systolic points (end of phase 3 of the cardiac cycle), whereas the EDPVR is obtained by fitting a 
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non-linear line to the end-diastolic PV lines (phase 1 of the cardiac cycle), of PV loops at various preloads (purple 

lines; isovolumic contractions), afterloads (red solid lines), or combination of both (broken red lines). C: oxygen 

consumption (VO2) or its energetic equivalent (change of enthalpy, -ΔH; which is the sum of W and heat) of the 

heart is linearly correlated with pressure-volume area (PVA; sum of U and W) of the ventricle. D: equivalently, in 

one-dimensional (1-D) preparations (papillary muscle), VO2 (or -ΔH) is also linearly correlated with 

force-length area (FLA). 

 

The linear VO2-PVA relation was first demonstrated in the isolated, cross-perfused dog heart 

(Khalafbeigui et al., 1979) but has since been shown to prevail in a number of species including rabbit 

(Goto et al., 1988; Gibbs, 1995), mouse (Kameyama et al., 1998; How et al., 2005; How et al., 2006; 

Boardman et al., 2009), rat (Wannenburg et al., 1992; Hata et al., 1998; Morii et al., 1998; Tsuji et al., 

2001; Hu et al., 2004; Yoshikawa et al., 2005; Sakata et al., 2007; Takewa et al., 2009) and human 

(Takaoka et al., 1992; Takaoka et al., 1993; Takaoka et al., 1994). Linearity also prevails in the ’one-

dimensional’ (1-D) preparation in which force-length area (FLA) is the 1-D equivalent of the PVA of the 

3-D whole-heart (see Figure 1.5D). Specifically, a linear VO2-FLA relation is found in right-ventricular (RV) 

papillary muscles isolated from the ferret heart (Hisano and Cooper, 1987) as well as (-ΔH)-FLA relation 

in RV papillary muscles dissected from the rabbit heart (Holmes et al., 2002) . The same argument holds 

for any other index of metabolic energy expenditure, such as heat production, ATP utilisation, or 

carbon-dioxide production. For example, heat-FLA has been shown to be linear in the RV papillary 

muscles of the rabbit (Mast and Elzinga, 1990; Kiriazis et al., 1992).  

 

1.5 Partition of Energy  

From the simplified description of cardiac energy metabolism in Section 1.3, muscle contraction is 

derived from two groups of biochemical processes: those that consume high-energy phosphates (called 

initial processes), and those that re-generate high-energy phosphates (called recovery processes). The 

initial processes occur during contraction whereas the recovery processes are related to processes 

predominating after contraction is over. Associated with the initial processes are (i) the -ΔH (external 

mechanical work plus heat) output by crossbridges from splitting of PCr and hydrolysis of ATP 

(‘crossbridge -ΔH’) and (ii) the heat output of SERCA and sarcolemmal Na+-K+ ATPase (activation heat). 

The recovery processes are associated with the heat output from oxidative re-synthesis of PCr by the 

mitochondria. 
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Figure 1.6 shows a schematic of the empirical linear -ΔH-FLA relation and partition of -ΔH into its various 

components. The sum of initial -ΔH (‘crossbridge -ΔH’ plus activation heat) and recovery heat described 

in the preceding paragraph constitutes active -ΔH. The sum of active -ΔH and basal heat (i.e., 

metabolism of quiescent muscle) represents total -ΔH. With our two instruments (to be described in 

Chapters 3 and 8, respectively), due to their flow-through nature, we lack the resolution to separate 

initial -ΔH and recovery heat. Nevertheless, by linear-fitting and extrapolation, we can distinguish 

activation heat from active -ΔH.  

 

Figure 1.6: Schematic of the empirical linear relation between change of enthalpy (-ΔH = external mechanical 

work, W, plus heat) and force-length area (FLA) of papillary muscles undergoing work-loop contractions (Figure 

1.3), illustrating partitioning -ΔH into its various components. Under an isometric contraction (i.e., W is 

zero), -ΔH comprises entirely of heat, i.e., crossbridge -ΔH is equivalent to crossbridge heat. 
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1.6 Research Motivations 

Cardiac ventricular trabeculae are naturally arising linear strands of cardiac tissues present in both 

ventricles of the heart. They are minute in radial dimension (typically 100 µm – 300 µm) and have 

myocytes axially arranged which make them a preferable choice of isolated cardiac preparations. They 

are now widely used in the study of ionic, mechanical, and metabolic function of cardiac muscle. 

Surprisingly, their relationship between mechanical performance and metabolic function [i.e., oxygen 

consumption (VO2) or change of enthalpy (-ΔH)] has not yet been determined. Specifically, whether 

their metabolic output is linearly dependent on force-length area (FLA) remains unknown.  

The primary motivation of this research is to determine the relationship between -ΔH and FLA of cardiac 

trabeculae. Hisano and Cooper (1987) have found linear dependence of VO2 on FLA in papillary muscles, 

consistent with the empirically-observed linear VO2-PVA of the heart. The authors concluded that the 

linear VO2-PVA relationship is an inherent property of 1-D cardiac muscle, rather than an emergent 

property of the 3-D intact heart. That is, the phenomenon arises at the cellular level. Hence, we expect 

to find a linear -ΔH-FLA relation in cardiac trabeculae. 

The second motivation is to understand, and to provide a mechanistic explanation for, the nature of 

linear VO2-PVA (or FLA) relationship of the heart, first determined by Suga and colleague (Suga et al., 

1981; Suga et al., 1981).  PVA consists of the sum of external mechanical work (W) and ‘potential 

energy’ (U). The inverse of the slope of the VO2-PVA relationship, i.e., ratio of (U+W) to -ΔH is defined by 

Suga as a measure of cardiac contractile efficiency (we name it “Suga’s PVA-efficiency”). This measure of 

‘efficiency’ is particularly disturbing because it implies a constant stoichiometry between VO2 and PVA 

under different contractile states. In contrast, a conventionally-used index of efficiency, called 

mechanical efficiency (ratio of W to -ΔH), is dependent on both preload and afterload. To understand 

better the difference between these two measures of efficiency, we need to know what does ‘U’ 

represent, beyond its current definition (the ‘stored energy’). Despite numerous experimental (see 

above) and theoretical (Gibbs and Chapman, 1985; Yasumura and Suga, 1988; Taylor et al., 1993; Taylor 

et al., 1993; Landesberg and Sideman, 1999; Vendelin et al., 2000) investigations, the cellular basis of 

the linear dependence of metabolic energy expenditure on PVA or FLA and for ‘U’ remains obscure 

(Loiselle et al., 2008). 
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We hypothesise that there appear to be some forms of correlation between the time-integral, or the 

duration, of twitch force and FLA (or the two components of FLA: ‘U’ and W). Our hypothesis arises from 

two main sources: (1) the conjecture by Vendelin et al. (2000) that the twitch duration has to be a 

positive function of sarcomere length in order for the VO2 to be linearly correlated with FLA, and (2) the 

prediction by the mathematical model of Landesberg and Sideman (1999) that the time-integral of 

twitch force is proportional to the ‘U’. We aim to provide experimental evidence to test whether these 

predictions are upheld. 
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1.7 Thesis Overview 

Chapter 2: Cardiac Ventricular Trabeculae outlines the methodology of isolating cardiac ventricular 

trabeculae from the rat heart, and quantifies their width-to-thickness ratio. 

Chapter 3: The Flow-through Micromechanocalorimeter describes our recently-developed, unique, 

flow-through micromechanocalorimeter for measuring, simultaneously, the heat and force production 

of cardiac trabeculae. 

Chapter 4: Adequacy of Oxygen Supply via Diffusion confirms, by use of a mathematical model, that 

isolated cardiac trabeculae, in the micromechanocalorimeter (Chapter 3), under various experimental 

conditions, are adequately supplied with oxygen via diffusion.  

Chapter 5: Energetic Cost of Twitch Stress Production measures, using the micromechanocalorimeter 

(Chapter 3) the energetics of stress (force per cross-sectional area) production and determines the 

heat-force relationships of cardiac trabeculae undergoing fixed-end contractions, under various 

inotropic, chronotropic and lusitropic states. 

Chapter 6: Mechanisms of Incomplete Twitch Stress Relaxation explores the cellular mechanisms 

contributing to an extreme lusitropic state, i.e., the incomplete relaxation of twitch stress that occurs at 

a relatively high stimulus frequency. 

Chapter 7: The Linearity between Heat Production and Stress-Length Area reports the linear 

correlation between heat and stress-length area (SLA) of isolated ventricular trabeculae undergoing 

fixed-end contractions, and tests the hypothesis that the duration of twitch stress has to be a linear 

function of muscle length for the heat-SLA relationship to be linear. 

Chapter 8: The Work-Loop Calorimeter describes our innovative, recently-constructed, work-loop 

calorimeter for measuring, simultaneously, the heat production and stress-length work-loops of cardiac 

trabeculae. The mechanics of the stress-length work-loop contraction mimic those of the 

pressure-volume work-loops experienced by the heart. 
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Chapter 9: Energetic Cost of Stress-Length Work-Loops determines, using the work-loop calorimeter 

(Chapter 8), the relationship between the change of enthalpy (-ΔH) and SLA of cardiac trabeculae 

undergoing work-loop contractions. In addition, it reports values of three measures of cardiac efficiency 

(mechanical efficiency, Suga’s PVA-efficiency and crossbridge efficiency) and compares the values 

between trabeculae isolated from the right ventricles (RV) and the left ventricles (LV).  

Chapter 10: Rates of Basal Heat Production compares the rates of basal heat production between RV 

and LV trabeculae. 

Chapter 11: The ‘Potential Energy’ portion of Stress-Length Area scrutinises the linearity between -ΔH 

and SLA by relating the two components of SLA [namely the ‘potential energy’ (U) and the external 

mechanical work (W)] to distinct portions of the area under the twitch profile. 

Chapter 12: Thesis Précis summarises the main findings of this research. 
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1.8 Contributions to the Thesis 

Unless otherwise stated below, I performed all experiments, mathematical modelling (Chapter 4) and 

analysis of data including preparation of Figures. 

The contents of the Thesis have been extensively discussed with, and Thesis has been critically reviewed 

by, my supervisors: A/Prof. Poul Nielsen and A/Prof. Denis Loiselle. Unless otherwise stated below, ‘we’ 

in the Thesis refer to the three of us. 

My research has been assisted by, or discussed with, several people as follows. 

Chapter 2: I learned initial trabecula-dissection skill from Dr. Linda Zhang. Dane Gerneke assisted with 

imaging of trabeculae. 

Chapter 3: The micromechanocalorimeter (including its software) was constructed predominantly by 

Dr. Andrew Taberner and Dr. Robert Kirton. Dr. Andrew Taberner assisted with calibration of the device 

and preparation of Figure 3.1. The contents of this Chapter have been published: “Han J-C, Taberner AJ, 

Kirton RS, Nielsen PMF, Smith NP, and Loiselle DS. A unique micromechanocalorimeter for simultaneous 

measurement of heat rate and force production of cardiac trabeculae carneae. J Appl Physiol 107: 946-

951, 2009.” In this Chapter, ‘we’ refers to the authors. 

Chapter 4: I was assisted in mathematical modelling by A/Prof. Rosalind Archer and in parameter 

sensitivity analysis by Dr Mike Cooling. Half of the data points in Figure 4.2B-D were supplied by 

Dr. Nari Kim. The contents of this Chapter have been published: “Han J-C, Taberner AJ, Kirton RS, 

Nielsen PMF, Archer R, Kim N, and Loiselle DS. Radius-dependent decline of performance in isolated 

cardiac muscle does not reflect inadequacy of diffusive oxygen supply. Am J Physiol Heart Circ Physiol 

300: H1222-H1236, 2011.” In this Chapter, ‘we’ refers to the authors. 

Chapter 5: I received advice with statistical analysis of data from A/Prof. Henry Feldman (Pediatrics 

Department, Children’s Hospital Boston) and Joanna Stewart (Statistics Department, Faculty of Medical 

and Health Sciences). Part of the contents of this Chapter has been published: “Han J-C, Taberner AJ, 

Nielsen PMF, Kirton RS, Ward M-L, and Loiselle DS. Energetics of stress production in isolated cardiac 
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trabeculae from the rat. Am J Physiol Heart Circ Physiol 299: H1382-H1394, 2010.” In this Chapter, ‘we’ 

refers to the authors. 

Chapters 6: I performed the experiments involving Ca2+ using the fluorescence muscle-rig of 

Dr. Marie-Louise Ward, and trabeculae were prepared and Fura-2-loaded by Xin Shen and Sarbjot Kaur. 

Part of the contents of this Chapter has been published: “Han J-C, Taberner AJ, Nielsen PMF, Kirton RS, 

Ward M-L, and Loiselle DS. Energetics of stress production in isolated cardiac trabeculae from the rat. 

Am J Physiol Heart Circ Physiol 299: H1382-H1394, 2010.” In this Chapter, ‘we’ refers to the authors. 

Chapter 7: As in Chapter 6, I performed the experiments involving Ca2+ using the fluorescence muscle-rig 

of Dr. Marie-Louise Ward, and trabeculae were prepared and Fura-2-loaded by Xin Shen and 

Sarbjot Kaur. Results presented in this Chapter have been discussed with Dr. Kenneth Tran, 

A/Prof. Edmund Crampin, A/Prof. Martyn Nash, and Dr. David Nickerson. 

Chapter 8: The work-loop calorimeter (including its software) was constructed by Dr. Andrew Taberner. 

He prepared Figure 8.1 and the contents of Section 8.1, as well as assisting with calibration of the 

components of the device (Figure 8.2). The contents of this Chapter have been published: “Taberner AJ, 

Han J-C, Loiselle DS, and Nielsen PMF. An innovative work-loop calorimeter for in vitro measurement of 

the mechanics and energetics of working cardiac trabeculae. J Applied Physiology: 2011, 

jap.00752.2011.” In this Chapter, ‘we’ refers to the authors. 

Chapters 9 and 10: Statistical analysis of data was assisted by A/Prof. Denis Loiselle.  
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1.9 Thesis Communication 

The contents of this Thesis have been communicated, through publications, in: 

Peer-reviewed Journal Articles: 

1. Taberner AJ, Han J-C, Loiselle DS, and Nielsen PMF. An innovative work-loop calorimeter for in 

vitro measurement of the mechanics and energetics of working cardiac trabeculae. J Applied 

Physiology 111: 1798-1803, 2011. 

2. Han J-C, Taberner AJ, Kirton RS, Nielsen PMF, Archer R, Kim N, and Loiselle DS. 

Radius-dependent decline of performance in isolated cardiac muscle does not reflect 

inadequacy of diffusive oxygen supply. Am J Physiol Heart Circ Physiol 300: H1222-H1236, 2011. 

3. Han J-C, Taberner AJ, Nielsen PMF, Kirton RS, Ward M-L, and Loiselle DS. Energetics of stress 

production in isolated cardiac trabeculae from the rat. Am J Physiol Heart Circ Physiol 299: 

H1382-H1394, 2010. 

4. Han J-C, Taberner AJ, Kirton RS, Nielsen PMF, Smith NP, and Loiselle DS. A unique 

micromechanocalorimeter for simultaneous measurement of heat rate and force production of 

cardiac trabeculae carneae. J Appl Physiol 107: 946-951, 2009. 

Conference Proceedings: 

1. Loiselle DS, Taberner AJ, Han J-C, and Nielsen PMF. An experimental test of The Vendelin 

Conjecture. XXX Annual Meeting of the European Section of the International Society of Heart 

Research, Haifa, Israel, 2011, p. 35-38. 

2. Taberner AJ, Han J-C, Loiselle DS, and Nielsen PMF. A work-loop calorimeter for measuring the 

force-length-heat relationship of working excised cardiac muscle fibers. 33rd Annual 

International Conference of the IEEE Engineering in Medicine and Biology Society. Boston, 

Massachusetts USA: 2011, p. 1901-1904. 

3. Taberner AJ, Han J-C, Kirton RS, Loiselle DS, and Nielsen PMF. Stress production, heat 

production and dynamic modulus of rat isolated cardiac trabeculae revealed in a flow-through 

micro-mechano-calorimeter. 32nd annual international conference of the IEEE Engineering in 

Medicine and Biology Society. Buenos Aires, Argentina: 2010, p. 1860-1863. 

4. Han J-C, Taberner AJ, Nielsen PMF, Kirton RS, and Loiselle DS. Heat-stress relationships of rat 

cardiac trabeculae determined using a micromechanocalorimeter. The third international 
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conference on the development of biomedical engineering in Vietnam. Ho Chi Minh, Vietnam: 

IFMBE Proceedings, 2010, p. 90-93. 

Conference Abstracts: 

1. Han J-C, Taberner AJ, Nielsen PMF, and Loiselle DS. Comparison of the net mechanical efficiency 

of cardiac trabeculae isolated from the right and the left ventricles. Medical Sciences Congress, 

2011. Queenstown, New Zealand. Oral presentation by Han J-C. 

2. Taberner AJ, Han J-C, Nielsen PMF, and Loiselle DS. A work-loop calorimeter for measuring the 

force-length-heat relationship of working excised cardiac muscle fibers. 33rd Annual 

International Conference of the IEEE Engineering in Medicine and Biology Society (EMBC’11), 

2011. Boston, United States. Poster presentation by Taberner AJ. 

3. Taberner AJ, Han J-C, Nielsen PMF, and Loiselle DS. The energetics of cardiac trabeculae 

undergoing quasi-realistic work-loops. 4th Cardiac Physiome Workshop, 2011. Oxford, England. 

Oral presentation by Loiselle DS. 

4. Taberner AJ, Han J-C, Nielsen PMF, and Loiselle DS. The energetics of cardiac trabeculae 

undergoing quasi-realistic work-loops. Physiology 2011, the Annual Meeting of the Physiological 

Society, 2011. Oxford, England. Poster presentation by Loiselle DS. 

5. Loiselle DS, Taberner AJ, Han J-C, Nielsen PMF. An experimental test of the Vendelin Conjecture. 

The XXX Annual Meeting of the European Section of the International Sociery of Heart Research, 

2011. Haifa, Israel. Oral presentation by Loiselle DS. 

6. Han J-C, Taberner AJ, Nielsen PMF, Kirton RS, Ward M-L, and Loiselle DS. Mechanisms 

contributing to incomplete twitch relaxation in healthy cardiac trabeculae.  Medical Sciences 

Congress, 2010. Queenstown, New Zealand. Oral presentation by Han J-C. 

7. Han J-C, Taberner AJ, Kirton RS, Nielsen PMF, Archer R, Kim N, and Loiselle DS. Rectifying a 

50-year old misinterpretation. Medical Sciences Congress, 2010. Queenstown, New Zealand. 

Oral presentation by Loiselle DS. 

8. Taberner AJ, Han J-C, Loiselle DS, and Nielsen PMF. A laser-interferometer based instrument for 

work-loop experiments on cardiac trabeculae. Medical Sciences Congress, 2010. Queenstown, 

New Zealand. Poster presentation by Taberner AJ. 

9. Taberner AJ, Han J-C, Loiselle DS, and Nielsen PMF. Stress production, heat production and 

dynamic modulus of rat isolated cardiac trabeculae revealed in a flow-through 

micro-mechano-calorimeter. 32rd Annual International Conference of the IEEE Engineering in 

Medicine and Biology Society, 2011. Buenos Aires, Argentina. Oral presentation by Taberner, AJ. 
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10. Han J-C, Taberner AJ, Nielsen PMF, Kirton RS, and Loiselle DS. A micromechanocalorimetric 

study of the heat-stress relationships of healthy cardiac trabeculae from rat. NZBIO Conference, 

2010. Auckand, New Zealand. Poster presentation by Han J-C. 

11. Han J-C, Taberner AJ, Nielsen PMF, Kirton RS, and Loiselle DS. Heat-stress relationships of rat 

cardiac trabeculae determined using a micromechanocalorimeter. The third international 

conference on the development of biomedical engineering in Vietnam, 2010. Ho Chi Minh, 

Vietnam. Oral presentation by Han J-C. 

12. Han J-C, Taberner AJ, Nielsen PMF, Kirton RS, and Loiselle DS. The Heat-stress relationships of 

rat cardiac trabeculae: a micromechanocalorimetric study. COMBIO 2009. Christchurch, New 

Zealand. Oral presentation by Han J-C. 

13. Han J-C, Taberner AJ, Nielsen PMF, Kirton RS, and Loiselle DS. A micro-mechanocalorimetric 

study of the heat and force production of rat cardiac trabeculae. XXXVI International Congress of 

Physiological Sciences, 2009. Kyoto, Japan. Poster presentation by Han J-C. 

14. Han J-C, Niederer SA, Nielsen PMF, Kirton RS, Smith NP, and Loiselle DS. The profile of 

frequency- and Ca2+-dependent force development of rat cardiac trabeculae. Medical Sciences 

Congress, 2006. Rotorua, New Zealand; and NZBIO Conference, 2007. Auckland, New Zealand. 

Poster presentation by Han J-C.  
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Chapter 2   Cardiac Ventricular Trabeculae 

 

Chapter 2 

Cardiac Ventricular Trabeculae 

 

Cardiac ventricular trabeculae are naturally arising linear strands of cardiac tissues present in both 

ventricles of the heart. Over the last 30 years, they have become a common choice of experimental 

preparation and are widely used in the study of ionic, mechanical, and metabolic function of cardiac 

muscle because of two features: (1) they are multicellular and have myocytes that are axially-arranged so 

there is no other component of force of contraction except for axial force; (2) they are typically 50 µm –

 200 µm in radius and 1 mm – 3 mm in length, so when isolated and superfused with oxygen-rich solution, 

they are generally adequately supplied with oxygen via radial diffusion (I will test this supposition in 

Chapter 4). 

 

2.1 Preparation of Cardiac Trabeculae 

I performed all experiments, in accord with the protocols approved by The University of Auckland Animal 

Ethics Committee. 

Male Wistar rats (age: 8 weeks – 10 weeks, weight: 250 g – 350 g) were deeply anaesthetised with 

isofluorane prior to decapitation, thoracotomy, and cardiectomy. The excised hearts were quickly plunged 

into cold dissection solution to induce cardiac arrest.  
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The aortae were cannulated in the dissection chamber, in which the hearts were Langendorff-perfused 

with the dissection solution at room temperature (22°C – 24°C). Langendorff perfusion forced the aortic 

valve to close, and allowed the dissection solution to flow into the coronary system and excited via the 

coronary sinus in the right atrium. The dissection solution was a modified Tyrode’s solution containing 

130 mM NaCl, 6 mM KCl, 1 mM MgCl2, 0.5 mM NaH2PO4, 0.3 mM CaCl2, 10 mM HEPES, 10 mM glucose, 

and 20 mM BDM (2,3-butanedione monoxime). The solution was in equilibrium with 100% oxygen, and 

had a pH of 7.4 (titrated using Tris). BDM was added to terminate spontaneous crossbridge cycling and to 

minimise irreversible muscle damage during dissection (Mulieri et al., 1989). Once washed out, cardiac 

muscle restored its normal energetic and mechanical function (Kiriazis and Gibbs, 1995). 

The right ventricular wall of the heart was cut open. Unbranched and geometrically uniform trabeculae 

were dissected, including trimmed blocks of ventricular tissue at each end, from the inner wall (Figure 

2.1). A trabecula was transferred (by sucking it into the tip of a syringe) from the dissection chamber to 

the measurement chamber containing experimental superfusate having the same composition as the 

dissecting solution except for the absence of BDM and an increase of Ca2+ concentration (to 1 mM or 

2 mM). 

   

Figure 2.1: A: right-ventricular inner wall of a rat heart, the arrow showing an unbranched, geometrically-uniform 

trabecula one end of which was attached to the atrioventricular valve and the other end to the ventricular wall. B: 

the trabecula was dissected out with blocks of tissue at its ends. C: the blocks of tissue were trimmed. 

Each end of the trabecula was mounted onto a hook (see Figure 3.3) in the horizontal position. The 

trabecula was then electrically field stimulated to contract at 0.2 Hz for at least 1 hr. During this 

Atrioventricular valve 

Right-ventricular inner wall 
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equilibration period, its length was gradually increased from slack length to the length at which the 

developed twitch force was maximal (Lo). 

 

2.2 Width-to-Thickness Ratio of Cardiac Trabeculae 

To obtain the geometry of the cross-section of trabeculae (quantified as the width-to-thickness ratio), 

trabeculae (n = 8), at Lo, were immersed in Bouin’s solution for 15 min. Bouin’s solution fixes the tissue 

and provides an acidic environment to aid in staining of the tissue (Goo et al., 2009). Staining was 

achieved using picrosirius red. The period of picrosirius red diffusion into the trabeculae was at least 12 hr 

to ensure sufficient time for staining the entire cross-sectional area. Fixed and stained trabeculae were 

processed for resin embedding by dehydration through a graded ethanol series (in order of 30%, 50%, 

70%, 80%, 95% and 100% ethanol; 15-min steps). Dehydrated trabeculae were then placed in a 1:1 

mixture of resin (Epon 812) and propylene oxide for 2 hr, followed by pure resin for 4 hr. 

 

A silicon mould was used in the resin embedding procedure. The mould was half-filled with pure resin and 

placed in an oven at 60oC for 3 hr. It was then taken out of the oven and allowed to cool. The trabeculae 

were placed on the surface of the partially cured resin, aligned parallel to the axial axis of the mould. The 

mould was then filled with pure resin and cured for an additional 4 hr. The cross-sections of the Bouin’s-

fixed, picrosirius red-stained and resin-embedded trabeculae were imaged using the Extended-Volume-

Imaging-Unit described in detail by Sands et al. (2005). The imaging unit comprises a confocal microscope, 

a high-precision 3-axis translation stage and an ultra-mill. The resin blocks containing trabeculae were 

milled in steps of 20 µm – 50 µm along the longitudinal axis of the block. Figure 2.2 shows the 

cross-sections of six Bouin’s-fixed, picrosirius red-stained and resin-embedded trabeculae.  

 

Using custom-written software, the maximum diameter of the cross-section of each trabecula (i.e., width), 

and the diameter at an angle perpendicular to the maximum diameter (i.e., thickness), were estimated. 

The width-to-thickness ratio was retrospectively computed. For the 8 trabeculae examined (the first 6 

trabeculae’ cross-sectional images are shown in Figure 2.2), their width-to-thickness ratios were, in order, 

1.34, 1.40, 1.09, 1.92, 1.29, 1.80, 1.40 and 1.85 [averaged to 1.51 ± 0.30 (mean ± standard deviation)]. Our 

values are in excellent agreement with reported values: 1.5-1.6 (Goo et al., 2009), 1.47 (Kirton et al., 

2005), 1.53 (Wang et al., 2006), 1.5-2.0 (Raman et al., 2006) and 1.73 (Hiranandani et al., 2006). 
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Figure 2.2: Six Bouin’s-fixed, picrosirius red-stained and resin-embedded rat cardiac trabeculae. Each column shows 

sequential cross-sections along the longitudinal axis. 

 

 



Cardiac Ventricular Trabeculae 

 

23 

 

2.3 Influences of the Assumption of „Circular Cross-Section of Muscle‟  

We can only measure a single value of diameter of trabecula via the graticule attached to the microscope 

on top of the measurement chamber of the micromechanocalorimeter (Figure 3.2). Thus, we were forced 

to assume the geometry of each trabecula to approximate that of a cylinder. A consequence of this 

assumption is that the estimated values for muscle heat (normalised to muscle volume) and muscle stress 

(force divided by muscle cross-sectional area) contain considerable errors. The true values of heat and 

stress are within 0.66 and 1.51 of the estimated value, given a width-to-thickness ratio of 1.51. For 

example, suppose a typical estimated stress value of 50 kPa (Figure 5.1A), the true value would lie 

between 33 kPa and 76 kPa. Similarly, suppose an estimated value of activation heat of 3.0 kJ m-3 (Figure 

5.8; quantified by the y-intercept of the heat-stress relation), its true value could be any values within 

2.0 kJ m-3 and 4.5 kJ m-3. 

However, the ‘circular cross-section’ assumption would not alter the qualitative relationship between 

muscle heat and muscle stress (Figure 5.8) since both quantities are derived from the same value of 

muscle cross-sectional area. Likewise, the difference of the intercepts of the heat-stress relationships 

between different experimental interventions (i.e., 1 mM versus 2 mM [Ca2+]o; Figure 5.8) is independent 

of the assumption, provided that both values of intercepts are estimated from the same trabecula. More 

importantly, the efficiency (Figure 9.8) of trabeculae is independent of the shape of their cross-section. 

Both the numerator and the denominator of efficiency calculation are normalised to the same value of 

muscle radius. 
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Chapter 3   The Flow-through Micromechanocalorimeter 

 

Chapter 3 

The Flow-Through Micromechanocalorimeter 

 

Cardiac muscle is a thermodynamic transducer, which is capable of transducing a fraction of biochemical 

enthalpy into external mechanical work, with the remainder degraded as heat. During fixed-end (i.e., 

quasi-isometric) contractions, in which the external work is zero, the rate of heat production provides an 

index of the rate of metabolic energy expenditure. The close correlation between mechanical 

contraction and its energetic consequence (heat production) requires these two quantities to be 

measured, simultaneously, on the same preparation, in order to understand fundamental aspects of 

cardiac energy transduction. 

Simultaneous measurement of heat rate and force production of cardiac trabeculae can be achieved 

using the flow-through micromechanocalorimeter (constructed predominately by Dr. Andrew Taberner). 

This Chapter describes the principle of operation and capabilities of the micromechanocalorimeter. 

The contents of this chapter have been published in “Han J-C, Taberner AJ, Kirton RS, Nielsen PM, Smith 

NP, and Loiselle DS. A unique micromechanocalorimeter for simultaneous measurement of heat rate 

and force production of cardiac trabeculae carneae. J Appl Physiol 107: 946-951, 2009.” 
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3.1 Motivation for constructing a Flow-Through Instrument 

Cardiac heat production was first measured using the myothermic technique (Gibbs et al., 1967). This 

technique requires the preparation to be in direct contact with a thermopile. One end of the 

preparation is fastened to the bottom of the thermopile frame, while the other end is attached to a 

force transducer. The preparation and the thermopile are contained in a muscle chamber bathed with 

oxygenated solution (Loiselle, 1985). To make myothermic measurements, the solution must be drained 

from the preparation. That is, during a measurement period, the preparation is covered merely by an 

adhering layer of solution. The measurement is complicated by the relatively high heat loss that exists 

(Gibbs et al., 1967; Loiselle, 1985), and corrections must be made to account for this thermal artefact 

(Gibbs et al., 1967; Gibbs and Gibson, 1969; Loiselle, 1985). It is thus a desire to (1) have the preparation 

superfusated at all time to miminise the risk of tissue anoxia, and (2) skip the unnecessary procedure in 

correcting for heat loss. 

The myothermic technique has allowed simultaneous measurements of mechanics and thermal output 

of papillary muscles, enabling determination of the relationship between heat and force production 

(Gibbs et al., 1967; Gibbs and Gibson, 1969; 1970; Loiselle, 1979; Loiselle and Gibbs, 1979; Gibbs et al., 

1988; Gibbs et al., 1990; Kiriazis et al., 1992; Kiriazis and Gibbs, 1995; 2001). However, papillary muscles 

have cross-sectional area about 10 times greater than cardiac trabeculae. Thus, to ensure adequate 

diffusive supply of oxygen, cardiac trabeculae are more favourable.  

The heat production of cardiac trabeculae was first measured by Daut and Elzinga (1988; 1989) in their 

novel, flow-through, microcalorimeter. Using the microcalorimeter, they were able to report the rates of 

heat production of cardiac trabeculae with submicrowatt resolution. The microcalorimetric technique 

involves measuring the temperature increase of a solution (superfusate) flowing over a respiring 

trabecula. For a given superfusate flow rate, the heat produced by the trabecula causes a proportional 

increase in the temperature of the superfusate. Under constant flow conditions, the temperature 

difference between the upstream side and the downstream side of the trabecula is thus proportional to 

the rate of heat liberated by the trabecula.  

The calorimetric technique has since been applied to both intact (Schramm et al., 1994; Loiselle et al., 

1996; Taberner et al., 2005) and chemically skinned (Loiselle et al., 1993; Köhnke et al., 1997) 
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preparations. As yet, it has not proved possible to make simultaneous measurement of thermal output 

and mechanical performance in cardiac trabeculae preparations.  

The motivation for designing and constructing a flow-through micromechanocalorimeter was to 

simultaneously measure the heat rate (using non-contact thermopiles) and force production of cardiac 

trabeculae (thereby avoiding the risk of tissue anoxia) suspended in continuously replenished 100% 

oxygen-saturated and nutrient-rich superfusate. 

 

3.2 The Micromechanocalorimeter 

A flow-through micromechanocalorimeter has been recently constructed (predominantly by 

Dr. Andrew Taberner), which consists of three major components: a compound muscle-length actuator, 

a flow-through microcalorimeter (Taberner et al., 2005) and a silicon-beam force transducer. The 

mircocalorimeter moiety is based on the Daut-Elzinga’s principle (Daut and Elzinga, 1988; 1989); that is, 

the increment of superfusate temperature as the superfusate flows over a respiring trabecula is 

proportional to the rate of heat production of the trabecula. 

The breakthrough to making simultaneous mechanical measurement with thermal measurement 

follows the decision to adopt an ‘open-ended’ design for the measurement chamber of the 

microcalorimeter. Open-endedness allows insertion of tubular quartz arm into either end. The upstream 

quartz arm connects to the compound muscle-length actuators, whereas the downstream quartz arm 

connects to the force transducer. The trabecula is connected between the quartz arms. 

 

3.2.1 Design and Principle of Operation 

A diagram of the micromechanocalorimeter is presented in Figure 3.1. Its microcalorimetric component 

has been described previously (Taberner et al., 2005). Briefly, it comprises an open-ended measurement 

chamber, two externally-mounted arrays of non-contact thermopile sensors and an open-topped 

muscle-mounting chamber.  



The Flow-Through Micromechanocalorimeter 

 

28 

 

The measurement chamber consists of a borosilicate glass tube of square cross-section (1 mm inner 

width and 7 mm long) glued into a gold-plated brass housing. Inserted into both ends of this glass tube 

are tubular quartz arms (700 µm outer and 500 µm inner diameters) to which are glued double-J-shaped 

platinum hooks for secure attachment of the trabecula (Figure 3.3). The upstream quartz arm is 

attached to a compound muscle-length actuator, which comprises a high-speed piezoelectric actuator 

(Queensgate Technologies) and a low-speed DC actuator (M-227.25 DC-Mike, Physik Instrumente (PI)). 

The “Queensgate actuator” has a maximum displacement of ±5 µm and its frequency response is flat to 

100 Hz. It is used to make microscopic changes of muscle length. The “PI actuator” has a maximum 

travel range of 25 mm and a maximum velocity of 1 mm s-1. It is used for macroscopic change of muscle 

length. The downstream quartz arm is attached to a silicon-beam force transducer (KX801 Micro Force 

Sensor, Kronex Technologies). 

A trabecula is positioned between the two externally-mounted thermopile arrays, which are 4 mm apart 

(Figure 3.1 top). Each thermopile array consists of three thermopile sensors (TS10, HLPlanarTechnik 

GmBH, Dortmund). Each sensor is mounted on the bottom and on each side of the outer surface of the 

borosilicate glass tube. The three thermopile sensors are each mounted at a distance of 50 µm – 100 µm 

from the outer surface of the borosilicate glass tube (measurement chamber), allowing the sensor 

membrane to be warmed by heat conducted through the air layer between the sensor and the glass 

tube. Each thermopile sensor consists of 100 BiSb thermocouples deposited on a Si3N4 membrane. They 

sense the temperature of superfusate upstream and downstream of the trabecula, respectively. As the 

superfusate flows over the trabecula, the downstream thermopile array senses a higher temperature in 

direct proportion to the rate of heat production by the trabecula and in inverse proportion to the 

velocity of flow.  
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Figure 3.1: Cut-away views of the micromechanocalorimeter. Top: A trabecula is mounted on platinum hooks. Each hook is 

attached to a quartz arm. Superfusate enters the measurement chamber via an upstream inlet (which penetrates the brass 

housing), flows over the trabecula and is collected downstream. The solid arrows indicate the direction of flow. Thermopile 

arrays sense the temperature of superfusate upstream and downstream of the trabecula. The increment in superfusate 

temperature is proportional to the rate of heat production of the trabecula. Bottom: Expanded view of the 

micromechanocalorimeter showing its three components: the compound muscle-length actuator consisting of a high-speed 

piezoelectric actuator (Queensgate actuator) and a low-speed DC actuator (PI actuator), the flow-through microcalorimeter, 

and the force transducer. Filter paper at the superfusate outlet prevents micro-meniscus disturbances to flow. 
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The three components of the micromechanocalorimeter are each mounted on a 3-axis 

micromanipulator stage. The entire device is mounted on a vibration-free optical breadboard. 

Photographs of the micromechanocalorimeter are shown in Figure 3.2. During experiments, the 

micromechanocalorimeter is placed in an optically-isolated and thermally-insulated enclosure. 

 

Figure 3.2: Photographs of the micromechanocalorimeter. A: the three components of the micromechanocalorimeter are each 

mounted on a 3-axis micromanipulator and on a vibration-free optical table. B: close-up view of the micromechanocalorimeter. 

Open-endedness design of the microcalorimeter allows insertion of quartz arm into the measurement chamber. The 

measurement chamber is continuous with the muscle-mounting chamber. The arrows show the inlet and outlet for 

superfusate. 
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Figure 3.3 shows a photograph of an attached trabecula (diameter: 200 µm; length: 3.2 mm) in the 

measurement chamber and superfused with the 100%-oxygenated experimental Tyrode’s solution. The 

trabecula was manoeuvred onto the hooks in the mounting chamber before it was translated into the 

measurement chamber.  

 

Figure 3.3: A top view at 50x magnification of a trabecula (200 µm in diameter and 3.2 mm in length), whose ends were 

attached to hooks, and positioned midway in the measurement chamber. 

 

3.2.2 Control and Data Acquisition  

The Queensgate actuator is driven from, and its position is monitored by, a data-acquisition card 

(PCI-6221, National Instruments). The PI actuator is controlled by a motor-controller card (PCI-7344, 

National Instruments).  

The voltage signal from the force transducer is acquired using the same data-acquisition card that is 

used to monitor the position of the Queensgate device (PCI-6221, National Instruments). The voltage 

signal from each thermopile array is measured using a nanovoltmeter (2182, Keithley) and is transferred 

to a computer via a GPIB interface. Force data are acquired at 50 kHz, while thermopile data are 

acquired at 6 Hz using LabView 8.5 (National Instruments). Data are recorded using LabView 

SignalExpress 2.5 (National Instruments).  

 

Hook Trabecula 
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3.2.3 The Superfusate 

Superfusate (i.e., oxygenated Tyrode’s solution) flows into the measurement chamber via an inlet near 

the open upstream end. Surface tension prevents spillage from the open end. Superfusate flows past 

the trabecula to the downstream end, where it is collected in beaker positioned on a microbalance 

(Scout Pro, Ohaus, Pine Brook, NJ). The collected superfusate mass is sampled at 7.14 Hz. A straight line 

is fitted to the most recent 1000 samples, where the slope of the fitted line estimates the flow rate.  

Pulsatile changes of meniscus shape as superfusate flows out of the measurement chamber into the 

muscle-mounting chamber are a potential source of noise on the force transducer signal. This noise is 

minimised by the presence of filter paper at the downstream outlet. Superfusate traverses the filter 

paper by capillary action and is continuously aspirated from the distal end by a vacuum pump. Thus, a 

steady flow of superfusate (nominally 1 µL s-1) is achieved by the combination of upstream gravity-feed 

coupled with a downstream non-pulsatile fluid removal scheme.  

 

3.2.4 Calibration and Sensitivity 

I calibrated the force transducer by orienting it vertically and suspending known masses from its beam. 

The sensitivity was calculated from the slope of the linear relationship between voltage output and 

weight (i.e., force) (Figure 3.4A), which was 875.00 ± 0.29 V N-1 (mean ± SD).  

 

Figure 3.4: A, linear relationship between voltage output and the weights attached (i.e., force) to the force transducer of which 

the slope of the relation represents the sensitivity of the force transducer (875.00 ± 0.29 V N
-1

). B, Quadratic fitting to the 
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relationship between heat sensitivity of the microcalorimeter and the superfusate flow rate. At 1 µL s
-1

, the sensitivity was 

1.6 V W
-1

. 

The heat sensitivity of the microcalorimeter was determined by attaching a 1-mm long thin-film resistor 

to the upstream quartz arm. The arm was then advanced to lie midway between the upstream and 

downstream thermopile arrays. Rectangular pulses of electrical power (1 mW; on and off durations of 

30 s, respectively) were liberated repetitively, and the differential voltage output (difference between 

the upstream and downstream thermopile voltage signals) was measured. The sensitivity of the 

microcalorimeter is given by the ratio of the differential voltage output of the thermopile arrays to the 

electrical power input from the resistor. The relationship between the heat sensitivity of the 

microcalorimeter and the superfusate flow rate was fitted by quadratic regression (Figure 3.4B). We 

determined the consistency of superfusate flow rate at 1 µL s-1. Over a 1-hr period, the flow rate was 

computed to be 0.9957 ± 0.0362 µL s-1 (mean ± SD), and the heat sensitivity of the microcalorimeter was 

1.6050 ± 0.0028 V W-1 (mean ± SD). 

 

3.3 Capabilities of the Micromechanocalorimeter 

To demonstrate the range of capabilities of the micromechanocalorimeter, I subjected cardiac 

trabeculae to several chronotropic, ionic, and pharmacological interventions.   

After a trabecula had been manoeuvred onto the platinum hooks in the mounting-chamber containing 

BDM, it was then translated into the measurement chamber. BDM-free superfusate (Tyrode’s solution 

bubbled with 100% oxygen and containing the desired Ca2+ concentration) then flowed into the 

measurement chamber and to the muscle-mounting chamber, rinsing away the BDM. 

The trabecula was then field-stimulated at 0.2 Hz using 3-V, 5-ms pulses generated by the PCI-6221 card 

and delivered via a platinum electrode located in the muscle-mounting chamber. The trabecula was 

then gradually stretched to the length (Lo) at which active force generation was maximal. At least 1 hr 

was allowed for the trabecula to equilibrate and its force and heat production to reach steady state.  

The platinum electrode is located in the muscle-mounting chamber to minimise stimulus heat. Stimulus 

heat was quantified at the end of experiment, in the absence of the trabecula, by running the stimulator 
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using the same stimulus parameters. It was 0.31 µW Hz-1 (estimated from the slope of the relation 

between stimulus heat rate and stimulus frequency) at 1 µL s-1. The rate of muscle heat production was 

corrected (by subtracting the total measured active heat from the stimulus heat) retrospectively. 

Viscous heating was assumed to be negligible (Loiselle et al., 1996). 

Muscle volume was estimated by assuming muscle geometry to approximate a cylinder (this assumption 

may introduce considerable error, as quantified in Section 2.3). The rate of heat production of each 

trabecula was divided by its wet volume and was reported in units of kW m-3. To convert heat rate to 

heat output per twitch, heat rate was divided by stimulus frequency. Force production was divided by 

muscle cross-sectional area and was expressed as stress and reported in units of kPa. Muscle length was 

reported as a fraction relative to Lo.  

    

3.3.1 Effects of Stimulus Frequency, [Ca2+]o, and Muscle Length 

The trabecula was subjected to various stimulus frequencies (0.2 Hz and 2.0 Hz), muscle lengths (100% 

and 88% Lo) and values of [Ca2+]o (1 mM and 2 mM). Muscle length was macroscopically reduced using 

the low-speed linear actuator (see Figure 3.1; ‘PI actuator’). Muscle stress and heat rate production 

were recorded simultaneously, as shown in Figure 3.5. The top two traces show the upstream and 

downstream thermopile signals in units of µV. The third trace shows the muscle heat rate production, 

which is proportional to the difference between the upstream and downstream thermopile signals and 

has been corrected for stimulus heat. The bottom trace shows the muscle stress production (muscle 

force divided by muscle cross-sectional area).  

Figure 3.5 illustrates several points. 1) The heat production associated with individual twitches at 0.2 Hz 

was discernible. 2) Muscle stress reached steady state and returned to its initial steady-state value after 

a change of frequency. 3) Muscle stress was greater at 0.2 Hz than at 2.0 Hz. 4) Muscle stress was 

greater at 2 mM than at 1 mM [Ca2+]o. 5) Muscle stress was greater at 100% Lo than at 88% Lo. 6) The 

baseline of muscle stress decreased when muscle length was reduced. 
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Figure 3.5: Records showing upstream and downstream thermopile signals, the resulting calculated muscle heat rate and 

muscle twitch stress at different values of stimulus frequency, muscle length and [Ca
2+

]o. Muscle heat rate is proportional to the 

difference between the upstream and downstream thermopile signals, and has been corrected for stimulus heat by subtracting 

stimulus heat from measured heat. The average value of muscle heat rate at steady-state is of interest. The trabecula was 

150 µm in diameter and 1.7 mm in length. 

 

3.3.2 Sinusoidal Perturbations of Muscle Length 

A trabecula was administrated with high concentrations of caffeine (10 mM) and of [Ca2+]o (5 mM). The 

response of the trabecula was shown in Figure 3.6: the upper trace shows its heat rate production, while 

the lower trace shows its stress production.  
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Figure 3.6: In the presence of 10 mM caffeine and 5 mM [Ca
2+

]o, 10-Hz stimulation elicited a fully fused tetanic contraction 

(bottom trace) and resulted in an increased heat rate production (upper trace). During the tetanus, muscle length was 

perturbed by 0.00124 Lo at five perturbation frequencies (1 Hz, 2 Hz, 5 Hz, 10 Hz and 100 Hz). The trabecula was 180 µm in 

diameter and 3.1 mm in length. 

At 0.2 Hz, the rate of heat production associated with individual twitches was discernible (Figure 3.6). 

Increasing stimulus frequency to 10 Hz induced tetanus and rate of heat production increased. It may be 

noted that the twitch-to-tetanus ratio was near unity, as has been reported for rat papillary muscles 

(Gibbs and Loiselle, 1978). After about 20 s – 30 s when the tetanic stress and heat rate had stabilised, 

the length of the trabecula was sinusoidally perturbed at different frequencies (1 Hz – 100 Hz). This 

small-amplitude (0.00124 Lo), high-frequency, microscopic oscillation of muscle length was achieved via 

the Queensgate actuator (see Figure 3.1). As amplified in the inset in Figure 3.6, the amplitude of the 

muscle length oscillation increased with increasing perturbation frequency. The amplitude of oscillation 

was proportional to the dynamic stiffness or dynamic modulus of the trabecula (discussed further in 

Section 6.1). These data provide the foundation for constructing the dynamic stiffness spectrum of the 

trabecula (Kawai et al., 1993; Kirton et al., 2005). Returning the stimulation to 0.2 Hz allowed full 

recovery by the preparation. 

High-speed muscle length oscillation can also be applied throughout the time course of twitch stress 

production (Figure 3.7). This technique has been proved useful for measuring the dynamic stiffness of 

cardiac muscle preparations to investigate their mechanical properties, in particular the behaviour of 

crossbridges (Templeton et al., 1973; Spurgeon et al., 1977; Taubert et al., 1977; Nielsen and Hunter, 
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1991). In Figure 3.7, sinusoidal perturbation of muscle length (at 100 Hz) was continuously applied 

throughout twitch stress production. Since muscle length was perturbed by a constant magnitude 

(0.0017 Lo), the amplitude of the resultant oscillation of stress production provides a measure of muscle 

dynamic stiffness. As shown, the dynamic stiffness increased, reached a maximal at the peak, and 

subsequently reduced throughout the time course of relaxation of stress. 

 

Figure 3.7: Control and sinusoidal-length-perturbed twitches at 0.2 Hz and 2 Hz. Muscle length was perturbed by 0.0017 Lo at 

100 Hz. The trabecula was 200 µm in diameter and 2.9 mm in length. 
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3.3.3 Effect of an Uncoupler of Oxidative Phosphorylation 

The drug, 2,4-dinotrophenol (DNP), was chosen to demonstrate further the capability of the 

micromechanocalorimeter. DNP is known to uncouple mitochondrial oxidative phosphorylation by 

carrying protons across the mitochondrial membrane, thereby leading to rapid consumption of energy 

without regeneration of ATP. A trabecula was administrated 0.1 mM DNP and 2 mM [Ca2+]o, and 

stimulated at 0.2 Hz (Figure 3.8). After administration of DNP (Figure 3.8, left arrow labelled ‘+ DNP’), 

the muscle heat rate was greatly enhanced. Simultaneously, muscle twitch stress diminished to zero, 

presumably reflecting the progressive depletion of PCr coupled with accumulation of Pi, which inhibits 

crossbridge cycling (Kentish, 1987) and decreases sarcoplasmic reticular Ca2+content (Smith and Steele, 

1992) while increasing intracellular Ca2+ concentration. After about 5 min, in the presence of 

intracellular Ca2+ and the absence of ATP, the trabecula developed a contracture. Washout of DNP (right 

arrow labelled ‘- DNP’) relaxed the muscle from the contracture as oxidative phosphorylation 

recommenced. ATP production was restored, PCr was restored, and crossbridges began to cycle, leading 

to a secondary burst of heat, and the trabecula was able to recover to its pre-treatment condition. 

 

Figure 3.8: Application of 0.1 mM DNP greatly increased muscle heat rate (top trace), while leading to abolition of twitch stress 

(bottom trace) in response to 0.2-Hz stimulation, followed by induction of a contracture, from which the trabecula recovered 

subsequent to washing out of DNP. The trabecula was 200 µm in diameter and 4.0 mm in length. 
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3.4 Advantages and Limitation 

The micromechanocalorimeter offers a number of advantages over its limitation: 

Simultaneous measurement.  The paramount advantage of the micromechanocalorimeter, vis-à-vis the 

Daut-Elzinga microcalorimeter (Daut and Elzinga, 1988; 1989; Schramm et al., 1994; Loiselle et al., 1996; 

Köhnke et al., 1997) is the ability to make mechanical measurements simultaneously with the 

measurement of heat rate. Thus, parallel measurements of heat and stress production of isolated 

cardiac trabeculae (Loiselle et al., 1993; Loiselle et al., 1996) are no longer necessary.  

Continuous superfusion. Trabecula is continuously irrigated in a flowing stream of superfusate during the 

entire period of measurement (in contrast with the myothermic technique) thereby providing it with a 

steady source of oxygen and nutrients while concurrently removing its waste metabolites.   

Minute preparations. Cardiac trabeculae are about an order-of-magnitude smaller in cross-sectional 

area than papillary muscle. Thus concerns regarding insufficient oxygenation by diffusion in vitro are 

largely obviated.  

Stiff muscle-attachment system. The use of quartz arms and platinum hooks provides a stiff mechanical 

arrangement for tethering the trabecula. It is this feature that allows us to interrogate crossbridge 

stiffness. 

Avoidance of condensation heat. When a flat-bed thermopile is used to measure muscle heat production 

(as in the myothermic technique), the muscle is surrounded by gas saturated with water vapour, initially 

in equilibrium with the muscle. Contraction increases the osmolarity of the muscle, as a consequence of 

the immediate net breakdown of monomolecular PCr to Cr and Pi (which occurs when recovery 

metabolism does not match initial metabolism such as in muscle with no recovery metabolism). The 

muscle is no longer in equilibrium with the gas around it, and in consequence, water vapour condenses 

on the muscle, thereby liberating heat and raising the temperature of the muscle (Hill, 1929; Lou et al., 

1998). In our flow-through microcalorimeter, the preparation is not exposed to a gaseous environment. 

Thus, the issue of condensation of water with its attendant liberation of heat, as a consequence of the 

increase of osmolarity that accompanies the accumulation of waste products under conditions of 

reduced rate of recovery metabolism is entirely obviated. 
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Limitation. Due to the flow-through nature of the micromechanocalorimeter, we lack the temporal 

resolution to measure the heat rate associated with a single twitch and to separate initial metabolism 

and recovery metabolism. Thus, our measurement focuses on steady-state periods of twitch stress and 

heat rate. 

 

3.5 Chapter Précis 

A flow-through micromechanocalorimeter for measuring, simultaneously, the rate of heat production 

and stress production of cardiac trabeculae has been constructed. Coupled with the capability to vary 

muscle length macro- and micro-scopically, the micromechanocalorimeter is an innovative device with 

which to extend our understanding of the mechanics and energetics of cardiac muscle.  
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Chapter 4   Adequacy of Oxygen Supply via Diffusion 

 

Chapter 4 

Adequacy of Oxygen Supply via Diffusion  

 

In the absence of vascular perfusion, the metabolic needs of isolated (and superfused) cardiac 

trabeculae preparations must be met by diffusion of oxygen from the preparation’s outer surface. 

Oxygen is consumed as it diffuses through the muscle radius from the outer surface to the core of the 

muscle. There exists abundant evidence that muscle active stress production (Kelly and Hoffman, 1960; 

Fisher et al., 1967; Bing et al., 1971; Frezza and Bing, 1976; Loiselle, 1979; Loiselle and Gibbs, 1979; 

Schouten and ter Keurs, 1986; Gibbs et al., 1988; Gibbs et al., 1990; Lin et al., 1991; Kiriazis and Gibbs, 

1995; Raman et al., 2006), basal rate of heat production (Loiselle and Gibbs, 1983; Widén and Barclay, 

2005), as well as basal rate of oxygen uptake (Cranefield and Greenspan, 1960) varies inversely with 

muscle radius (or cross-sectional area). Many experimentalists have used the observed inverse 

relationship between muscle performance and muscle radius to conclude that the radius-dependent 

diminution of performance reflects the development of an anoxic core.  

In this Chapter, I perform theoretical analyses (using a modified Hill’s diffusion equation) to test this 

supposition. In addition, I test whether trabeculae, in our micromechanocalorimeter (Chapter 3), are 

adequately supplied with oxygen via diffusion through the superfusate.  

The contents of this Chapter have been published in “Han J-C, Taberner AJ, Kirton RS, Nielsen PMF, 

Archer R, Kim N, and Loiselle DS. Radius-dependent decline of performance in isolated cardiac muscle 

does not reflect inadequacy of diffusive oxygen supply. American Journal of Physiology - Heart and 

Circulatory Physiology 300: H1222-H1236, 2011.” 
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4.1 Radius-dependent Decline of Performance 

We plotted the relationships between steady-state active twitch stress production and active rate of 

heat production as a function of muscle radius (R) of 15 trabeculae in response to both 0.2 Hz and 4 Hz 

at 22oC and 2 mM [Ca2+]o, as depicted in Figure 4.1. In neither case was there radius-dependence of 

muscle performance at 0.2 Hz, but diminution of both stress and heat rate with increasing muscle radius 

was evident at 4 Hz. The radius-dependent decline of performance at 4 Hz is qualitatively consistent 

with the conjecture of insufficient diffusive supply of oxygen in large muscles. 

 

Figure 4.1: Active stress production (A) and heat rate (B), as functions of muscle radius (R), of 15 rat cardiac 

trabeculae at low (0.2 Hz: open circles) and high (4 Hz: filled circles) stimulus frequencies. Data were obtained at 

22
o
C and 2 mM [Ca

2+
]o, and were fitted using linear regression. At 4 Hz, heat rate = -0.26· R + 79.4, where the 

(extrapolated) intercept represents the ‘extreme rate of heat production’. 

At 22oC and 1 mM [Ca2+]o, a comparable negative relationship between steady-state active stress 

production at 4 Hz and R was observed (Figure 4.2A). This suggests that the radius-dependence decline 

of contractile performance is not a consequence of high Ca2+ concentration (2 mM) at 22oC (Figure 

4.1A).  

Similarly, at physiological conditions (37oC and 1.5 mM [Ca2+]o) and at substantially higher superfusate 

flow rate of 6 µL s-1 – 8 µL s-1, steady-state active stress production also declined with R at all stimulus 

frequencies examined (Figure 4.2B-D). Once again, each behaviour was qualitatively consistent with 

radius-dependent limitation of oxygen diffusion.  
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Figure 4.2: Steady-state active stress production, as a function of muscle radius (R), at various temperatures, Ca
2+

 

concentrations and stimulus frequencies, as indicated. Data were fitted using linear regression. 

 

4.2 The 1-D Mathematical Model of Oxygen Diffusion 

Theoretical analysis of the adequacy of oxygen supply via diffusion can be performed using Hill’s 

diffusion equation (Hill, 1928) by estimating the distribution of steady-state oxygen partial pressure, 

PO2, (0 ≤ p ≤ P; Pa) as a function of muscle radius (0 ≤ r ≤ R; µm) throughout a ‘circular’ cross-section of 

muscle (Loiselle, 1987; Baxi et al., 2000; Barclay, 2005; Widén and Barclay, 2006; Cairns et al., 2009; Goo 

et al., 2009), where P is the partial pressure of oxygen supplied to muscle outer radius, R. 

I created a 1-D model (a time-independent 3-D spatial model that is axisymmetric and has no variation 

along its axes, i.e., it is a steady-state 3-D model that only varies with radius). I too used Hill’s diffusion 

equation (Hill, 1928) but included a modification introduced by Loiselle (1982) to account for a more 

realistic relationship between PO2 and the metabolic rate of oxygen consumption (m; mol m-3 s-1) and 

incorporated myoglobin-facilitated oxygen diffusion (Wyman, 1966; Kreuzer, 1970; Wittenberg, 1970; 
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Murray, 1971; Mitchell and Murray, 1973; Murray, 1974; Rubinow and Dembo, 1977; Fletcher, 1980; 

Gonzalez-Fernandez and Atta, 1982; Covell and Jacquez, 1987; Loiselle, 1987; Barclay, 2005; Goo et al., 

2009). 

The governing equation is: 
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where   and   are, respectively, the solubility (mol m-3 Pa-1) and diffusion constant (m2 s-1) of oxygen in 

muscle tissue, and    and    are, respectively, the concentration (mol m-3) and diffusion constant 

(m2 s-1) of myoglobin in muscle tissue. 

At steady state,   (   )     , so Eq. 4.1 reduces to: 
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where K is Krogh’s constant (equivalent to the product of D and ; mol m-1 Pa-1 s-1).  

The fraction of myoglobin that is saturated with oxygen (S), as a function of local PO2, is given by: 

 ( ( ))  
[ ( )]  

[ ( )]       

  
 (4.3)  

where     
(Pa) is the PO2 that achieves half-saturation of myoglobin by oxygen and    is the 

Hill-coefficient for myoglobin saturation. 

 

 



Adequacy of Oxygen Supply via Diffusion 

 

45 

 

The metabolic rate of oxygen consumption in muscle (m; mol m-3 s-1) is also a function of local PO2, given 

by:  

 ( ( ))  (     )  
[ ( )]  

[ ( )]       

  
 (4.4)  

where mb and ma denote muscle basal and active rates of oxygen consumption, respectively,     
 (Pa) is 

the PO2 that yields the half-maximal value of m, and nO is the Hill-coefficient constraining the sigmoidal 

dependence of m on PO2.  

Following Cairns et al. (2009), the fraction of the muscle cross-section that remains oxygenated (Aoxy) is 

calculated as: 
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        (4.5)  

where the term in brackets (see Eq. 4.5) accounts for the sigmoidal diminution of m as PO2 passes 

through      
 and approaches zero.  

The 1-D model was implemented in Matlab R2008a (The MathWorks, Inc., MA) using the built-in pdepe 

function. The model was solved as a time-dependent problem (Eq. 4.1), and was run until steady-state 

values of p were reached (Eq. 4.2). Initially, the entire cross-section of the muscle was assigned the same 

value of PO2 as prevails at its surface, i.e.  (   )    . At all times, PO2 at the muscle surface was 

constant, i.e.,  (   )    , and a flux symmetry condition:   (   )      was applied at the muscle 

centre:. 
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4.2.1 Validation of the 1-D Model 

Results were validated against analytical solutions of the steady-state Hill’s diffusion equation (Hill, 

1928), in which the metabolic rate of oxygen consumption of muscle tissue (m) is constant, independent 

of r, and myoglobin-facilitated oxygen diffusion was ignored. The critical radius, defined as the thickest 

cylinder which oxygen will fully penetrate (Hill, 1928), is:  

(     )      √
      

(     )
 (4.6)  

Under this assumption, the relationship between muscle radius and the fraction of whole cross-section 

of muscle supplied with oxygen ( ) is: 

    √
     

(     )[  (   )     (   )]
 (4.7)  

where      (    ) , and    is the radius at which p = 0 (Hill, 1928). Note the difference between   

and      (Eq. 4.5), where Aoxy takes into account the sigmoidal dependence of m on local PO2. 
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4.2.2 Model Parameters 

The values of parameters adopted for the model, together with their sources, were shown in Table 4.1 

(expressed in both SI and conventional units). Literature values were further documented in Tables A1 –

 A3 in the Appendices, where those adopted for the model have been highlighted. 

 

Table 4.1: Definitions and units of the 1-D model parameters, and their values used in simulating the experimental 

data shown in Figure 4.4 – Figure 4.10. A factor of 10
3
 Patm (R T)

-1
 was used to convert units mL cm

-3
 atm

-1 
to units 

mol m
-3

 Pa
-1

; 600 Patm (R T)
-1

 for mL cm
-1

 atm
-1 

min
-1 

to mol m
-1

 Pa
-1

 s
-1

; 10
-3

 ρm Patm (R T)
-1

  for µL g
-1

 s
-1

 to mol m
-3

 s
-1

; 

and ρm for mol kg
-1

 to mol m
-3

, where ρm is muscle density (1.06 x 10
3
 kg m

-3
), Patm is atmospheric pressure 

(1.01 x 10
5
 Pa = 1 atm), R is the universal gas constant (8.314 x 10

3
 L Pa K

-1
 mol

-1
) and T is temperature (273 K). All 

numeric values are in SI units. 
a
Obtained from the basal rate of heat production (in units mW g

-1
dry) reported by 

Loiselle et al. (1996). A dry-weight-to-wet-volume ratio of 0.22 (Daut and Elzinga, 1989) was used to convert 

mW g
-1

dry to kW m
-3

. A Q10 of 1.3 (Loiselle, 1985) was used to adjust mb to other temperatures
b
. 

m
Values measured 

directly in the study or converted from rate of heat production
mc

 using 20 kJ L
-1

 (Coulson, 1976; Theisohn et al., 

1977). 
k
Values obtained from the active heat-stress relationships presented by Kiriazis and Gibbs (1995) and 

converted to ma using 20 kJ L
-1

. 
 f
Values obtained by fitting a sigmoidal function to the regression lines determined 

by Schenkman (2001); a similar approach and values were used by Barclay (2005). The myoglobin terms were 

ignored in modelling the data presented in Figure 4.7 – Figure 4.10, but for completeness, their values were 

included in the Table. 
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Given the negative dependence of active heat rate at 4 Hz on R at 22oC (Figure 4.1B), we extrapolated 

the linear regression line to zero radius and assumed that this extrapolated value (79.4 kW m-3) 

represents the heat rate achievable by a single myocytes (typical radius of 10 µm), unfettered by 

diffusion insufficiency. We defined this extrapolated value as ‘extreme heat rate’ and converted it to 

‘extreme rate of oxygen consumption’ using an energetic equivalent of oxygen of 20 kJ L-1 (Coulson, 

1976; Theisohn et al., 1977) and muscle density of 1.06 x 103 kg m-3. The equivalent ‘extreme rate of 

oxygen consumption’ is 3.75 µL g-1 s-1 or 0.177 mol m-3 s-1, which was used as a value for active rate of 

oxygen consumption (ma: Eq. 4.4). 

For a value of ma at 37oC, we adopted the active heat rate values reported by Loiselle et al. (1996). Since 

those data arose from only a single superfused rat cardiac trabecula, we also compared the values with 

other reported values. We converted the heat rate values of Loiselle et al. (1996) from mW gdry
-1 to 

mW m-3 by taking into account the radius and length and the dry weight of the muscle, and by 

converting oxygen consumption to rate of heat production using an energetic equivalent of oxygen of 

20 kJ L-1 (Coulson, 1976; Theisohn et al., 1977). At 2 Hz and 6 Hz, the equivalent rates of oxygen 

consumption were 0.044 mol m-3 s-1 and 0.150 mol m-3 s-1, respectively. These values are consistent with 

those reported by Hütter et al. (1985) for the rat heart over the same range of frequencies: 

0.053 mol m-3 s-1 and 0.159 mol m-3 s-1, respectively. Similarly, values at 3 Hz and 4 Hz (0.069 mol m-3 s-1 

and 0.094 mol m-3 s-1, respectively) are in good agreement with the average values at 3 Hz and 4 Hz 

obtained by Schenkman (2001) in guinea-pig hearts (0.092 mol m-3 s-1). Finally the value measured by 

Loiselle et al. (1996) at 1 Hz was 0.022 mol m-3 s-1, which again compares well with that of 

0.024 mol m-3 s-1 obtained by Holmes et al. (2002) in rabbit papillary muscles at optimal muscle length. 

With such excellent correspondence, we felt justified in adopting the values reported by 

Loiselle et al. (1996) for our simulation of experimental data at 37oC. 

The output of the model (PO2 as a function of r) is clearly a function of its parameter values. In order to 

explore this functional dependence, I performed a full Parameter Sensitivity Analysis (Cooling et al., 

2007) assisted by Dr. Mike Cooling. The result of this analysis was presented in Table A4 in the 

Appendices, where it can be seen that the influence of each of the myoglobin-related parameters was 

negligible. The model output was completely dominated by three parameters: namely P, m and K 

(= D x ). 
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4.2.3 Model Outputs 

I solved the time-dependent 1-D diffusion equation (Eq. 4.1) until steady-state (Eq. 4.2) with and 

without the myoglobin term and plotted PO2 as a function of r (note the difference between r and R: 

0 ≤ r ≤ R, where R is muscle outer radius). In Figure 4.3, we plotted the computed PO2 profiles for the 

thinnest (R = 60 µm) and the thickest (R = 150 µm) muscles examined (at 22oC) in the presence (Figure 

4.3A) and absence (Figure 4.3B) of a contribution from myoglobin. 

 

Figure 4.3: Predicted steady-state PO2 as a function of distance from muscle centre (r) at 4 Hz stimulation (22
o
C 

and 2 mM [Ca
2+

]o) for the thinnest [60 µm radius (R); thin lines] and the thickest [150 µm radius (R); thick lines] 

cardiac trabeculae examined, with (A) and without (B) the contribution of myoglobin, using measured (red) and 

‘extreme’ (black) active rates of heat production (Figure 4.1B), and the literature value of Krogh’s diffusion 

constant (K). The blue and the green lines are the results of adopting the ‘extreme active rate of heat production’ 

but with half the values of K or P (partial pressure of oxygen supplied on R). 

Comparing panels A and B in Figure 4.3, the contribution of myoglobin was seen to be negligible, 

consistent with the experimental observation by Merx et al. (2001) that ambient PO2 must be extremely 

low (about 0.01 atm in isolated cardiomyocytes) before such a contribution can be detected. It is also 

consistent with the theoretical results reported by Loiselle (1987) and confirmed by Barclay (2005), as 

well as with the result of our Parameter Sensitivity Analysis (Table A4). Because of its negligible 
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contribution to the diffusive flux of oxygen, the myoglobin term was ignored in subsequent modelling 

results. 

For the simulations in Figure 4.3, we used both the experimentally-measured active heat rates (red) as 

well as the (extrapolated) ‘extreme heat rate’ (black). In addition, using the ‘extreme heat rate’, we 

explored the profiles of PO2 by doubling the literature value of m (or, equivalently, halving the value of K 

in the absence of a contribution from myoblobin; see Eq. 4.2) (blue), or halving the value of P (green). 

Under all scenarios, the thinnest muscle was predicted to have a fully oxygenated cross-section. The 

cross-sectional area of the thickest muscle, likewise, was predicted to be fully oxygenated except for 

those cases where m was doubled or P was halved.  

When m was doubled, the radius of the anoxic core (the point at which the PO2 profile first intersects 

the abscissa) in the thickest muscle was predicted to be 51.0 µm, and its fractional area oxygenated 

(Aoxy; Eq. 4.5) was estimated to be 0.877. Similar results obtained when P was halved, i.e., the radius of 

the anoxic core was calculated to be 49.8 µm and the Aoxy was 0.875. In both cases, Hill’s analytical 

calculations yielded values of 52.2 µm for r’ and 0.879 for θ (Eq. 4.7). The differences between our 

values and those arising from solution of the Hill equation reflect the PO2-independence of m assumed 

by Hill (1928) vis-à-vis the PO2-dependence which we assume (Eq. 4.4). The differences were very small 

because     
 is only 0.2% of P (i.e., the ratio of 213 Pa to 1.01 x 105 Pa, see Table 4.1). 

We plotted the relationship between simulated Aoxy (Eq. 4.5) as a function of R in Figure 4.4. As shown, 

Aoxy was independent of R up to a point where it decreases monotonically. We defined this point as the 

‘critical radius’ (Rcrit) (note that Rcrit differs from (Rcrit)Hill (Eq. 4.6) in which Rcrit took into account the 

PO2-dependence of m) and divided the relationship between Aoxy and R into two portions. The first 

portion started from zero radius and extended to Rcrit. Muscles whose radii fell in this segment were 

predicted to be fully-oxygenated and, hence, were predicted to develop maximum stress. The second 

portion of the relationship extended beyond Rcrit. Muscles in this region were predicted to develop 

anoxic cores and to develop sub-maximal stresses, in proportion with Aoxy. 
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Figure 4.4: A: the line denotes the predicted relationship between fractional area oxygenated (Aoxy) and muscle 

radius (R), using parameter values for 22
o
C and the ‘extreme active rate of heat production’. The predicted critical 

radius (Rcrit) was 165.9 µm. The circles represent the cross-sections of muscles of different radii in which the open 

area signifies anoxia and the grey annulus illustrates hypoxia. B: comparison of the relationship between Aoxy and 

R, using parameter values appropriate for 22
o
C, with that obtained when the value of m/k was doubled and when 

it was increased to 10-fold. Rcrit values were 165.9 µm, 117.9 µm and 52.4 µm, respectively. The respective 

predicted values of Aoxy for the thickest muscle examined (150 µm radius) were 1.000, 0.877 and 0.454. 

Using the parameter values for 22oC and the ‘extreme heat rate’ value, converted to its equivalent value 

of m, Rcrit was computed to be 165.9 µm (Figure 4.4A) – in agreement with that calculated using Hill’s 

analytic solution (167.5 µm; Eq. 4.6). As illustrated by the insets of Figure 4.4A, a muscle of radius 

100 µm was predicted to be fully oxygenated and, thus, capable of developing maximal active stress. 
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Muscles of radii 200 µm, 400 µm or 1000 µm were predicted to have Aoxy of 0.915, 0.529 and 0.226, 

respectively. We assumed that such muscles would develop correspondingly sub-maximal active 

stresses. 

When m/k was doubled, the simulated value of Rcrit was reduced to 117.9 µm (cf Hill’s analytic solution 

of 118.4 µm). Under this scenario, we would expect some of the muscles examined in this study to be 

hypoxic. The thickest muscle (R = 150 µm), for example, would be expected to developed an anoxic core 

such that its Aoxy would be 0.877 (Figure 4.4B), thereby producing only 0.877 of its potential maximum 

active stress. When m/k was increased 10-fold, Aoxy of the thickest muscle was 0.454 and would be 

expected to produce 0.454 of its maximum active stress (Figure 4.4B). 

 

4.2.4 Assumptions of the Model: Implications 

We have made two assumptions: (i) muscles are circular in cross-section, and (ii) muscle stress 

production is linearly proportional to the cross-sectional area that remains oxygenated. The implications 

of these assumptions require examination. 

Cross-sectional geometry. The elliptical geometry of trabeculae in cross-section has now well recognised 

(Goo et al., 2009; Sands et al., 2011), as has been described in Section 2.2. Indeed, Goo et al. (2009) 

applied an index of eccentricity (ε) to quantify the extent of departure from circularity in a variety of 

specimens from both ventricles of the rat, emphasising the potential error of estimating stress 

development under the ‘circularity’ assumption. However, no comparable risk applies to oxygen 

diffusion. The reason is straightforward. For any given cross-sectional area, the diffusion distance from 

the perimeter to core will necessarily be less for an ellipse than for a circle. This means that an even 

larger ‘radius’ (semi-major axis) can be tolerated before an anoxic core would develop in a trabecula of 

elliptical cross-section. This issue can be quantified by comparing two trabeculae of equal 

cross-sectional areas: A = πR2 (circular) and A = πRaRb (elliptical, where Ra and Rb are the semi-major and 

semi-minor axes, respectively). The eccentricity index (ε) is given as follows (Goo et al., 2009):  

   √  
  

 

  
    ,  0 <   < 1 (4.8)  
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Substitution of the expressions for cross-sectional area into Eq. 4.8 yields: 

     (     ) 
 

  (4.9)  

Since ε < 1, Rb is less than R, which favours diffusion into an ellipse in proportion to the extent of its ε. 

This is shown in Figure 4.5, where increasing the value of ε resulted in a rightward shift of the 

relationships between active stress (assumed to be equivalent to Aoxy) and R, and consequently greater 

Rcrit (increased tolerance before an anoxic core can develop).  

 

Figure 4.5: Experimentally-measured stress production (22
o
C, 2 mM [Ca

2+
]o, and 4 Hz; data the same as in Figure 

4.1), overlaid with simulated profiles of fractional area oxygenated (Aoxy), as a function of muscle radius (R), using 

the ‘extreme rate of heat production’ and the literature value of m/K (Table 4.1). The arrow indicates the direction 

of increasing eccentricity (ε). 

Linear dependence of stress on Aoxy. This is a gross assumption that denies any significant contribution by 

anaerobic metabolism to the production of ATP. It does, however, allow for active stress to decline 

progressively in the annulus between the fully oxygenated region and the anoxic core (as shown by the 

grey annuli in Figure 4.4A). This annulus is of small extent under the parameters adopted to describe the 

dependence of the consumption of oxygen on its partial pressure, i.e.,     
 is only 0.2% of P. More 

troublesome is the implicit assumption that the ability of muscle to develop active stress is unaffected 

by an anoxic region in which rigour bridges may develop, attended by an increase of stiffness. At the 
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very least, passive force would be expected to increase and cause active stress to diminish. We have 

made no attempt to accommodate this scenario. 

 

4.2.5 Simulated Versus Experimental Results: an Order of Magnitude 

Discrepancy 

Following the same approach used in Figure 4.4 and Figure 4.5, I simulated my experimentally-measured 

steady-state active stress-radius data at 4 Hz (22oC and 2 mM [Ca2+]o) and superimposed the predicted 

Aoxy (assumed to be linearly proportional to active stress production). As shown in Figure 4.6A, using the 

literature value for m/K, Rcrit was computed to be 165.9 µm. All muscles examined (radii 60 µm –

 150 µm) were smaller than this, such that they were expected to have been fully oxygenated.  

 

Figure 4.6: Experimentally-measured stress production (22
o
C, 2 mM [Ca

2+
]o, and 4 Hz), overlaid with simulated 

profiles of fractional area oxygenated (Aoxy), as a function of muscle radius (R), using the ‘extreme rate of heat 

production’ and 1 time, 5 times, 10 times or 20 times the literature value of m/K (A), or P = 1 x 10
5
 Pa, 0.2 x 10

5
 Pa, 

0.1 x 10
5
 Pa or 0.05 x 10

5
 Pa (B). Simulated Aoxy mimics experimental data only if P is reduced to 1/10 of its 

experimental value.  

The predicted profile of Aoxy completely failed to mimic the experimental data – despite using the 

‘extreme heat rate’ (Figure 4.1B). To mimic, quantitatively, the decline of experimentally-measured 

active stress with muscle radius, it would be necessary to increase the value of m/K 10-fold. Under this 
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implausible 10-fold increase, Rcrit would become 52.4 µm. Under such conditions, all muscles examined 

would be predicted to be hypoxic, thereby developing stress quantitatively in line with the predicted 

fractional area oxygenated (under the assumption that active stress production is linearly proportional 

to the fractional cross-section oxygenated). In Figure 4.6B, a comparable 10-fold reduction of P was 

found to be required. It should be emphasised that a PO2 value of 10 kPa would be only one-half of that 

of a room-air-equilibrated superfusate. Thus, from Figure 4.6, we are confident that all our preparations 

had received adequate supply of oxygen via diffusion.  

I applied the same simulation procedure to our data recorded at 37oC and 10 Hz. As shown in Figure 4.7, 

all the trabeculae examined were predicted to be fully-oxygenated. That is, their radii were smaller than 

the predicted value of Rcrit. To mimic the observed decline of stress production, it was necessary to 

elevate the literature value of m/K by at least 10-fold (or to decrease the value of P by a comparable 

factor). 

 

Figure 4.7: Experimentally-measured stress production (37
o
C, 1.5 mM [Ca

2+
]o and 10 Hz), overlaid with simulated 

profiles of fractional area oxygenated (Aoxy), as a function of muscle radius (R), using 1 time, 10 times and 20 times 

the literature value of m/K (A), and P = 1 x 10
5
 Pa, 0.2 x 10

5
 Pa or 0.05 x 10

5
 Pa (B). The value for active heat rate 

used in the simulation was 123.8 kW m
-3

 [calculated from Figure 3C of Loiselle et al. (1996)]. 

In addition to our own data, I also simulated those of others. I applied the same simulation procedure to 

the digitised experimental data of Raman et al. (2006) as presented in Figure 4.8. These data were of 

particular interest since they showed a ‘plateau’ of active stress in trabeculae of small radii. They also 
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showed that active stress plummeted at about R = 60 µm – 90 µm, allowing the authors to infer that the 

critical R is 75 µm in trabecula contracting at 8 Hz and 37oC. But the value of Rcrit predicted by our 1-D 

model is 157.2 µm using literature values of m/K. Once again, quantitative simulation of these data can 

be approximated only by substitution of extreme parameter values (at least 10 times those reported in 

the literature) for either m/K or P.  

 

Figure 4.8: Experimentally-measured active stress production of rat cardiac trabeculae (37
o
C, 1.5 mM [Ca

2+
]o and 

8 Hz), overlaid with simulated profiles of fractional area oxygenated (Aoxy), as a function of muscle radius (R), using 

1-fold, 10-fold and 20-fold the literature value of m/K (A), or P = 0.95 x 10
5
 Pa, 0.2 x 10

5
 Pa, 0.1 x 10

5
 Pa or 

0.05 x 10
5
 Pa (B). Data were digitised from Figure 1 of Raman et al. (2006). The maximum active stress was taken to 

be 72 kPa. and the active heat rate used in the simulation was 94.2 kW m
-3

 [calculated from Figure 3C of 

Loiselle et al. (1996)]. 

Similar results were obtained for the digitised experimental data of Schouten and ter Keurs (1986) as 

shown in Figure 4.9. Using literature value of m/K, Rcrit was 191.7 µm, suggesting that those preparations 

of radii greater than Rcrit (all of which were papillary muscles) were hypoxic. However, they developed 

stresses often much less than predicted. For those preparations of radii smaller than Rcrit, the 

pronounced radius-dependent decline of stress production remains a mystery, as it cannot be attributed 

to inadequate diffusive oxygen supply. By increasing the value of m/K 10-fold or 20-fold, Rcrit was 

reduced to 60.6 m and 44.0 µm, respectively. Only under this improbable scenario, acceptable 

quantitative agreement between predicted and experimentally-measured stress could be achieved.  
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Figure 4.9: Experimentally-measured active stress production of isolated trabeculae (filled circles) and papillary 

muscle (open circles) of rats (26
o
C and 2.5 mM [Ca

2+
]o), overlaid with simulated profiles of fractional area 

oxygenated (Aoxy), as a function of muscle radius (R), using 1-fold, 10-fold and 20-fold the literature value of m/K 

(A), and P = 0.95 x 10
5
 Pa, 0.2 x 10

5
 Pa, 0.1 x 10

5
 Pa or 0.05 x 10

5
 Pa. (B). Simulated fractional area oxygenated 

mimicked the experimental data only if m/K was 20-fold the values presented in Table 4.1 or when P = 

0.05 x 10
5
 Pa – 0.1 x 10

5
 Pa. Data were digitised from Figure 2 of Schouten and ter Keur (1986), where the 

fractional stress was reported as the active stress at 3.3 Hz divided by that at 0.1 Hz. The maximum active stress at 

3.3 Hz was estimated to be 73 kPa. and the active heat rate used in the simulation was 50 kW m
-3

 [calculated from 

the heat-stress relationships at 27
o
C presented by Kiriazis and Gibbs (1995)]. 

Raman et al. (2006) and Schouten and ter Keurs (1986) inferred critical radii of 100 µm and 75 µm, 

respectively, based on their experimental findings that muscle stress production drops dramatically in 

preparations that exceed these observed radii. Our simulation results suggested that muscle 

cross-sectional area remained fully oxygenated up to radii of 160 µm – 220 µm, whereas experimentally 

measured stress production declined at considerably lower values (Figure 4.9). We can simulate the 

critical radii reported by Raman et al. (2006) and Schouten and ter Keurs (1986) only by increasing the 

metabolic rate of oxygen consumption, (or by decreasing either Krogh's diffusion constant or the PO2 of 

the perfusate) by at least an order of magnitude. But, in each case, the required parameter values are 

improbable.  

To avoid the assumptions invoked when relating (or converting) measurements of either heat or stress 

to oxygen consumption, we simulated the experimentally-measured rates of basal oxygen uptake of 

quiescent papillary muscles of the cat, as reported by Cranefield and Greenspan (1960). As shown in 
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Figure 4.10, using literature values for m/K, the predicted value of Rcrit was 389.0 µm. The critical radius 

calculated by the authors (320 µm) was roughly comparable. About one-half of the preparations were 

predicted to be hypoxic (i.e., radii greater than Rcrit), but their measured rates of oxygen uptakes were 

much less than predicted. It was necessary to multiply m/K by a factor of 5, or to decrease the value of P 

to 20 kPa (i.e., room-air-equilibrated), to mimic the observed decline of basal rate of oxygen uptake with 

radius. 

 

Figure 4.10: Experimentally-measured rates of oxygen uptake of un-stretched (open circles) and stretched (filled 

circles) quiescent papillary muscles from cat ventricles (35
o
C and 2.7 mM [Ca

2+
]o), overlaid with simulated profiles 

of fractional area oxygenated (Aoxy), as a function of muscle radius (R), using 1-fold or 5-fold the literature value of 

m/K (A), and P = 0.95 x 10
5
  Pa and 0.2 x 10

5
  Pa (B). The data were digitised from Figures 1 and 2 of 

Cranefield and Greenspan (1960), retaining the authors’ units. The maximum rate of oxygen uptake was taken to 

be 3.20 µL mg
-1

 hr
-1

. 

Using parameter values gleaned from the literature, our model predicted that some of the large 

papillary muscle preparations of Schouten and ter Keurs (1986) were hypoxic since their radii were 

greater than the predicted critical radius (Figure 4.9). But, the stresses produced by those putatively 

hypoxic preparations were still substantially less than the predicted values. A comparable mis-match 

was obtained when we examined the data of Cranefield and Greenspan (1960) for quiescent papillary 

muscles from the cat, where the preparations predicted to be hypoxic had rates of oxygen uptake 

substantially lower than our predicted values (Figure 4.10). These results imply that inadequate diffusive 

supply of oxygen cannot entirely explain the lower stress production or the lower rate of basal oxygen 

consumption of hypoxic muscles.  
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For completeness, I also simulated (data not included) the negative radius-dependent contractile 

performance observed by several other investigators (Bing et al., 1971; Frezza and Bing, 1976; Delbridge 

and Loiselle, 1981; Loiselle et al., 1982; Gibbs et al., 1988; Gibbs et al., 1990; Kiriazis and Gibbs, 1995). In 

every case, the smallest preparations were at least 250 µm – 300 µm in radius, which precluded 

estimation of suitable values for maximum active stress production by small, and presumably 

fully-oxygenated, preparations. Small preparations, as was evident from our data, as well as from those 

of Raman et al. (2006) and Schouten and ter Keurs (1986) (radii less than 200 µm) experienced 

decreased stress production with increasing radius. 

To underscore our discomfort with the hypothesis that radius-dependent diminution of performance 

(i.e., active stress) is exclusively due to oxygen diffusion limitation, we showed the digitised data (Figure 

4.11) of Fisher and Kavaler (1971), measured from canine papillary muscles in situ. Instead of being 

isolated preparations, superfused with an external medium, these were blood-perfused by their own 

coronary circulation and thus very unlikely to have developed hypoxic cores. Nevertheless, a similar 

radius-dependent decline of active stress was evident.  

 

Figure 4.11: Active stress as a function of muscle radius (R) obtained in normal (open circles) and hypertrophied 

(filled circles), blood-perfused, canine papillary muscles in situ. Data were digitised from Figures 3 and 4 of 

Fisher and Kavaler (1971), where we have converted the graphical values of force to stress by dividing by the 

reported values of cross-sectional area. 

Clearly, there is an unbridgeable disparity between measurement and simulation if the hypothesis that 

the inverse relationship between active stress development and muscle radius is to be upheld. But that 

is not to deny that stress development varies inversely with radius. Indeed, Fisher and Kavaler (1971) 

showed that this much-observed phenomenon prevails even in blood-perfused papillary muscles in situ. 
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It thus appears that we must turn elsewhere to seek an explanation for the radius-dependent decline of 

contractile performance of small preparations and something more than oxygen diffusion limitation for 

large and hypoxic preparations.  

 

4.2.6 Possible Contributing Factors  

What factor(s) might contribute to an order of magnitude discrepancy between simulated results and 

experimental data of the radius-dependent decline of contractile performance? At least six distinct 

possibilities, in three different categories, arise. 

Structural differences. Possibility 1 is that trabeculae contain a variable amount of non-contractile 

(collagenous) extracellular tissue. However, the hyperbolic dependence of collagen content on radius 

(Sands et al., 2011) means that specimens of larger cross-sectional area have a greater proportion of 

their cross-sections occupied by contractile tissues and are thus capable of developing proportionately 

greater active stress. This is contrary to what is observed. Possibility 2 is that perhaps there exists some 

radius dependence of intracellular components. To investigate this possibility, Delbridge and Loiselle 

(1981) sought ultrastructural differences in rabbit papillary muscles of disparate cross-sections. Contrary 

to their expectations, they found that the relative proportion of cross-sectional area occupied by 

mitochondrial and contractile matric elements was invariant between large and small specimens. 

Contractile pattern. Sarcomere inhomogeneity (possibility 3) has been proposed to play a role in 

reducing the active stress developed by thicker muscles. Several authors (Fisher and Kavaler, 1971; 

Delbridge and Loiselle, 1981; Kiriazis and Gibbs, 1995) have invoked this explanation, which would 

require that the degree of sarcomere inhomogeneity increases with increasing muscle diameter, 

resulting in reduced capacity of larger muscles to operate at optimal filament overlap and, accordingly, 

to develop less active stress. In support of this contention, macroscopic structural inhomogeneity, in the 

form of non-uniform segmental length changes, has indeed been observed (Fisher and Kavaler, 1971; 

Krueger and Pollack, 1975; Pinto and Win, 1977). Nevertheless, we remain sceptical since it is difficult to 

imagine how sarcomere inhomogeneity could produce a comparable radius-dependent decline of basal 

metabolism, as revealed by Cranefield and Greenspan (1960) in quiescent papillary muscles. 
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Ions and metabolites. Although reduced intracellular K+ concentration (possibility 4) has an inhibitory 

effect on stress production (Cairns et al., 1995; Cairns et al., 1997), no correlation between muscle size 

and intracellular K+ concentration was found by Page and Solomon (1960), even in preparations as large 

as 650 µm in radius. We therefore consider it unlikely that a radius-dependent depletion of 

transmembrane K+ gradient arises. Possibility 5 involves glucose. In all of the experiments quoted, the 

exogenous metabolic substrate was glucose (concentration: 5 mM – 10 mM). Perhaps the radius 

dependence of performance reflects limited diffusion of glucose rather than oxygen. However, 

consideration of stoichiometries and concentration gradients argues to the contrary. The stoichiometry 

of glucose oxidation is 6 mol oxygen per mol glucose. But the diffusion constant of glucose is about one-

sixth that of oxygen (Converti et al., 1996; Guo et al., 2010). Thus, the difference between diffusion 

constants is offset by the difference in stoichiometry. Furthermore, at a bath concentration of 10 mM 

glucose, the maximal difference in concentration, from the perimeter to core of muscle, is 10 mol m-3, 

wheares that of oxygen is 1.4 mol m-3 (Table 4.1). Hence, the relative diffusivity (i.e., the ratio of the 

products of the diffusion constants and their concentration gradients) favours glucose by a factor of 

seven. Moreover, we will demonstrate (in Figure 6.6) that varying glucose concentrations between 

5 mM and 30 mM had negligible effect on either the active stress or active heat production at 4-Hz 

stimulation. Lastly, given our modelling results, which showed adequacy of oxygen supply (Figure 4.7 –

 Figure 4.10), it seems unlikely that metabolites such as lactate or Pi (possibility 6), which become 

elevated under anaerobic conditions, could be responsible.  
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We have examined possibility 6 in more detail, following the modelling approaches adopted by 

Stuyvers et al. (2002) and Stienen et al. (1990). We accounted for the negative sigmoidal dependence of 

muscle stress production (S) on Pi concentrations as follows: 

 (  )      *    (      )
  

 

    

     
 + (4.10)  

Following Kentish (1986), we have made use of Hill’s analytical solution (Hill, 1928) for the rate of 

accumulation of a metabolite in a cylindrical muscle of radius R, when its rate of production is ρ, as 

follows: 

  ( )   
 

    

      (4.11)  

where    
 is the diffusion constant for Pi [2.73 x 10-10 and 4.05 x 10-10 m2 s-1, respectively, at 20oC and 

35oC (Park-Holohan et al., 2010)]. The results show that it is necessary to increase the simulated rates of 

Pi production (ρ), or equivalently decrease    
, by at least an order of magnitude to simulate the data 

shown in Figure 4.12. These simulations show that, even if anoxia were to develop, the resulting 

accumulation of Pi would be insufficient to explain the observed radius dependence of stress 

production. 
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Figure 4.12: Simulated effects of Pi. The symbols in A-D represent experimental data shown in Figure 4.7 to Figure 

4.9, respectively. The thin grey lines denote simulations of data of cardiac preparations arising from five sources 

under a variety of experimental conditions (Kentish, 1986; Godt and Nosek, 1989; Kentish, 1991; Fukuda et al., 

2001; van der Velden et al., 2001). Parameters required for Eq. 4.10 (S1, S2, n, and     

 ) were obtained by nonlinear 

curve fitting of the digitised form of S = S(Pi) data reported by the authors. The value of the rate of production of P i 

(ρ, 0.2 x 10
-3

 mol L
-1

 s
-1

) in A was adopted from Kentish (1986) for rat skinned trabeculae at room temperature. For 

B-D, ρ was adjusted for temperature using the data for (ma + mb) shown in Table 1, yielding values of 

0.33 mol L
-1

 s
-1

, 0.26 mol L
-1

 s
-1

 and 0.16 x 10
-3

 mol L
-1

 s
-1

, respectively. The thick black lines are the average of the 

resulting five different stress-radius relationships shown in grey. The thin black lines represent solutions for values 

of 5, 10 or 20 times ρ.  

Lin et al. (1991) provided two mathematical models to explain the radius-dependent decline of 

maximum Ca2+-activated stress production (which correlated with actin-activated ATPase activity of 

myosin) of detergent-skinned papillary muscles from rat is due to accumulation of Pi. In the first, both Pi 

and a second mechanism (which is cyclic AMP sensitive) cause the decline of stress and their effects are 
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additive. In the second, the cyclic AMP-sensitive second mechanism controls a transition between ‘on’ 

and ‘off’ (Ca2+-responsive and non-Ca2+-responsive, respectively) states for the force-generating 

crossbridges and accumulated Pi affects only the crossbridges in the ‘on’ state.  

These authors showed (as depicted here in Figure 4.13) a lack of agreement between the first model 

(open squares) and the theoretical prediction (continuous curve) of the effect of Pi on the 

radius-dependent stress production, but a reasonable agreement with the second model (open 

triangles). The second model can only explain the effect of accumulation of Pi on, but not the 

experimentally-observed, radius-dependent decline of stress production, i.e., their 

experimentally-measured stress-area (filled circles) values were lower than the predicted Pi-dependent 

stress-area relationship. Comparing the results of Lin et al. (1991), depicted in Figure 4.13, with our 

results shown in Figure 4.12, it is presumably necessary to increase the rate of Pi production (or 

decrease diffusion constant for Pi) by some factor (at least 5-fold) to mimic the 

experimentally-measured decline of stress production with cross-sectional area. 

 

Figure 4.13: Comparisons between experimentally-measured and theoretically predicted decline in stress with 

cross-sectional area. All data and curve were digitised from Figure 9 of Lin et al. (1991). Open squares and open 

triangles are values predicted by Lin et al. (1991) using the first model and the second model (see text), 

respectively.  Closed circles are experimental data of Lin et al. (1991). The continuous curve, computed by 

Lin et al. (1991) using the diffusion equations of Hill (1928) and Stienen et al. (1990), predicts the effect of 

accumulation of Pi on stress production as a function of cross-sectional area. Note that the values calculated by 

Lin et al. (1991) using the second model (open triangles) agrees reasonably well with the predicted curve, however 

the predicted curve is greater than experimentally-measured data (closed circles).  

 



Adequacy of Oxygen Supply via Diffusion 

 

65 

 

4.3 The 2-D Model of Oxygen Diffusion and Advection 

The 1-D diffusion equation is suitable for modelling preparations under a high rate of flow of 

superfusate through a muscle chamber since it allows the assumption that PO2 at the muscle surface is 

constant along the length of the muscle. However, it is necessary to invoke a 2-D analogue in order to 

describe the advective-diffusive supply of oxygen to an isolated cardiac trabecula in our low-flow 

micromechanocalorimeter, since PO2 is expected to decline progressively along the length of the 

muscle. For this simulation, we adopted the same parameter values as in the 1-D case. The 2-D case 

requires a description of the geometry of the measurement chamber of our micromechanocalorimeter 

(Figure 3.1). It was modelled as a cylinder of 500 µm radius whose length equals that of the trabecula. 

The upstream and downstream hooks, which attached the preparation, were modelled as cylinders of 

radius 200 µm and length 150 µm.  

The 2-D model was implemented in COMSOL Multiphysics 3.5a (COMSOL, Inc., MA) using the convection 

and diffusion module coupled with the incompressible Navier-Stokes fluid dynamics module. The model 

was solved in cylindrical coordinates as a time-dependent problem until steady state was achieved. 

In cylindrical coordinates, the governing equation of advection and diffusion of oxygen is: 

  

  
    (    )         (4.12)  

where c is concentration (mol m-3), u is the velocity field (m s-1),   denotes the standard del operator 

and m and D have the meanings defined above. Oxygen concentration is the product of its partial 

pressure and its solubility, i.e., c(r, l, t) = p(r, l, t), where l is location of muscle length (0 < l < L; m). 

In the muscle domain, u = 0 and  

   (     )  
[ (     )]  

[ (     )]       

  
 (4.13)  

In the superfusate domain, D was taken to be 2.07 x 10-9 m2 s-1, which was calculated from van Stroe & 

Janssen (1993) at 22oC and 130 mM NaCl. This value agrees well with 2.1 x 10-9 m2 s-1 as measured by 
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Evans et al. (1981), and is within the range calculated by Ju and Ho (1985) (1.88 x 10-9 m2 s-1) and by 

Hung and Dinius (1972). The solubility of the superfusate at 22oC was calculated to be 

1.32 x 10-5 mol m-3 Pa-1, using the value for physiological saline: 22.7 mL L-1 atm-1 at 37oC and Q10 of 0.83 

as reported by Loiselle (1989). The calculated value at 22oC was in excellent accord with a value of 

3.93 x 10-2 mL L-3 torr-1 (or, equivalently, 1.31 x 10-5 mol m-3 Pa-1) as measured by Graham (1987) and 

1.32 x 10-5 mol m-3 Pa-1  as measured by Evans et al. (1981) at the same temperature. 

The velocity field u of the superfusate was calculated as the ratio of the superfusate flow rate to the 

annular area of the superfusate domain:       (  
    ) , where Rc is the radius of the superfusate 

chamber.  

The Navier-Stokes model of incompressible Newtonian flow (constant viscosity) was used to calculate 

the velocity field u that results from advection in the superfusate domain: 

 
  

  
       (   )        

     

 (4.14)  

where   is density (998 kg m-3), ps is pressure (0 Pa) and   is the dynamic viscosity of the superfusate, 

approximated by that of water (1 x 10-3 Pa s).  

In the advection-diffusion model, the following boundary conditions were assumed: the advective flux, 

  (-   ) = 0 for the muscle centre and the side walls, there is PO2-continuity at the muscle-superfusate 

interface, and a constant       at the superfusate inlet. In the incompressible Navier-Stokes model, 

the boundary condition at the superfusate inlet was assumed to obey parabolic Poiseuille flow. At the 

superfusate outlet, the outflow condition was defined as pressure with no viscous stress, using a value 

of 0 Pa. At the chamber wall and at the muscle-superfusate interface, a non-slip (u = 0) boundary 

condition was adopted. Triangular elements were used and refinement of the mesh produced some 

5000 elements. The model was solved using the UMFPACK direct solver. 

The Hagen-Poiseuille equation, which can be derived from the Navier-Stokes equations, governs laminar 

and incompressible flow through a circular cross-section. The axial velocity distribution (vz; m s-1) along 

the muscle or chamber length (0 ≤ l ≤ L; m) for Poiseuille flow with a non-slip boundary condition at the 

muscle wall, vz(R) = 0, and at the chamber wall, vz(Rc) = 0, is given by the following: 
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The volumetric flow rate is:  

  ∫            
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  + (4.16)  

The axial change of superfusate pressure, dP/dL, was assumed to be a constant whose value was 

obtained by equating Q = 1 µL s-1 (or 10-9 m3 s-1). For example, for our largest trabecula preparation 

(R = 150 µm), dP/dL was calculated to be 68.8 Pa m-1 within the measurement chamber (Rc = 500 µm).  

The oxygenated fraction of muscle volume was computed as: 

     
 

    
∫ ∫

[ (     )]  

[ (     )]       

  

 

 

       
 

 

   (4.17)  

 

4.3.1 Validation of the 2-D Model 

Results from the 2-D model were validated against those from the 1-D model: (i) by setting        

constant at all points along the length of the muscle surface, and (ii) by increasing superfusate flow rate 

100-fold. Computed values of c(r,l,t) were converted to p(r,l,t). The former criterion is essentially the 

same as solving the 1-D model in which c (or P) is constant along muscle length. The latter criterion, 

likewise, sets constant c (or P) along muscle length as a result of an extremely high superfusate flow 

rate, implying a high rate of oxygen supply. The results arising from the two models were 

indistinguishable (results not shown). 

We also compared the difference between the experimentally measured values of c at two different 

stimulus frequencies with those predicted by the 2-D model. Experimentally, we measured 

simultaneously the active rate of heat production, the active stress production, and the downstream 

oxygen concentration of the superfusate for a trabecula (radius 125 µm, length 2.8 mm) contracting at 
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0.2 Hz, 2 Hz and 4 Hz. Superfusate oxygen concentration was measured at the downstream end of the 

trabecula using a commercially-available oxygen probe (Foxy-18G, Ocean Optics Inc., FL). Using the 

model, we computed the average oxygen concentration in the annular region of superfusate flow at the 

downstream end of the muscle as follows: 

        [  ]    
∫  ( )

  

 
       

  (  
     )

 (4.18)  

The difference between the measured values of c at stimulus frequencies of 0.2 Hz and 2 Hz 

(7.7 mmol m-3) agreed well with that predicted by the 2-D model, using the measured active rates of 

heat production: 8.7 mmol m-3. Likewise, between 0.2 Hz and 4 Hz, the difference between the 

measured values of c (14.9 mmol m-3) was in excellent agreement with that predicted by the 2-D model: 

14.6 mmol m-3, thereby giving us confidence in the numerical output of the model. 

 

4.3.2 Model results 

We showed the steady-state results of 2-D modelling of the advection-diffusion equation (Eq. 4.12) 

applied to a specific case (22oC, 2 mM [Ca2+]o and 4 Hz stimulation), chosen for its extreme conditions: 

the largest muscle that we examined (radius 150 µm, length 4.0 mm) subjected to the extrapolated 

‘extreme heat rate’ value (Figure 4.1B), at a superfusate flow rate of 1 µL s-1. 

Figure 4.14 depicts steady-state PO2 contours (blue: 101 kPa, red: 0 kPa) within the superfusate and 

muscle domains. The geometries of the superfusate chamber and hooks mimic those of the 

measurement chamber (Taberner et al., 2005) of our micromechanocalorimeter. As illustrated, PO2 

decreased along muscle length and across muscle radius.  
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Figure 4.14: Simulated PO2 contour at steady state within the superfusate and the muscle domains (top). The 

geometries of superfusate chamber approximates our micromechanocalorimeter, where the chamber itself is 

0.5 mm in radius (Rc) and length the same as the largest trabecula examined (l = 4 mm and R = 150 µm), the hooks 

are 0.2 mm in radius and 0.15 mm in length. In the superfusate domain, the white arrows indicate the velocity field 

of laminar flow, the strength indicated by the magnitude of the arrow. The muscle domain has been amplified in 

radius (3 x R) (middle), where it can be seen that the PO2 dropped radially and axially, with blue being 1 x 10
2
 kPa 

and red being 0 kPa, as indicated by the scale bar (bottom).
 

Figure 4.15A shows PO2 as a function of r (radial distance from muscle centre), whereas Figure 4.15B 

shows PO2 as a function of l (axial distance from upstream end). At the upstream end, the PO2 of the 

superfusate domain was set to 101 kPa (1.24 mol m-3; boundary condition) whereas within the muscle, it 

dropped to 9.3 kPa at the centre. At the downstream end, in contrast, superfusate PO2 was lower 

(average of 97.9 kPa or, equivalently, 1.21 mol m-3; Eq. 4.18) such that at the muscle surface and muscle 

centre, PO2 was 62.3 kPa and 0.04 kPa, respectively. Note that the latter value is in the vicinity of 

    
(0.213 kPa; Table 4.1). Aoxy monotonically decreased along muscle length (Figure 4.15C), from a 

value of 1.000 to 0.962, such that the fractional volume oxygenated, Voxy (Eq. 4.17), was estimated to be 

0.984. We predict that this muscle could have been producing heat at a rate 0.995 times the ‘extreme 

heat rate’. However, its measured rate of heat production was 45.8 kW m-3 - only about 0.58 times the 

predicted value. 
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Figure 4.15: A: simulated steady-state profile of PO2 as a function of r (from muscle centre to radius of superfusate 

chamber, Rc) at the upstream and downstream ends of the thickest trabecula (R = 150 µm). The average values of 

PO2 in the superfusate domain at the upstream and downstream ends were 101 kPa and 97.9 kPa (or equivalently 

average concentration of 1.21 mol m
-3

). Within the muscle, PO2 dropped from 101 kPa to 9.3 kPa at the upstream 

end, and from 62.3 kPa to 0.04 kPa. These values are also shown in B, where PO2 dropped along muscle length 

(0 mm ≤ l ≤ 4 mm). C: fractional area oxygenated (Aoxy; Eq. 4.5) decreased from 1.000 to 0.962 along muscle length 

such that the Voxy (Eq. 4.17) was 0.984. 

Hence, despite the consequent greatly reduced rate of provision of oxygen, the 2-D model predicts that 

even our thickest (diameter 300 m) and longest (4 mm) preparation, consuming oxygen at the 

‘extreme rate’, would not have experienced an anoxic core at its downstream end. [Note that the 

predicted minimum value reached (120 Pa) is of the same order of magnitude as the PO50 for oxygen 

consumption: 213 Pa (Table 4.1)]. 
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4.4 Chapter Précis 

Trabeculae were predicted to have supplied adequately with oxygen via diffusion in our 

micromechanocalorimeter.  

The observed radius-dependent diminution of muscle performance (such as active stress production, 

active heat production or basal rate of oxygen consumption) in vitro cannot be entirely attributed to 

insufficient supply of oxygen via diffusion. The 10-fold increase of literature value for the metabolic rate 

of oxygen consumption (or equivalently the some 10-fold decrease of literature value for Krogh’s 

constant) to mimic the predicted relationship with the experimentally-observed relationship between 

performance and radius is simply wholly improbable. We thus infer that the radius-dependent decline of 

stress production arises, at least in part, from cellular or tissue mechanisms that are independent of 

diffusion oxygen supply. Similarly, the radius-dependent decline of muscle heat production reflects a 

decline of oxygen demand and not insufficiency of oxygen supply. 
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Chapter 5   Energetic Cost of Twitch Stress Production 

 

Chapter 5 

Energetic Cost of Twitch Stress Production 

 

When an isolated cardiac muscle, held fixed at both ends, is electrically stimulated, twitch force is 

produced. The energetic cost of this mechanical contraction is reflected in the liberation of heat 

(equivalent to consumption of oxygen; 20 kJ of heat produced per litre of oxygen consumed (Coulson, 

1976; Theisohn et al., 1977)).  

This Chapter describes relations between  the production of twitch stress (force per cross-sectional 

area) and the liberation of heat of cardiac trabeculae, measured using our micromechanocalorimeter 

(Chapter 3), under various chronotropic and inotropic interventions (achieved by changing stimulus 

frequency, muscle length and [Ca2+]o). This Chapter focuses on the magnitude and the time-integral of 

twitch stress production. The twitch duration will be scrutinised in Chapter 7. 

Parts of the contents of this Chapter have been published in “Han J-C, Taberner AJ, Nielsen PMF, Kirton 

RS, Ward M-L, and Loiselle DS. Energetics of stress production in isolated cardiac trabeculae from the 

rat. Am J Physiol Heart Circ Physiol 299: H1382-H1394, 2010.” 
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5.1 Experimental Protocols 

After a trabecula was mounted onto the hooks and located in the measurement chamber (Figure 3.3) of 

the micromechanocalorimeter (Figure 3.1), it was field stimulated using typically 3-V, 5-ms pulses at 

0.2 Hz. This equilibration period was at least an hour during which time the trabecula was gradually 

stretched to its optimal length (Lo; the length at which active force production is maximal). 

Experiments to determine the heat-stress relationships consisted of four interventions. In the first 

intervention, trabeculae were fixed at Lo and force was varied by varying stimulus frequency (0.5 Hz, 

1 Hz, 2 Hz, 3 Hz and 4 Hz). The order of presentation of these ‘test’ stimulus frequencies followed a 

replicated 5 x 5 Latin Square design (Table 5.1). Intercalated between each test frequency was a period 

during which the trabecula received the ‘reference’ stimulus frequency (0.2 Hz). Under all conditions, 

twitch force was allowed to reach steady-state prior to changing stimulus frequency.  

 

Table 5.1: A 5 x 5 Latin Square design for the 10 experiments. Muscles assigned an odd number were exposed to 

2 mM before 1 mM [Ca
2+

]o, and vice-versa for even-numbered muscles. Each muscle received a unique order of 

presentation of the combination of stimulus frequency and [Ca
2+

]o. 

In the second intervention, muscle force was varied by reduction of muscle length below Lo. Muscle 

length was reduced stepwise using the low-speed muscle-length actuator (Figure 3.1). At each step, 

steady-state muscle force and heat rate were measured in response to 0.2-Hz and 2-Hz stimulus 

frequencies. At the end of this intervention, the muscle was re-lengthened back to Lo where force and 

heat were re-measured, thereby providing a test of recovery from the length-change intervention. The 

third and fourth interventions were the same as the first and second interventions, respectively, except 

for the difference in [Ca2+]o (1 mM or 2 mM). 
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The adoption of a Latin Square experimental design allowed examination of the effect of time on the 

ability of the preparations to develop stress.  All the stress data at Lo were plotted as a function of time 

(relative to start of experiment), as shown in Figure 5.1A. A linear regression analysis was performed, 

which confirmed that the slope was not significantly different from zero. Thus, the effect of time on 

active stress development during the duration of an entire experiment was inconsequential (~2% 

decrease after ~75 min of each of the four experimental interventions). This result was supported by the 

non-significant difference, at either value of [Ca2+]o and either stimulus frequency (0.2 Hz and 2 Hz), 

between active stress values at Lo before reduction of muscle length (filled bars) and those measured 

after re-lengthening the preparations back to Lo (open bars) some 60 min – 80 min later (Figure 5.1B). 

Thus, our experimental design minimised the risk of temporal confounding which bedevils such lengthy 

experiments (about 5 hr). 

 

Figure 5.1: A: non-significant effect of time on active stress production at Lo (at various stimulus frequencies and 

both levels of [Ca
2+

]o). The solid line is the linear regression line and the broken lines are its 95% confidence 

intervals. The intercept and the slope of the regression equation are 47.5 ± 1.82 kPa and -0.015 ± 0.012 kPa min
-1

, 

respectively. B: maximum active stress at Lo at 0.2 Hz and 2 Hz, and at 1 mM and 2 mM [Ca
2+

]o, before (filled bars) 

and after (open bars) the ‘length-reduction’ intervention. The vertical lines denote standard errors (SE). 

Stimulus heat was quantified at the end of each experiment, in the absence of the trabecula. The 

stimulus heat rate was 0.31 μW Hz-1 (quantified by the slope of the proportionality between stimulus 

heat rate and stimulus frequency), at a flow rate of 1 L s-1 when using 3-V, 5-ms stimulus pulses. The 

rate of heat production by the trabecula was corrected for the stimulus heat retrospectively. Viscous 

heating, due to the mechanical work of deformation of superfusate passing around the trabecula, was 

assumed to be negligible (Loiselle et al., 1996). 
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Normalisation and Definitions Muscle cross-sectional area was estimated by viewing muscle diameter 

at Lo in a single plane and assuming a circular cross-section. Although, typically, the cross-sections of 

trabeculae are elliptical (Chapter 2), the assumption of circularity has no effect on the shape of any of 

the relations of interest. The heat rate was normalised to the muscle wet volume and was expressed in 

units of kW m-3, while the heat per twitch was expressed in units of kJ m-3 twitch-1. Muscle length was 

expressed relative to Lo. Stress is the force divided by muscle cross-sectional area and was expressed in 

units of kPa. At lengths less than Lo, stress was corrected for the associated increase of cross-sectional 

area under the assumption of constant tissue volume. Diastolic stress was defined as that required to 

achieve complete relaxation between twitches, equivalent to the increment of stress above passive 

stress (Figure 5.2: 4-Hz stimulation). Active stress was defined as the peak stress developed above the 

diastolic level. Active heat per twitch was calculated by dividing the rate of heat production by the 

stimulus frequency. Force-time Integral was retrospectively calculated by integrating the twitch force 

profile: FTI = F(t)dt from the start of the rise, to the end of the decline, of twitch force, and averaged 

over 8-10 steady-state twitches; it was converted to stress-time integral (STI) by dividing by muscle 

cross-sectional area. 

Statistical analysis Data were fitted by polynomial regression, using the Random Coefficient Model 

within PROC MIXED (Littell et al., 2006) of the SAS software package (SAS Inst. Inc., Cary, NC). The 

regression coefficients were assumed to have arisen from a multivariate normal probability distribution; 

i.e., the trabeculae used in this study were assumed to represent a random sample from the population 

of cardiac trabeculae. Differences among regression lines were examined for statistical significance at 

P < 0.05.  

 

5.2 Records of Heat and Stress Production 

Figure 5.2 illustrates typical records of muscle stress development and rate of heat production. 

Increasing stimulus frequency resulted in decreased active stress but increased heat rate. Reduction of 

muscle length resulted in a decrease of both stress and heat rate. Re-lengthening the muscle back to Lo 

restored both the stress and heat rate values. Note that, at higher stimulus frequencies (especially 4 Hz), 

the relaxation of stress at steady-state was incomplete, resulting in elevation of diastolic stress.  
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Figure 5.2: A subset of records of heat rate (top panels) and twitch stress (bottom panels) from a single trabecula 

(180 µm in diameter and 3.0 mm in length), at 1 mM and at 2 mM [Ca
2+

]o. Muscle heat rate and stress were varied 

by changing stimulus frequency at Lo and by reducing muscle length below Lo at 0.2 Hz and 2 Hz. Note the 

incomplete relaxation of stress (i.e., increase of diastolic stress) at high stimulus frequencies (in particular, at 4 Hz). 

 

5.3 Effects of Stimulus Frequency 

The dependence of cardiac muscle contraction and relaxation on stimulus frequency is an important 

intrinsic regulatory mechanism of cardiac contractility. Figure 5.3 depicts the steady-state twitches at 

various stimulus frequencies examined (0.2 Hz – 4 Hz) at Lo and at 2 mM [Ca2+]o. In Figure 5.3A, the 

amplitude of active (developed) stress decreased with stimulus frequency. The diastolic stress became 

elevated at high frequencies. In Figure 5.3B, the duration of twitch stress decreased with stimulus 

frequency, whereas the rate of contraction (the slope of the rising limb) and the rate of relaxation (the 

slope of the falling limb) of twitch both increased with stimulus frequency.  
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Figure 5.3: A: overlaid steady-state twitches at Lo and at 0.2 Hz (black), 0.5 Hz (blue), 1 Hz (grey), 2 Hz (green), 3 Hz 

(purple) and 4 Hz (red) stimulus frequency.  Data from a representative trabecula at 2 mM [Ca
2+

]o. Note the 

incomplete relaxation, i.e., increase of diastolic stress, at 3 Hz (purple) and 4 Hz (red). B: same twitches as in A, but 

each twitch has been normalised to the amplitude of its active stress. Arrows indicate increasing stimulus 

frequency. 

Figure 5.4 shows the effects of stimulus frequency on muscle active heat rate, active heat per twitch and 

stress at Lo under steady-state conditions at 1 mM and 2 mM [Ca2+]o. Data from each of the 10 

trabeculae were fitted using quadratic regression, and the regression lines were then averaged. Data 

points from each trabecula at a given stimulus frequency were also averaged and presented as 

mean ± standard error (SE).  

In Figure 5.4A and B, active heat rate increased with stimulus frequency at both levels of [Ca2+]o. This is 

consistent with the data presented by Loiselle et al. (1996) where the rate of heat production of a rat 

cardiac trabecula monotonically increased with frequency, and by Laurent et al. (1956) who reported 

increased rate of oxygen consumption with heart rate in the intact dog heart. These findings are 

expected given the increased rates of influx and efflux of Ca2+ and increased rate of ATP hydrolysis by 

cycling crossbridges with increasing stimulus frequency. But the heat per twitch (ratio of heat rate to 

stimulus frequency) decreased with stimulus frequency, at both [Ca2+]o (Figure 5.4C and D). This means 

that for a given twitch stress production, the accompanying liberation of heat is less at higher stimulus 

frequency. 
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Figure 5.4: Steady-state active heat rate, active heat per twitch, and peak stress (active and diastolic) as functions 

of stimulus frequency at Lo for a representative trabecula (A, C and E, respectively) and for the average of 10 

trabeculae (B, D and F, respectively). Data points (mean ± SE) represent average over all 10 trabeculae 

(198 ± 20 µm in diameter and 3.0 ± 0.3 mm in length):  1 mM (open circles) and 2 mM [Ca
2+

]o (filled circles). 

Regression lines (quadratic fitting) are the averages of the 10 individual regression lines: 1 mM (thin lines) and 

2 mM [Ca
2+

]o (thick lines).  

The profiles of the steady-state active stress-frequency relationships (Figure 5.4E and F) were 

qualitatively comparable to the profiles of the heat per twitch versus stimulus frequency relationships 

(Figure 5.4C and D). Statistical analysis showed significant differences between the average regression 
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lines at both levels of [Ca2+]o for each of active heat per twitch (Figure 5.4D) and active stress (Figure 

5.4F) as functions of stimulus frequency. Contrariwise, diastolic stress was negligible up to a stimulus 

frequency of 2 Hz (Figure 5.4E and F), but increased subsequently. There was no significant difference 

between the average regression lines of diastolic stress at 1 mM and 2 mM [Ca2+]o (Figure 5.4F).  

The (active) stress-frequency relationship, in most mammalian myocardium, is positive. However, in rat 

and mouse, stress-frequency relationships have been reported to be either positive, negative or biphasic 

(i.e., negative at low frequency and positive at higher frequency). The stress-frequency relationship of 

rat, as reported in the Literature, is documented in Table A5 in the Appendices. 

Hoffman and Kelley (1959) were the first to reveal the negative stress-frequency relationship of the rat 

heart by using rat papillary muscle. Since then, Stemmer and Akera (1986) examined the 

stress-frequency relationship of rat left atrial muscle in the absence and presence of ryanodine (an 

inhibitor of SR Ca2+ release) at 1.8 mM [Ca2+]o and at 32oC. Their results indicated that a component of 

the positive stress-frequency relationship exists in all species but in rat this component was masked by a 

ryanodine-sensitive component that has a strong negative stress-frequency influence. Recent result by 

Monasky and Janssen (2009) showed that the positive stress-frequency relationship in rat at 1.5 mM 

[Ca2+]o and at 37oC became negative following inhibition of SR function with unchanged amplitude of 

Ca2+ transient. They postulated that this is a consequence of greater desensitisation of myofilament at 

higher stimulus frequencies. Thus, the SR seems important in modulating the stress-frequency 

relationship.  

It would now be generally agreed that the negative stress-frequency relationship reported by 

Hoffman and Kelley (1959) was a consequence of high [Ca2+]o (2.7 mM), despite being undertaken at 

37°C. But there remains evidence (see Table A5 in the Appendices) that, even at physiological values of 

[Ca2+]o (1.2 mM - 1.5 mM), the stress-frequency relationship is negative at sub-physiological 

temperatures (Stemmer and Akera, 1986; Morii et al., 1996; Mubagwa et al., 1997; Maier et al., 1998). 

Our experimental results, at 1 mM and 2 mM [Ca2+]o (Figure 5.4E&F)  are in accord. It seems that the 

profile of the stress-frequency relationship of rat is extremely sensitive to the experimental conditions 

dominated by the interplay between [Ca2+]o and temperature. 

At factor that could possibly contribute to the negative stress-frequency relationships at high stimulus 

frequency (>3 Hz at room temperature) is an insufficient diffusive supply of oxygen into the cores of 
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isolated trabeculae. Schouten and ter Keurs (1986) showed that the steepness of the (negative) stress-

frequency relation was greater in thick (radius >400 μm) than in thin (radius <100 μm) preparations. In 

this study, we utilised thin cardiac trabeculae (mean radius of 99 ± 10 µm) in order to minimise oxygen 

diffusion limitation. We are confident that we achieved this aim because of the mathematical modelling 

results presented in Chapter 4, i.e., tissue anoxia would occur after a critical muscle radius of 166 µm 

(22oC, 2 mM [Ca2+]o and 4 Hz).  

We also confirmed, experimentally, that the rate of supply of oxygen is not a contributor to the negative 

stress-frequency relationship. As shown in Figure 5.5A, the negative stress-frequency relationships were 

independent of the rate of flow (1 µL s-1, 1.7 µL s-1 or 47 µL s-1) of oxygen-rich superfusate.  Moreover, 

oxygen diffusion limitation cannot explain the negative stress-frequency relationship observed in either 

skinned cardiac muscle bundles (Lin et al., 1991) or isolated rat ventricular myocytes (Frampton et al., 

1991). 

 

Figure 5.5: The stress-frequency relationships of an isolated cardiac trabecula (radius of 85 µm and length of 

3.6 mm) from rat heart at various rates of flow of 100% oxygen-equilibrated superfusate (1 µL s
-1

, 1.7 µL s
-1

 and 

47 µL s
-1

), at 22
o
C and 2 mM [Ca

2+
]o. Panel A overlays the 6 relations of active stress versus stimulus frequency 

(four relations for 1 µL s
-1

, one relation for 47 µL s
-1

 and for 47 µL s
-1

; all fitted using quadratic regression). Panel B 

plots the data points as a function of time and superfusate flow rates (circles: 0.2 Hz; triangles: 0.5 Hz; squares: 

1 Hz; crosses: 2 Hz; inverted triangles: 3 Hz; and asterisks: 4 Hz). 

To check the literature reports of stress-frequency relationships (either positive or negative) of rat heart 

at physiological conditions (Table A5 in the Appendices), we determined, using our 
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micromechanocalorimeter, the stress-frequency relationship of rat cardiac trabeculae at physiological 

conditions (36oC –  37oC and 1.5 mM [Ca2+]o). Results were shown in Figure 5.6, where in panel A, the 

stress-frequency relationships of all five trabeculae (radius 64 ± 17 µm and length 1.4 ± 0.1 mm) were 

plotted and in panel B, the data points were averaged and presented as mean ± SE. Data were fitted 

using linear regression. On average, we obtained a reasonably flat stress-frequency relationship at 

physiological conditions (Figure 5.6B). Diffusive supply of oxygen was adequate since the critical radius 

for tissue anoxia was predicted to be 145 µm (Chapter 4). 

 

Figure 5.6: Active stress-frequency relationships of 5 rat cardiac trabeculae (radius 64 ± 17 µm and length 

1.4 ± 0.1 mm) at physiological conditions (36
o
C – 37

o
C and 1.5 mM [Ca

2+
]o). Panel A shows the individual 

stress-frequency relationships of 5 muscles, whereas panel B shows their averages (mean ± SE). Data were fitted 

using linear regression. 

 

5.4 Effects of Muscle Length 

We obtained curvilinear steady-state active stress-length relationships (Figure 5.7C and D), consistent 

with literature (Grimm et al., 1970; Julian and Sollins, 1975; Krueger and Pollack, 1975; Allen and 

Kurihara, 1982; Layland et al., 1995; Janssen et al., 2002). We infer that this concave curvilinearity is due 

mainly to the length-dependent increase of the degree of activation processes, predominantly the 

binding of Ca2+ to troponin-C (Jewell, 1977; Allen and Kentish, 1985). In contrast, ter Keurs et al. (1980) 

and Kentish et al. (1986), by controlling sarcomere length, found a convex curvilinear active 

stress-length relationship. Hence, our results of concave curvilinear active stress-length relationships 
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could also be attributed to internal shortening of sarcomeres at the centre at the expense of those at 

the ends of the trabeculae. 

 

Figure 5.7: A and C: steady-state active heat per twitch and stress as a function of muscle length, respectively, for a 

single trabecula (220 µm in diameter and 2.3 mm in length). Filled symbols: 0.2 Hz; open symbols: 2 Hz; circles: 

2 mM [Ca
2+

]o; squares: 1 mM [Ca
2+

]o. Data were fitted using quadratic regression, solid lines: 0.2 Hz; broken lines: 

2 Hz. Upper pairs of lines: 2 mM [Ca
2+

]o; lower pairs of lines:1 mM [Ca
2+

]o. B and D: average lines for all 10 

trabeculae. 

Note that in Figure 5.7B and D, each line represents the average of 10 individual regression lines (each 

fitted to data points of each muscle). This ‘lines-averaging’ was necessary because the independent 

variable, i.e., ‘muscle length’, in this case, was different among the 10 muscles (unlike the independent 

variable, i.e., ‘stimulus frequency’, in Figure 5.4B – F, which was fixed for all 10 muscles). 
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Interestingly, the active stress-muscle length relationships for 0.2 Hz intersected with those for 2 Hz 

(Figure 5.7C and D). Above the intersection point, the active stress-frequency relationships were 

negative (between 0.2 Hz and 2 Hz). Below the intersection point they became positive, suggesting that 

the active stress-frequency relationships are muscle-length dependent. A comparable finding has been 

reported by Freeman  et al. (1987) in the hearts of conscious dogs, in which the pressure-volume 

relationships at different heart rates intersected at the same point. We infer that the interplay between 

muscle length and stimulus frequency affects the sensitivity of myofilament to Ca2+ and the activation 

processes which modulate the length-dependent stress production. 

We found that the relationships between the steady-state active heat per twitch and muscle length to 

be concave curvilinear at both [Ca2+]o and at both 0.2 Hz and 2 Hz (Figure 5.7A and B). The intersections 

of stress-muscle length relationships were also seen in the heat-length relationships. 

 

5.5 Heat-Stress Relationships 

From Figure 5.4 and Figure 5.7, it can be seen that the profiles of the active heat-frequency and active 

heat-length relationships were qualitatively comparable to the profiles of the peak active 

stress-frequency and peak active stress-length relationships, respectively. In order to assess the 

correlation between active heat and peak active stress, we combined these data to plot the heat-stress 

relationships. Figure 5.8 shows the results for a single trabecula (A and C), and for the average of the 10 

trabeculae (B and D) under steady-state conditions. 

In Figure 5.8A, the data points represent the measurements obtained by varying stimulus frequency at 

Lo, and by reducing muscle length at 0.2 Hz and 2 Hz, at both levels of [Ca2+]o. The upper line is for 2 mM 

[Ca2+]o, while the lower line is for 1 mM [Ca2+]o. Active heat per twitch was linearly correlated with active 

stress. For each regression line, the circled data point represents the measurement obtained at 4 Hz and 

Lo. Note that these 4 Hz data (encircled) fall remarkably close to the respective regression lines, even 

though the diastolic stress was elevated (Figure 5.2 and Figure 5.4). 
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In Figure 5.8B, the solid line is the average of the 10 linear regression lines, each of which was fitted to 

the data from an individual trabecula. The upper solid line is for 2 mM, while the lower solid line is for 

1 mM [Ca2+]o. The dotted lines represent the 95% confidence intervals of the regression lines. The 

intercepts, but not the slopes, were significantly different between [Ca2+]o levels. 

In Figure 5.8C, the same data as in Figure 5.8A were categorised into three groups. Group 1 (black) 

contained the data obtained at Lo at various stimulus frequencies, group 2 (red) contained the data 

obtained at muscle lengths less than Lo at 0.2 Hz, and group 3 (blue) contained data obtained at muscle 

lengths less than Lo at 2 Hz. Separate linear regression lines were fitted to the data from each group at 

both levels of [Ca2+]o. Within a given level of [Ca2+]o, there was no significant difference among the 

intercepts nor the slopes of the three groups. Between [Ca2+]o levels, however, the intercepts were 

significantly different among the three groups. The data of 0.2 Hz and 2 Hz obtained in the 

‘varying-frequency-at-Lo’ intervention before the ‘length-reduction’ intervention were not significantly 

deviant from those obtained after re-lengthening the muscle back to Lo. Note that these 4 Hz data 

(encircled) fell on the respective regression lines.  

Figure 5.8D shows the average regression lines of all 10 trabeculae, split into three groups as in Figure 

5.8C. At each level of [Ca2+]o, there was no significant difference among the intercepts nor the slopes for 

the three groups. By contrast, between [Ca2+]o levels, the intercepts, but not the slopes, were 

significantly different for each of the three groups. Superimposed on the plots were the data points at Lo 

(for the 6 stimulus frequencies examined), averaged across all 10 trabeculae. Again, the data of 0.2 Hz 

and 2 Hz at Lo, obtained before reducing muscle length, did not deviate significantly from those obtained 

after re-lengthening the muscle back to Lo (also shown in Figure 5.1B). The 4 Hz data (encircled) lied 

proximal to the regression lines at both values of [Ca2+]o. 
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Figure 5.8: Linear regression of the active heat-stress (H-S) relationships at 2 mM [Ca
2+

]o (top line(s)) and 

1 mM [Ca
2+

]o (bottom line(s)), of A: a single trabecula (180 µm in diameter and 3.1 mm in length) and of B: all the 

10 trabeculae, where the solid lines are the fitted linear regression lines, and the dotted lines are their 95% 

confidence intervals. The regression lines are H = (0.24 ± 0.01)*S + (2.0 ± 0.4) and H = (0.28 ± 0.01)*S + (3.5 ± 0.4) 

for 1 mM and 2 mM [Ca
2+

]o, respectively. C: Data in A were split into three groups: those from various stimulus 

frequencies at Lo (group 1: black symbols, in which the filled and the open symbols distinguish data before and 

after the length-reduction intervention, respectively), those from 0.2 Hz at reduced muscle lengths (group 2: red 

symbols), and those from 2 Hz at reduced muscle lengths (group 3: blue symbols). D: Averages of the 10 regression 

lines, split into the three groups (as in C). For 1 mM [Ca
2+

]o: H = (0.25 ± 0.02)*S + (1.8 ± 0.5), 

H = (0.25 ± 0.02)*S + (1.7 ± 0.4)  and H = (0.25 ± 0.02)*S + (2.2 ± 0.4) for the respective three groups described in 

the text. For 2 mM [Ca
2+

]o: H = (0.29 ± 0.02)*S + (3.2 ± 0.5) , H = (0.30 ± 0.02)*S + (3.2 ± 0.4)  and 

H =  (0.28 ± 0.02)*S + (3.7 ± 0.4). The black symbols represent data of varying stimulus frequencies at Lo (group 1), 

in which values are presented as mean ± SE. The circled symbols are data arising from 4 Hz stimulus frequency. 
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Negligible metabolic expenditure of diastolic stress. The fit of the 4-Hz data on the active heat-stress 

regression lines (Figure 5.8) provide evidence that the heat liberated by trabeculae is a consequence of 

the active (or developed) stress produced, while the diastolic stress is attained with negligible metabolic 

expenditure. Under conditions of hypoxic contracture in the absence of glucose, negligible heat 

production during elevated diastolic stress has been observed in rat papillary muscles (Holubarsch et al., 

1982; Holubarsch, 1983) and trabeculae (Holubarsch and Jacob, 1981). These authors attributed the 

contracture to the formation of ‘latch-bridges’ with very low rates of cycling, spending lengthy durations 

in the force-generating state with correspondingly low rates of energy turnover. We will scrutinise this 

phenomenon in Chapter 6. 

We are the first to have determined the heat-stress relationships of cardiac trabeculae (Figure 5.8). 

Previously, the heat-stress relationship of cardiac muscle has been determined using papillary muscles 

(Gibbs and Gibson, 1970; Loiselle, 1979; Loiselle and Gibbs, 1979; Gibbs et al., 1988; Gibbs et al., 1990; 

Kiriazis et al., 1992; Kiriazis and Gibbs, 1995; 2001). At both levels of [Ca2+]o, we found that active heat 

per twitch correlated linearly with active stress, in accord with the heat-stress relationships of papillary 

muscles of the rat (Kiriazis and Gibbs, 1995; 2001) and the rabbit (Gibbs et al., 1988; Gibbs et al., 1990; 

Kiriazis et al., 1992). We found that the heat-stress relationships were independent of stimulus 

frequency and muscle length, also in agreement with previous studies on papillary muscles (Gibbs and 

Gibson, 1970; Loiselle, 1979; Loiselle and Gibbs, 1979).  

We also found that doubling [Ca2+]o from 1 mM to 2 mM shifted the active heat-stress relationships 

upward, i.e., same slope but different heat-intercepts (Figure 5.8). The slope provides an estimate of the 

crossbridge economy, which is the energy expenditure (heat produced) per unit stress development 

(Gibbs et al., 1990; Kiriazis and Gibbs, 1995; 2001). Its value is independent of [Ca2+]o and is in 

reasonable agreement with the values reported by Kiriazis and Gibbs (1995; 2001) in split papillary 

muscles from rat. The extrapolated heat-intercept is termed the activation (or stress-independent) heat 

and is attributed primarily to the energy expenditure associated with Ca2+ cycling by the sarcoplasmic 

reticular Ca2+-ATPase (SERCA) and with the removal of Na+ from the cytoplasm by the Na+-K+-ATPase 

(Chapman et al., 1970; Gibbs et al., 1988). For examples, Chapman et al. (1970) demonstrated 

decreased activation heat with either decreased [Ca2+]o or decreased [Na+]o, or both, which showed 

convincingly that activation heat consists of predominantly two sources: cycling of Ca2+ and of Na+. Thus, 

the increment of our values of activation heat (2.0 kJ m-3 twitch-1 to 3.5 kJ m-3 twitch-1), by an increase of 

[Ca2+]o from 1 mM to 2 mM, implies a greater metabolic expenditure associated with the sequestering of 

Ca2+ into the sarcoplasmic reticulum by SERCA.  
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Our activation heat value at 2 mM [Ca2+]o is somewhat higher than that reported by Loiselle (1979) at 

2.54 mM Ca2+ (2.94 kJ m-3 or 2.77 mJ g-1), using the myothermic technique with rat papillary muscle. 

Savio-Galimberti and Ponce-Hornos (2006), using isolated whole rat heart preparations, Langendorff-

perfused at 25°C, reported a comparable value (2.3 kJ m-3 or 2.2 mJ g-1), albeit at 1 mM [Ca2+]o. Note that 

the ratio of our values estimated at 2 mM and 1 mM [Ca2+]o (3.5 kJ m-3 twitch-1/2.0 kJ m-3 twitch-1 = 1.75) 

is in close agreement with ratios that can be calculated from [Ca2+]i data presented by Dai et al. (2007) 

and by Stuyvers et al. (1997) in rat cardiac trabeculae at room temperature: 1.6 and 1.7, respectively. 

Estimation of the number of Ca2+ ions sequestered by the sarcoplasmic reticulum (SR). The value of 

activation heat (Hact) allows estimation of the number of Ca2+ ions sequestered by the sarcoplasmic 

reticulum (SR) per twitch, following the procedure proffered by Widén and Barclay (2006): 

         

          
   , where    is muscle volume,    is Avogadro’s number (6.022 x 1023 mol-1) and        

is the molar enthalpy change for phosphocreatine (PCr) hydrolysis [39 kJ per mol of ATP at pH 7.4 

(Woledge and Reilly, 1988)]. The factor of 2 reflects the stoichiometry of the SR Ca2+ pump (2 Ca2+ 

pumped for each ATP hydrolysed), and the factor of 2.16 is the ratio of the initial mechanical efficiency 

to the net mechanical efficiency in rat papillary muscle (Barclay et al., 2003). First, we need to partition 

the activation heat into its two components: the energy expenditure of SERCA and that of 

Na+-K+-ATPase. 

It has been measured by Schramm et al., (1994) that, at Lo, actomyosin-ATPase contributed 76% of heat 

to contraction-related heat, while SERCA and Na+-K+-ATPase account for 15% and 9%, respectively. This 

means that their estimates of crossbridge heat and activation heat are 76% and 24%, respectively. Our 

results are in accord. In Figure 5.8, at Lo (i.e., maximum peak active stress), crossbridge heat is about 

80% and activation heat is 20%. The result of Schramm et al., (1994) suggests that 63% of the activation 

heat is from SERCA, whereas 37% is from Na+-K+-ATPase. Using these values, for example, for 

1 mM [Ca2+]o, our metabolic cost of SERCA is 2.0 kJ m-3 twitch-1 * 0.63 = 1.26 kJ m-3 twitch-1. 

We estimated that, for a typical cardiac trabecula (200 µm in diameter and 3 mm in length), 1.7 x 1012 

and 3.0 x 1012 Ca2+ ions were sequestered by the SR with each twitch at 1 mM and 2 mM [Ca2+]o, 

respectively. The sarcomere volume of intact rat cardiac trabeculae has been estimated to be 

2.13 x 10-21 m3 (Irving et al., 2000). Thus, a typical trabecula would contain 4.4 x 1010 sarcomeres. We 

estimated that, within a sarcomere, 39 and 68 Ca2+ ions per twitch were sequestered by the SR at 
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1 mM [Ca2+]o and 2 mM [Ca2+]o, respectively. These values are in the order of that estimated by 

Widén and Barclay (2006): 98 Ca2+ ions per twitch in mouse papillary muscles at 2.5 mM [Ca2+]o and at 

27oC. Our value of 68 Ca2+ ions per twitch per sarcomere at 2 mM [Ca2+]o, which translates to 

52 nmol m-3, compares favourably with that estimated by Alpert et al. (1989): 52 nmol g-1 in rabbit 

papillary muscles at 2.5 mM [Ca2+]o and at 23oC.  

Different Methods of Measuring Activation Heat. Our method of estimating activation heat involves a 

progressive decrease of muscle length from Lo to a length where muscle macroscopic stress is negligible 

(Lmin). In each length step, steady-state stress production and heat output was measured. This method, 

called pre-shortening method, is initiated by Gibbs and colleagues (Chapman et al., 1970; Gibbs et al., 

1988). It has been suggested by Gibbs et al. (1988) that this pre-shortening method leads to an estimate 

of activation heat that is too low in relation to a contraction at Lo, i.e., the activation heat is only 15% -

 20% of the maximal total heat (activation heat plus crossbridge heat). Two other objections to the use 

of this method have been discussed in Gibbs et al. (1988). Firstly, activation heat may be overestimated 

due to some crossbridge activity at Lmin even though this is not translated into measureable stress. 

Secondly, Ca2+ release has been shown to be compromised when muscle length is reduced (Jewell, 

1977), which affects Ca2+ transient. We show that, with a decrease of muscle length, the steady-state 

peak Ca2+ transient decreases (Figure 7.4), which suggests decreased amount of Ca2+ cycled and hence 

may underestimate activation heat. 

Nevertheless, our results (the activation heat is only 15% - 20% of the maximal total heat) are consistent 

with those measured using different methods of partitioning activation heat, designed to inhibit 

crossbridge cycling, i.e., equilibrate muscles in solution containing BDM (Alpert et al., 1989), hypertonic 

mannitol (Gibbs et al., 1988; Alpert et al., 1989), and BDM-mannitol (Alpert et al., 1989). The 

consistency between pre-shortening method (as used in this study) and those crossbridge-inhibition 

methods perhaps suggest that residual crossbridge activity at Lmin may be energetically insignificant. 

However, the effect of these methods on Ca2+ cycling remains uncertain. 

Another method, introduced by Gibbs et al. (1988), requires quick release of muscle length during the 

latent period between stimulus pulse and the rise of tension. This latency-release method estimates 

activation heat greater (about 30% of the total heat) than those estimated using the pre-shortening 

method and the crossbridge-inhibition methods (Gibbs et al., 1988). Several possibilities of the 

drawbacks of using the latency-release method have been discussed in, and rejected by, 
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Gibbs et al. (1988). Whereas Gibbs et al. (1988) believed that the latency-release method is a suitable 

way of measuring activation heat, we at this stage cannot reject  the possibility that the pre-shortening 

method may underestimate activation heat (given evidence of a length-dependent decrease of Ca2+ 

release). 

 

5.6 Heat-STI Relationships 

The stress-time integral (STI) is the integral of the twitch force profile with respect to time, i.e., the area 

bounded by the twitch, and normalised to muscle cross-sectional area. We found that STI decreased 

with stimulus frequency (Figure 5.9A and B) but increased with muscle length (Figure 5.9C and D).  

 

Figure 5.9: Stress-time integral (STI) as a function of stimulus frequency for 1 mM (open circles) and 2 mM [Ca
2+

]o 

(filled circles) of a representative trabecula (A) and of the averages (mean ± SE) of 10 trabeculae (B) at steady-state 

conditions. STI was also plotted as a function of muscle length for 0.2 Hz (black; open squares: 1 mM, filled 

squares: 2 mM [Ca
2+

]o) and for 2 Hz (blue; open circles: 1 mM, filled circles: 2 mM [Ca
2+

]o) of a representative 
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trabecula (C) and of the averages of 10 trabeculae (D). Data were fitted using quadratic regression (1 mM: thin 

lines; 2 mM [Ca
2+

]o: thick lines). 

We also found a linear correlation of STI (obtained by change of muscle length) with heat production. As 

shown in Figure 5.10, heat production was linearly correlated with STI at both 0.2 Hz and 2 Hz and 1 mM 

and 2 mM [Ca2+]o. The linearity is consistent with reports in the literature: Barclay et al. (1979) reported 

linear heat-STI in cat papillary muscle; Hisano and Cooper (1987) found linear VO2-STI behaviour in 

ferret papillary muscle; Suga et al. (1987) reported linear VO2-STI in dog ventricle; and Kissling (1992) 

showed a linear VO2-STI relationship in rat ventricle. That is, the heat production is a linear function of 

the time-integral of twitch stress production. We will discuss this further in Chapter 7. 

 

Figure 5.10: Linear correlations between heat and stress-time integral (STI) for 0.2 Hz (black; open squares: 1 mM; 

filled squares: 2 mM [Ca
2+

]o) and for 2 Hz (blue; open circles: 1 mM; filled circles: 2 mM [Ca
2+

]o) of a representative 

trabecula (A) and of the average (mean ± SE) of the 10 trabeculae (B) at steady-state conditions. For 0.2 Hz (black), 

the average regression lines are H = (0.75 ± 0.09)*STI + (2.5 ± 0.4) and H = (0.87 ± 0.11)*STI + (4.6 ± 0.4) for 1 mM 

and 2 mM [Ca
2+

]o, respectively. For 2 Hz (blue), the average regression lines are H = (1.18 ± 0.07)*STI + (3.3 ± 0.4) 

and H = (1.30 ± 0.07)*STI + (5.2 ± 0.4) for 1 mM and 2 mM [Ca
2+

]o, respectively. 
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5.7 Chapter Précis  

The profiles of our negative (active) stress-frequency relationships are qualitatively comparable to those 

of our heat-frequency relationships (Figure 5.4). Likewise, our concave curvilinear stress-length 

relationships mimic qualitatively the heat-length relationships (Figure 5.7). These observations mean 

that heat output is linearly correlated with peak active stress (Figure 5.8). The heat-stress relationships 

are independent of stimulus frequency, but are dependent on [Ca2+]o. In the face of a constant 

crossbridge economy (the slope of the heat-stress relationship), the parallel upward shift of the 

heat-stress relationships with an increase of [Ca2+]o from 1 mM to 2 mM, implies greater metabolic 

expenditure from cycling of Ca2+ by the SERCA and removal of Na+ by the Na+-K+-ATPase.  

The fact that the heat-stress data of the highest experimental stimulus frequency (4 Hz) stay on the 

heat-stress relationships reveals that the elevated diastolic stress (Figure 5.2) is attained with negligible 

metabolic expenditure [will be discussed in Chapter 6].  

The heat output is also linearly correlated with stress-time integral (Figure 5.10) [will be discussed in 

Chapter 7]. 
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Chapter 6   Mechanisms of Incomplete Twitch Stress Relaxation 

 

Chapter 6 

Mechanisms of Incomplete Twitch Stress 

Relaxation 

 

As shown in Chapter 5, trabeculae experienced incomplete relaxation between successive twitches at a 

sufficiently high stimulus frequency (4 Hz) at room temperature. The resultant elevation of diastolic 

stress, to our surprise, was obtained with negligible metabolic expenditure since the heat production 

correlated with the active (rather than the total) stress. In this chapter, we explore the mechanisms 

contributing to incomplete twitch relaxation by (i) assessing dynamic modulus to interrogate the status 

of crossbridges, (ii) varying exogenous glucose concentration to alter the supply of metabolic substrate, 

(iii) superfusing with non-bubbled (i.e., room air-equilibrated) solution to examine the contribution of 

hypoxia, and (iv) measuring fura-2/AM fluorescence to probe diastolic [Ca]i and sensitivity of 

myofilament to calcium. 

Parts of the contents of this Chapter have been published in “Han J-C, Taberner AJ, Nielsen PMF, Kirton 

RS, Ward M-L, and Loiselle DS. Energetics of stress production in isolated cardiac trabeculae from the 

rat. Am J Physiol Heart Circ Physiol 299: H1382-H1394, 2010.” 
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6.1 Dynamic Modulus 

A possible explanation for negligible heat production of diastolic stress [the stress that results from 

incomplete relaxation between twitches, i.e., equivalent to the increment of stress above passive stress 

(Figure 5.2)] is that the diastolic stress is sustained by some proportion of crossbridges that is attached 

but non-cycling. These bound crossbridges do not hydrolyse ATP and thus produce negligible heat. We 

name these attached but non-ATP-hydrolysing crossbridges as ‘latch-bridges’. In contrast, the active 

heat is produced by the proportion of crossbridges that is actively cycling. To test this hypothesis, we 

interrogated the mechanical status of crossbridges by measuring dynamic modulus (dynamic stiffness 

times the ratio of muscle length to muscle cross-sectional area, Figure 3.7). Dynamic stiffness (or 

modulus) is a time-varying functional property of muscle that changes as a function of force developed 

(Templeton et al., 1973). Muscle stiffness had been taken as a direct reflection of the number of 

crossbridges attached (Julian and Sollins, 1975; Ford et al., 1981) as well as their individual stiffness.  

Measurement of dynamic modulus has been used extensively to determine the mechanical and 

biochemical processes and crossbridge function of cardiac muscle (Templeton et al., 1973; Meiss and 

Sonnenblick, 1974; Spurgeon et al., 1977; Taubert et al., 1977; Nielsen and Hunter, 1991; Kawai et al., 

1993; Stuyvers et al., 1997; Mulieri et al., 2002). In this study, dynamic modulus was measured using the 

high-speed piezoelectric actuator (Figure 3.1). A trabecula was electrically stimulated to contract at 

different stimulus frequencies. Stimulus pulses were displaced randomly within ±10 ms (i.e., 100 Hz) 

around the nominal stimulus frequency (i.e., 0.2 ± 0.0001 Hz or 2 ± 0.0001 Hz). The length of the 

trabecula was sinusoidally perturbed at 100 Hz and at constant amplitude (0.001 Lo – 0.002 Lo). 

Oscillation of the actuator was assumed equivalent to change of trabecula. The small-amplitude 

perturbation of trabecula length was to ensure that crossbridges do not detach during perturbation. For 

example, if we assume that the sarcomere length is 2.2 µm, then an individual sarcomere is being 

oscillated by only 2.2 nm – 4.4 nm. According to Ford et al. (1977), the ‘elastic range’ of a single 

crossbridge is about 10 nm – 12 nm per sarcomere. Hence, we would not expect that any cross-bridges 

to detach, whether or not they are in the ‘latch-state’.  

Muscle length perturbation (∆L) and the resulting oscillation of twitch force (∆F) were recorded 

throughout the entire time course of a twitch. From these, dynamic modulus can be computed in two 

ways (Figure 6.1). First, owing to the displaced stimulus pulses and constant muscle length perturbation, 

each twitch force at steady state has a unique ∆F-∆L coordinate. Dynamic stiffness was computed from 
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the slope of the semi-major axis of an ellipse fitted to the ∆F-∆L points. The centre of the ellipse 

represents mean force.  

Second, a sliding window of 40-ms width was advanced in steps of 1-ms throughout each steady-state 

twitch profile. In the sliding window, ∆F and ∆L traces were fitted by sinusoidal curves as follows: 

          (        )        (        )          (5.1)  

where X represents F or L and t is time. The coefficients A, B, C and D were obtained through 

least-squares optimisation.  

Dynamic stiffness (S) was calculated as follows: 

    
√  

    
 

√  
    

 

 

(5.2)  

Mean force was calculated as CF·tc + DF, where tc is time at the centre of the window.  

Dynamic modulus (M) was calculated as follows: 

      
 

 
 (5.3)  

where L and A are muscle length and cross-sectional area, respectively.  
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Figure 6.1: A single sinusoidal-perturbed twitch stress (top panel) and muscle length (bottom panel) at 0.2 Hz, 

illustrating ellipse fittings to the ∆F-∆L data points (first method) of all 80 steady-state twitches (each point arising 

from a single twitch) and a sinusoidal fit (red) to the single trace of twitch and to the muscle length trace (second 

method) at selected time points (‘A’: 50% to peak, ‘B’: peak, ‘C’: 50% from peak, and ‘D’: diastolic stress). The 

ordinate and the abscissa of the ellipse plots are stress and muscle length change, respectively. The centres of the 

ellipses and the horizontal blue lines on the perturbed twitch trace denote the mean value of stress. 

A sinusoidal perturbation of muscle length (100 Hz and ±0.0014 Lo) was imposed on a trabecula of 

200 µm in diameter and 2.9 mm in length. Figure 6.2 shows the oscillation of muscle length and the 

perturbed steady-state twitches at stimulus frequencies of 0.2 Hz, 2 Hz, 3 Hz and 4 Hz, and at 2 mM 

[Ca2+]o. As shown (at higher temporal resolution) in the inset, the direction of oscillation of twitch 

followed the direction of oscillation of muscle length. Since the oscillation of muscle length was constant 

throughout twitch development, the amplitude of oscillation of twitch stress reflects the dynamic 

modulus (Eq. 5.3).  
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For all the stimulus frequencies examined, throughout the time course of a twitch, the dynamic modulus 

of the actively-contracting muscle progressively increased on its rising phase, became maximal at its 

peak, and progressively decreased on its falling phase. Such dynamic behaviour suggests that muscle 

length perturbation falls on the crossbridges within the sarcomeres and not on the compliant dead 

ends. If it was the latter, then dynamic modulus is expected to be unchanged. It can also be seen that 

the dynamic modulus at diastole during 4-Hz stimulation was greater compared to those of lower 

stimulus frequencies. 

 

Figure 6.2: Sinusoidal perturbation of muscle length (at 100 Hz and ±0.0014 Lo) at stimulus frequencies of 0.2 Hz, 

2 Hz, 3 Hz, and 4 Hz. The top traces show the sinusoidal oscillation of muscle length (±4.2 µm), whereas the bottom 

traces are the perturbed twitch stresses at steady state. The inset shows a segment of the records (at peak stress) 

at higher temporal resolution. [Ca
2+

]o was 2 mM. The trabecula was 200 µm in diameter and 2.9 mm in length. 

Using the first method of computing dynamic modulus, 80 ∆F-∆L data points were obtained from 80 

steady-state twitches. An ellipse function was fitted to the data points (using least-squares 

optimisation), where values of mean stress and dynamic modulus were estimated, respectively, from 

the centre and the slope of the semi-major axis of the ellipse. Figure 6.3 illustrates the ellipse fitting at 

(‘A’) 50% to peak stress, (‘B’) peak stress, (‘C’) 50% from peak stress and (‘D’) diastolic stress, at 

stimulation frequencies of 0.2 Hz, 2 Hz, 3 Hz and 4 Hz. Throughout the time course of twitch contraction 

(from ‘A’ to ‘B’), the slope of the semi-major axis of the ellipse (dynamic modulus) increased, whereas 

during twitch relaxation (from ‘B’ to ‘D’), the dynamic modulus progressively decreased. It can clearly be 

seen that dynamic modulus at diastolic stress (‘D’) of 4 Hz was greater than those at lower frequencies.  

It can also be seen in Figure 6.3 that the fits, in particular for 4 Hz, were not as reasonable since some 

data points were distributed in the interior of the ellipses. However, ellipse fitting to the 3-Hz data 

points was relatively good, especially at peak stress (‘B’). We compared these results to those computed 
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using the second method by plotting the relationship between dynamic modulus and mean stress. It is 

to be emphasised that, in the second method, the value of mean stress represents the value of active 

stress development, i.e., the maximum mean stress is the peak stress.  

 

Figure 6.3: Ellipse fitting to the 80 ∆F-∆L data points at selected time points of steady-state twitches (denoted by the number at 

the bottom corner of each plot, representing A: 50% to peak, B: peak, C: 50% from peak, and D: diastolic stress) at 0.2 Hz, 2 Hz, 

3 Hz and 4 Hz. The centres of the ellipses represent values of mean stress, whereas the slopes of the semi-major axes specify 

the dynamic modulus. 

As shown in Figure 6.4, the dynamic moduli computed using both methods were qualitatively and 

quantitatively comparable. In contrast, the first method requires an extensive number of twitches (i.e., 

80), where each twitch represents only a single data point of the ellipse, whereas, the second method 

requires only a single twitch and hence the 80 twitches were overlaid as in Figure 6.4B. Likewise, using 

the second method, the fits of sinusoidal curves to the sinusoidal-perturbed twitch within a small 
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window (40-ms width) was better (Figure 6.1), in all cases, for all time points, compared to the ellipse 

fitting using the first method. 

 

Figure 6.4: Comparison of the dynamic moduli throughout twitch development at 0.2 Hz (black), 2 Hz (blue), 3 Hz (green), and 

4 Hz (red) computed using the first method (A) and the second method (B). The arrows indicate the direction of time. Each of 

the loops in B overlays 80 overlaid twitches.  

For all stimulus frequencies examined, as shown in Figure 6.4, the dynamic moduli were smaller on the 

rising phase than on the falling phase of twitch development, resulting in the generation of “loops”. The 

width of the loop was more pronounced at lower stimulus frequencies. The loops at 3 Hz and 4 Hz were 

located above, and their lowest values of the dynamic modulus (i.e. at diastole) were greater than, 

those of 0.2 Hz and 2 Hz. Our measured magnitudes of dynamic moduli at zero stress are in accord with 

reported values (Kirton et al., 2004; 2005).  

For isometric contractions, the isometric force and stiffness are proportional to the number of cycling 

cross-bridges, and therefore the instantaneous relationship between the stress and the dynamic 

modulus should be identical during the contraction and relaxation phases, without a hysteresis “loop”. 

However, the dynamic modulus reflects not only the number of attached crossbridges (N) and also their 

individual stiffness (k). If only N or only k were to change, and if those were the only sources of stiffness 

in the muscle, and if the behaviour of k were Hookean, then contraction and relaxation would be 

expected to follow the same (linear) path without hysteresis. But there are other sources, such as 

compliance in the filaments themselves. And if N and k change simultaneously or if k is non-Hookean, a 

linear relationship would be unlikely. Spurgeon et al. (1977) have suggested that the area enclosed by a 
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stiffness-tension hysteresis loop is a measure of the energy dissipation due to viscous forces during 

contraction and relaxation. Taubert et al. (1977) simply concluded that the hysteresis is an intrinsic 

property of cardiac muscle which is influenced by the active state. Levy and Landesberg (2004) 

suggested that the anti-clockwise hysteresis loop of the stiffness-sarcomere length and stress-sarcomere 

length relations imply the performance of external work by the muscle on the system. Note that none of 

these three ‘explanations’ is mechanistic in nature. We have no better explanation, at present, for the 

occurrence of the “loops”.  

Figure 6.4 shows that, at 4 Hz, the minimal value (i.e., at diastole) of dynamic modulus was elevated, 

implying either a greater number of attached crossbridges (compared with lower stimulus frequencies) 

or increased stiffness of those already attached, or both. In any case, the attached crossbridges are 

either not cycling, or else cycling slowly. As a consequence, these ‘latch-bridges’ either do not hydrolyse 

ATP or hydrolyse it at a much diminished rate, and thus liberate comparatively little heat, in accord with 

the hypothesis of Holubarsch et al. (1981; 1982; 1983).  

 

6.2 Adequacy of Glucose Supply 

At high rates of contraction, for example, 4 Hz, ATP demand is high. The supply of glucose must be 

sufficient to meet the demand. The elevation of diastolic stress at 4 Hz could be a sign of glucose 

inadequacy. Henry (1974) perfused hypoxic preparations (isolated guinea pig hearts) with elevated 

glucose concentration (from 5 mM to 30 mM) and demonstrated decreased diastolic pressure and 

concurrently increased peak systolic pressure. I therefore performed an experiment in which glucose 

concentration in the superfusate was varied. We hypothesised that diastolic stress would vary inversely 

with glucose concentration and adopted the following order of presentation: 10 mM, 20 mM, 30 mM, 

5 mM, and 10 mM glucose.  

Figure 6.5 shows records of heat rate and twitch stress production at 4 Hz, interleaved with 0.2 Hz, for 

the specified order of presentation of the five exogenous glucose concentrations. The diastolic stress, at 

steady state, progressively declined with time. Decreasing glucose from 30 mM to 5 mM unexpectedly 

resulted in the decline of diastolic stress. 
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Figure 6.5: Records of heat rate (top) and twitch stress (bottom) at 0.2 Hz and 4 Hz of a trabecula (200 µm in diameter and 

2.3 mm in length) superfused with, in order, 10 mM, 20 mM, 30 mM, 5 mM, and 10 mM glucose. [Ca
2+

]o was 2 mM. Note the 

progressive diminution of diastolic stress with time. 

The data shown in Figure 6.5 were analysed and plotted in Figure 6.6A (stress data) and Figure 6.6B 

(heat data). Under steady-state conditions and despite the slight but progressive diminution with time 

of active stress at 0.2 Hz (open circles), the active stress at 4 Hz (filled circles) increased with time, 

whereas diastolic stress (filled triangles) decreased with time upon increasing glucose from 10 mM 

(standard) to 30 mM. Upon reduction of glucose from 30 mM to 5 mM, the steady-state active stress 

(and active heat per twitch) at 4 Hz, strikingly, increased and in contrast, its diastolic stress decreased. 

Note that the active heat per twitch correlated with the increased active stress (Figure 6.6B). These 

results refute our hypothesis and suggest, instead, that glucose concentration (above 5 mM) has no 

effect on the diastolic stress of isolated trabeculae. 

To distinguish the effect of time from the effect of glucose concentration, I performed a second 

experiment in which glucose was held constant at its standard value (10 mM). The results were plotted 

in Figure 6.6C (stress data) and Figure 6.6D (heat data). Similar behaviours were observed compared to 

the ‘varying-glucose’ experiment (Figure 6.6A and B). At steady state, the active stress at 0.2 Hz and 

diastolic stress at 4 Hz decreased, whereas the active stress and active heat per twitch at 4 Hz increased, 

with time. These results provide further evidence that exogenous glucose concentration above 5 mM is 

not of great importance. The diminution of diastolic stress with repeated bouts of stimulation is entirely 

time-dependent. 
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Figure 6.6: Effect of glucose (A and B) and time (C and D) on steady-state active stress at 0.2 Hz (open circles), active stress and 

active heat per twitch at 4 Hz (filled circles), and diastolic stress at 4 Hz (filled triangles). Active stress and active heat per twitch 

data were fitted using linear regression; diastolic stress data were fitted using quadratic regression. In A and B, glucose was 

varied in specified order of 10 mM, 20 mM, 30 mM, 5 mM and 10 mM, as labelled. In C and D, glucose was constant at 10 mM. 

It is worthwhile to point out that, despite the progressive diminution of diastolic stress (and increasing 

active stress) at 4 Hz with time, the total stress (active plus diastolic) remained relatively constant. The 

heat per twitch correlated with the active stress (rather than the total stress). This, together with the 

heat-stress relationships (Figure 5.8), provides further evidence that diastolic stress is metabolically free.  

We plotted the dynamic modulus as a function of time for the ‘varying-glucose’ experiment in Figure 

6.6A, and for the ‘constant-glucose’ experiment shown in Figure 6.6C. The dynamic moduli throughout 

steady-state twitch stress development for the first (or early) bout of stimulation at 0.2 Hz (black) and 

4 Hz (red) and for the final bout of stimulation at 0.2 Hz (blue) and 4 Hz (green) for the ‘varying-glucose’ 

experiment and the ‘constant-glucose’ experiment are shown in Figure 6.7A and Figure 6.7B, 

respectively. At given stress value, the dynamic modulus was greater during the first bout of stimulation 

than during the final bout for both 0.2 Hz and 4 Hz. The dynamic modulus at diastole during the first 
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4-Hz stimulation period (red) was greater than that for the final 4-Hz stimulation period (green), 

suggesting that some ‘latch-bridges’ were able to detach which in turn could now cycle and, in 

consequence, contributed to active stress production and generated more heat (Figure 6.6). A similar 

time-dependent decline of dynamic modulus at diastole of 4 Hz was obtained for the ‘constant-glucose’ 

experiment (Figure 6.7B). 

 

Figure 6.7: Dynamic moduli throughout steady-state twitch stress development for the first (or early) bout of 

stimulation at 0.2 Hz (black) and 4 Hz (red) and for the final bout of stimulation at 0.2 Hz (blue) and 4 Hz (green), 

for the ‘varying-glucose’ experiment (A) and for the ‘constant-glucose’ experiment (B). Each loop comprises 40-70 

steady-state twitches. The arrows indicate the direction of time of twitch stress development.  

 

6.3 Adequacy of Oxygen Supply 

At 4 Hz, the supply of oxygen must be sufficient to fund the high rate of mitochondrial oxidative 

phosphorylation. The increase of diastolic stress at 4 Hz could be a result of insufficient supply of 

oxygen. We tested this hypothesis by superfusing a trabecula with room-air-equilibrated (20% oxygen 

content) Tyrode’s solution. The results are shown in Figure 6.8. Reducing oxygen content in the 

superfusate from 100% to 20% did not affect the steady-state active stress production at 0.2 Hz (open 

circles). In contrast, the steady-state active stress at 4 Hz (filled circles) decreased, and was decreasing 

during the 20%-oxygenation superfusing period (Figure 6.8A: from i to iii). Upon re-superfusing the 

trabecula with 100% solution, it was able to produce 4-Hz active stress values comparable to initial 
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values. Despite the declining steady-state active stress at 4 Hz during the 20%-oxygenation superfusing 

period, the steady-state diastolic stress at 4 Hz (filled triangles) decreased with time. These results are in 

contrast with our expectation that diastolic stress would increase in the face of decreased oxygen 

content in the superfusate. The time-dependent decline of diastolic stress was comparable to that 

observed in the ‘varying-glucose’ experiment (Figure 6.6A) and in the ‘constant-glucose’ experiment 

(Figure 6.6C). Note that, once again, the heat production (at 4 Hz; Figure 6.8B) correlated with the active 

stress (at 4 Hz). 

 

Figure 6.8: Effect of oxygen content of superfusate (100% or 20% (room-air-equilibrated)) on steady-state stress 

production (A) and heat production (B) at 4 Hz of a trabecula (170 µm in diameter and 2.7 mm in length). In A, the 

open circles and the filled circles denote active stress at 0.2 Hz and at 4 Hz, respectively, whereas the filled 

triangles denote diastolic stress at 4 Hz. Data of diastolic stress at 4 Hz were fitted using quadratic regression. 

Exogenous glucose was 10 mM and [Ca
2+

]o was 2 mM.  

The dynamic modulus of the ‘varying-oxygen’ experiment (Figure 6.8) was plotted in Figure 6.9. As can 

be seen, the dynamic modulus at the diastolic stress level of 4 Hz decreased with time (Figure 6.9A: 

minimal value of the red loop versus that of the green loop), a result which was comparable with those 

shown in Figure 6.7. Surprisingly, the dynamic moduli, at any given active stress, did not increase during 

the 20%-oxygenation period (labelled i, ii and iii in Figure 6.9B). In fact, during that period, the peak 

dynamic modulus declined (from i to iii), consistent with the decline of active stress (Figure 6.8A). From i 

to iii, the lowest value of dynamic modulus also declined. 
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Figure 6.9: A: dynamic moduli throughout steady-state twitch stress development under 100%-oxygenation 

condition before (0.2 Hz: black; 4 Hz: red) and after (0.2 Hz: blue; 4 Hz: green) the 20%-oxygenation period. B: 

dynamic moduli throughout steady-state twitch stress development at 4 Hz stimulation during the 

20%-oxygenation condition (greys: the labels i, ii and iii correspond to those in Figure 6.8A). The dynamic loop 

coloured in red is the same as that in A. 

In Figure 6.5 and Figure 6.6, we showed that the steady-state active stress production increased with 

time in response to repeated bouts of 4-Hz stimulation. These results not only rule out glucose 

insufficiency, but also incidentally provide evidence that the trabeculae remained well oxygenated 

during the period of 4-Hz stimulation.  

Further evidence against metabolic limitation is provided by the rapid decline of diastolic stress at the 

cessation of 4-Hz stimulation when stimulus frequency was reduced to 0.2 Hz (Figure 5.2 and Figure 

6.5). The time constants of both the oxygen consumption and the rate of change of Pi concentration 

after a step change of work rate are simply too large. As estimated by Eijgelshoven et al. (1994), at 28oC 

and at 37oC, the time constants for oxygen consumption were 14.1 ± 1 s and 11.1 ± 1 s, respectively; for 

Pi, the corresponding values were 5 s and 2.5 s, respectively. From these numerical values, Q10 for 

oxygen consumption and for Pi are calculated to be 0.77 and 0.46, respectively. Using the calculated 

value of Q10, the time constants, translated to 22oC are 16.5 s for oxygen consumption and 7.9 s for Pi, 

which are at least an order of magnitude larger than the 200-300 ms interval after the step change of 

‘workload’, i.e., from 4 Hz to 0.2 Hz, in our experiments. Hence, metabolic insufficiency can be ruled out 

as a contributor to the increased diastolic stress at 4 Hz. 
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6.4 Diastolic Intracellular Calcium 

It has been reported that, in myopathic multicellular preparations (Gwathmey et al., 1987; Schmidt et 

al., 1998) and in myocytes (Sipido et al., 1998) obtained from failing human hearts, the increase of 

diastolic force is associated with an increase of diastolic [Ca2+]i due to decreased SR Ca2+-ATPase activity 

(Schmidt et al., 1998) and abnormal interplay between the SR Ca2+-ATPase and the Na+-Ca2+ exchanger 

(Hasenfuss et al., 1999). 

Given the curious time-dependent diminution of diastolic stress at 4 Hz in healthy and well-oxygenated 

cardiac trabeculae (Figure 6.6), we hypothesised that the diastolic [Ca2+]i is initially elevated and that it 

progressively decreases as a function of time, causing the progressive diminution of diastolic stress. To 

test this, we measured [Ca2+]i using a fluorescent-based Ca2+ indicator fura-2/AM.  

In a separate measurement chamber (asset of Dr. Marie-Louise Ward), we superfused trabeculae (n = 2) 

with oxygenated loading solution (Tyrode’s solution, 1 mM [Ca2+]o) containing 20 µm fura-2/AM at 

0.2 Hz stimulation. The loading solution was prepared by dissolving 100 µg of fura-2/AM in 30 µL of 

freshly prepared anhydrous dimethyl sulfoxide with 5% (wt·vol-1) Pluronic F127 to 10 mL of Tyrode 

superfusate.  

After at least 2 hr of loading, we switched the loading superfusate to experimental Tyrode’s solution 

containing 2 mM [Ca2+]o. The ‘slow loading’ period was necessary to minimise the compartmentalisation 

of fura-2. Compartmentalisation means that the indicator is trapped within some intracellular organelles 

and is not homogeneous in distribution throughout the cell. For the measurement of cytosolic Ca2+, it is 

important not only to load a high enough concentration of indicators into the cytosol, but also to 

minimise compartmentalisation (i.e., to prevent indicator trapping in the mitocondria). Using the 

identical chamber and loading protocol, Ward et al. (2003) reported the results of five experiments at 

20oC, in which membrane permeabilisation (using 25 mM digitonin followed by 2% Triton-X100) was 

carried out at the end of experiment, that <15% of the total fluorescence could be attributed to 

compartmentalisation. 

During measurement of intracellular Ca2+ concentration ([Ca2+]i), the central portion of the trabecula 

(100 µm x 250 µm rectangular region) was illuminated via a spectrophotometric system (Cairn) at 

excitation wavelengths of 340 nm, 360 nm, and 380 nm. The emitted 340-to-380-nm fluorescence ratio 

was used as a measure of [Ca2+]i.  
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A record showing simultaneous measurement of stress and [Ca2+]i of a trabecula was shown in Figure 

6.10. Similar results were obtained in the second trabecula. There was an elevation of diastolic [Ca2+]i 

and a simultaneous increase of diastolic stress upon increasing stimulus frequency from 0.2 Hz to 4 Hz. 

In contrast, from 0.2 Hz to 2 Hz, diastolic [Ca2+]i increased by a relatively small amount, and diastolic 

stress remained low. Within periods of 4-Hz stimulations, the initial elevation of diastolic stress 

subsequently decreased until reaching steady state, despite the fact that the elevation of diastolic [Ca2+]i 

remained reasonably constant. Between repeated bouts of 4-Hz stimulation, steady-state diastolic 

stress progressively fell, but diastolic [Ca2+]i remained elevated and constant. The results suggest that 

the elevation of diastolic stress at 4 Hz is not entirely caused by increased diastolic [Ca2+]i because of the 

temporal dissociation of diastolic stress and diastolic [Ca2+]i both within and between bouts of 4-Hz 

stimulations.  

 

Figure 6.10: Time course of the 340-to-380-nm fluorescence ratio (top traces), which indexes [Ca
2+

]i, and stress production 

(bottom traces) at 0.2 Hz, 4 Hz and 2 Hz, showing the effect of diastolic [Ca
2+

]i on the progressive diminution of diastolic stress 

at 4 Hz both within and between repeated bouts of stimulations. The alphabetic labels (a-m) correspond with those in Figure 

6.11. The trabecula was 180 µm in diameter and 3.5 mm in length. 

The present results can be related to those obtained in Figure 5.4F.  An increase of [Ca2+]o should cause 

[Ca2+]i to increase since they are linearly correlated in rat cardiac trabeculae (Stuyvers et al., 1997; Dai et 

al., 2007). However, Figure 5.4F shows that doubling the [Ca2+]o from 1 mM  to 2 mM had negligible 

effect on the diastolic stress, despite the supposed resultant increase of [Ca2+]i. Muscles receiving 2 mM 

prior to 1 mM [Ca2+]o had a greater average diastolic stress at 2 mM [Ca2+]o (Figure 5.4E) than at 1 mM 

[Ca2+]o. In contrast, those receiving the converse order of [Ca2+]o, on average, had the converse result 
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(not shown). We infer that the time-dependent diminution of diastolic stress involves some additional 

time-dependent mechanism(s), other than the rise of diastolic [Ca2+]i. 

 

6.5 Myofilament Calcium Sensitivity 

We investigated the sensitivity of myofilament to Ca2+ by examining the relaxation trajectory of dynamic 

stress-fluorescence (or stress-Cai, or phase-plane) loops. A rightward shift of the relaxation trajectory 

implies a decrease of myofilament Ca2+ sensitivity (Tong et al., 2004; Varian et al., 2006; Varian and 

Janssen, 2007; Ward et al., 2010).  

Figure 6.11A shows rightward shifts of the relaxation trajectories of the dynamic stress-Cai loops 

between the early and the late bouts of stimulation at 0.2 Hz (a shifts to l) and at 4 Hz (b shifts to k). 

Within each period of 4-Hz stimulation (for example, the 2nd one in Figure 6.10), the relaxation 

trajectories of the dynamic stress-Cai loops shifted to the right (from c to f, as shown in Figure 6.11C), 

suggesting decreased sensitivity with time. In contrast, those for 0.2-Hz stimulation shifted to the left 

(from g to j, as shown in Figure 6.11D), implying increased sensitivity with time. These results are 

unequivocal. Either between or within bouts of 4-Hz stimulation, there was a progressive, 

time-dependent loss of myofilament Ca2+ sensitivity. The loss of sensitivity was progressively regained 

upon reduction to 0.2-Hz stimulation. Similar results were obtained in the second trabecula. 
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Figure 6.11: Relationships between active stress and fluorescence ratio (dynamic stress-Cai loops) under steady-state (A and B) 

and transient (C and D) twitch conditions. Each comprises 10-16 overlaid loops. The alphabetic labels (a-m) correspond with 

those in Figure 6.10: early (black) and late (blue) bout of 0.2-Hz stimulation, early (red) and late (green) bout of 4-Hz 

stimulation. B: late bout of 0.2-Hz stimulation (blue), 2-Hz stimulation (black) and late bout of 4-Hz stimulation (green). C: Single 

loops during selected periods from initial (black) to steady state (green) within 4-Hz stimulation. D: Single loops during selected 

periods from initial (black) to steady-state (green) within 0.2-Hz stimulation. The arrows indicate the direction of time course of 

twitch stress development.  

From these results, we infer that the time-dependent decrease of diastolic stress at 4 Hz is a 

consequence of a time-dependent decrease of myofilament Ca2+ sensitivity. Thus, coupling the results in 

Figure 6.10 and in Figure 6.11, the increase of diastolic [Ca2+]i immediately upon a step increase of 

frequency from 0.2 Hz to 4 Hz (Figure 6.10) is responsible for the initial, rapid, increase of diastolic 

stress. The subsequent, slower, diminution of diastolic stress, in the face of constancy of elevated 

diastolic [Ca2+]i, reflects a correspondingly slower loss of myofilament Ca2+ sensitivity. A step reduction 

of ‘workload’ from 4 Hz to 0.2 Hz then allows recovery of sensitivity. Such behaviour we presume to be 
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related to time-dependent phosphorylation (Solaro and Rarick, 1998; Tong et al., 2004; Varian and 

Janssen, 2007) and de-phosphorylation of troponin-I, respectively. 

In Figure 6.11B, the relaxation trajectory of the stress-Cai loop for 2 Hz (m) was located between those 

for 0.2 Hz (l) and 4 Hz (k).  The rightward shift of the relaxation trajectory of the dynamic stress-Cai loops 

with increasing stimulus frequency has been obtained in rabbit cardiac trabeculae at 37oC (Varian and 

Janssen, 2007; Varian et al., 2009) and in mouse papillary muscle at room temperature (Tong et al., 

2004). In contrast, Gao et al. (1998) found a reversed shift in mouse cardiac trabeculae at 37oC, as did 

Kassiri et al. (2000) in rat cardiac trabeculae at room temperature. Our experimental conditions and 

methods are similar to Kassiri et al. (2000) and we both used rat cardiac trabeculae, the discrepancy 

between our results and theirs remains unclear. Perhaps the discrepancy could be due to the absence of 

NaHCO3 in our Tyrode superfusate. NaHCO3 increases intracellular pH (Leem et al., 1999). It has been 

demonstrated by Morii et al. (1996) that changes of intracellular pH (which is susceptible to changes in 

the stimulus frequency) may affect the Ca2+ sensitivity of myofilament. This might also explain the 

discrepancy between our negative stress-frequency relation (Figure 5.4E and F) and the biphasic 

stress-frequency relation of Kassiri et al. (2000).  

 

6.6 Compliance of the Myosin and Actin Filaments 

Before 1994, muscle stiffness had been taken as a direct reflection of the number of attached 

crossbridges (Julian and Sollins, 1975; Ford et al., 1981) as well as their individual compliance (the 

inverse of stiffness). Ford et al. (1981) concluded that crossbridge compliance accounted for at least 

80% –  90% of the sarcomere compliance. But, in 1994, two independent X-ray diffraction studies forced 

a revision of this view (Huxley et al., 1994; Wakabayashi et al., 1994). These studies were based on 

accurate measurements of the axial spacings of myosin- and actin-based reflections, and suggested that 

both filaments have a compliance corresponding to an extension of 0.25% during the development of 

full isometric force. They showed that the net elongations of myosin and actin filaments amount to, 

respectively, 2.1 nm and 3 nm – 4 nm per half-sarcomere at full activation. It has been estimated that 

some 70% of the sarcomere compliance resides in the extensibility of the myosin and actin filaments, 

whereas crossbridge contributes only 30% of sarcomere compliance (Mijailovich et al., 1996; Lombardi 

et al., 2004).  
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Since each of the myofilaments (myosin filaments, actin filaments and myosin crossbridges) carries 

approximately 1/3 of the total compliance at full activation, the measured muscle stiffness cannot be 

proportional to the number of attached crossbridges. Rather, according to the theoretical analysis of 

Mijailovich et al. (1996) [see their Fig. 4], muscle stiffness is a monotonic increasing (concave) function 

of the number of attached crossbridges. However, the qualitative feature “higher muscle stiffness 

indicates increased number of attached crossbridge” does not change. It should be pointed out that, 

under the experimental conditions (i.e., 0.07 Hz – 100 Hz sinusoidal perturbation, 0.125% muscle length 

change, 20oC), which are similar to ours, Wang and Kawai (1997) predicted, using their model, that the 

effect of filament compliance was negligible. That is the best fit of their stiffness data was obtained 

when filament compliance was assumed zero.  

Nevertheless, our attribution of the elevated diastolic stress to an increase of crossbridge stiffness (and 

hence increased number of attached crossbridges) remains valid. The compliances of myosin and actin 

filaments may also contribute to increased diastolic stress, consistent with our observation of negligible 

metabolic expenditure of diastolic stress. 

 

6.7 Chapter Précis 

The elevated diastolic stress at 4 Hz, as a consequence of incomplete relaxation between successive 

twitches, which is attained with negligible metabolic expenditure, reflects the presence of attached but 

non-cycling and non-ATP-hydrolysing ‘latch-bridges’ since muscle diastolic dynamic stiffness (or 

modulus) is high (Figure 6.4). The compliances of myosin and actin filaments may also decrease (i.e., 

their stiffnesses increase), giving rise to an increase of diastolic stress. The presence of ‘latch-bridges’ is 

not due to insufficient supply of glucose (Figure 6.5 and Figure 6.6) or oxygen (Figure 6.8).  

The initial, rapid, rise of diastolic stress is driven by elevated [Ca2+]i. Despite the elevated (and constant) 

[Ca2+]i (Figure 6.10), the subsequent, slower, time-dependent diminution of diastolic stress within and 

between repeated bouts of 4-Hz stimulations (Figure 6.5 and Figure 6.10), reflects a time-dependent 

loss of myofilament Ca2+ sensitivity (Figure 6.11). The loss of sensitivity is progressively regained in 

subsequent 0.2-Hz stimulation. 
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Chapter 7   The Linearity between Heat Production and Stress-Length Area 

 

Chapter 7 

The Linearity between Heat Production and 

Stress-Length Area  

 

The oxygen consumption (VO2) of the heart has been observed to depend linearly on its generated 

pressure-volume area (PVA) (Khalafbeigui et al., 1979; Goto et al., 1988) [see schematics presented in 

Figure 1.5]. In isolated 1-D cardiac preparations (papillary muscles), linearity also prevails between VO2 

(Hisano and Cooper, 1987; Holmes et al., 2002), or heat production (Mast and Elzinga, 1990; Kiriazis et 

al., 1992), and force-length area (FLA). Although the linearity is well-established, it is entirely 

phenomenological in nature and still lacks a rigorous explanation (Loiselle et al., 2008).  

Vendelin et al. (2000) have provided a direction to explain the linearity. The authors conjectured that 

the duration of the twitch stress has to increase with sarcomere length in order for VO2-PVA relation to 

be linear. The result of this conjecture has been demonstrated, implicitly, by the mathematical model of 

Landesberg and Sideman (1999) [see their Figures 4 and 5].  

Experimentally, van Heuningen et al. (1982) first showed, implicitly, the length-dependence of twitch 

duration of rat isolated cardiac trabeculae. But the first convincing data were those of 

Janssen and Hunter (1995). They showed, in their Figure 2, a length-dependent prolongation of the 

twitch time-course of isolated rat trabeculae. Using canine whole-heart preparation, 

Burkhoff et al. (1993) also showed, explicitly, that the duration of the left-ventricular pressure pulse 

varied positively with the left-ventricular volume. Mathematically, Burkhoff (1994), using his model, can 

simulate both the experimentally produced linear VO2-PVA relation (Burkhoff et al., 1991) and positive 
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dependence of duration of developed pressure on left-ventricular volume (Burkhoff et al., 1993). But in 

none of these investigations was the focus on mechano-energetics. Hence, a study which can measure 

the duration of twitch stress and retrospectively determine the relationship between VO2 (or heat) and 

PVA (or FLA) is demanded.  

Janssen and Hunter (1995) hypothesised that the increase of duration of the twitch with sarcomere 

length is a direct consequence of increasing peak twitch force. The increased peak active stress, in turn, 

is due to prolonged Ca2+ binding to troponin-C. This hypothesis has earlier been posited by 

Allen and Kurihara (1982): “tension at the longer length will decline more slowly because the increase 

binding of calcium to troponin will lead to calcium dissociating from the troponin more slowly”. 

In this Chapter, we use a smaller 1-D preparation (cardiac trabeculae), rather than papillary muscles, and 

determine whether linearity between heat production and FLA prevails. If it does, then we test the 

conjecture that the duration of the twitch stress increases with muscle length (a proxy of sarcomere 

length), and further test the hypothesis that the peak-force-dependent prolongation of the twitch (as an 

indirect consequence of increased muscle length) correlates with prolongation of Ca2+ binding on 

troponin-C (a phenomenon hereinafter referred to as ‘Ca2+-TrpC activation’).  

 

7.1 Linear Heat-SLA Relationships 

First, we determined whether the heat-SLA (stress-length area) relation is linear in isolated 

right-ventricular trabeculae undergoing fixed-end contractions. SLA was calculated from the area 

enclosed by the active stress-length relation (Figure 5.7) at various muscle lengths. In Figure 7.1, we 

showed that the relation was indeed linear, consistent with those obtained in isolated papillary muscles 

and in intact whole-hearts.  
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Figure 7.1: Linear dependence of active heat production on stress-length area (SLA) of rat isolated cardiac 

trabeculae undergoing fixed-end contractions at steady-state conditions. Results were from a representative 

trabecula (A and C) and from the averages of the 10 trabeculae (B and D). Thin lines and open symbols: 1 mM 

[Ca
2+

]o; thick lines and filled symbols: 2 mM [Ca
2+

]o. Top panels (A and B): 0.2 Hz; bottom panels (C and D): 2 Hz. 

The average regression lines, for  0.2 Hz (B), are H = (3.1 ± 0.3)*SLA + (2.9 ± 0.5) and 

H = (3.2 ± 0.3)*SLA + (5.5 ± 0.5) for 1 mM and 2 mM [Ca
2+

]o, respectively; for 2 Hz (D), they are 

H = (2.4 ± 0.3)*SLA + (3.9 ± 0.5) and H = (2.1 ± 0.3)*SLA + (6.3 ± 0.5) for 1 mM and 2 mM [Ca
2+

]o, respectively. 

Significant differences between intercepts, but not slope, were found between 1 mM and 2 mM [Ca
2+

]o. 

We found, and showed in Figure 7.1, that the relations between heat production and SLA were linear for 

both 1 mM and 2 mM [Ca2+]o, and for both 0.2 Hz and 2 Hz, despite curvilinear active stress-length 

relationships (Figure 5.7). Note also that the intercept of the heat-SLA relationships increased with 

increasing [Ca2+]o, consistent with increased activation heat from Ca2+ cycling (Figure 5.8), despite there 

being no difference between the slopes.  
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7.2 Length-dependence of Twitch Duration 

With the linearity between heat production and SLA shown (Figure 7.1), we investigated whether the 

duration of the twitch increases with muscle length. We found an increase of duration of the twitch with 

muscle length, as shown in Figure 7.2. The length-dependent increase of twitch duration was apparent 

when individual twitches have been normalised with respect to their peak amplitudes (Figure 7.2B and 

D, as is indicated by the arrows).  

 

 

Figure 7.2: Overlaid steady-state twitches of 0.2 Hz (A) and 2 Hz (C) from slack length to optimal muscle length, Lo, 

(indicated by the arrow). The twitches in B and D are the same as in A and C, respectively, but were normalised to 

peak amplitudes. Data from a representative trabecula at 2 mM [Ca
2+

]o. 

We quantified the twitch duration at 50% and at 95% of the peak active stress. The increase of these 

two measures of twitch duration with muscle length was shown in Figure 7.3.  
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Figure 7.3: Dependence of twitch duration [quantified at 50% (A and B) and at 95% (C and D) of peak active stress] 

on relative muscle length of a representative trabecula (A and C) and of the averages of 10 trabeculae (B and D). 

Data were fitted using quadratic regression. Black: 0.2 Hz, blue: 2 Hz. Open circles and thin lines: 1 mM [Ca
2+

]o, 

closed circles and thick lines: 2 mM [Ca
2+

]o.  

 
Our results, showing both a linear dependence of heat on SLA (Figure 7.1) and length-dependence of 

twitch duration (Figure 7.3), support the conjecture by Vendelin et al. (2000) that the 

length-dependence of twitch duration of cardiac muscle underlies the linear PVA-dependence of VO2 of 

the heart. Whereas our results are satisfying in their own right, we sought an explanation, at the cellular 

level, for the observed length-dependence of twitch duration.  
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7.3 Length-dependence of the Duration of Ca2+ Transient 

We tested whether the duration of Ca2+ transient contributes to the length-dependent prolongation of 

twitch duration (Figure 7.3). We measured Ca2+ transient (the method has been described in Section 6.4) 

on two trabeculae at various muscle lengths and at 0.2 Hz and 2 Hz stimulations. Similar results were 

obtained from the two trabeculae. The results of the representative trabecula were plotted in Figure 

7.4. As shown, the amplitude of the Ca2+ transient increased with increasing muscle length (A and C) but 

its duration was independent of muscle length (B and D). Our result is consistent with the that of 

Monasky et al.(2008) obtained from rabbit cardiac trabeculae at 37oC. 

 

Figure 7.4: Steady-state 340/380 fura-2 fluorescence ratio (an index of [Ca
2+

]i) as a function of time at increasing 

muscle length (indicated by the arrows), at 0.2 Hz (A and B) and at 2 Hz (C and D) stimulations. Results were from a 

representative trabecula. A and C: raw traces; B and D: data from A and B, respectively, but have been normalised 

to individual peak fluorescence ratios. Each trace represents the average of 8-9 Ca
2+

 transients. [Ca
2+

]o was 2 mM. 
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7.4 Length-dependent prolongation of Ca2+-TrpC activation 

We tested the hypothesis that the peak-force-dependent prolongation of twitch duration (via increased 

muscle length) is due to prolonged activation of Ca2+-TrpC complex (Allen and Kurihara, 1982; Janssen 

and Hunter, 1995).  

We estimated Ca2+-TrpC activation using the ‘mechanical impulse’ technique of Peterson et al. (1991). 

Accordingly, we subjected trabeculae (n = 2) to a quick (impulse-like) stretch of sufficient extent to 

detach all crossbridges, thereby transiently dropping active force to zero. The ‘impulse’ was imposed by 

a servo-controlled linear motor (Parker-Daedel MX80) that replaced the length-motor of the 

micromechanocalorimeter (see Figure 3.1). The amplitude of the length-impulse was 0.06 Lo – 0.10 Lo 

(less at reduced muscle length) and its duration was 20 ms – 36 ms (i.e., 10 ms – 18 ms up and down, 

dependent on impulse amplitude). The ‘impulse’ was completed by restoring muscle length back to its 

pre-stretch value to allow re-binding of crossbridges and hence re-development of force. The 

assumption here was that crossbridges will re-bind only if the Ca2+-TrpC complex is active. 

The length-impulse was applied at various intervals during the course of twitch force development up to 

around 50% relaxation (Figure 7.5A), by which time force re-development had become negligible 

(presumably due to dissociation of Ca2+ from troponin-C). The re-development of twitch force was fitted 

using a fifth-order polynomial (to capture the complex profile of twitch force re-development from 

initial rise to the end of relaxation, Figure 7.5A).  

Following Peterson et al. (1991), the initial rate of force re-development was assumed to index the 

extent of Ca2+-binding to troponin-C at that instant. The initial rates of force re-development were 

plotted as a function of the time at which the impulses ended (measured from the stimulus pulse), as 

shown in Figure 7.5B and C. This relation was fitted using a third-order polynomial, and Ca2+-TrpC 

activation was estimated at 50% and at 95% of the peak initial rates of force re-development.  

To determine the length-dependence of Ca2+-TrpC activation, the above procedure was repeated at 

selected muscle lengths. Representative results from a trabecula undergoing such length-impulse 

contractions were presented in Figure 7.5. In view of the huge transient ‘force spikes’ generated during 

the impulse, we limited attention to lengths less than Lo in order to minimise the risk of damage to the 

preparations.  
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Figure 7.5A shows original twitch stress traces at three different muscle lengths less than Lo. At each 

length, the thick line shows the time course of an unperturbed, steady-state twitch. The superimposed 

thin lines show the results of ‘length impulses’ (i.e., stretch-and-return manoeuvres) applied at intervals 

throughout the twitch. Each individual force ‘spike’ represents the average of 8 or 9 length impulses. 

Note that each impulse was sufficient to reduce twitch force to the vicinity of zero, and that the initial 

rate of force re-development was almost negligible by about the half-time of relaxation.  

In Figure 7.5B, we plotted the initial rate of stress re-development immediately at the end of a 

length-impulse, against its respective time from the stimulus pulse, as a function of muscle length 

(indicated by the direction of the arrow). At any given time point, the initial rate of stress 

re-development was higher the greater the muscle length.  

In Figure 7.5C, we plotted the normalised data of Figure 7.5B. The horizontal arrows reveal a clear 

length-dependence of the time-course of the ‘derivative curve’ (i.e., of the initial rate of stress 

re-development as a function of time). The ‘derivative curves’ provide an index (TDer, double-headed 

arrow) of the time-course of Ca2+ bound on troponin-C (Ca2+-TrpC activation). We can see that, with 

increasing muscle length, Ca2+-TrpC activation was prolonged. 

Sarcomere length was not controlled, and this might have affected the time course of force 

re-development due to series compliance. However, it would not change the qualitative results in in 

Figure 7.5B and C (i.e., the shift of TDer). We emphasise here that we are interested only in the 

length-dependence of TDer. 
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Figure 7.5: A: superimposed muscle stress response (thin lines) upon application of length impulses of amplitude 

0.06  Lo – 0.1 Lo (60 µm – 100 µm) and duration 12 ms – 20 ms at different times (20 ms – 220 ms) from stimulus 

pulse during the course of twitches at three different muscle lengths less than Lo, at 2-Hz stimulus frequency and at 

2 mM [Ca
2+

]o. The thick lines represent steady-state twitch stress in the absence of ‘length-impulse’ perturbation. 

The profiles of stress redevelopment after application of length impulses were fitted using 5
th

-order polynomials. 

The initial rates of stress re-development (B), and their normalised equivalents (C), were computed from the 

derivatives of the fitted polynomials, and plotted as a function of time (relative to the stimulus pulse) at which the 

impulses ended, for five different muscle lengths (the solid arrow indicates increasing muscle length). These 

‘derivative’ data, plotted as a function of time, were fitted using 3
rd

-order polynomials. The double-headed broken 

arrow (TDer) shows the Ca
2+

-TrpC activation at 50% of the peak initial rate of stress re-development.  
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The ‘TDer’ data shown in Figure 7.5C are at 50% of the peak Ca2+-TrpC activation. We also calculated 

TDer at 95% of the peak Ca2+-TrpC activation. We plotted these two measures of Ca2+-TrpC activation as 

function of relative muscle length in Figure 7.6A and B (data from two trabeculae, respectively). As 

shown, TDer (an index of Ca2+-TrpC activation) increased with muscle length at 50% (circles) and at 95% 

(triangles) of the peak Ca2+-TrpC activation. 

We also plotted TDer as a function of twitch duration as shown in Figure 7.6C and D (data from the two 

trabeculae as in A and B, respectively). A linear regression line was fitted to the data (circles) of twitch 

duration at 50% of peak active stress and TDer at 50% of peak Ca2+-TrpC activation. Similarly, a linear 

regression line was fitted to the data (triangles) for the 95%. 

 

Figure 7.6: Estimated time-course of Ca
2+

 bound on troponin-C (Ca
2+

-TrpC activation) labelled as ΔTDer (Figure 

7.5C), was plotted as a function of relative muscle length (upper panels). In the lower panels, twitch durations at 

both 50% and 95% of relaxation were plotted as functions of TDer. Results were obtained from two trabeculae: 

one shown in A and C, and the other shown in B and D. Data in A and B were fitted using quadratic regression; data 

in C and D were fitted using linear regression. 
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The results of the ‘length-impulse’ experiments (Figure 7.5 and Figure 7.6) suggest a dependence of 

Ca2+-TrpC activation on muscle length. The length-dependent prolongation of Ca2+-TrpC activation in 

turn leads to prolongation of twitch duration, in support of the hypothesis that the prolongation of 

twitch duration (via increased muscle length) is due to prolonged Ca2+ binding to troponin-C (Allen and 

Kurihara, 1982; Janssen and Hunter, 1995).  

 

7.5 Dependence of Twitch Duration and Ca2+-TrpC activation on Peak 

Stress 

It has been demonstrated by several investigators, in particular Janssen and Hunter (1995), that the 

effect of muscle length on twitch duration is indirect. Janssen and Hunter (1995) found that when the 

peak twitch stress of trabeculae undergoing isosarcometric contractions was greater, the twitch 

duration was increased, which fully accounted for the concomitant increase of twitch duration via 

increased sarcomere length. The authors concluded that there is no independent effect of sarcomere 

length on twitch duration, and that the twitch duration is lengthened entirely and directly by increased 

peak twitch stress. Their results led them to hypothesise that increased peak twitch stress, which 

lengthens twitch duration, correlates with prolonged Ca2+ binding to troponin-C. The conclusion that 

peak active stress (or peak developed pressure) lengthens twitch duration has also been made by others 

(Gaasch et al., 1980; Allen and Kurihara, 1982; Hofmann and Fuchs, 1987; Backx and Ter Keurs, 1993; 

Kurihara and Komukai, 1995; Komukai and Kurihara, 1996).  

In our experiment, we were not able to partition the effects of increasing muscle length and increasing 

peak active stress on the prolongation of twitch duration. Nevertheless, we plotted twitch duration as a 

function of peak active stress in Figure 7.7. Positive dependency between twitch durations and peak 

active stress was seen, consistent with the results of others (Janssen and Hunter, 1995; Komukai and 

Kurihara, 1996; Monasky et al., 2008). 
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Figure 7.7: Twitch duration at 50% (A and B) and at 95% (C and D) as a function of peak active stress. Results were 

from a representative trabecula (A and C) and the averages of 10 trabeculae (B and D). Data were fitted using 

quadratic regression. Black: 0.2 Hz, blue: 2 Hz. Open circles and thin lines: 1 mM [Ca
2+

]o, closed circles and thick 

lines: 2 mM [Ca
2+

]o.  

 

Given the positive dependence of twitch duration on peak active stress (Figure 7.7), and of 

Ca2+-TrpC activation on twitch duration (Figure 7.6C and D), we expect that Ca2+-TrpC activation 

is also dependent on peak active stress. We showed in Figure 7.8 that, for the two trabeculae 

undergoing ‘length-impulse’ contractions, their time-courses of Ca2+-TrpC activation (Figure 

7.8A and B) as well as twitch durations (Figure 7.8C and D) were both positive functions of peak 

active stress.  
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Figure 7.8: Estimated time-course of Ca
2+

-TrpC activation, ΔTDer (A and B) and twitch duration (C and D) at 50% 

(circles) and at 95% (triangles) as a function of peak active stress. Results were from a representative trabecula (A 

and C) and the averages of 10 trabeculae (B and D). Results were obtained from two trabeculae: one shown in A 

and C, and the other shown in B and D. Data were fitted using quadratic regression. 

 

7.6 Linking to Cooperativity Mechanisms 

Length-dependent (more correctly, peak-stress-dependent) activation, in the form of cooperativity, has 

been shown to underlie, and can explain, many properties of cardiac muscle (Farman et al., 2010; Terui 

et al., 2010; Campbell, 2011; Cazorla and Lacampagne, 2011; ter Keurs, 2011), including 

peak-stress-dependent prolongation of twitch duration. There are three basic avenues through which 

cooperativity effects may be exerted: 1) cooperativity among binding sites within troponin-C, i.e., 

increased affinity of troponin-C to bind to Ca2+; 2) cooperativity among attached crossbridges, i.e., 

attached crossbridges can increase binding of adjacent crossbridges; and 3) cooperativity among 
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functional units along the thin filament, i.e., interactions between adjacent troponin and tropomyosin 

molecules. We named these three distinct types of cooperativity as Ca2+-TrpC cooperativity, crossbridge 

cooperativity and thin filament cooperativity, respectively. 

Some forms of cooperativity, predominantly the Ca2+-TrpC cooperativity, seems to be requisite for 

mathematical models to simulate the linearity of the VO2-PVA relation. This is exemplified by the 3-D 

model of Burkhoff (1994) and by the equivalent 1-D models of Vendelin et al. (2000) and 

Landesberg and Sideman (1999), each of which produces length-dependent (i.e., 

peak-stress-dependent) prolongation of twitch duration. Indeed, Landesberg and Sideman (1999) 

showed that, in the absence of cooperativity, twitch duration was no longer length-dependent (peak 

force increased by only a little) and energy expenditure became independent of FLA. 

Rice et al. (1999) have critically scrutinised the three types of cooperativity described above using their 

comprehensive cross-bridge kinetics model. The only variation of their model that could mimic 

experimental data such as those shown in Figure 2 of Janssen and Hunter (1995), or similarly our data 

shown in Figure 7.2, includes essentially all three types of cooperativity. Although the authors found 

that crossbridge cooperativity is the most important type of cooperativity to simulate the 

length-dependent prolongation of twitch duration, there remain other characteristics of experimental 

data to be accounted for when sarcomere length is increased, namely, the unequal time-courses 

between the contraction and relaxation phases of the twitch and the latency to peak stress (see Figure 

7.2). These characteristics of twitch data were simulated by incorporating thin filament cooperativity 

and Ca2+-TrpC cooperativity, respectively. 

The model of Rice et al. (1999) that successfully mimics experimental twitch data (see their Figure 11B), 

has the following features: 

 Ca2+ binding to troponin-C shifts tropomyosin in a highly cooperative manner, i.e., with a high 

value of the Hill coefficient (thin filament cooperativity); 

 the rate of formation of crossbridges increases as more crossbridges form (crossbridge 

cooperativity). Since the detachment rate of crossbridges is a decreasing function of sarcomere 

length, and the cooperativity action of multiple crossbridges can be maintained for a short time 

while tropomyosin is in a permissive conformation in the absence of Ca2+, multiple crossbridges 

prolong the duration of the twitch as sarcomere length increases; 
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 feedback of force on Ca2+ binding to troponin-C (Ca2+-TrpC cooperativity) to simulate the latency 

to peak force as sarcomere length increases. This aspect of force-dependent feedback is of small 

degree (attached crossbridges can change the off-rate of Ca2+ from troponin-C by a factor of two 

only). 

Thus, as predicted by the model of Rice et al. (1999), the Ca2+-TrpC cooperativity, in conjunction with the 

other two cooperativity mechanisms, plays a role in prolongation of twitch duration, but this mechanism 

alone is incapable of prolonging twitch duration. The important mechanism for prolongation of twitch 

duration is crossbridge cooperativity. 

In the model Rice et al. (1999), the detachment rate of crossbridges is length-dependent (i.e., 

crossbridge cooperativity) based on experimental results in skeletal muscle. This version of cooperativity 

also appears in the Huxley-based contraction model of Negroni and Lascano (2008). We emphasise here 

that the model of Negroni and Lascano (2008), by inclusion of crossbridge cooperativity, is also capable 

of simulating a length-dependent (i.e., peak-force-dependent) increase of twitch duration. Moreover, 

recent experimental results by Yadid and Landesberg (2010), using rat cardiac trabeculae, showed that 

the crossbridge detachment rate (or ‘weakening’ rate in the authors’ terminology) is decreased when 

force is increased by increasing muscle length. 

With the convincing results predicted by the model of Rice et al. (1999), we are reluctant to accept the 

statement of Peterson et al. (1991) that the initial rate of stress re-development after a length-impulse 

indexes the extent of bound Ca2+ to troponin-C at that time. Nevertheless, the model of 

Negroni and Lascano (1996) showed that the initial rate of stress re-development, calculated by 

simulating qualitatively the ‘length-impulse’ experiment data of Peterson et al. (1991), lies close to their 

simulated transient of Ca2+ bound to troponin-C.  

Peterson et al. (1991) have argued that the cooperativity of the attached crossbridge, in preventing 

tropomyosin from returning to its steric blocking state after Ca2+ has dissociated from troponin-C (i.e., 

the crossbridge cooperativity), was minimised in the ‘length-impulse’ experiment, since the experiment 

was designed to detach all crossbridges just before the time of measurement. Peterson et al. (1991) 

inferred that, during the initial rate of stress re-development, from a ‘baseline’ state, 

crossbridge-dependent cooperative mechanisms should not directly affect the initial rate because there 

are no attached crossbridges initially. Nevertheless, Peterson et al. (1991) included crossbridge 
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cooperativity in their model, which was able to simulate the proportionality between the initial rate of 

stress re-development and the number of bound Ca2+.  

Whereas Peterson et al. (1991) argued that their ‘length-impulse’ technique was specific to the 

Ca2+-TpnC binding step, we prefer not to exclude the contributions of crossbridge cooperativity and thin 

filament cooperativity. In any case, we consider the ‘length-impulse’ protocol to provide an estimate of 

‘overall’ cooperativity. 

 

7.7 Chapter Précis 

We found that the heat production of cardiac trabeculae under fixed-end contractions is a linear 

function of their stress-length area (SLA; Figure 7.1), consistent with the linear VO2-PVA relations found 

in papillary muscles and the whole-heart. 

As conjectured by Vendelin et al. (2000), and demonstrated implicitly by the model of 

Landesberg and Sideman (1999), the apparent increase of duration of the twitch with muscle 

(sarcomere) length underlies the linear dependence of VO2 (or heat production) on SLA. We have 

provided experimental evidence of this (Figure 7.2 and Figure 7.3). 

We found, using the ‘length-impulse’ protocol of Peterson et al. (1991), a positive relationship between 

the time-course of Ca2+ binding to troponin-C and the twitch duration when muscle length is increased 

(Figure 7.5 and Figure 7.6), consistent with the hypotheses by Janssen and Hunter (1995) and 

Allen and Kurihara (1982).  

As concluded by Janssen and Hunter (1995) and others, it is the peak active stress (rather than muscle 

length per se) that has the direct effect on prolongation of twitch duration (Figure 7.7 and Figure 7.8); 

that is, the effect of muscle (sarcomere) length is secondary. In our experiment, we were not able to 

partition the independent effects of peak active stress and muscle length. 

As indicated by the model of Rice et al. (1999), the three types of cooperativity mechanism: Ca2+-TrpC 

cooperativity, crossbridge cooperativity and thin filament cooperativity, are required to reproduce 
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experimental twitch data. The important, and the only, mechanism for the prolongation of twitch 

duration is crossbridge cooperativity – binding of a crossbridge increases the formation of neighbouring 

crossbridges, and multiple crossbridges can maintain their permissive conformation by preventing 

tropomyosin molecules from entering their non-permissive states, thereby prolonging active twitch 

force. However, this ‘downstream’ mechanism, as important as it is, can be effective only if Ca2+ has 

already bound to troponin-C. That is, the latter allows the contribution of the former to be revealed. 

We conclude that the linear VO2-PVA relation of the heart is contingent on the peak-stress-dependent 

prolongation of twitch duration as a consequential outcome of crossbridge cooperativity predominantly. 
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Chapter 8   The Work-Loop Calorimeter 

 

Chapter 8 

The Work-Loop Calorimeter 

 

The heart repetitively undergoes a pressure-volume-time trajectory consisting of sequential periods of 

isovolumic contraction, emptying, isovolumic relaxation, and passive re-filling (Figure 1.3B). Previous 

Chapters show results from experiments consisting entirely of fixed-end contractions. Such artificial 

mechanical events are rarely, if ever, encountered by the heart in vivo. However, the purpose of the 

previous experiments was not to simulate real contractions but to probe various aspects of cardiac 

contraction, such as the mechano-energetics of the elevation of diastolic stress at 4 Hz (Chapter 6). 

To enhance further our understanding of cardiac energetics, we now adopt contraction protocols that 

more closely resemble the repetitive pressure-volume-time behaviour of the heart. Contraction 

protocols that resemble the pressure-volume loop of the heart have previously been achieved using 

isolated papillary muscles (Peterson et al., 1989; Holubarsch et al., 1998; Sørhus et al., 2000), with the 

simultaneous measurement of either heat production (Gibbs and Gibson, 1970; Baxi et al., 2000; 

Mellors and Barclay, 2001; Mellors et al., 2001) or oxygen consumption (Hisano and Cooper, 1987). 

Force-length loops of a sinusoidal nature (Layland and Kentish, 2000; 2002) and quasi-realistic 

approximations (de Tombe and Little, 1994) have been imposed on isolated mammalian cardiac 

trabeculae and even on single cells (Nishimura et al., 2004; Iribe et al., 2007; Bollensdorff et al., 2011), 

but not with the capability of simultaneously assessing the energy consumption of the ‘working’ 

trabeculae. We have overcome these limitations using a work-loop calorimeter (constructed by 

Dr. Andrew Taberner). With this innovative device, we provide the first measurements of heat 

production of superfused cardiac trabeculae undergoing quasi-realistic force-length work-loops that 

mimic the pressure-volume work-loops generated by the heart with each beat. 
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The contents of this Chapter have been published in “Taberner AJ, Han J-C, Loiselle DS, and Nielsen PMF. 

An innovative work-loop calorimeter for in vitro measurement of the mechanics and energetics of 

working cardiac trabeculae J Appl Physiol 111: 1798-1803, 2011”. 

 

8.1 Design and Principle of Operation 

The work-loop calorimeter (Figure 8.1) comprises two instruments: a sensitive flow-through 

microcalorimeter for measuring muscle heat output (as have been described in Chapter 3), and a 

force-length controller for imposing work-loop cycles. Both devices are operated and synchronised by a 

single hardware- and software-based control system. 

 

Figure 8.1: Schematic of the work-loop calorimeter showing a partial cut-away view of its components (lower 

panel), and a close-up cut-away view of the microcalorimeter measurement chamber (upper panel) showing the 

upstream and downstream thermopiles arrays, and a trabecula mounted onto the hooks. The broken arrows 

indicate the direction of flow of superfusate. 

 

The force-length system consists of a lightly-sprung linear motor (Parker-Daedel MX80) for 

muscle-length perturbation and a custom-made stainless-steel cantilever for force 

transduction. A single phase of the linear motor is driven by a custom low-noise linear 
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amplifier, enabling a controllable displacement range of ±5 mm. Change of muscle length and 

deflection of the force transducer are determined by a heterodyne laser interferometer system 

(Agilent) with ~0.3 nm resolution and 20 MHz measurement bandwidth. The linear motor 

carries a 6.35 mm diameter corner-cube that completes the measurement-path of one 

interferometer channel. The measurement-beam of a second interferometer channel is focused 

on the surface of a stainless steel cantilever (1.5 mm wide by 0.45 mm thick by 10 mm long).  

 

A three-axis laser-interferometer PCI board (Agilent, N1231B) is hosted in a WindowsXP 

desktop computer, where it tracks interferometer positions at 20 MHz. Position and force 

estimates are transferred via parallel digital outputs to a computer running a software control 

system in LabVIEW RealTime (2009). A field-programmable-gate-array (FPGA) card in the 

control system computer collects, filters and down-samples (to 20 KHz) position and force 

estimates for use by the LabVIEW RealTime software control system. The desktop computer 

that hosts the laser interferometer also provides a user interface to the control computer, in 

addition to enabling data-logging facilities in the WindowsXP operating system. Experimental 

parameters (force, length, thermopile voltage signals) and inputs (stimulus frequency and 

voltage, length/force set points) are collected in, and controlled by, software written in 

LabVIEW 2009 and LabVIEW SignalExpress 2010.  

 

A length-force control system is implemented in the LabVIEW RealTime programming 

environment. A 20-kHz Proportional-Integral-Derivative (PID) software algorithm with lead-lag 

compensation is used to transition between fixed-end, isometric and isotonic modes of control. 

In fixed-end mode, the upstream end of the muscle is fixed (the length-motor is 

servo-controlled); any force developed by the muscle bends the force transducer and thereby 

slightly reduces muscle length. In isometric mode, muscle length is held constant during force 

development by moving, under software control, the linear motor to compensate for the 

bending of the force transducer. In isotonic mode, muscle length is varied to maintain constant 

muscle force. Separate sets of control constants are implemented for length- and force-control 

modes.  

 

Initial estimates of length-control constants (used in fixed-end and isometric modes) were 
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determined using the Ziegler-Nichols method and then empirically tuned during alternating (0.5 

Hz) motor position set-point changes of ±10 µm. Control gains were varied until position 

overshoot was <10 nm, and settling position error was <1 nm.  

 

When the muscle is first mounted in the device, the control constants used for isotonic control 

are adjusted to ensure >99 % twitch-force disturbance rejection, and stability throughout a 

muscle twitch. Muscle twitches are elicited by stimulation pulses (of user-determined 

magnitude, polarity, and repeat-frequency) generated in the FPGA, and delivered in 

field-stimulation mode via a linear amplifier, through a platinum electrode (located 

downstream of the measurement chamber).  

 

During work-loop experiments, muscle force and length are alternately controlled to create a 

force-length work-loop comprising the four phases of cardiac cycle: isometric contraction, 

isotonic shortening, isometric relaxation and re-stretching (see Figure 1.3B). Upon elicitation of 

a muscle twitch, isometric force is allowed to develop to a user-selected afterload. The 

controller then transitions to isotonic mode, thereby allowing the muscle to shorten until the 

afterload can no longer be sustained without re-lengthening. At this point, the controller 

operates in isometric mode until the twitch force dissipates, whereupon the muscle is re-

stretched to its initial length over a user-defined period (typically 0.2 s for 0.5-Hz and 1-Hz 

stimulations).   

 

8.2 Calibration and Characterisation 

8.2.1 Calibration of the Instrument 

The sensitivity of the microcalorimeter (not the same one as in the micromechanocalorimeter, 

described in Chapter 3) was determined by attaching a 1 mm long thick-film resistor to the upstream 

quartz tube and advancing it into the centre of the measurement chamber of the microcalorimeter. 

Pulses of electrical power (1 mW; on-and off-durations of 30 s each) were liberated repetitively; 

superfusate flow rate was varied between 0.4 µL s-1 and 2.0 µL s-1. The steady-state difference between 

the voltage signals from the up- and down-stream thermopiles at a given flow rate was recorded. In 
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Figure 8.2A, the ratio between the differential voltage output and 1-mW power input from the resistor 

(the microcalorimeter sensitivity) was plotted against flow rate.  

 

Figure 8.2: A: calibration curve of the heat sensitivity of the microcalorimeter. B: calibration of the custom-made 

stainless-steel cantilever of the force transducer. 

Work-loop experiments were conducted at a superfusate flow rate of 0.5 µL s-1. At this rate, the 

microcalorimeter sensitivity was 3.4 V W-1 (Figure 8.2A) and the time-constant of the differential voltage 

signal was assumed to be approximately 6 s (Taberner et al., 2005). The differential-voltage 

measurements were digitally low-pass filtered (0.1 Hz cut-off frequency, 2nd-order Butterworth) prior to 

analysis. The noise-equivalent heat rate (determined over the 0.01 Hz – 0.1 Hz bandwidth of interest) 

was 78 nW, yielding a typical heat-rate signal-to-noise ratio of 50:1. 

The minimum change in motor and force transducer position resolvable by our interferometer was 

309 pm. When operating in fixed-end mode (with a muscle producing 3 mN peak force at a rate of 2 Hz), 

the disturbance-rejection of our position controller was sufficient to limit the motor displacement to 

less than 1.8 nm standard deviation. 

Calibration of the stainless-steel force transducer was conducted in situ using a separate pre-calibrated 

strain-gauge force transducer (World Precision Instruments (WPI) FORT10g). The WPI transducer was 

mounted vertically on the linear motor. A quartz tube (700 µm outer diameter), with a 100 µm stainless 

steel needle affixed axially at its tip, was attached to the WPI transducer and advanced through the 

measurement chamber until the tip of the needle pressed against the centre of the force transducer 

hook. By advancing the linear motor, forces in the range 0 mN – 12 mN were applied to the force 



The Work-Loop Calorimeter 

 

136 

 

transducer while the laser interferometer signal was measured. The spring constant of the cantilever 

(measured at the focal point of the laser) was 309.5 N m-1 (Figure 8.2B). The noise-equivalent force 

(quantified by the standard deviation of the force noise measured over a 10-KHz bandwidth) was 1.1 µN. 

The first resonant frequency of the unloaded force transducer and attachments was measured to be 

560 Hz. In isotonic mode, the force disturbance (determined from the ratio of zero-load isotonic to 

isometric force standard deviations) was less than 1%. 

 

8.2.2 Potential Heat Artefacts 

We considered three potential thermal artefacts: (i) heat from electrical stimulation; (ii) heat from 

movement of the upstream hook and its connecting tube during isotonic (shortening) contraction; and 

(iii) movement artefacts arising from withdrawal of the preparation, together with its hooks and 

connecting tubes, from the measurement chamber into the mounting chamber in order to measure the 

rate of basal heat production of the muscle. As depicted in Figure 8.3 (stimulus heat), Figure 8.4 

(isotonic-movement heat), and Figure 8.5 (basal heat), differencing the up- and down-stream 

thermopile signals resulted in negligible disturbance to the differential voltage signals. These results 

imply that the change in differential voltage signals arose from the heat liberated by respiring 

trabeculae, and not from thermal artefacts arising from the sources described above. 
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Figure 8.3: Upstream (upper panel) and downstream (middle panel) thermopile voltage signals (converted from 

the difference between the thermopiles signals) in response to stimulus voltages of 0 V, 3 V and 6 V (stimulus 

duration, 4 ms) in the absence (left panel) and presence (right panel) of a trabecula (250 µm diameter, 1.9 mm 

long).  The amplitude of the experimental stimulus is usually 3 V. The 10 µV scale bar corresponds to a 

temperature change of 460 µK, and a heat rate of 2.9 µW; superfusate flow rate was 0.5 µL s
-1

. 

 

 

Figure 8.4: Left panel: upstream, downstream and differential thermopile voltage signals in response to 

back-and-forth movement (2-s cycle) of the upstream hook and its connecting tube in the presence of a quiescent 

(unstimulated) trabecula. Right panel: the trabecula was stimulated to perform unloaded-isotonic contractions. In 

both conditions, the upstream hook and its connecting tube underwent 490-µm displacement cycles, which was 

approximately 20% shortening of muscle length (2.5 mm). Muscle diameter was 200 µm. 
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Figure 8.5: Upstream (upper panel) and downstream (middle panel) thermopile voltage signals in response to 

movement of hooks, from the measurement chamber to the mounting chamber and back, in the absence (left 

panel) and presence (right panel) of a quiescent trabecula (250 µm diameter, 3.0 mm long). Arrows indicate the 

transition periods. Stimulation was turned off throughout. The 10 µV scale bar corresponds to a temperature 

change of 460 µK, and a heat rate of 2.9 µW. 

 

8.3 Work-loop with Simultaneous Heat Measurement 

Using the work-loop calorimeter, we subjected trabeculae to different modes of contraction until both 

twitch force and rate of heat production reached steady state, using a stimulus frequency of 1 Hz. Figure 

8.6 shows typical length changes (upper traces) and force outputs (lower traces) of a trabecula 

undergoing (i) fixed-end, (ii) isometric, (iii) unloaded isotonic, and (iv and v) work-loop protocols. Trace 

(i) shows a small reduction of length during fixed-end contraction, whereas muscle length was constant 

during the isometric contraction (ii). In trace (iii), muscle length was controlled to achieve a 

zero-afterload (unloaded) isotonic contraction. Traces (iv) and (v) show periods of both isometric and 

isotonic contractions, separated by faint vertical lines, the four sequential work-loop phases: (a) 

isometric contraction, (b) isotonic shortening, (c) isometric relaxation and (d) passive re-lengthening. 

In Panel B, these force changes were plotted as a function of the length change for each of the 

contractions in Panel A. Values of force were converted to stress (by dividing by cross-sectional area) 

and change of length was expressed relative to muscle length at which active force was maximum, Lo. 
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Figure 8.6: A: muscle length change and force development of a trabecula (320 µm diameter, 1.8 mm long) 

undergoing (i) fixed-end, (ii) isometric (iii) unloaded (zero-afterload) isotonic, and (iv and v) various afterloaded 

workloops. The faint dotted lines indicate the transition periods between isometric and isotonic modes. The 

lowercase letters refer to the four sequential work-loop phases (a: isometric contraction, b: isotonic shortening, c: 

isometric relaxation and d: passive re-lengthening). B: muscle stress as a function of muscle length for the different 

contraction modes. The Roman numerals correspond to those in A. Results were overlaid. 

The rate of muscle heat production was simultaneously recorded, as shown in Figure 8.7, under various 

contraction modes: isometric (i); fixed-end (ii); unloaded isotonic (iii); and work-loop (iv to vi). Trace (vii) 

shows the diminution of heat rate when the muscle was moved downstream, out of the measurement 

200 ms 
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chamber. We infer that the extent of diminution quantifies the rate of basal heat production (Daut and 

Elzinga, 1988; Loiselle et al., 1996).   

 

Figure 8.7: A: heat rate of a trabecula (300 µm diameter, 2.5 mm long) under (i) fixed-end, (ii) isometric, (iii) 

unloaded isotonic and (iv to vi) various afterloaded workloops, as well as (vii) basal heat rate. The 10-kW m
-3

 scale 

bar corresponds to 276 µK. 

We calculated the area circumscribed by each work-loop, as in Figure 8.6B; this provided an estimate of 

the external work performed (Figure 8.8A) by the muscle. The work-related heat was derived from 

records, such as those shown in Figure 8.7, as the difference between the average rates of heat 

production during periods of rest and activity, taking into account the rate of stimulation (in this case, 

1 Hz) to convert rate of heat to heat per twitch. The sum of heat and work yields the change of enthalpy 

(Figure 8.8B). A measure of mechanical efficiency is the ratio of work to enthalpy (Figure 8.8C). Each of 

these three variables was plotted as a function of relative peak active stress (the difference between 

peak total stress and passive stress). For the trabecula shown in Figure 8.8C, its maximum mechanical 

efficiency was about 12%.  
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Figure 8.8: Work (A), change of enthalpy (B), and mechanical efficiency (C) as functions of relative peak active 

stress (the difference between peak total stress and passive stress). The trabecula (300 µm diameter, 3.0 mm long) 

had a maximum mechanical efficiency of approximately 12%. 

We are reassured that our measured maximum mechanical efficiency of isolated cardiac trabeculae (in 

the vicinity of 12%) falls in the range of 10% – 15% reported in the literature, especially by Barclay and 

co-workers for isolated papillary muscles (Mellors and Barclay, 2001; Mellors et al., 2001; Barclay et al., 

2003) since these investigators were careful to disregard any contribution from passive force. Also, our 

values are in accord with those reported by Gibbs and Gibson (1970) in papillary muscles at room 

temperature. We note, too, that our value coincides with those reported for working whole-heart 

preparations (Neely et al., 1967; Niesler et al., 1985; Kissling, 1992; de Tombe et al., 1993; Mallet and 

Sun, 1999). Surprisingly, our value is in excellent agreement with the value reported by Syme (1994) in 

bundles of trabecular muscle from frog. Hence, we consider it highly unlikely that we are overestimating 
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heat production as might occur, for example, if the extent of sarcomere shortening were enough to 

encounter internal resistance to the sliding of filaments. If such behaviour were to occur, it would be 

during maximal shortening contractions (‘iii’ in Figure 8.6, for example), where the negligible work 

component would have little effect on the profile of mechanical efficiency (Figure 8.8C) and none 

whatsoever on its maximal value. 

 

8.4 Chapter Précis 

A novel and unique work-loop calorimeter has been constructed (by Dr. Andrew Taberner) with which 

we can, for the first time, measure the heat produced by isolated cardiac trabeculae undergoing 

force-length work-loop designed to mimic the pressure-volume loop experienced by the heart with each 

beat. The force-length work-loop is achieved with precise transitioning, both temporally and spatially, 

between isometric and isotonic contraction modes.  
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Chapter 9 

Energetic Cost of Stress-Length Work-Loops 

 

In Chapter 8, we described our unique work-loop calorimeter which can drive isolated ventricular 

trabeculae to undergo stress-length work-loops while simultaneously measuring their heat production. 

A stress-length work-loop consists of four phases: isometric, isotonic shortening, isometric relaxation 

and passive re-lengthening, which closely resembles the pressure-volume loop of the intact heart 

(Figure 1.3B). The area of the loop quantifies the external mechanical work (W) performed by the 

muscle. 

In this Chapter, we extend the use of our work-loop calorimeter. We determine the relation between 

change of enthalpy (-ΔH) and stress-length area (SLA) of working trabeculae. We hypothesise that this 

relation is linear, given that it is linear in working papillary muscle (Hisano and Cooper, 1987; Kiriazis et 

al., 1992; Kiriazis and Gibbs, 2000), consistent with the linear relation between oxygen consumption 

(VO2) and pressure-volume area (PVA) of the ventricles. Accordingly, the intercept of this relation is the 

activation heat (an index of the energetic cost of Ca2+ cycling), whereas the inverse of the slope of this 

relation provides a measure of so-called contractile efficiency (hereinafter refer to as Suga’s 

PVA-efficiency). 

The second objective of this Chapter is to determine whether the relations described above are 

ventricle-of-origin dependent. It has been demonstrated that the right ventricle (RV) and the left 

ventricle (LV) differ mechanically (Rouleau et al., 1986; Brooks et al., 1987; Capasso et al., 1989; 

McMahon et al., 1996), as well as energetically (Kusachi et al., 1982; Takeda et al., 1987; Saito et al., 
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1991; Crystal et al., 1993; Zong et al., 2005). Specifically we want to see whether W, mechanical 

efficiency, activation heat and Suga’s PVA-efficiency differ between trabeculae isolated from RV and LV. 

 

9.1 Methods 

Geometrically-uniform trabeculae were isolated from the inner free walls of RV (n = 14) and/or LV 

(n = 14) of rat hearts. The RV trabeculae had an average diameter of 288 ± 15 µm and an average length 

of 2.92 ± 0.18 mm. The LV trabeculae had an average diameter of 307 ± 14 µm and an average length of 

2.56 ± 0.18 mm. 

At optimal muscle length (Lo), each trabecula from either ventricle was stimulated at 1 Hz to contract, 

sequentially under four different modes of contraction (Figure 8.6) until steady state was reached: 

fixed-end; isometric; unloaded isotonic; and variable-afterload work-loop. These four modes of 

contraction were repeated at a reduced muscle length (Lr = 0.95 Lo), as well as at 0.5 Hz stimulus 

frequency. Stimulation was turned off between modes. Rate of muscle heat production was measured 

simultaneously. Rate of basal heat production was measured by moving the trabecula between the 

measurement chamber and the downstream mounting chamber; measurement was made in between a 

change of preload (Lo to Lr or vice versa) or in the end of experiment. Preparations were predicted to 

have been adequately supplied with oxygen via diffusion (Chapter 4). 

Definition and Normalisation Afterload was defined here as the pre-determined stress at which the 

muscle transitioned from isometric contraction to isotonic shortening. Hence, total afterload is the 

afterload plus the passive stress, whereas active afterload excludes the passive stress. These two 

defined parameters were expressed, respectively, as fraction of the peak isometric total stress and peak 

isometric active stress. We named them as ‘relative total afterload’ and ‘relative active afterload’, 

respectively. Muscle length was expressed as L/Lo. Lrelax was defined as the length at the isometric 

relaxation trajectory of the work-loop. External mechanical work (W) is the area of the stress-length 

work-loop (calculated by integrating stress as a function of muscle length over the entire period of the 

twitch) and was expressed in units of kJ m-3. Change of enthalpy (-ΔH, units: kJ m-3) is the sum of W and 

heat. Mechanical efficiency (ratio of W/-ΔH) was expressed in %. Suga’s PVA-efficiency (%) is the inverse 

of the slope, while activation heat (kJ m-3) is the intercept, of the -ΔH versus SLA relation. Stress-length 

area (SLA, units: kJ m-3) is W plus ‘potential energy’ (the region demarcated by the total and the passive 
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stress-length relations and the isometric relaxation trajectory of the work-loop). Velocity of muscle 

shortening was estimated from the length trace during the isotonic shortening phase of the work-loop. 

It was normalised to Lo and was thus expressed in units of s-1. Muscle power of shortening was 

calculated as the product of velocity of shortening and active afterload, and hence has units of kW m-3.  

Curve Fitting Both the -ΔH versus SLA relations and the twitch duration versus total afterload 

relations were fitted using linear regression. The twitch duration versus Lrelax/Lo relations were fitted 

using quadratic regression. Both the total stress and passive stress versus L/Lo relations were fitted using 

cubic regression. Curves of shortening velocity (V) versus relative active afterload (S) were fitted by Hill’s 

hyperbolic velocity-load equation as follows:    (
    

   
) , where So is the peak total isometric stress 

(and hence has a relative value of unity), a and b are constants. The curves of shortening power versus S 

were fitted by a function described by the product of V and active afterload. Similar function (product of 

V and relative total afterload) was used to fit the curves of W, and efficiency, as functions of relative 

total afterload. 

Statistical Analysis The regression lines (n = 14) fitted to the data obtained in each experimental 

intervention were averaged using the Random Coefficient Model within PROC MIXED for polynomial 

regression and the Nonlinear Mixed Model (PROC NLMIXED) of the SAS software package. The 

regression coefficients were assumed to have arisen from a multivariate normal probability distribution. 

Parameters of interest, estimated by each of the 14 regression lines, were averaged and expressed as 

mean ± SE. A multifactor scheme of ANOVA having repeated measures on the same elements (Winer, 

1971) was employed to test for statistical differences. It was implemented in SAS and statistical 

significance was accepted when P < 0.05. Model codes were shown in Table A6 and Table A8, and 

statistical outputs were shown in Table A7 and Table A9, in the Appendices. In addition, we performed 

ANCOVA for the interaction between ‘ventricle’ and ‘muscle radius’ (Table A10 and Table A13) and for 

the main effect of ‘ventricle’ (Table A11 and Table A14). 
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9.2 Stress-Length-Heat Measurement 

We measured, simultaneously, the twitch stress production, length change and rate of heat production 

of each trabecula undergoing the four distinct modes of contractions. Results were depicted in Figure 

9.1. A small reduction of muscle length was observed during fixed-end contractions (a). Muscle length 

was controlled to achieve constant during isometric contractions (b) and was varied to achieve 

zero-afterload during unloaded-isotonic contractions (c). Traces d to g show work-loop contractions of 

various afterloads. Periods of both isometric and isotonic contractions were evident. 

Segments of the length-time traces highlighted in red (Figure 9.1B) were used to estimate the velocity of 

shortening immediately after a change of contraction mode (from isometric to isotonic). These 30-ms 

data segments were fitted using linear regression where the slopes were used as an index of initial 

velocity of shortening. A progressive decrease of slope from c to b was evident. 

The rate of muscle active heat production (Figure 9.1C) was seen to decrease with decreasing afterload. 

Recall that heat per twitch is the rate of heat production divided by stimulus frequency (in this case, 

1 Hz). Record of the rate of basal heat production (discussed in Chapter 10) was also shown.  
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Figure 9.1: Steady-state twitch stress production (A) and length (B) of a representative trabecula at Lo and at 1 Hz 

undergoing fixed-end (a), isometric (b), unloaded-isotonic (c) and varying-afterload work-loop (d to g) 

contractions. The segments of length traces highlighted in red in B represent the 30-ms periods used to estimate 

the initial velocity of shortening (indexed by the slope of each length-time trace). C: records of rate of active heat 

production during each of the four modes of contraction. Rate of basal heat production was measured by moving 

the trabecula between the measurement chamber and the downstream mounting chamber. 
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9.3 Stress-Length Work-Loop 

In Figure 9.2A, muscle stress (Figure 9.1A) was plotted as a function of muscle length (Figure 9.1B) for 

each of the contractions. The area of each resulting stress-length work-loop quantified the external 

mechanical work (W) performed by the trabecula. As can be seen, W was zero (i.e., area was zero) for 

the fixed-end (a), isometric (b), and unloaded-isotonic (c) contractions. The end-systolic points and 

end-diastolic points at both Lo (thick lines) and Lr (thin lines) were fitted using cubic regression (blue 

lines). This plot allowed calculation of the two components of stress-length area (SLA), namely W and 

‘potential energy’ (U). The latter is the area of the ‘triangle’ on the left. 

In Figure 9.2B, the end-systolic and the end-diastolic lines are the averages across all 14 trabeculae of 

each ventricle. The values of total isometric stress were averaged (mean ± SE), for both Lo and Lr (about 

0.95 Lo), and superimposed onto the stress-length plot.  



Energetic Cost of Stress-Length Work-Loops 

 

149 

 

 

Figure 9.2: A: steady-state stress-length work-loops of a representative trabecula undergoing fixed-end (a), 

isometric (b), unloaded-isotonic (c) and variable-afterload work-loop (d to g) contractions at 1 Hz, and at Lo (thick 

black lines) and at Lr (about 0.95 Lo) (thin black lines). The end-systolic points and the end-diastolic points were 

fitted using cubic regression (upper and lower broken blue lines, respectively). B: The end-systolic line and the 

end-diastolic line were averaged across 14 trabeculae of each ventricle. Thick lines: RV, thin lines: LV; blue lines: 

0.5 Hz, black lines: 1 Hz. The total isometric stress at both Lo and Lr (about 0.95 Lo) were averaged and 

superimposed. Symbols are mean ± SE; filled circles: RV, open circles: LV; blue: 0.5 Hz, black: 1 Hz. 
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9.4 Mechanics – Velocity, Power and External Work 

We plotted, in Figure 9.3, the velocity of shortening (the slope of the length-time trace highlighted in red 

in Figure 9.1B) as a function of relative active afterload. The averages of the maximum velocity 

(estimated by curve fitting) were superimposed. The average maximum velocity of shortening of the RV 

was significantly greater (P = 0.0153) than that of the LV (Figure 9.3C and D). Within each ventricle, the 

average maximum velocity of shortening at Lo was greater (P = 0.0115) than that at Lr. No effect of 

stimulus frequency was found. 

 

 
 

Figure 9.3: Shortening velocity as a function of relative active afterload of representative trabeculae at 1 Hz and at 

Lo (A and B) and of the averages of 14 trabeculae (C and D) at Lo (solid lines), Lr (broken lines) and at 0.5 Hz (blue 

lines) and 1 Hz (black lines) isolated from RV (A and C) and LV (B and D).  The maximum velocity of shortening 

estimated by curve fitting from each of the 14 fitted curves were averaged (mean ± SE) and superimposed in C and 

D (filled circles: Lo, open circles: Lr; blue: 0.5 Hz, black: 1 Hz). 
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Our results of greater maximum velocity of shortening of RV than LV rat trabeculae are consistent with 

the results found in pig myocytes (McMahon et al., 1996), dog papillary muscles and trabeculae 

(Rouleau et al., 1986), rat papillary muscles (Brooks et al., 1987) and rat myocytes (Harding et al., 1990). 

A converse result was obtained in mouse myocytes (Kondo et al., 2006), whereas a null result was found 

in cat myocytes (Kleiman and Houser, 1988).  

 

The velocity of shortening is now accepted to correlate positively with Ca2+-activated ATPase activity of 

myosin (Bárány, 1967; Cappelli et al., 1989; Yamashita et al., 1992; Bottinelli et al., 1995) and with 

myosin α-heavy chain isoenzyme, MHCα (Pagani and Julian, 1984; Yamashita et al., 1992). The 

Ca2+-activated ATPase activity of myosin is higher in the MHCα than in the myosin β-heavy chain 

isoenzyme, MHCβ (Hoh et al., 1978; Lompre et al., 1981). Thus, a greater proportion of the MHCα to 

MHCβ
 in rat RV papillary muscles was the conclusion reached by Brooks et al. (1987) to explain the 

greater unloaded velocity of shortening of RV. In support of this contention, a higher proportion of 

MHCα/MHCβ
 in the RV was also found by Pagani and Julian (1984), and lower MHCβ in the RV by 

Mercadier et al. (1981).  

 

In contrast, Rouleau et al. (1986) found no differences in myosin isoenzymes between ventricles to 

explain the greater unloaded velocity of shortening of dog RV papillary muscles and trabeculae. Their 

null results are consistent with early studies (Kleid et al., 1972; Hoh et al., 1978; Syrovy et al., 1979; 

Effron et al., 1987).  

 

Hence, there appears to be no consensus as to whether a difference exists in the myosin-isoenzyme 

profiles between the ventricles. Thus, we could not infer, following the conclusion reached by 

Brooks et al. (1987), that our result of relatively greater maximum velocity of shortening of RV 

trabeculae is a consequence of their relatively greater proportion of MHCα/MHCβ. 
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We multiplied the velocity of shortening by the corresponding active afterload to estimate power of 

shortening. In Figure 9.4, the maximum shortening power did not differ between ventricles. Within each 

ventricle, maximum shortening power was greater at Lo than at Lr (P < 0.0001). Stimulus frequency was 

without effect. 

 
 

 

Figure 9.4: Power of shortening (product of shortening velocity and active afterload) as a function of relative active 

afterload of representative trabeculae at 1 Hz and at Lo (A and B) and of the averages of 14 trabeculae (C and D) at 

Lo (solid lines), Lr (broken lines) and at 0.5 Hz (blue lines) and 1 Hz (black lines) isolated from RV (A and C) and LV (B 

and D). The values of the maximum shortening power, calculated from each of the individual 14 fitted curves, were 

averaged (mean ± SE) and superimposed in C and D (filled circles: Lo, open circles: Lr; blue: 0.5 Hz, black: 1 Hz). 
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We plotted, in Figure 9.5, the external mechanical work, W (the area of the stress-length work-loop as in 

Figure 9.2A) as a function of relative total afterload. The data of fixed-end contractions and 

zero-afterload isotonic contractions were excluded because W was zero (i.e., the zero-work of these two 

special contractions form the points on the abscissa, and do not lie on the work-load curve). 

 

 

 

Figure 9.5: External mechanical work (the area of stress-length work-loop) as a function of relative total afterload 

of representative trabeculae at 1 Hz and at Lo (A and B) and of the averages of 14 trabeculae (C and D) at Lo (solid 

lines), Lr (broken lines) and at 0.5 Hz (blue lines) and 1 Hz (black lines) isolated from RV (A and C) and LV (B and D). 

The maximum values of mechanical work, calculated from each of the 14 fitted curves, were averaged (mean ± SE) 

and superimposed in C and D (filled circles: Lo, open circles: Lr; blue: 0.5 Hz, black: 1 Hz). 

 

Comparing RV with LV trabeculae, they performed the same (i.e., statistically insignificant) maximum 

work, and performed greater maximum work at Lo than at Lr (P < 0.0001). Statistical analysis detected 

significantly greater maximum work at 0.5 Hz compared with that at 1 Hz (P = 0.0010). The reason for 
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this is unknown – the similar total and passive stress-length relations between 0.5 Hz and 1 Hz shown in 

Figure 9.2B did not provide an explanation for this. 

 

9.5 Linear dependence of -ΔH on SLA 

In Figure 9.1A, it can be seen that the duration of the twitch under the fixed-end, isometric and 

work-loop contraction modes decreased with decreasing afterload (or peak total stress). We plotted the 

twitch duration (quantified at 95% of the total afterload) as a function of total afterload in Figure 9.6. 

There was no difference between ventricles. We also plotted the twitch duration as a function of muscle 

length at the isometric relaxation phase (Lrelax) of the work-loop in Figure 9.7. This relation was also 

independent of ventricle-of-origin. 

The prolongations of twitch duration with total afterload (Figure 9.6) and with muscle length (Figure 9.7) 

are necessary for the change of enthalpy (-ΔH = W + heat) to depend linearly on SLA. This assertion 

arises from the results shown in Chapter 7, where the linear heat-SLA relationships (under fixed-end 

contraction) are contingent on the peak-stress-dependent prolongation of twitch duration via increased 

muscle length as a consequence of crossbridge cooperativity. To test that this hypothesis also holds for 

work-loop contractions, we plotted the relationship between -ΔH and SLA in Figure 9.8. Linearity was 

seen for all experimental interventions and for both ventricles. The relationships were independent of 

preload, mode of contraction (Khalafbeigui et al., 1979; Suga et al., 1981; Suga et al., 1981; Hisano and 

Cooper, 1987), and stimulus frequency (Suga et al., 1983).  

We found that isolated trabeculae from RV and LV have similar Suga’s PVA-efficiency (32% – 36% ± 3% 

in RV and 27% – 33% ± 2% in LV). Our values are similar to that of 27% by Burkhoff et al. (1991) in the 

isolated, cross-circulated, dog heart, and are in excellent accord with that of 31% found by 

Nozawa et al. (1994) in the heart of conscious dog in situ. Lower values have been found: 23% reported 

by Wolff et al. (1992) and 21% by Izzi et al. (1991) in the isolated, cross-circulated, dog heart, and 21% 

by Kameyama et al. (1998) in the isolated, crystalloid-perfused, mouse heart. Our values of Suga’s 

PVA-efficiency are lower than Suga’s values of 40% – 50% in the isolated, cross-circulated, dog heart 

(Khalafbeigui et al., 1979; Suga et al., 1981; Suga et al., 1983) and the rat heart (Hata et al., 1998). In 

contrast, higher values have been reported in the isolated, cross-circulated, rat heart: 50% by 

Yoshikawa et al.  (2005), 50% – 57% by Tsuji et al. (2001) and 59% by Sakata et al. (2007).  
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Figure 9.6: Twitch duration at 95% of total isometric stress as a function of total afterload of representative RV (A) 

and LV (B) trabeculae undergoing 1-Hz contractions. Data were fitted using linear regression. C: average relations 

for the 14 trabeculae at 0.5 Hz (blue lines) and 1 Hz (black lines) isolated from RV (thick lines) and LV (thin lines). 
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Figure 9.7: Twitch duration at 95% of total isometric stress as a function of muscle length at the isometric 

relaxation phase (Lrelax) of representative RV (A) and LV (B) trabeculae undergoing 1-Hz contractions. Data were 

fitted using quadratic regression. C: average relations for the 14 trabeculae at 0.5 Hz (blue lines) and 1 Hz (black 

lines) isolated from RV (thick lines) and LV (thin lines). 
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Figure 9.8: Linear correlation between the change of enthalpy (-ΔH) and stress-length area (SLA) of representative 

RV (A) and LV (B) trabeculae undergoing the four different modes of contraction at 1 Hz, at preload of Lo (filled 

circles; solid lines) and at preload of Lr (open circles; broken lines). C: average relations for the 14 trabeculae of 

both RV and LV at 0.5 Hz (blue lines) and 1 Hz (black lines) at Lo (solid lines) and at Lr (broken lines). The inverse of 

the slope of the relation quantifies Suga’s PVA-efficiency. Comparing RV and LV, there were no significant different 

among the slopes, but the intercepts for LV were greater than those for RV. 
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In rabbit isolated papillary muscles undergoing fixed-end contractions, Suga’s PVA-efficiency of 45% 

(Mast and Elzinga, 1990; Kiriazis et al., 1992) and of 52% (Holmes et al., 2002) were found. In isolated 

‘working’ ferret papillary muscles, Suga’s PVA-efficiency of 38% was reported (Hisano and Cooper, 

1987). For the first time, we revealed that isolated ‘working’ ventricular trabeculae from rat have Suga’s 

PVA-efficiency of 27% – 36% (independent of ventricle-of-origin). 

The intercepts of the -ΔH-SLA relations (Figure 9.8) reflect the metabolic cost of contractile activation 

through excitation-contraction coupling, i.e., the cycling of Ca2+ by tvarious Ca2+-ATPases (predominantly 

SERCA) and the removal of Na+ by Na+-K+-ATPase (see Section 5.5). Comparing RV and LV, isolated 

trabeculae from RV have lower (P = 0.0167) values of metabolic cost of activation (4.2 kJ m-3 – 4.8 kJ m-3) 

than those from LV (5.9 kJ m-3 – 6.7 kJ m-3).  

CL Gibbs has characterised the field of cardiac energetics using the relation between -ΔH and relative 

total afterload (Gibbs et al., 1967; Gibbs and Gibson, 1969; Gibbs et al., 1990).  In Figure 9.9, we plotted 

this relationship and showed that -ΔH was a monotonically increasing function of relative total 

afterload, i.e., -ΔH peaked at a relative total afterload of unity (e.g. at the peak isometric stress), 

consistent with the results of Gibbs et al. (Gibbs et al., 1967; Gibbs and Gibson, 1969; Gibbs et al., 1990). 

Although this curvilinear -ΔH-afterload relation is apparently different from the linear -ΔH-SLA relation 

(Figure 9.8), they can be reconciled (Gibbs and Chapman, 1985). The intercept of this 

curvilinear -ΔH-afterload also reflects the metabolic cost of activation. This relation, too, revealed 

greater (P = 0.0079) metabolic cost of activation cost in RV than in LV (4.3 kJ m-3 – 4.7 kJ m-3 versus 

6.0 kJ m-3 – 6.7 kJ m-3).  

Using our values of the metabolic cost of activation, and following the calculation presented in 

Section 5.5, we estimated that, within a sarcomere, 95 Ca2+ per twitch were sequestered by the SR in 

the RV trabeculae. In contrast, there were 126 Ca2+ sequestered in the LV trabeculae.  
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Figure 9.9: Change of enthalpy (-ΔH) as a function of relative total afterload of representative trabeculae at 1 Hz 

and at Lo (filled circles) and at Lr (open circles) (A and B) and of the averages of 14 trabeculae (C and D) at Lo (solid 

lines), Lr (broken lines), and at 0.5 Hz (blue lines) and 1 Hz (black lines) isolated from RV (A and C) and LV (B and D). 

Data were fitted using quadratic regression. 

Our finding of greater metabolic cost of activation in LV (Figure 9.8 and Figure 9.9) may indicate a 

greater activity of SERCA. This is consistent with the finding of Afzal and Dhalla (1992), who reported 

greater Ca2+ uptake activity of the SR in LV than in RV tissues of rat hearts. Dhalla et al. (1980) and 

Sathish et al. (2006) also found such results in ventricular tissues of the dog and rat, respectively. Our 

finding can also be related to a relatively greater density of SERCA in LV than in RV. Bokník et al. (1999) 

have found greater protein expression of SERCA in LV compared with RV of human myocardium. 

Sathish et al. (2006) also reported greater amount of SERCA2a isoform in LV than in RV of rat 

myocardium. The greater metabolic cost of activation in LV could, perhaps, also reflect a greater activity 

of the Na+-K+-ATPase. However, there exists evidence that there is no apparent difference in 

Na+-K+-ATPase activity between RV and LV (Gibson and Harris, 1970; Fan et al., 1993). 
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9.6 Mechanical Efficiency and Crossbridge Efficiency 

The values of mechanical efficiency under fixed-end and unloaded-isotonic contractions are zero 

because the external work was zero in each scenario. Thus, the data from these two special contractions 

were disregarded from the curve-fitting to the mechanical efficiency data of isometric and work-loop 

contractions. 

In Figure 9.10, our values of maximum mechanical efficiency (10% – 14%) fall in the range of 10% –15% 

reported by Barclay and co-workers for isolated papillary muscles (Mellors and Barclay, 2001; Mellors et 

al., 2001; Barclay et al., 2003), and is similar to the value of 13% reported by Gibbs and Gibson (1970) in 

papillary muscles at room temperature. Our values also coincide with those reported (9% – 15%) for 

working whole-heart preparations (Neely et al., 1967; Niesler et al., 1985; Kissling, 1992; de Tombe et 

al., 1993; Mallet and Sun, 1999). Our value is in excellent agreement with the value (13%) reported by 

Syme (1994) in bundles of trabecular muscle from frog, suggesting similar fundamental cardiac 

mechano-energetics across species.  

We found that the maximum mechanical efficiency of RV was greater (P = 0.0027) than that of LV (13% –

 14% versus 10%). Within each ventricle, maximum mechanical efficiency was greater (P < 0.0001) at Lo 

than at Lr. The difference in the maximum mechanical efficiency between ventricles can be attributed 

only to the difference in heat production because the maximum work was similar between ventricles 

(Figure 9.5). Recall that mechanical efficiency is the ratio of work (W) to change of enthalpy 

(-ΔH = W + heat).  

The heat production we measured consists of the heat from activation and heat from cycling of 

crossbridges. We have found that the metabolic cost of activation heat of LV was greater than that of RV 

(Figure 9.8 and Figure 9.9). We now subtracted the activation heat from the denominator of the 

mechanical efficiency formula. With this subtraction, we quantified crossbridge efficiency. As seen in 

Figure 9.11, the maximum crossbridge efficiency was found to be independent of ventricle. This 

supports our hypothesis that the greater maximum mechanical efficiency of RV is a consequence of their 

lower activation heat. 
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Figure 9.10: Mechanical efficiency (W/-ΔH) as a function of relative total afterload of representative trabeculae at 

1 Hz and at Lo (A and B) and of the averages of 14 trabeculae (C and D) at Lo (solid lines), Lr (broken lines) and at 

0.5 Hz (blue lines) and 1 Hz (black lines) isolated from RV (A and C) and LV (B and D). The values of the maximum 

mechanical efficiency, calculated from each of the 14 fitted curves, were averaged (mean ± SE) and superimposed 

in C and D (filled circles: Lo, open circles: Lr; blue: 0.5 Hz, black: 1 Hz). 
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Figure 9.11: Crossbridge efficiency [W/(-ΔH-QA), where QA is the metabolic cost of activation] as a function of 

relative total afterload of representative trabeculae at 1 Hz and at Lo (A and B) and of the averages of 14 

trabeculae (C and D) at Lo (solid lines), Lr (broken lines) and at 0.5 Hz (blue lines) and 1 Hz (black lines) isolated from 

RV (A and C) and LV (B and D). The values of the maximum crossbridge efficiency, calculated from each of the 14 

fitted curves, were averaged (mean ± SE) and superimposed in C and D (filled circles: Lo, open circles: Lr; blue: 

0.5 Hz, black: 1 Hz). 
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9.7 “Matching” – the Optimal Working Point 

For external mechanical work (W), the optimal values occurs at values of relative total afterload of 

0.45 – 0.5, and is independent of ventricle-of-origin (Figure 9.5). But the maximum mechanical efficiency 

occurs at a slightly lower relative total afterload (values of 0.35 – 0.4) and is also independent of 

ventricle-of-origin (Figure 9.10). Our results in trabeculae are consistent with the results obtained in 

papillary muscles from either ventricles of various species (Gibbs and Gibson, 1969; Loiselle, 1979; 

Loiselle and Gibbs, 1979; Gibbs et al., 1990; Kiriazis et al., 1992; Kiriazis and Gibbs, 1995; 2000).  

We now turn the attention to the concept of ‘matching’, i.e., the optimal working point of the ventricle 

towards either maximum external mechanical work or maximum mechanical efficiency to match with 

the arterial load. If the heart is optimised to perform maximum W, then it would pump at a mechanical 

efficiency of slightly less than its maximum, and vice versa. The LV in situ has been shown to match to 

the arterial system such that W is maximal in the anesthetised cat (van den Horn et al., 1985; van den 

Horn et al., 1986; Toorop et al., 1988), anesthetised dog (Myhre et al., 1986) and conscious dog (Little 

and Cheng, 1991). In isolated cat heart, LV (Elzinga et al., 1980) as well as RV (Piene and Sund, 1979; 

Elzinga et al., 1980) also operate at maximal W. On the other hand, a study has suggested that in vivo 

human LV works at maximum mechanical efficiency (Asanoi et al., 1989). Theoretical studies have 

argued that both LV (Burkhoff and Sagawa, 1986) and RV (Piene and Sund, 1982) may be matched to 

their respective loads such that mechanical efficiency, rather than W, is optimal.  

However, as pointed out by de Tombe et al. (1993) and Elzinga and Westerhof (1991), the positions of 

these two maxima do not differ greatly. de Tombe et al. (1993) also showed that both W and 

mechanical efficiency were more than 90% of their respective optima. Our results (Figure 9.5 and Figure 

9.10) are in accord. We find that, for both RV and LV trabeculae, the maximum mechanical efficiency 

occurs at a slightly lower relative total afterload (at 0.35 – 0.4) than that for the maximum W (at 0.45 –

 0.5). If the heart operates at maximum W, mechanical efficiency is about 90% of its maximum; likewise 

if the heart beats at maximum mechanical efficiency, W is about 90% of its maximum. We find that RV 

trabeculae have a greater maximum mechanical efficiency than those of the LV, with the same 

crossbridge efficiency (Figure 9.11), over the physiological range (i.e., 0.35 – 0.5 relative total afterload, 

spanning the positions for both maximum W and mechanical efficiency).   
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9.8 Chapter Précis 

Using isolated ventricular trabeculae undergoing quasi-realistic stress-length work-loops (Figure 9.2), we 

determined, for the first time, the relationship between change of enthalpy (-ΔH) and stress-length area 

(SLA). The relationship is linear (Figure 9.8), consistent with the linear relationship between oxygen 

consumption and pressure-volume area of isolated whole-hearts, or the heat production and 

force-length area of isolated papillary muscles. Associated with the linear -ΔH-SLA relation is a positive 

function between twitch duration and muscle length (Figure 9.7) and the linear relationship between 

twitch duration and peak total stress (Figure 9.6). 

Compared with trabeculae isolated from the left ventricle (LV), those isolated from the right ventricle 

(RV) have greater maximum velocity of shortening (Figure 9.3) with comparable maximum power of 

shortening (Figure 9.4).  

Isolated ‘working’ trabeculae have Suga’s PVA-efficiency values of 27% – 36% (Figure 9.8), independent 

of ventricle-of-origin. But, those isolated from the RV have greater maximum mechanical efficiency that 

those from the LV (Figure 9.10), despite performing similar maximum external work (Figure 9.5). The 

greater maximum mechanical efficiency of RV (13% – 14%) than LV (10%) reflects lower metabolic cost 

of activation of the former. The metabolic cost of activation depends on ventricle-of-origin, with RV 

having lower cost (Figure 9.8 and Figure 9.9). Hence, by subtracting the cost of activation, thereby 

quantifying crossbridge efficiency, there is no difference of the maximum crossbridge efficiency 

between the RV and the LV (16% – 24%; Figure 9.11).  
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Chapter 10   Rates of Basal Heat Production 

 

Chapter 10 

Rates of Basal Heat Production 

 

The rate of basal heat production is the rate of energy expenditure of a quiescent (i.e., unstimulated) 

preparation. Using our work-loop calorimeter (Chapter 8), the rate of basal heat production of isolated 

cardiac trabeculae was measured by moving the trabecula between the measurement chamber and the 

downstream mounting chamber. Records have been shown in Figure 8.7 and Figure 9.1. In this Chapter, 

our main focus is to compare our measured rates of basal heat production between trabeculae isolated 

from the right ventricle (RV) and the left ventricles (LV). 

 

10.1  Effect of Ventricle 

As can be seen in Figure 10.1, our mean values of the basal heat rate production of RV trabeculae 

(15 kW m-3 – 16 kW m-3; n = 14) are in agreement with the values reported in isolated ventricular 

trabeculae using the microcalorimetric technique: adjusted values of 16 kW m-3 in guinea-pig RV 

trabeculae (Daut and Elzinga, 1988) and 15 kW m-3 in rat RV trabeculae (Loiselle et al., 1996). Note that 

the values of the rates of basal heat production from the literature (generally reported in units of 

mW gdry
-1) were converted to SI units (i.e., kW m-3) using a dry-weight-to-wet-volume ratio of 0.22 (Daut 

and Elzinga, 1989) and muscle density of 1.06 x 103 kg m-3, and were adjusted between different 

temperatures to our experimental temperature of 22oC using a Q10 of 1.3 (Loiselle, 1985).  
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We found that RV trabeculae have lower (p = 0.0145) mean rates of basal heat production than those 

from LV (21 kW m-3 – 23 kW m-3; n = 14). This result is consistent with the relatively lower resting rate of 

oxygen consumption of the RV of dog hearts in situ (Kusachi et al., 1982; Takeda et al., 1987; Saito et al., 

1991; Crystal et al., 1993; Zong et al., 2005). 

 

Figure 10.1: Mean (± SE) rates of basal heat production at preload Lo (i.e., the length that maximises active stress) 

and at reduced preload Lr (~0.95 Lo) of trabeculae isolated from the right ventricles (RV) and the left ventricles (LV). 

It has been shown by Frenzel and Feimann (1984) that there is no difference in the volume density of 

interstitium, of mitochondria, and of myofibrils between both ventricles of the rat. We thus speculate 

that the lower rate of basal heat production of RV might reflect a lower rate of leakage of ionic species 

(such as leakage of Ca2+ from the sarcoplasmic reticulum via the ryanodine receptor, as well as leakage 

of H+ across the inner mitochondrial membrane). It is also possible that RV trabeculae have a relatively 

lower rate of protein synthesis. This inference of a role for protein synthesis in the basal rate of heat 

production comes from the finding of Gibbs et al. (1984) who showed that the rate of basal heat 

production (and oxygen consumption) of rabbit papillary muscles decreased after treatment with 

daunorubicin (also known as daunomyosin) – an inhibitor of protein synthesis and uptake (Lewis et al., 

1983; Capps et al., 1985; Reese et al., 1987).  

 

10.2  Effect of Preload 

We measured and compared the rates of basal heat production of trabeculae of either ventricle at 

preload of Lo (i.e., the length that maximises active stress) and at a reduced preload (Lr = ~0.95Lo; Figure 

9.2B). Within each ventricle, preload (Lo versus Lr) has no effect (Figure 10.1). Our null result of reduced 
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preload is consistent with the finding of Nozawa et al. (1988) who found no effect on resting oxygen 

consumption of cross-circulated dog hearts when their LV volumes were increased from 0 mL to as 

much as 50 mL.  

Our result is in contrast with the well-known effect of Feng (1932), who demonstrated an increase of 

basal heat production with stretch in skeletal muscle. In cardiac preparations, other investigators too 

have found a positive effect of muscle length on the rate of basal heat production (Cranefield and 

Greenspan, 1960; Gibbs et al., 1967; Loiselle and Gibbs, 1983; Loiselle, 1985). The probable possible 

explanation for this discrepancy is that the authors stretched their papillary muscles preparations 

beyond Lo, whereas we reduced our trabeculae preparations below Lo. 

 

10.3  Effect of Time 

It has been convincingly demonstrated that the rates of basal heat production of papillary muscles 

measured using the myothermic technique decay (exponentially) with time after cardiectomy (Gibbs, 

1978; Loiselle and Gibbs, 1979; Loiselle, 1985; Holroyd et al., 1990; Kiriazis and Gibbs, 2001; Widén and 

Barclay, 2005). It is unlikely that our result of lower rate of basal heat production of RV trabeculae 

(Figure 9.2) is due to the effect of time. This is because measurements were made (generally) at least 

4 hr post cardiectomy by which time the basal heat rate would have been stabilised. Moreover, we 

randomised the order of preload intervention, i.e., Lo followed by Lr or vice versa, and measured muscle 

basal heat rate in between the change of preload intervention or in the end of an experiment (an 

experiment commenced 3 hr – 5 hr post cardiectomy and the duration of a typical experiment was 

2 hr – 3 hr; Section 9.1). Our observation of a null effect of time (3 hr – 5 hr post cardiectomy) is 

supported by the results of Daut and Elzinga (1988) who found no time-dependence of basal heat rate 

(over a comparable time period) of superfused trabeculae measured using the microcalorimetric 

technique. Cranefield and Greenspan (1960) also reported that the resting rate of oxygen uptake of 

superfused papillary muscles were ‘stable for several hours’ and were ‘reproducible when the muscle 

was removed from the respirometer and later replaced in it’.  
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10.4  Effect of Muscle Radius 

As outlined briefly in Section 10.3, two techniques have been used to measure the rate of heat 

production of 1-D quiescent cardiac preparation: myothermic and microcalorimetric. The former 

employs papillary muscles in contact with a thermopile. It involves draining of the bathing solution 

during the measurement period. In contrast, the latter (i.e., microcalorimetric, as used in this study) 

employs cardiac trabeculae and does not require draining of solution. That is, trabeculae are superfused 

at all times. These two different techniques have resulted in discrepancy of reported values of the rate 

of cardiac basal heat production – microcalorimetric values (in the range of 10 kW m-3 – 20 kW m-3) are 

bewilderingly greater than the myothermic values, typically 5 kW m-3 (Gibbs and Loiselle, 2001). The 

reason for this discrepancy has been proposed by Daut and Elzinga (1988) to be a consequence of the 

advantage of ‘superfusion’ of trabeculae preparations in the microcalorimetric technique.  

We consider another contributor, namely the effect of muscle radius as motivated by the finding of  

Cranefield and Greenspan (1960). These authors found that the resting rate of oxygen uptake of cat 

papillary muscles depended negatively on muscle radius (we have shown a digitised version of their data 

in Figure 4.10). We emphasise here that papillary muscles (the choice of preparations in the myothermic 

technique) typically have much greater radii than cardiac trabeculae (used in microcalorimetry). Might 

the lower rate of basal heat production of papillary muscles reflect their greater radii? 

In Figure 10.2, we have superimposed our values (red) for the rate of basal heat production with the 

data (digitised and converted) of others. It is clear that those data (black and magenta) arising from 

papillary muscles, on average, have lower values than those of cardiac trabeculae (red and blue). It 

becomes clear when comparing data of papillary muscles of similar radii (Figure 10.2A) that the 

myothermic values of basal heat rate (magenta) are on average lower than the values obtained using a 

respirometer where preparations were superfused (black). This provides evidence that the basal heat 

rate of cardiac muscle may be dependent on the technique of measurement, that is, ‘superfusion’ may 

indeed have an effect, as postulated by Daut and Elzinga (1988). In addition, data from both superfused 

preparations and myothermic preparations fall essentially on a single (negative) monotonic relation 

describing basal heat rate as a function of muscle radius. We conclude that the difference between 

reported values of basal heat rate reflects the combined effects of ‘superfusion’ and ‘muscle radius’. 
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Figure 10.2: Basal rates of heat production of preparations (trabeculae and papillary muscles) as a function of muscle radius. 

We superimposed our data from rat cardiac trabeculae at Lo (filled symbols) and at Lr (open symbols) measured using the 

microcalorimetric technique (red) on the data (digitised and *converted) of others. blue: Daut and Elzinga (1988) of guinea-pig 

trabeculae using the microcalorimetric technique – data corrected for ‘glucose’ superfusion from ‘pyruvate’ superfusion using 

the ratio of the measured basal heat rates; green: Loiselle et al. (1996) of rat cardiac trabeculae using the microcalorimetric 

technique; magenta: Loiselle and Gibbs (1983) of rabbit papillary muscles supplied with 45%-oxygenated (open symbols) or 

95%-oxygenated (filled symbols), non-flowing, solution, using the myothermic technique; black triangles: 

Cranefield and Greenspan (1960) of un-stretched (open symbols) and stretched (filled symbols) of cat papillary muscles (rates 

of oxygen consumption measured using a respirometer); black circles: Widén and Barclay (2005) of mouse papillary muscles 

using the myothermic technique. *Values of the rates of basal heat production from the literature (generally reported in units 

of mW gdry
-1

) were converted to SI units using a dry-weight-to-wet-volume ratio of 0.22 (Daut and Elzinga, 1989) and muscle 

density of 1.06 x 10
3
 kg m

-3
, and were adjusted between different temperatures to our experimental temperature of 22

o
C using 

a Q10 of 1.3 (Loiselle, 1985). 

Since we employed trabeculae of similar radii from both ventricles (see Section 9.1), muscle radius can 

be ruled out as having an effect on our finding of relatively lower rate of basal heat production of RV 

trabeculae (Figure 10.1). We confirmed this supposition using ANCOVA, where the interaction between 

ventricle and muscle radius was without an effect (Table A12), despite the significant Main Effect of 

ventricle (Table A15).  

Given the results that the rates of basal heat production of cardiac preparations depend on their radii 

(Figure 10.2), but have values of 5 kW m-3 – 35 kW m-3 for preparations (i.e., trabeculae) whose radii are 

less than 200 µm, are values in the vicinity or 20 kW m-3 consistent with measurements performed on 

single myocytes (whose radii are of the order of 10 µm)? Indeed, Montini et al. (1981) found an average 

value of 17 kW m-3 in rat myocytes. Thus, it seems the rate of basal heat production of myocytes and 

superfused cardiac trabeculae are in agreement. We expect that, in Figure 10.2, there may be a plateau 
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region (i.e., constant rate of basal heat production) from muscle radius 10 µm (single cell) to 200 µm 

(trabecula). 

However, it should be pointed out that lower values of the rate of basal heat production of rat myocytes 

(<10 kW m-3) have also been reported [see Table 2 of Gibbs and Loiselle (2001)]. The wide range of the 

reported values of cardiac basal rate of heat production [see Table 2 of Gibbs and Loiselle (2001)], 

despite comparable experimental conditions, and even when using the same species, remains a 

mystery. In fact, measurements on superfused RV trabeculae using the microcalorimetric technique 

tend to compound that mystery, inasmuch as the observed values show at most a 7-fold difference 

(Figure 10.2A: green, blue, red). The same range of values prevails in LV trabeculae (Figure 10.2B: red). A 

7-fold difference in basal heat rates among papillary muscles is also seen in the myothermic technique 

(Figure 10.2B: black). It would be interesting to know how much variability one would get from repeated 

measurements of basal heat rate on the same preparation. 

 

10.5  Chapter Précis 

Reducing preload from Lo to ~0.95 Lo has no apparent effect on the rates of basal heat production of 

isolated RV and LV trabeculae (Figure 10.1). But, RV trabeculae have a lower average rate of basal heat 

production than those of LV (15 kW m-3 – 16 kW m-3 versus 21 kW m-3 – 23 kW m-3). The difference can 

be attributed to neither the effect of time nor the effect of muscle radius.  

We speculate that the lower rate of basal heat production of RV reflects lower rates of protein 

synthesis, leakage of Ca2+ from the sarcoplasmic reticulum, and leakage of H+ across the inner 

mitochondrial membrane. 
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Chapter 11   The ‘Potential Energy’ portion of Pressure-Volume Area 

 

Chapter 11 

The ‘Potential Energy’ portion of 

Stress-Length Area 

 

H. Suga was instrumental in revealing the highly linear dependence of oxygen consumption (VO2) on 

pressure-volume area (PVA). Because this relationship was responsive to a change of inotropic state of 

the heart, and because it relied on readily measureable mechanical variables: pressure and volume, its 

use as a predictor of cardiac function soon became widespread. Indeed, the VO2-PVA relation remains 

an excellent predictor of cardiac mechano-enegetics. But, the ‘potential energy’ portion of the PVA 

remains something of a mystery. We have labelled the ‘potential energy’ as U, reflecting the fact that 

the cellular basis of U remains ‘Unknown’. 

Suga defined U as the energy that is produced entirely within the ventricular wall of the heart during 

systole. He imagined that U is stored in the ventricle at the end of systole (Suga, 1979). During diastole, 

U would subsequently be converted into, and dissipated as, heat (Khalafbeigui et al., 1979; Suga, 1979; 

1980).  

During fixed-end and isometric contractions, stress-length area (SLA), a 1-D equivalent of the 3-D PVA, is 

comprised entirely of U since external mechanical work (W) is zero. We have shown that, during such 

contractions, heat production is linearly dependent on SLA (Figure 7.1) and on stress-time integral (STI; 

Figure 5.10). Two inferences can be drawn from these results. First, heat production is linearly 

dependent on U, in support of the notion that U is converted into heat (Khalafbeigui et al., 1979; Suga, 
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1979; 1980). Second, U is proportional to STI, as has been shown mathematically by Landesberg and 

Sideman (1999; 2000).  

However, these two inferences do not readily arise when considering work-loop contractions since SLA 

comprises of both U and W. We have shown that the change of enthalpy (-ΔH; the sum of heat and W) 

production depends linearly on SLA (Figure 9.8). Whether heat production remains linearly dependent 

on U, during work-loop contractions, remains untested. At present, there is no available experimental 

evidence to support this possibility.  

Thus, this Chapter examines relationships among variables of interest, namely U, W, STI and ‘V’ (will be 

introduced, below). We will determine whether the linearity between U and heat, and the 

proportionality of U with STI in isometric contractions, hold for work-loop contractions. This Chapter 

also explores the meaning of the term ‘U’. 
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11.1  Fixed-End Contractions 

It is first necessary to examine fixed-end contractions – conditions during which SLA consists entirely of 

U. The first inference (that heat production is linearly dependent on U) has been verified in Figure 7.1. 

Here, we tested the second inference: U is proportional to STI. To do this, we combined the data of 

Figure 7.1 and Figure 5.1 to create Figure 11.1. As shown, we found U to be proportional to STI. This 

result is in agreement with the modelling results of Landesberg and Sideman (1999; 2000).  

The slopes of the regression lines (Figure 11.1) differed between 0.2 Hz (blue lines) and 2 Hz (black 

lines), reflecting the frequency-dependence of STI (Figure 5.9A and B). There is no statistically significant 

difference of slopes between 1 mM and 2 mM [Ca2+]o. 

 

Figure 11.1: Proportionality between potential energy (U) and the time-integral of the twitch (stress-time integral; 

STI) of a representative trabecula (A) and of the averages of 10 trabeculae (B) undergoing fixed-end contractions 

such that SLA is composed entirely of U. Black lines: 0.2 Hz, blue lines: 2 Hz; thin lines and open circles: 1 mM 

[Ca
2+

]o, thick lines and filled circles: 2 mM [Ca
2+

]o. 
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11.2  Work-Loop Contractions 

Let us imagine that an isometrically-contracting trabecula is now required to perform work-loop 

contraction in its next twitch. A question arises whether the proportionality between U and STI, as 

observed in fixed-end contractions (Figure 11.1), prevails during work-loop contractions. In Figure 11.2A, 

we labelled the time-integral of a work-loop contraction as STIU and its difference from that of an 

isometric contraction as STIV+W, where ‘V’ (standing for ‘Vanished’) is the difference in SLA between the 

two types of contractions (see Figure 11.2B).  

 

Figure 11.2: A: experimentally-measured isometric twitch stress (thin line) and work-loop twitch stress (thick line) 

as functions of time. The time-integral of the work-loop twitch stress was labelled ‘STIU’. The difference between 

STI of the isometric twitch and STIU was labelled ‘STIV+W’. B: stress-length relations (total: top broken curved line; 

passive: bottom broken curved line) for an isometric contraction (thin vertical line at L/Lo = 1) and for a work-loop 

contraction (thick line). The potential energy (U) and the external mechanical work (W) were defined by specified 

areas, as indicated. The difference between SLA of an isometric contraction and that of work-loop contraction was 

labelled ‘V’.  
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To answer the question posed above, we plotted U against STIU as shown in Figure 11.3. We found 

proportionality between U and STIU in trabeculae isolated from either ventricle undergoing work-loop 

contractions of varying afterloads. Strikingly, the data for fixed-end and isometric contractions (triangles 

in Figure 11.3) were essentially superimposable on the regression lines arising from work-loop 

contractions.  

 

Figure 11.3: Proportionality between U and STIU of representative trabeculae (A and B) and of the averages of 14 

trabeculae (C and D) isolated from the right ventricles (A and C), and the left ventricles (B and D). Black lines and 

filled circles: 0.5 Hz, blue lines and open circles: 1 Hz. Triangles: fixed-end and isometric contractions, circles: 

work-loop contractions. The slopes of the relations were independent of frequency (except for those in D) and 

ventricle-of-origin. 
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Since U is proportional to STIU (Figure 11.3), proportionality must also exists between (V + W) and STIV+W. 

Indeed, we showed this in Figure 11.4. 

 

Figure 11.4: Proportionality between V+W and STIV+W of representative trabeculae (A and B) and of the averages of 

14 trabeculae (C and D) isolated from the right ventricles (A and C), and the left ventricles (B and D), undergoing 

work-loop contractions. Black lines and filled circles: 0.5 Hz, blue lines and open circles: 1 Hz. The slopes of the 

relations were independent of frequency (except for those in D) and ventricle-of-origin. 
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Suga inferred that, during work-loop contractions, the external mechanical work (W) component of PVA 

is considered to be a portion of U (Suga, 1980). If so, then to where did V vanish? To answer this, we 

partitioned STIV+W into STIV and STIW by extending a line contiguous with the afterload of the work-loop 

contraction (see Figure 11.5A). The position of this horizontal line was based on the observation that 

with decreasing afterload, V (and STIV) increased at the expense of decreasing U (and STIU).  

 

Figure 11.5: Figure is identical to Figure 11.2, except in A, STIV+W was partitioned into STIV and STIW by horizontal 

projection of the isotonic phase of STIU (broken line segment). 
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We found that V was, indeed, proportional to STIV (Figure 11.6) and W was proportional to STIW (Figure 

11.7). Thus, when a trabecula, initially undergoing an isometric contraction, is required to perform an 

afterloaded work-loop contraction, the time-integral of its twitch stress is proportional to U (Figure 

11.3); the time-integral of its twitch stress at values above the afterload but bounded by the isometric 

twitch profile is proportional to V (Figure 11.6); and the time-integral to the left of its isometric 

relaxation trajectory is proportional to W (Figure 11.7), as shown in Figure 11.5. 

 

Figure 11.6: Proportionality between V and STIV of representative trabeculae (A and B) and of the averages of 14 

trabeculae (C and D) isolated from the right ventricles (A and C), and the left ventricles (B and D), undergoing 

afterloaded work-loop contractions. Black lines and filled circles: 0.5 Hz, blue lines and open circles: 1 Hz. The 

slopes of the relations were independent of frequency and ventricle-of-origin. 
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Figure 11.7: Proportionality between W and STIW of representative trabeculae (A and B) and of the averages of 14 

trabeculae (C and D) isolated from the right ventricles (A and C), and the left ventricles (B and D), undergoing 

afterloaded work-loop contractions. Black lines and filled circles: 0.5 Hz, blue lines and open circles: 1 Hz. The 

slopes of the relations were independent of frequency (except for those in D) and ventricle-of-origin. Note that the 

scale of the abscissa less than one-half that of Figure 11.4 and Figure 11.6, and thus deviation of data from the 

regression lines were amplified.  
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11.3  Potential Energy is dissipated as Heat 

Suga and colleagues (Khalafbeigui et al., 1979; Suga, 1979; 1980) have suggested that the ‘stored’ 

potential energy (U) is dissipated as heat. Our results showing the linear heat-SLA relations under 

fixed-end contractions (Figure 7.1), where in this case SLA is equivalent to U, convincingly support this 

suggestion, and are consistent with the results of Mast and Elzinga (1990), as well as with those of  

Holmes et al. (2002). We plotted the active heat versus U for the work-loop contractions (with both 

fixed-end and isometric contractions superimposed). Linear correlation between active heat and U was 

evident (Figure 11.8), consistent with the notion that U is converted into heat.  

 

Figure 11.8: Linear correlation between active heat and U of representative trabeculae (A and B) and of the 

averages of 14 trabeculae (C and D) isolated from the right ventricles (A and C), and the left ventricles (B and D). 

Black lines and filled symbols: 0.5 Hz, blue lines and open symbols: 1 Hz. Triangles: fixed-end and isometric 

contractions, circles: work-loop contractions. The slopes of the relations were independent of frequency and 

ventricle-of-origin. The intercepts of the relations were independent of frequency but dependent on 

ventricle-of-origin. 
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Likewise, STIU was linearly correlated with active heat as shown in Figure 11.9, reaffirming our findings 

that STIU is proportional to U (Figure 11.3) and U is linearly correlated with active heat (Figure 11.8).  

 

Figure 11.9: Linear correlation between active heat and STIU of representative trabeculae (A and B) and of the 

averages of 14 trabeculae (C and D) isolated from the right ventricles (A and C), and the left ventricles (B and D). 

Black lines and filled symbols: 0.5 Hz, blue lines and open symbols: 1 Hz. Triangles: fixed-end and isometric 

contractions, circles: work-loop contractions. The slopes of the relations were independent of frequency and 

ventricle-of-origin. The intercepts of the relations were independent of frequency but dependent on 

ventricle-of-origin. 

Note that by plotting heat as a function of U (Figure 11.8), the intercepts of the heat-U relations 

(reflecting the metabolic cost of activation) were greater for the LV trabeculae than for the RV 

trabeculae. Using identical data but plotting heat + W (i.e., -ΔH) as a function of U + W (i.e., SLA), we 

have revealed that the metabolic cost of activation of LV trabeculae is greater than that of RV (Figure 9.8 

and Figure 9.9).  
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11.4  Linear -ΔH-STA Relation 

Given our results that U is proportional to STIU (Figure 11.3) and W is proportional to STIW (Figure 11.7), 

and -ΔH is linearly dependent on the sum of U and W (i.e., SLA) (Figure 9.8), we expect that -ΔH is 

linearly dependent on the sum of STIU and STIW [we labelled it as ‘stress-time area’ (STA)]. Indeed, 

linear -ΔH-STA relations (along with a greater metabolic cost of activation in the LV trabeculae compared 

with that of RV) were evident in Figure 11.10.  

 

Figure 11.10: Linear correlation between change of enthalpy (-ΔH) and ‘stress-time area’ (STA = STIU + STIw) of 

representative trabeculae (A and B) and of the averages of 14 trabeculae (C and D) isolated from the right 

ventricles (A and C), and the left ventricles (B and D). Black lines and filled symbols: 0.5 Hz, blue lines and open 

symbols: 1 Hz. Triangles: fixed-end and isometric contractions, circles: work-loop contractions. The slopes of the 

relations were independent of frequency and ventricle-of-origin. The intercepts of the relations were independent 

of frequency but dependent on ventricle-of-origin. 
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11.5  The Unloaded Isotonic Contraction – A Paradox 

The above graphical results have been presented omitting the data arising from the unloaded isotonic 

contractions. Under this mode of contraction, muscle length was varied to maintain zero active stress 

throughout the entire time-course of the twitch. The corresponding “work-loop” was shown by the thick 

line in Figure 11.11B. Note that this “work-loop” has zero area, i.e., W was zero. Nevertheless, there was 

a region lying between it and the end-diastolic stress-length relation at short muscle lengths. By analogy 

with the regions labeled ‘U’ in the preceding graphs, we labelled this region U* and indicate it by the 

arrow.  

 

Figure 11.11: A: experimentally-measured isometric twitch stress (thin line) and unloaded isotonic shortening 

(thick line) as function of time. B: stress-length relations (total: top broken line, passive: bottom broken line) for 

isometric contraction (thin line) and for a ‘special’ case of contraction, i.e., unloaded isotonic shortening (thick 

line). The ‘potential energy’ (U
*
) was defined by the stress-length area below the (thick) line denoting the unloaded 

isotonic contraction, as indicated.  

The question arised as to whether the difference in SLA between the isometric contraction and the 

unloaded isotonic contraction can be defined by V (Figure 11.11B), and likewise for STIV (Figure 11.11A). 

If only the isometric contraction is considered, then the SLA (which is equivalent to U) is proportional to 

STI (or STIU). When an unloaded isotonic contraction is imposed, W is zero such that U (now labelled 

‘U*’) appears at the bottom of panel B. But STIU is also zero (panel A), and in this case, STIV cannot be 

proportional to V since, under an isometric contraction, STIV is proportional to the sum of V and U*. It is 

clear that the SLA concept is incapable of accommodating the special case of an unloaded isotonic 

contraction. It is not surprising that this has not been revealed in the equivalent 3D whole-heart since an 
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unloaded pressure-volume loop would not occur in vivo and would be difficult to impose, 

experimentally, in situ and in vitro. 

 

11.6  The Inconsistency between PVA and STI as observed by 

Suga et al. (1987) 

Suga et al. (1987) showed that, under conditions of constant values of PVA, VO2 was constant. Hence, 

PVA remained a robust predictor of VO2. But STI, under these conditions, decreased, which allowed 

Suga et al. (1987) to conclude that STI is no longer a reliable predictor of VO2. In this section, we used 

our novel findings as described in the above Sections to answer the question: “Why does STI decrease 

under constant PVA and VO2?” 

To keep PVA (or equivalently, SLA) constant, both preload and afterload must be varied - but in opposite 

directions, i.e., preload must increase and afterload must decrease (from ‘a’ to ‘d’ as shown in Figure 

11.12. This leads to an apparent increase of W but a decrease of U. The decrease of U means that STI 

decreases [since U and STI are proportional to each other (Figure 11.3)]. The decrease of U also implies a 

decrease of heat production [since heat production is linearly dependent on U (Figure 11.8)]. 

 

Figure 11.12: Schematic of stress-length 

relations of an isometric contraction (‘a’) and 

work-loop contractions (‘b’, ‘c’ and ‘d’) of 

equivalent values of SLA. The total stress-length 

and passive stress-length relations (simplified 

versions) are shown as broken lines. The 

drawing was inspired by the experimental 

results shown in Figure 1 of Suga et al. (1987). 

 

Hence, the fact that VO2 stays constant under constant PVA is because heat production decreases and 

W increases. Heat production is decreased because U is decreased (to maintain a constant PVA). Thus, 

the decrease of STI as observed by Suga et al. (1987), is due to decreased U.  
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The value of STI calculated by Suga et al. (1987) did not include the time-integral of twitch stress during 

relaxation, i.e., after the end of systole. Our calculation of STIu is different, since we included the 

relaxation period. The omission of diastolic STI does not invalidate our findings of a linear correlation 

between heat production and the total STI (Figure 11.9). This is because as the STI during systole 

decreases, the STI during diastole decreases and vice versa (Figure 9.1A). Hence, our conclusion remains 

valid: the decrease of STI under constant SLA (and, hence, constant -ΔH) is due to decreased U. 

Suga et al. (1987) could have reached the same conclusion as ours if they partitioned VO2 into its 

components: W and heat. Note also that Suga and colleagues (Khalafbeigui et al., 1979; Suga, 1979; 

1980) would have provided experimental evidence to their conjecture that U is dissipated as heat if they 

partitioned VO2. 

 

11.7  Uneven Distribution of Heat Output during a Twitch as found by 

others 

There is considerable dispute regarding the time-dependence of energy liberation during a cardiac 

twitch under isovolumic or isometric contraction. That is, oxygen consumption or heat production may 

depend on the phase of the twitch. Using an ‘end-systole quick-release’ technique (described in 

Section 11.9), some authors have found >85% of the energy consumption is determined by the time the 

twitch has reached its peak (systolic phase), so the diastolic phase contributes only <15% (Monroe, 

1964; Duwel and Westerhof, 1988; Gibbs et al., 1990). Somewhat lower fractional values of energy 

consumption during the systolic phase (60% – 65%) have also been reported (Cooper, 1979; 1981; 

Hisano and Cooper, 1987).  

Mast and Elzinga (1990) used a fundamentally different procedure. They superimposed the twitch heat 

trace on the twitch force, thereby separating the heat trace into its systolic and diastolic components 

with respect to peak force; see their Figure 4. They showed a converse result to those indicated, above. 

They claimed a fractional value of heat production during the systolic phase of <30%. That is, they 

showed that >70% of the energy was consumed during the diastolic phase, and this diastolic heat was 

proportional to SLA (provided that [Ca2+]o-dependent activation heat had been subtracted). Their trace 

of measured initial heat rate (i.e., the rate of twitch heat production) consists of two phases of unequal 

area (see their Figure 6). The first portion was about 0.30 of the second portion, consistent with their 
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finding of greater heat output during the diastolic phase of a twitch. They concluded that the heat 

liberated during systole is related to the energy expended by the Ca2+-ATPase, whereas that during 

diastole is related to crossbridge cycling. Their conclusion was based on the close quantitative 

comparison between their measured fractional value of 0.30 and the reported ratio of activation heat to 

crossbridge heat. Using our measurements (Figure 7.1 and Figure 9.8), the ratio of activation heat to 

crossbridge heat is 0.28-0.31, which we obtained only at Lo. At reduced muscle length, the ratio of 

activation heat to crossbridge heat must increase. This is because, given the linear isometric 

energetics-mechanics relationship, over which the activation heat is presumed to stay constant (Figure 

1.6), the relative contribution of crossbridge heat decreases with decreasing length. Thus, the idea of 

Mast and Elzinga (1990) that most of the energy related to Ca2+-ATPase is liberated during systole, while 

crossbridge-related heat is found during diastole, cannot hold at reduced muscle length. 

Such discrepant attributions of heat between the systolic and diastolic phases of the twitch do not 

disprove our results showing proportionality between heat and STI (Figure 11.9). Whether there is >85% 

or <15% heat produced during the systolic phase, the heat produced during the entire twitch 

development must sum up to 100%, and we measured 100% of heat per twitch and found it 

proportional to 100% of STI of the twitch (Figure 5.10 and Figure 11.9). 

 

11.8  Differentiating the Proposed Meanings of Suga‟s Potential 

Energy 

Mast and Elzinga (1990) have proposed interpretations for both Suga’s potential energy (U) and 

PVA-efficiency concepts under isometric contractions. 

We first turned our attention to the proposed meaning of Suga’s PVA-efficiency. Mast and Elzinga (1990) 

used their measured value of ratio of recovery/initial heat of 1.14 (Mast and Elzinga, 1988), which was in 

excellent agreement with the experimentally measured value of 1.16 by Barclay et al. (2003) and the 

theoretical value of 1.13 by Woledge et al. (1985), and calculated the ratio of total/initial heat to be 2.14 

(where total heat is the sum of initial heat and recovery heat). The inverse of the ratio of total/initial 

heat turns out to be 1/2.14 = 47% [in the range of Suga’s PVA-efficiency (40% – 50%)]. This implies that 

Suga’s PVA-efficiency could be merely the ratio of initial/total heat. Verification of this conjecture would 
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require confirmation of a constant ratio of recovery/initial heat at a variety of muscle lengths since 

Suga’s PVA-efficiency is length-independent.  

Suga et al. (1981) have reconciled Suga’s PVA-efficiency with the conventional mechanical efficiency 

(ratio of W to VO2). Suga et al. (1981) defined that PVA is the total external mechanical work (in this 

definition, it can be labelled as UT: the sum of U and W). UT is partially convertible to actual external 

mechanical work (W) during work-loop contractions. Therefore, Suga et al. (1981) inferred that PVA may 

be a maximal limit of external mechanical work, and the VO2-PVA efficiency indicates a maximal limit of 

the cardiac mechanical efficiency. But we see no justification for including U in the numerator of any 

indexes of cardiac mechanical efficiency because cardiac muscles (can) use only a fraction of UT to 

perform work (W) [described further in Section 11.9], and the unused portion of UT, i.e., the ‘potential 

energy’ (U), is released as heat (Figure 11.8). 

Finally, we differentiated among several proposed meanings of Suga’s potential energy (U). 

Mast and Elzinga (1990) adopted the conventional view that the net heat output of an isometric twitch 

originates from splitting of phosphocreatine (Mast and Elzinga, 1988; Mast et al., 1990). With their 

demonstration that most of the heat was produced during the diastolic phase of the isometric twitch 

(Mast and Elzinga, 1990), they proposed that U is stored in chemical form as phosphocreatine. Thus, 

they proposed that U is the energy from splitting of phosphocreatine. This proposed meaning is distinct 

from that of Landesberg and Sideman (1999). Using the prediction of their mathematical model that U is 

proportional to STI under isometric contractions, Landesberg and Sideman (1999) proposed that U 

represents the free energy from ATP hydrolysis that is stored in the crossbridges that are in the strong 

conformation. Both of these proposals differ from Suga’s explanation that U is produced entirely within 

the time-dependent, variable-elastance spring which simulated the wall of the LV by an increase of its 

stiffness (Suga, 1979).  

Since we found that U is proportional to STIu (Figure 11.3) and both U and STIu are liberated as heat 

(Figure 11.8 and Figure 11.9), we believe that UT (i.e., U plus W) represents the energy from hydrolysis of 

ATP, some portion of which is captured to perform W. Thus, we consider that U is the unused energy 

from hydrolysis of ATP, and should not be included in the numerator of any calculations of cardiac 

mechanical efficiency.  
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11.9  The Stress-Length Work-loop of the End-Systole Quick-Release 

Contraction 

As described in Section 11.7, a technique with which sarcomere (muscle) length is released (with high 

velocity) at peak isometric twitch has been applied to quantify the twitch-phase-dependence of VO2 or 

heat production (Monroe, 1964; Cooper, 1979; 1981; Hisano and Cooper, 1987; Duwel and Westerhof, 

1988; Gibbs et al., 1990). We named this type of contraction as the isometric ‘end-systole quick-release’ 

(ESQR) contraction. As inspired from the experimental data of the authors listed above [see, for 

example, Figure 7 of Hisano and Cooper (1987)], we schematically plotted the ‘isometric ESQR’ twitch 

stress and muscle length in Figure 11.3A and B, respectively. Accordingly (Figure 11.5), the time-integral 

of the twitch stress represents STIU, whereas that to the right bounded by the isometric twitch stress 

represents STIW.  

We plotted, schematically, the proposed stress-length work-loops of the ‘isometric ESQR’ contraction in 

Figure 11.13C. Two possible ‘isometric ESQR’ work-loops arise: one with no U component, which thus 

consists entirely of W component (i.e., zero-U ‘isometric ESQR’); the other with both U and W 

components (i.e., U-and-W ‘isometric ESQR’). We consider that the U-and-W ‘isometric ESQR’ 

represents the physiological reality. This is because proportionality should exist between STIU (labelled 

in Figure 11.13A) and U (region labelled as ‘2’ in Figure 11.13C), as have been shown to be the case for 

the physiological work-loop contraction (Figure 11.5). Support for our conjecture is provided by the 

production of heat or VO2 under ‘isometric ESQR’ contraction seen experimentally by the authors listed 

above. The production of heat must be a result of conversion of U into heat, consistent with our result 

that U liberates as heat (Figure 11.8).  

We applied the same concepts of the ‘isometric ESQR’ contraction (Figure 11.13 left column) to a 

‘work-loop ESQR’ contraction (Figure 11.13 right column). The twitch stress and muscle length of the 

‘work-loop ESQR’ contraction were schematically presented in Figure 11.13D and E, respectively, where 

the three portions of the twitch stress have been labelled according to Figure 11.5. The proposed 

‘work-loop ESQR’ stress-length work-loops were shown in Figure 11.13F, where the loop with no U 

component (thick lines) and the loop with both U and W components (thin grey lines) were depicted. 

We consider the latter loop is seen in reality – component U must exist because of the presence of STIu, 

and production of heat due to dissipation of U. 
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Thus, we infer that cardiac muscle can never perform a stress-length work-loop with no U component 

(i.e., no heat production) and thereby operating at maximum efficiency (ratio of -ΔH to SLA). To that 

end, we disagree with the proposal of Suga et al. (1981) that PVA is the maximal limit of external 

mechanical work (i.e., W plus U) [such that the VO2-PVA efficiency indicates the maximal limit of cardiac 

mechanical efficiency]. In consequence, we see no justification for including U in the numerator of any 

index of cardiac mechanical efficiency. 

 

Figure 11.13: Schematics of twitch stress production (A and D), muscle length (B and E) and our proposed 

stress-length work-loops (C and F) of two types of end-systole quick-release (ESQR) contractions: ‘isometric ESQR’ 

contraction (left column) and ‘work-loop ESQR’ contraction (right column). In A and D, thick lines: ESQR twitches; 

thin lines: isometric twitches. In C and F, thick lines: zero-U ESQR work-loops, where the sum of area 1 and area 2 

entirely represents W; thin lines: U-and-W ESQR work-loops, where area 1 represents U and area 2 represents W. 

Panels A and B are inspired from experimental data of Hisano and Cooper (1987) in their Figure 7. 
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11.10  Chapter Précis 

The potential energy (U) component of the stress-length area (SLA) is proportional to the time-integral 

of twitch stress (STI) under both fixed-end (Figure 11.1) and isometric contractions, where SLA is entirely 

comprised of U. This has previously been predicted by the mathematical model of 

Landesberg and Sideman (1999; 2000). We have now shown that, under work-loop contractions, U is 

also proportional to the time-integral of twitch stress (STIU; Figure 11.3). 

If the differences in STI and SLA between isometric and work-loop contractions are respectively defined 

as STIV+W and (V+W) (Figure 11.2), then STIV+W is proportional to (V+W) (Figure 11.4). STIV+W
 can be 

partitioned into STIV and STIW, where STIV represents the region of SLA above the afterload and STIW
 is 

the region adjacent to, or downstream of, STIU (Figure 11.5, Figure 11.6 and Figure 11.7).  

Under fixed-end contractions, we found that active heat is linearly correlated with U (equivalent to SLA; 

Figure 7.1), consistent with the prediction that U is dissipated as heat, as conjectured by Suga and 

colleagues (Khalafbeigui et al., 1979; Suga, 1979; 1980). Likewise, under work-loop contractions, active 

heat is also linearly correlated with U (Figure 11.8), as well as with STIU (Figure 11.9). These results can 

explain the decrease of STI under constant PVA as observed by Suga et al. (1987). 

Three distinct explanations for the origin of U have been proposed: U is the energy from splitting of 

phosphocreatine (Mast and Elzinga, 1990); U is the energy from hydrolysis of ATP (Landesberg and 

Sideman, 1999); and U is the energy produced entirely within the LV spring by an increase of its stiffness 

(Suga, 1979). Since we found that U is proportional to STIu (Figure 11.3) and both U and STIu are 

liberated as heat (Figure 11.8 and Figure 11.9), we consider that U represents the unused energy from 

hydrolysis of ATP and thus should not be included in the numerator of any index of cardiac mechanical 

efficiency. 
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Chapter 12   Thesis Précis 

 

Chapter 12 

Thesis Précis 

 

This Chapter summarises the major findings of this Thesis – the first study to have measured, 

simultaneously, the mechanics and energetics of isolated mammalian cardiac trabeculae. 

This Thesis was motivated, in large part, by the desire to understand the highly linear relationship 

between the energy expenditure of the whole heart (indexed as oxygen consumption: VO2) and its 

mechanical performance (indexed as pressure-volume area: PVA). PVA is the sum of ‘potential energy’ 

(U) and external mechanical work (W). The inverse of the slope of the VO2-PVA relation (i.e., ratio of 

U+W to VO2) indexes so-called contractile efficiency (Khalafbeigui et al., 1979; Suga, 1979; 1980). We 

call it “Suga’s PVA-efficiency”. This measure of efficiency is disturbing as it tells us that in the face of 

increasing afterload, muscle efficiency stays constant. By contrast, a conventionally used definition of 

muscle efficiency, termed “mechanical efficiency” (ratio of W to VO2), shows that efficiency is a complex 

function of afterload. In order to understand the linear VO2-PVA relation to say whether this relation is 

the physiological reality or merely a fortuitous empiricism, it is thus necessary to grasp the meaning of 

‘U’. 

To simplify this endeavour, we used cardiac trabeculae preparation (Chapter 2) as a 1-D version of the 

3-D whole heart. We further substituted VO2 with its energetic equivalent - change of enthalpy (-ΔH), 

where -ΔH is the sum of W and heat. To that end, we constructed two unique instruments: the 

micromechanocalorimeter (Chapter 3) and the work-loop calorimeter (Chapter 8) to measure 
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simultaneously the stress (force per cross-sectional area) production, work output, length change and 

heat liberation of cardiac trabeculae.  

We are confident that superfusing isolated cardiac trabeculae at a rate that maximises the 

signal-to-noise ratio of the thermopile signals of our instruments did not metabolically compromise the 

preparations at high rates of energy demand (Chapter 4). With increasing muscle radius, the 

radius-dependent diminution of muscle performance in vitro cannot be attributed entirely to an 

insufficient diffusive supply of oxygen. We infer that the radius-dependent decline of stress production 

arises, at least in part, from cellular or tissue mechanisms that are independent of diffusion oxygen 

supply. Likewise, the radius-dependent decline of muscle heat production reflects a decline of oxygen 

demand and not insufficiency of oxygen supply. 

With the confidence that our preparations were adequately supplied with oxygen, we first required 

trabeculae to undergo fixed-end contractions (where W is zero) at various muscle lengths. We find that 

their heat production is a linear, frequency-independent but [Ca2+]o-dependent, function of their peak 

active twitch stress development (Chapter 5), consistent with that found using papillary muscles. But, a 

wholly unexpected result was obtained when we used a stimulus frequency (4 Hz) that was relatively 

high at the prevailing experimental temperature (22ºC – 24ºC). The increased diastolic stress due to an 

incomplete relaxation between twitches of 4 Hz stimulation is attained with negligible metabolic 

expenditure (Chapter 6). This metabolism-free diastolic stress is accompanied with increased dynamic 

stiffness, which allows us to presume that the diastolic stress is due to attached, but apparently 

non-ATP-hydrolysing, crossbridges. The compliances of myosin and actin filaments may also increase, 

leading to the increased diastolic stress. The diastolic stress decreases with time, reflecting a 

time-dependent loss of sensitivity of myofilament to Ca2+. 

The heat production of trabeculae is linearly dependent on stress-length area (SLA; Chapter 7), 

consistent with the VO2-PVA (or heat-SLA) relations observed in the heart and in papillary muscles. 

Associated with this linear relation is a positive dependence of the duration of the twitch on muscle 

length. As conjectured by Vendelin et al. (2000), and as shown implicitly by the mathematical model of 

Landesberg and Sideman (1999), the length-dependent prolongation of twitch duration is necessary for 

the heat production (or VO2) to be linearly dependent on SLA (or PVA). 
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Consistent with the hypothesis by Janssen and Hunter (1995) and Allen and Kurihara (1982), we showed 

that the prolongation of twitch duration is a consequence of increased duration of Ca2+ binding to 

troponin-C (assessed using the ‘length-impulse’ protocol of Peterson et al. (1991), which requires 

detachment of bound crossbridges during twitch development). However, as revealed by the 

cross-bridge model of Rice et al. (1999), the contribution of cooperative binding of Ca2+ to troponin-C to 

the prolongation of twitch duration is minor, whereas that of cooperative binding of crossbridges is 

foremost. That is, binding of a crossbridge increases the probability of formation of neighbouring 

crossbridges, and multiple crossbridges can maintain their permissive conformation by preventing 

tropomyosin from reverting to their non-permissive states, thereby prolonging twitch duration. 

In Chapter 9, we subjected trabeculae to work-loop contractions to produce stress-length loops that 

resemble the pressure-volume loops of the heart. With positive values of W, the -ΔH of trabeculae is 

found to depend linearly on their SLA, again consistent with the linear VO2-PVA relations found in the 

heart and in papillary muscles. Length-dependent and afterload-dependent prolongation of twitch 

duration is again seen. 

But, whereas the Suga’s PVA-efficiency of isolated ventricular trabeculae (27% – 34%) is the same 

between ventricles, the metabolic cost of activation due to cycling of Ca2+, is greater in the 

left-ventricular (LV) trabeculae than in the right (RV). This is likely a manifestation of a greater rate of 

Ca2+ cycled by the sarcoplasmic reticulum (Dhalla et al., 1980; Afzal and Dhalla, 1992; Sathish et al., 

2006) and a greater density of sarcoplasmic reticular Ca2+-ATPase molecules  (Bokník et al., 1999; Sathish 

et al., 2006) in LV.  

The greater metabolic cost of activation of LV leads to lower maximum mechanical efficiency compared 

with that of RV (10% versus 13% – 14%). When the metabolic cost of activation is subtracted, thereby 

quantifying crossbridge efficiency, the maximum crossbridge efficiency (16% – 24%) is similar between 

trabeculae from the ventricles. 

We also find that the rate of basal heat production of trabeculae is ventricle-dependent (Chapter 10). 

Those isolated from RV have a lower rate of basal heat production than those isolated from RV 

(21 kW m-3 – 23 kW m-3 versus 15 kW m-3 – 16 kW m-3). We speculate that RV trabeculae have a lower 

rate of leakage of Ca2+ from the sarcoplasmic reticulum and of H+ across the inner mitochondrial 

membrane. It is also possible that RV trabeculae have a relatively lower rate of protein synthesis. 
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Finally, we scrutinised, in Chapter 11, the meaning of U. Under fixed-end (and isometric) contractions, 

where SLA is comprised entirely of U, we find that U is proportional to the time-integral of twitch stress 

production (stress-time integral, STI). This result has been predicted by the mathematical model of 

Landesberg and Sideman (1999). But, we find that this result remains true under work-loop 

contractions, where in this case SLA consists of W and U. In both cases, we find that U is liberated as 

heat. Thus, we consider that U+W is the energy from hydrolysis of ATP, some portion of it is used to 

perform W, and U is not used and thus is liberated as heat. Thus, we see no justification for including U 

(i.e., unused energy) in the numerator of any index of cardiac mechanical efficiency. 

Both U and W components of SLA are proportional to specific portions under the twitch stress profiles. 

When a trabecula, initially undergoing an isometric contraction, is required to perform an afterloaded 

work-loop contraction, the time-integral of its work-loop twitch stress is proportional to U and the 

time-integral to the left of its isometric relaxation trajectory of its work-loop twitch stress bounded by 

the isometric twitch stress is proportional to W. This finding provides some further insight into the 

much-observed, but ill-understood, linear VO2-PVA relation of Suga and colleagues. With such 

knowledge, we are thus equipped to examine how U, W, and STI differ in various cardiomyopathies.  
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Appendices 

 

 

Table A1: Literature values for Krogh’s diffusion constant (K), O2 diffusion constant (D) and O2 solubility (ς) in 

muscle tissues. *Values adopted for the models shown in Chapter 4. 

(Grote and Thews, 1962; Kawashiro et al., 1975; Grote et al., 1977; de Koning et al., 1981; Evans et al., 1981; 

Mahler et al., 1985; Daut and Elzinga, 1989; van der Laarse et al., 2005; Avgoustiniatos et al., 2007) 
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Table A2: Literature values for myoglobin diffusion constant (DM) in muscle tissues. *Values adopted for the 

models shown in Chapter 4. 

(Moll, 1968; Baylor and Pape, 1988; Jürgens et al., 1994; Papadopoulos et al., 1995; Papadopoulos et al., 

2001) 

 

Table A3: Literature values for concentration of myoglobin (CM) in muscle tissues. *Values adopted for the models 

shown in Chapter 4. 

(Biörk, 1949; Anthony et al., 1959; Wittenberg, 1970; Endeward et al., 2010) 
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Table A4: Outputs of Sensitivity Analysis showing ranking of model parameters based on their effects on critical 

radius (Rcrit). Parameters (column 2) were varied as indicated (column 4) around their ‘standard’ values (see Table 

4.1), with the results as shown (columns 5 and 6). 
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Table A5: Literature reported stress-frequency relationships (SFR) of cardiac muscles of the rat hearts under 

various experimental conditions. 

(Forester and Mainwood, 1974; Henry, 1975; Capogrossi et al., 1986; Schouten and ter Keurs, 1986; Stemmer and Akera, 1986; Bouchard and 

Bose, 1989; Borzak et al., 1991; Busselen et al., 1991; Frampton et al., 1991; Schouten and ter Keurs, 1991; Baudet et al., 1996; Morii et al., 

1996; Szigligeti et al., 1996; Tang et al., 1996; Mubagwa et al., 1997; Maier et al., 1998; Layland and Kentish, 1999; Kassiri et al., 2000; Maier et 

al., 2000; Taylor et al., 2004; Hiranandani et al., 2006; Monasky and Janssen, 2009) 
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proc anova; 

 class muscle ventricle frequency preload; 

 model XXX = ventricle muscle(ventricle) 

             preload ventricle*preload preload*muscle(ventricle) 

             frequency ventricle*frequency frequency*muscle(ventricle) 

             preload*frequency ventricle*preload*frequency                     

             preload*frequency*muscle(ventricle); 

 

        test h = ventricle 

             e = muscle(ventricle); 

        test h = preload ventricle*preload 

    e = preload*muscle(ventricle); 

        test h = frequency ventricle*frequency 

    e = frequency*muscle(ventricle); 

        test h = preload*frequency ventricle*preload*frequency 

    e = preload*frequency*muscle(ventricle); 

 

run; 

Table A6: ANOVA model, implemented in SAS, for analysis of the 2 x 2 x 2 experimental design adopted to examine 

the effects of ‘ventricle’ (RV and LV), ‘frequency’ (0.5 Hz and 1 Hz) and ‘preload’ (Lo and Lr) on a measured variable 

‘XXX’.  

 

  

Max. 
Velocity 

Max. 
Power 

Max. 
Work 

Max. 
Mech. 

Efficiency 

Max. Xb. 
Efficiency 

Suga's 
Intercept 

Suga's 
Slope 

Gibbs's 
Intercept 

Ventricle 0.0153 0.3907 0.1882 0.0027 0.0890 0.0167 0.0861 0.0079 

  
        Preload 0.0115 <0.0001 <0.0001 <0.0001 0.0352 0.0132 0.0048 0.7003 

Ventricle*Preload 0.9817 0.9493 0.4685 0.768 0.1514 0.8405 0.6579 0.9401 

  
        Freq 0.1828 0.1553 0.0010 0.0157 0.8559 0.4661 0.0868 0.8475 

Ventricle*Freq 0.8541 0.7066 0.6261 0.9686 0.7548 0.9140 0.7916 0.5039 

  
        Freq*Preload 0.6203 0.0048 0.0279 0.3107 0.2946 0.3090 0.1852 0.9369 

Ventricle*Freq*Preload 0.5468 0.4222 0.2085 0.0330 0.0070 0.5898 0.4448 0.3786 

 

Table A7: Outputs of the ANOVA model shown in Table A6 showing the p-values (highlighted if P < 0.05) for the 

effects of ‘Ventricle’ (RV and LV), ‘Freq’ (0.5 Hz and 1 Hz) and ‘Preload’ (Lo and Lr) on measured variables of 

interest: Max. Velocity (Figure 9.3), Max. Power (Figure 9.4), Max. Work (Figure 9.5), Max. Mech. Efficiency (Figure 

9.10), Max. Xb. Efficiency (Figure 9.11), Suga’s Intercept (Figure 9.8), Suga’s Slope (Figure 9.8) and Gibbs’s Intercept 

(Figure 9.9).  
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proc anova; 

 class muscle ventricle preload; 

 model Basal =  ventricle muscle(ventricle) 

                preload ventricle*preload  

                ventricle*preload*muscle(ventricle); 

 

          test h = ventricle 

               e = muscle(ventricle); 

          test h = preload ventricle*preload  

               e = ventricle*preload*muscle(ventricle); 

run; 

Table A8: ANOVA model, implemented in SAS, for analysis of the 2 x 2 experimental design adopted to examine 

the effects of ‘ventricle’ (RV and LV), and ‘preload’ (Lo and Lr) on measured rate of basal heat production (labelled 

‘Basal’). 

 

  Basal 

Ventricle 0.0145 

  
 Preload 0.2564 

Ventricle*Preload 0.0391 

 

Table A9: Outputs of the ANOVA model shown in Table A8 showing the p-values (highlighted if P < 0.05) for the 

effects of ‘Ventricle’ (RV and LV) and ‘Preload’ (Lo and Lr) on rate of basal heat production (Figure 10.1).  
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proc glm; 

   class Ventricle; 

   model XXX = Ventricle Radius Ventricle*Radius; 

 

Table A10: ANCOVA model, implemented in SAS, for examining the interaction effects of Ventricle (RV and LV) and 

Radius (muscle radius), i.e., the term of ‘Ventricle*Radius’, on a measured variable ‘XXX’.  

 

Freq (Hz) Preload 
Max. 

Velocity 
Max. 

Power 
Max. 
Work 

Max. 
Mech. 

Efficiency 

Max. Xb. 
Efficiency 

Suga's 
Intercept 

Suga's 
Slope 

Gibbs's 
Intercept 

0.5 Lr 0.4946 0.5676 0.3605 0.5041 0.8176 0.7185 0.8651 0.8639 

0.5 Lo 0.7116 0.9979 0.9412 0.3455 0.8689 0.7932 0.6380 0.6239 

1 Lr 0.9459 0.1506 0.0273 0.0886 0.2793 0.5692 0.1534 0.7623 

1 Lo 0.7773 0.4904 0.3822 0.3037 0.2901 0.8077 0.1259 0.4972 

 

Table A11: Outputs of the ANCOVA model shown in Table A10 showing the p-values (highlighted if P < 0.05) for the 

effects ‘Ventricle*Radius’, for 2 levels of ‘Freq’ (0.5 Hz and 1 Hz) and 2 levels of ‘Preload’ (Lo and Lr), on measured 

variables of interest: Max. Velocity (Figure 9.3), Max. Power (Figure 9.4), Max. Work (Figure 9.5), 

Max. Mech. Efficiency (Figure 9.10), Max. Xb. Efficiency (Figure 9.11), Suga’s Intercept (Figure 9.8), Suga’s Slope 

(Figure 9.8) and Gibbs’s Intercept (Figure 9.9).  

 

Preload Basal 

Lr 0.2094 

Lo 0.2838 

 

Table A12: Outputs of the ANCOVA model shown in Table A10 showing the p-values (highlighted if P < 0.05) for the 

effects ‘Ventricle*Radius’, for 2 levels of ‘Preload’ (Lo and Lr), on basal rate of heat production (Figure 10.1).  
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proc glm; 

   class Ventricle; 

   model XXX = Ventricle Radius; 

 

Table A13: ANCOVA model, implemented in SAS, for examining the effects of ‘Ventricle’ (RV and LV) on a 

measured variable ‘XXX’. The model tests whether ‘Ventricle’ has an effect on ‘XXX’.  

 

Freq (Hz) Preload 
Max. 

Velocity 
Max. 

Power 
Max. 
Work 

Max. 
Mech. 

Efficiency 

Max. Xb. 
Efficiency 

Suga's 
Intercept 

Suga's 
Slope 

Gibbs's 
Intercept 

0.5 Lr 0.0034 0.6342 0.7374 0.0351 0.2849 0.0118 0.3055 0.0088 

0.5 Lo 0.0414 0.6259 0.3106 0.0031 0.1554 0.0665 0.1727 0.1354 

1 Lr 0.0085 0.3126 0.1837 0.0025 0.0130 0.0100 0.1564 0.0047 

1 Lo 0.0415 0.4965 0.2422 0.0213 0.4163 0.0770 0.1694 0.0372 

 

Table A14: Outputs of the ANCOVA model shown in Table A13 showing the p-values (highlighted if P < 0.05) for the 

effects ‘Ventricle’, for 2 levels of ‘Freq’ (0.5 Hz and 1 Hz) and 2 levels of ‘Preload’ (Lo and Lr), on measured variables 

of interest: Max. Velocity (Figure 9.3), Max. Power (Figure 9.4), Max. Work (Figure 9.5), Max. Mech. Efficiency 

(Figure 9.10), Max. Xb. Efficiency (Figure 9.11), Suga’s Intercept (Figure 9.8), Suga’s Slope (Figure 9.8) and 

Gibbs’s Intercept (Figure 9.9).  

 

Preload Basal 

Lr 0.0002 

Lo 0.0215 

 

Table A15: Outputs of the ANCOVA model shown in Table A13 showing the p-values (highlighted if P < 0.05) for the 

effects ‘Ventricle’, for 2 levels of ‘Preload’ (Lo and Lr), on basal rate of heat production (Figure 10.1). 

 



  

203 

 

References 

1. Afzal N, and Dhalla NS. Differential changes in left and right ventricular SR calcium transport in 
congestive heart failure. American Journal of Physiology - Heart and Circulatory Physiology 262: 
H868-H874, 1992. 

2. Allen DG, and Kentish JC. The cellular basis of the length-tension relation in cardiac muscle. J Mol 
Cell Cardiol 17: 821-840, 1985. 

3. Allen DG, and Kurihara S. The effects of muscle length on intracellular calcium transients in 
mammalian cardiac muscle. J Phyisol 327: 79-94, 1982. 

4. Alpert NR, Blanchard EM, and mulieri LA. Tension-independent heat in rabbit papillary muscle. J 
Physiol 414: 433-453, 1989. 

5. Anthony A, Ackerman E, and Strother GK. Effects of altitude acclimatization on rat myoglobin. 
Changes in myoglobin content of skeletal and cardiac muscle. Am J Physiol 196(3): 512-516, 1959. 

6. Asanoi H, Sasayama S, and Kameyama T. Ventriculoarterial coupling in normal and failing heart in 
humans. Circulation Research 65: 483-493, 1989. 

7. Avgoustiniatos ES, Dionne KE, Wilson DF, Yarmush ML, and Colton CK. Measurements of the 
effective diffusion coefficient of oxygen in pancreatic islets. Industrial & Engineering Chemistry 
Research 46: 6157-6163, 2007. 

8. Backx PH, and Ter Keurs HE. Fluorescent properties of rat cardiac trabeculae microinjected with 
fura-2 salt. American Journal of Physiology - Heart and Circulatory Physiology 264: H1098-H1110, 
1993. 

9. Bárány M. ATPase activity of myosin correlated with speed of muscle shortening. The Journal of 
general physiology 50: Suppl:197-218, 1967. 

10. Barclay CJ. Modelling diffusive O2 supply to isolated preparations of mammalian skeletal and 
cardiac muscle. J Muscle Research and Cell Motility 26: 225-235, 2005. 

11. Barclay CJ, Widén C, and Mellors LJ. Initial mechanical efficiency of isolated cardiac muscle. J Exp 
Bio 206: 2725-2732, 2003. 



References 

 

204 

 

12. Barclay JK, Gibbs CL, and Loiselle DS. Stress as an index of metabolic cost in papillary muscle of the 
cat. Basic Res Cardiol 74: 594-603, 1979. 

13. Baudet S, Do E, Noireaud J, and Le Marec H. Alterations in the force-frequency relationshio by tert-
butylbenzohydroquinone, a putative SR Ca2+ pump inhibitor, in rabbit and rat ventricular muscle. 
British J Pharmacology 117: 258-267, 1996. 

14. Baxi J, Barclay CJ, and Gibbs CL. Energetics of rat papillary muscle during contractions with 
sinusoidal length changes. American Journal of Physiology - Heart and Circulatory Physiology 278: 
H1545-H1554, 2000. 

15. Baxi J, Barclay CJ, and Gibbs CL. Energetics of rat papillary muscle during contractions with 
sinusoidal length changes. Am J Physiol Heart Circ Physiol 278: H1545-H1554, 2000. 

16. Baylor SM, and Pape PC. Measurement of myoglobin diffusivity in the myoplasm of frog skeletal 
muscle fibers. J Physiol 406: 247-275, 1988. 

17. Bers DM. Cardiac excitation-contraction coupling. Nature 415: 198-205, 2002. 

18. Bers DM. Excitation-contraction coupling and cardiac contractile force. Netherlands: Kluwer 
Academic Publishers, 2001. 

19. Bing OHL, Matsushita S, Fanburg BL, and Levine HJ. Mechanical properties of rat cardiac muscle 
during experimental hypertrophy. Circ Res XXVIII: 234-245, 1971. 

20. Biörk G. On myoglobin and its occurence in man. Acata Med Scand 133, Suppl. 226: 1-216., 1949. 

21. Boardman N, Hafstad AD, Larsen TS, Severson DL, and Aasum E. Increased O2 cost of basal 
metabolism and excitation-contraction coupling in hearts from type 2 diabetic mice. American 
Journal of Physiology - Heart and Circulatory Physiology 296: H1373-H1379, 2009. 

22. Bokník P, Unkel C, Kirchhefer U, Kleideiter U, Klein-Wiele O, Knapp J, Linck B, Lüss H, Ulrich 
Müller F, Schmitz W, Vahlensieck U, Zimmermann N, Jones LR, and Neumann J. Regional 
expression of phospholamban in the human heart. Cardiovascular Research 43: 67-76, 1999. 

23. Bollensdorff C, Lookin O, and Kohl P. Assessment of contractility in intact ventricular 
cardiomyocytes using the dimensionless ‘Frank–Starling Gain’ index. Pflügers Archiv European 
Journal of Physiology 462: 39-48, 2011. 

24. Borzak S, Murphy S, and Marsh JD. Mechanisms of rate staircase in rat ventricular cells. American 
Journal of Physiology - Heart and Circulatory Physiology 260: H884-H892, 1991. 



References 

 

205 

 

25. Bottinelli R, Canepari M, Cappelli V, and Reggiani C. Maximum speed of shortening and ATPase 
activity in atrial and ventricular myocardia of hyperthyroid rats. American Journal of Physiology - 
Cell Physiology 269: C785-C790, 1995. 

26. Bouchard RA, and Bose D. Analysis of the interval-force relationship in rat and canine ventricular 
myocardium. Am J Physiol 260: H88-H892, 1989. 

27. Brooks WW, Bing OHL, Blaustein AS, and Allen PD. Comparison of contractile state and myosin 
isozymes of rat right and left ventricular myocardium. Journal of Molecular and Cellular Cardiology 
19: 433-440, 1987. 

28. Burkhoff D. Explaining load dependence of ventricular contractile properties with a model of 
excitation-contraction coupling. Journal of Molecular and Cellular Cardiology 26: 959-978, 1994. 

29. Burkhoff D, De Tombe PP, and Hunter WC. Impact of ejection on magnitude and time course of 
ventricular pressure-generating capacity. American Journal of Physiology - Heart and Circulatory 
Physiology 265: H899-H909, 1993. 

30. Burkhoff D, de Tombe PP, Hunter WC, and Kass DA. Contractile strength and mechanical efficiency 
of left ventricle are enhanced by physiological afterload. American Journal of Physiology - Heart and 
Circulatory Physiology 260: H569-H578, 1991. 

31. Burkhoff D, and Sagawa K. Ventricular efficiency predicted by an analytical model. American 
Journal of Physiology - Regulatory, Integrative and Comparative Physiology 250: R1021-R1027, 
1986. 

32. Busselen P, Bosteels S, and Tunstall J. Caffeine rapid cooling contractures and negative force 
staircase in rat papillary muscle. J Mol Cell Cardiol 23: 1313-1322, 1991. 

33. Cairns SP, Flatman JA, and Clausen T. Relation between extracellular [K+], membrane potential and 
contraction in rat soleus muscle: modulation by the Na+-K+ pump. Pflügers Archiv European Journal 
of Physiology 430: 909-915, 1995. 

34. Cairns SP, Hing WA, Slack JR, Mills RG, and Loiselle DS. Different effects of raised [K+]o on 
membrane potential and contraction in mouse fast- and slow-twitch muscle. American Journal of 
Physiology - Cell Physiology 273: C598-C611, 1997. 

35. Cairns SP, Taberner AJ, and Loiselle DS. Changes of surface and t-tubular membrane excitability 
during fatigue with repeated tetani in isolated mouse fast- and slow-twitch muscle. J Appl Physiol 
106: 101-112, 2009. 



References 

 

206 

 

36. Campbell K. Impact of myocyte strain on cardiac myofilament activation. Pflügers Archiv European 
Journal of Physiology 462: 3-14, 2011. 

37. Capasso JM, Puntillo E, Olivetti G, and Anversa P. Differences in load dependence of relaxation 
between the left and right ventricular myocardium as a function of age in rats. Circulation Research 
65: 1499-1507, 1989. 

38. Capogrossi MC, Suarez-Isla BA, and Lakatta EG. The interaction of electrically stimulated twitches 
and spontaneous contractile waves in single cardiac myocytes. The Journal of General Physiology 
88: 615-633, 1986. 

39. Cappelli V, Bottinelli R, Poggesi C, Moggio R, and Reggiani C. Shortening velocity and myosin and 
myofibrillar ATPase activity related to myosin isoenzyme composition during postnatal 
development in rat myocardium. Circulation Research 65: 446-457, 1989. 

40. Capps NE, Nigdikar S, Burns JH, Walker EJ, and Dow JW. Characterization of digoxin binding and 
daunorubicin uptake by isolated mature rat cardiac myocytes. Biochemical Pharmacology 34: 1957-
1961, 1985. 

41. Cazorla O, and Lacampagne A. Regional variation in myofilament length-dependent activation. 
Pflügers Archiv European Journal of Physiology 462: 15-28, 2011. 

42. Chapman JB, Gibbs CL, and Gibson WR. Effects of calcium and sodium on cardiac contractility and 
heat production in rabbit papillary muscle. Circulation Research 27: 601-610, 1970. 

43. Converti A, Casagrande M, De Giovanni M, Rovatti M, and Del Borghi M. Evaluation of glucose 
diffusion coefficient through cell layers for the kinetic study of an immobilized cell bioreactor. 
Chemical Engineering Science 51: 1023-1026, 1996. 

44. Cooling M, Hunter P, and Crampin EJ. Modeling hypertrophic IP3 transients in the cardiac myocyte. 
Biophysical J 93: 3421-3433, 2007. 

45. Cooper G. Influence of length changes on myocardial metabolism in the cat papillary muscle. 
Circulation Research 49: 423-433, 1981. 

46. Cooper G. Myocardial energetics during isometric twitch contractions of cat papillary muscle. 
American Journal of Physiology - Heart and Circulatory Physiology 236: H244-H253, 1979. 

47. Coulson RL. Energetics of isovolumic contractions of the isolated rabbit heart. The Journal of 
Physiology 260: 45-53, 1976. 



References 

 

207 

 

48. Covell DG, and Jacquez JA. Does myoglobin contribute significantly to diffusion of oxygen in red 
skeletal muscle? Am J Physiol Regul Integr Comp Physiol 252: R341-347, 1987. 

49. Cranefield PF, and Greenspan K. The rate of oxygen uptake of quiescent cardiac muscle. J Gen 
Physiol 44(2): 235-249, 1960. 

50. Crystal GJ, Kim SJ, and Salem MR. Right and left ventricular O2 uptake during hemodilution and β-
adrenergic stimulation. American Journal of Physiology - Heart and Circulatory Physiology 265: 
H1769-H1777, 1993. 

51. Dai T, Tian Y, Tocchetti CG, Katori T, Murphy AM, Kass DA, Paolocci N, and Gao WD. Nitroxyl 
increases force development in rat cardiac muscle. J Physiol 580.3: 951-960, 2007. 

52. Daut J, and Elzinga G. Heat production of quiescent ventricular trabeculae isolated from guinea-pig 
heart. J Physiol 398: 259-275, 1988. 

53. Daut J, and Elzinga G. Substrate dependence of energy metabolism in isolated guinea-pig cardiac 
muscle: a microcalorimetric study. J Physiol 413: 379-397, 1989. 

54. de Koning J, Hoofd LJ, and Kreuzer F. Oxygen transport and the function of myoglobin. Theoretical 
model and experiments in chicken gizzard smooth muscle. Pflügers Arch 389: 211-217, 1981. 

55. de Tombe PP, Jones S, Burkhoff D, Hunter WC, and Kass DA. Ventricular stroke work and efficiency 
both remain nearly optimal despite altered vascular loading. American Journal of Physiology - Heart 
and Circulatory Physiology 264: H1817-H1824, 1993. 

56. de Tombe PP, and Little WC. Inotropic effects of ejection are myocardial properties. American 
Journal of Physiology - Heart and Circulatory Physiology 266: H1202-H1213, 1994. 

57. Delbridge LM, and Loiselle DS. An ultrastructural investigation into the size dependency of 
contractility of the isolated cardiac muscle. Cardiasvasc Res 15: 21-27, 1981. 

58. Dhalla NS, Sulakhe PV, Lee SL, Singal PK, Varley KG, and Yates JC. Subcellular Ca2+ transport in 
different areas of dog heart. Canadian Journal of Physiology and Pharmacology 58: 360-367, 1980. 

59. Duwel CMB, and Westerhof N. Feline left ventricular oxygen consumption is not affected by 
volume expansion, ejection or redevelopment of pressure during relaxation. Pflügers Archiv 
European Journal of Physiology 412: 409-416, 1988. 



References 

 

208 

 

60. Effron MB, Bhatnagar GM, Spurgeon HA, Ruano-Arroyo G, and Lakatta EG. Changes in myosin 
isoenzymes, ATPase activity, and contraction duration in rat cardiac muscle with aging can be 
modulated by thyroxine. Circulation Research 60: 238-245, 1987. 

61. Eijgelshoven MH, van Beek JH, Mottet I, Nederhoff MG, van Echteld CJ, and Westerhof N. Cardiac 
high-energy phosphates adapt faster than oxygen consumption to changes in heart rate. Circ Res 
75: 751-759, 1994. 

62. Elzinga G, Piene H, and de Jong JP. Left and right ventricular pump function and consequences of 
having two pumps in one heart. A study on the isolated cat heart. Circulation Research 46: 564-574, 
1980. 

63. Elzinga G, and Westerhof N. Matching between ventricle and arterial load. An evolutionary 
process. Circulation Research 68: 1495-1500, 1991. 

64. Endeward V, Gros G, and Jürgens KD. Significance of myoglobin as an oxygen store and oxygen 
transporter in the intermittently perfused human heart: a model study. Cardiasvasc Res 2010. 

65. Evans NTS, Naylor PFD, and Quinton TH. The diffusion coefficient of oxygen in respiring kidney and 
tumour tissue. Respiration Physiology 43: 179-188, 1981. 

66. Fan TH, Frantz RP, Elam H, Sakamoto S, Imai N, and Liang CS. Reductions of myocardial Na-K-
ATPase activity and ouabain binding sites in heart failure: prevention by nadolol. American Journal 
of Physiology - Heart and Circulatory Physiology 265: H2086-H2093, 1993. 

67. Farman GP, Allen EJ, Schoenfelt KQ, Backx PH, and de Tombe PP. The role of thin filament 
cooperativity in cardiac length-dependent calcium activation. Biophysical Journal 99: 2978-2986, 
2010. 

68. Feng TP. The effect of length on the resting metabolism of muscle. Journal of Physiology 74: 441-
454, 1932. 

69. Fisher VJ, and Kavaler F. Maximal force development by hypertrophied right ventricular papillary 
muscles remaining in situ. In: NR Alpert, Cardiac Hypertrophy. New York: Academic Press Inc., 1971, 
p. 371-385. 

70. Fisher VJ, Lee RJ, Marlon AM, and Kavaler F. Paired Electrical Stimulation and the Maximal 
Contractile Response of the Ventricle. Circ Res 20: 520-533, 1967. 

71. Fletcher JE. On facilitated oxygen diffusion in muscle tissues. Biophys J 29: 437-458, 1980. 



References 

 

209 

 

72. Ford LE, Huxley AF, and Simmons RM. The relation between stiffness and filament overlap in 
stimulated frog muscle fibres. J Physiol 311: 219-249, 1981. 

73. Ford LE, Huxley AF, and Simmons RM. Tension responses to sudden length change in stimulated 
frog muscle fibres near slack length. The Journal of Physiology 269: 441-515, 1977. 

74. Forester GV, and Mainwood GW. Interval dependent inotropic effects in the rat myocardium and 
the effect of calcium. Pflügers Arch 352: 189-196, 1974. 

75. Frampton JE, Harrison SM, Boyett MR, and Orchard CH. Ca2+ and Na+ in rat myocytes showing 
different force-frequency relationships. Am J Physiol 261: C739-C750, 1991. 

76. Freeman GL, Little WC, and O'Rourke RA. Influence of heart rate on left ventricular performance in 
conscious dogs. Circ Res 61: 455-464, 1987. 

77. Frenzei H, and Feimann J. Age-dependent structural changes in the myocardium of rats. A 
quantitative light- and electron-microscopic study on the right and left chamber wall. Mechanisms 
of Ageing and Development 27: 29-41, 1984. 

78. Frezza WA, and Bing OHL. PO2-modulated performance of cardiac muscle. Am J Physiol 231: 1620-
1624, 1976. 

79. Fukuda N, O-Uchi J, Sasaki D, Kajiwara H, Ishiwata S, and Kurihara S. Acidosis or inorganic 
phosphate enhances the length dependence of tension in rat skinned cardiac muscle. The Journal 
of Physiology 536: 153-160, 2001. 

80. Gaasch WH, Blaustein AS, and Adam D. Myocardial relaxation IV: mechanical determinants of the 
time course of left ventricular pressure decline during isovolumic relaxation. European Heart 
Journal 1: 111-117, 1980. 

81. Gao WD, Perez NG, and Marban E. Calcium cycling and contractile activation in intact mouse 
cardiac muscle. The Journal of Physiology 507: 175-184, 1998. 

82. Gibbs CL. Cardiac energetics. Physiol Rev 58: 174-254, 1978. 

83. Gibbs CL. Mechanical determinants of myocardial oxygen consumption. Clinical and Experimental 
Pharmacology and Physiology 22: 1-10, 1995. 

84. Gibbs CL, and Chapman JB. Cardiac mechanics and energetics: chemomechanical transduction in 
cardiac muscle. American Journal of Physiology - Heart and Circulatory Physiology 249: H199-H206, 
1985. 



References 

 

210 

 

85. Gibbs CL, and Gibson WR. Effect of alterations in the stimulus rate upon energy output, tension 
development and tension-time integral of cardiac muscle in rabbits. Circ Res XXVII: 611-618, 1970. 

86. Gibbs CL, and Gibson WR. Effect of ouabain on the energy output of rabbit cardiac muscle. Circ Res 
24: 951-967, 1969. 

87. Gibbs CL, and Gibson WR. Energy production in cardiac isotonic contraction. J Gen Physiol 56: 732-
750, 1970. 

88. Gibbs CL, and Loiselle DS. Cardiac basal metabolism. Jpn J Physiol 51: 399-426, 2001. 

89. Gibbs CL, and Loiselle DS. The energy output of tetanized cardiac muscle: species differences. 
Pflügers Arch 373: 31-38, 1978. 

90. Gibbs CL, Loiselle DS, and Wendt IR. Activation heat in rabbit cardiac muscle. J Physiol 395: 115-
130, 1988. 

91. Gibbs CL, Mommaerts WFJM, and Ricchiuti NV. Energetics of cardiac contractions. J Physiol London 
191: 25-46, 1967. 

92. Gibbs CL, Wendt IR, Kotsanas G, Ross Young I, and Woolley G. Mechanical, energetic, and 
biochemical changes in long-term pressure overload of rabbit heart. Am J Physiol 259: H849-H859, 
1990. 

93. Gibbs CL, Wendt IR, Kotsanas G, and Young IR. The energy cost of relaxation in control and 
hypertrophic rabbit papillary muscles. Heart and Vessels 5: 198-205, 1990. 

94. Gibbs CL, Woolley G, Kotsanas G, and Gibson WR. Cardiac energetics in daunorubicin-induced 
cardiomyopathy. Journal of Molecular and Cellular Cardiology 16: 953-962, 1984. 

95. Gibson K, and Harris P. The distribution of microsomal (Na+, K+)-ATPase in the rat heart and the 
effects of induced right ventricular hypertrophy and feeding with digitalis, sodium, and potassium. 
Cardiovascular Research 4: 6-13, 1970. 

96. Godt RE, and Nosek TM. Changes of intracellular milieu with fatigue or hypoxia depress contraction 
of skinned rabbit skeletal and cardiac muscle. The Journal of Physiology 412: 155-180, 1989. 

97. Gonzalez-Fernandez JM, and Atta SE. Facilitated transport of oxygen in the presence of 
membranes in the diffusion path. Biophysical Journal 38: 133-141, 1982. 



References 

 

211 

 

98. Goo S, Joshi P, Sands G, Gerneke D, Taberner AJ, Dollie Q, LeGrice I, and Loiselle DS. Trabeculae 
carneae as models of the ventricular walls: implications for the delivery of oxygen. J Gen Physiol 
134: 339-350, 2009. 

99. Goto Y, Slinker BK, and LeWinter MM. Similar normalized Emax and O2 consumption-pressure-
volume area relation in rabbit and dog. American Journal of Physiology - Heart and Circulatory 
Physiology 255: H366-H374, 1988. 

100. Graham M. The solubility of oxygen in physiological salines. Fish Physiology and Biochemistry 4: 1-
4, 1987. 

101. Grimm AF, Katele KV, Kubota R, and Whitehorn WV. Relation of sarcomere length and muscle 
length in resting myocardium. Am J Physiol 218: 1412-1416, 1970. 

102. Grote J, Süsskind R, and Vaupel P. Oxygen diffusitivity in tumor tissue (DS-Carcinosarcoma) under 
temperature conditions within the range of 20-40oC. Pflügers Arch 372: 37-42, 1977. 

103. Grote J, and Thews G. Die Bedingungen für die Sauerstoffversorgung des Herzmuskelgewebes 
Pflügers Archiv 276: 142-165, 1962. 

104. Guo X, Guo ZY, Wei HJ, Yang HQ, He YH, Xie SS, Wu GY, Zhong HQ, Li LQ, and Zhao QL. In vivo 
quantification of propylene glycol, glucose and glycerol diffusion in human skin with optical 
coherence tomography. Laser Physics 20: 1849-1855, 2010. 

105. Gwathmey JK, Copelas L, MacKinnon R, Schoen FJ, Feldman MD, Grossman W, and Morgan JP. 
Abnormal intracellular calcium handling in myocardium from patients with end-stage heart failure. 
Circ Res 61: 70-76, 1987. 

106. Harding SE, O'Gara P, Jones SM, Brown LA, Vescovo G, and Poole-Wilson PA. Species dependence 
of contraction velocity in single isolated cardiac myocytes. Cardioscience 1: 49-53, 1990. 

107. Hasenfuss G, Schillinger W, Lehnart SE, Preuss M, Pieske B, Maier LS, Prestle J, Minami K, and Just 
H. Relationship between Na+-Ca2+-exchanger protein levels and diastolic function of failing human 
myocardium. Circulation 99: 641-648, 1999. 

108. Hata Y, Sakamoto T, Hosogu S, Ohe T, Suga H, and Takaki M. Linear O2 use-pressure-volume area 
relation from curved end-systolic pressure-volume relation of the blood-perfused rat left ventricle. 
Japanese J Physiol 48: 197-204, 1998. 

109. Henry PD. Positive staircase effect in the rat heart. Am J Physiol 228(2): 360-364, 1975. 



References 

 

212 

 

110. Henry PD, Sobel BE, and Braunwald E. Protection of hypoxic guinea pig hearts with glucose and 
insulin. Am J Physiol 226(2): 309-313, 1974. 

111. Hill AV. Anaerobic survival in muscle. Proc Royal Soc B 105: 298-313, 1929. 

112. Hill AV. The diffusion of oxygen and lactic acid through tissues. Proc R Soc Lond B Biol Sci 104: 39-
96, 1928. 

113. Hiranandani N, Varian KD, Monasky MM, and Janssen PML. Frequency-dependent contractile 
response of isolated cardiac trabeculae under hypo-, normo-, and hyperthermic conditions. J Appl 
Physiol 100: 1727-1732, 2006. 

114. Hisano R, and Cooper G. Correlation of force-length area with oxygen consumption in ferret 
papillary muscle. Circ Res 61: 318-328, 1987. 

115. Hoffman BF, and Kelly JJJR. Effects of rate and rhythm on contraction of rat papillary muscle. Am J 
Physiol 197: 1199-1204, 1959. 

116. Hofmann PA, and Fuchs F. Effect of length and cross-bridge attachment on Ca2+ binding to cardiac 
troponin C. American Journal of Physiology - Cell Physiology 253: C90-C96, 1987. 

117. Hoh JFY, McGrath PA, and Hale PT. Electrophoretic analysis of multiple forms of rat cardiac 
myosin: Effects of hypophysectomy and thyroxine replacement. Journal of Molecular and Cellular 
Cardiology 10: 1053-1076, 1978. 

118. Holmes JW, Hunlich M, and Hasenfuss G. Energetics of the Frank-Starling effect in rabbit 
myocardium: economy and efficiency depend on muscle length. Am J Physiol Heart Circ Physiol 283: 
H324-330, 2002. 

119. Holroyd SM, Gibbs CL, and Wendt IR. The effect of increasing extracellular potassium 
concentration on the resting heat rate of the isolated rat papillary muscle. Pflügers Archiv European 
Journal of Physiology 416: 406-412, 1990. 

120. Holubarsch C. Force generation in experimental tetanus, KCI contracture, and oxygen and glucose 
deficiency contracture in mammalian myocardium. Pflügers Arch 396: 277-284, 1983. 

121. Holubarsch C, Alpert NR, Goulette R, and Mulieri LA. Heat production during hypoxia contracture 
of rat myocardium. Circ Res 51: 777-786, 1982. 

122. Holubarsch C, and Jacob R. Diastolic tension of rat cardiac muscle during deficiency of oxygen and 
glucose: Stress-strain relationships and reversibility. Basic Res Cardiol 76: 690-703, 1981. 



References 

 

213 

 

123. Holubarsch C, Lüdemann J, Wiessner S, Ruf T, Schulte-Baukloh H, Schmidt-Schweda S, Pieske B, 
Posival H, and Just H. Shortening versus isometric contractions in isolated human failing and non-
failing left ventricular myocardium: dependency of external work and force on muscle length, heart 
rate and inotropic stimulation. Cardiovascular Research 37: 46-57, 1998. 

124. How O-J, Aasum E, Kunnathu S, Severson DL, Myhre ESP, and Larsen TS. Influence of subtrate 
supply on cardiac efficiency, as measured by pressure-volume analysis in ex vivo mouse hearts. Am 
J Physiol Heart Circ Physiol 288: 2979-2985, 2005. 

125. How O-J, Aasum E, Severson DL, Chan WY, SEssop MF, and Larsen TS. Increased Myocardial 
Oxygen Consumption Reduces Cardiac Efficiency in Diabetic Mice. Diabetes 55: 2006. 

126. Hu K, Naumann A, Fraccarollo D, Gaudron P, Kaden JJ, Neubauer S, and Ertl G. Heart rate 
reduction by zatebradine reduces infarct size and mortality but promotes remodeling in rats with 
experimental myocardial infarction. American Journal of Physiology - Heart and Circulatory 
Physiology 286: H1281-H1288, 2004. 

127. Hung GW, and Dinius RH. Diffusivity of oxygen in electrolyte solutions. J Chemical and Engineering 
Data 17: 449-451, 1972. 

128. Hütter JF, Piper HM, and Spieckermann PG. An index for estimation of oxygen consumption in rat 
heart by hemodynamic parameters. Am J Physiol (Heart Circ Physiol) 249: H729-H734, 1985. 

129. Huxley HE, Stewart A, Sosa H, and Irving T. X-ray diffraction measurements of the extensibility of 
actin and myosin filaments in contracting muscle. Biophysical Journal 67: 2411-2421, 1994. 

130. Iribe G, Helmes M, and Kohl P. Force-length relations in isolated intact cardiomyocytes subjected 
to dynamic changes in mechanical load. American Journal of Physiology - Heart and Circulatory 
Physiology 292: H1487-H1497, 2007. 

131. Irving TC, Konhilas J, Perry D, Fischetti R, and De Tombe PP. Myofilament lattice spacing as a 
function of sarcomere length in isolated rat myocardium. Am J Physiol Heart Circ Physiol 279: 
H2568-H2573, 2000. 

132. Izzi G, Zile MR, and Gaasch WH. Myocardial oxygen consumption and the left ventricular pressure-
volume area in normal and hypertrophic canine hearts. Circulation 84: 1384-1392, 1991. 

133. Janssen PML, and Hunter WC. Force, not sarcomere length, correlates with prolongation of 
isosarcometric contraction. Am J Physiol 269: H676-H685, 1995. 

134. Janssen PML, Stull LB, and Marbán E. Myofilament properties comprise the rate-limiting step for 
calcium relaxation at body temperature in the rat. Am J Physiol 282: H499-H507, 2002. 



References 

 

214 

 

135. Jewell BR. A reexamination of the influence of muscle length on myocardial performance. Circ Res 
40: 221-230, 1977. 

136. Ju L-K, and Ho CS. Measuring oxygen diffusion coefficients with polarographic oxygen electrodes: I. 
electrolyte solutions. Biotechnology and Bioengineering XXVII: 1495-1499, 1985. 

137. Julian FJ, and Sollins MR. Sarcomere length-tension relations in living rat papillary muscle. Circ Res 
37: 299-308, 1975. 

138. Jürgens KD, Peters T, and Gros G. Diffusivity of myoglobin in intact skeletal muscle cells. Proc Natl 
Acad Sci 91: 3829-3833, 1994. 

139. Kameyama T, Chen Z, Bell SP, Fabian J, and Lewinter MM. Mechanoenergetic studies in isolated 
mouse hearts. American Journal of Physiology - Heart and Circulatory Physiology 274: H366-H374, 
1998. 

140. Kassiri Z, Myers R, Kaprielian R, Banijamali HS, and Backx PH. Rate-dependent changes of twitch 
force duration in rat cardiac trabeculae: a property of the contractile system. J Physiol 524: 221-
231, 2000. 

141. Kawai M, Saeki Y, and Zhao Y. Crossbridge scheme and the kinetic constants of elementary steps 
deduced from chemically skinned papillary and trabecular muscles of the ferret. Circ Res 73: 35-50, 
1993. 

142. Kawashiro T, Nüsse W, and Scheid P. Determination of diffusivity of oxygen and carbon dioxide in 
respiring tissue: results in rat skeletal muscle. Pflügers Archiv 359: 231-251, 1975. 

143. Kelly JJ, JR., and Hoffman BF. Mechanical activity of rat papillary muscle. Am J Physiol 199: 157-
162, 1960. 

144. Kentish JC. Combined inhibitory actions of acidosis and phosphate on maximum force production in 
rat skinned cardiac muscle. Pflügers Archiv European Journal of Physiology 419: 310-318, 1991. 

145. Kentish JC. The effects of inorganic phosphate and creatine phosphate on force production in 
skinned muscles from rat ventricle. The Journal of Physiology 370: 585-604, 1986. 

146. Kentish JC. The inhibitory actions of acidosis and inorganic phosphate on the Ca2+-regulated force 
productrion of rat cardiac myofibrils. J Physiol 390: 59P, 1987. 



References 

 

215 

 

147. Kentish JC, ter Keurs HEDJ, Ricciardi L, Bucx JJ, and Noble MI. Comparison between the sarcomere 
length-force relations of intact and skinned trabeculae from rat right ventricle. Influence of calcium 
concentrations on these relations. Circ Res 58: 755-768, 1986. 

148. Khalafbeigui F, Suga H, and Sagawa K. Left ventricular systolic pressure-volume area correlates 
with oxygen consumption. American Journal of Physiology - Heart and Circulatory Physiology 237: 
H566-H569, 1979. 

149. Kiriazis H, and Gibbs CL. Effects of ageing on the activation metabolism of rat papillary muscles. 
Clin Exp Pharmacol Physiol 28: 176-183, 2001. 

150. Kiriazis H, and Gibbs CL. Effects of aging on the work output and efficiency of rat papillary muscle. 
Cardiovascular Research 48: 111-119, 2000. 

151. Kiriazis H, and Gibbs CL. Papillary muscles split in the presence of 2,3-butanedione monoxime have 
a normal energetic and mechanical properties. Am J Physiol 269: H1685-H1694, 1995. 

152. Kiriazis H, Gibbs CL, Kotsanas G, and Ross Young I. Mechanical and energetic changes in short-term 
volume and pressure overload of rabbit heart. Heart Vessels 7: 175-188, 1992. 

153. Kirton RS, Taberner AJ, Nielsen PMF, Young AA, and Loiselle DS. Effects of BDM, [Ca2+]o, and 
temperature on the dynamic stiffness of quiescent cardiac trabeculae from rat. Am J Physiol Heart 
Circ Physiol 288: H1662-H1667, 2005. 

154. Kirton RS, Taberner AJ, Nielsen PMF, Young AA, and Loiselle DS. Strain-softening behaviour in 
nonviable rat right-ventricular trabeculae in the presence and the absence of butanedione 
monoxime. Exp Physiol 89.5: 593-604, 2004. 

155. Kissling G. Mechanical determinants of myocardial oxygen consumption with special reference to 
external work and efficiency. Cardiovascular Research 26: 886-982, 1992. 

156. Kleid JJ, Tada M, Repke DI, and Katz AM. Myosins from rat right and left ventricles comparison of 
ATPase activities and light fragments released by 8 m-urea. Journal of Molecular and Cellular 
Cardiology 4: 625-632, 1972. 

157. Kleiman RB, and Houser SR. Electrophysiologic and mechanical properties of single feline RV and 
LV myocytes. Journal of Molecular and Cellular Cardiology 20: 973-982, 1988. 

158. Köhnke D, Schramm M, and Daut J. Oxidative phosphorylation in myocardial mitochondria 'in situ': 
a calorimetric study on permeabilized cardiac muscle preparations. 1997. 



References 

 

216 

 

159. Komukai K, and Kurihara S. Effect of developed tension on the time courses of Ca2+ transients and 
tension in twitch contraction in ferret myocardium. Cardiovascular Research 32: 384-390, 1996. 

160. Kondo RP, Dederko DA, Teutsch C, Chrast J, Catalucci D, Chien KR, and Giles WR. Comparison of 
contraction and calcium handling between right and left ventricular myocytes from adult mouse 
heart: a role for repolarization waveform. The Journal of Physiology 571: 131-146, 2006. 

161. Kreuzer F. Facilitated diffusion of oxygen and its possible significance; a review. Respiration 
Physiology 9: 1-30, 1970. 

162. Krueger JW, and Pollack GH. Myocardiacl sarcomere dynamics during isometric contraction. J 
Phyisol 251: 627-643, 1975. 

163. Kurihara S, and Komukai K. Tension-dependent changes of the intracellular Ca2+ transients in ferret 
ventricular muscles. The Journal of Physiology 489: 617-625, 1995. 

164. Kusachi S, Nishiyama O, Yasuhara K, Saito D, Haraoka S, and Nagashima H. Right and left 
ventricular oxygen metabolism in open-chest dogs. American Journal of Physiology - Heart and 
Circulatory Physiology 243: H761-H766, 1982. 

165. Landesberg A, and Sideman S. Force-velocity relationship and biochemical-to-mechanical energy 
conversion by the sarcomere. Am J Physiol Heart Circ Physiol 278: H1274-H1284, 2000. 

166. Landesberg A, and Sideman S. Regulation of energy consumption in cardiac muscle: analysis of 
isometric contractions. American Journal of Physiology - Heart and Circulatory Physiology 276: 
H998-H1011, 1999. 

167. Laurent D, Bolene-Williams C, Williams FL, and Katz LN. Effects of Heart Rate on Coronary Flow 
and Cardiac Oxygen Consumption. American Journal of Physiology -- Legacy Content 185: 355-364, 
1956. 

168. Layland J, and Kentish JC. Effects of α1- or β-adrenoceptor stimulation on work-loop and isometric 
contractions of isolated rat cardiac trabeculae. J Physiol 524: 205-219, 2000. 

169. Layland J, and Kentish JC. Myofilament-based relaxant effect of isoprenaline revealed during work-
loop contractions in rat cardiac trabeculae. Journal of Physiology 544: 171-182, 2002. 

170. Layland J, and Kentish JC. Positive force- and [Ca2+]i-frequency relationships in rat ventricular 
trabeculae at physiological frequencies. Am J Physiol 276: H9-H18, 1999. 



References 

 

217 

 

171. Layland J, Young IS, and Altringham JD. The length dependence of work production in rat papillary 
muscle in vitro. J Exp Bio 198: 2491-2499, 1995. 

172. Leem C, Lagadic-Gossmann D, and Vaughan-Jones R. Characterization of intracellular pH 
regulation in the guinea-pig ventricular myocyte. The Journal of Physiology 517: 159-180, 1999. 

173. Levy C, and Landesberg A. Hystereses in the force-length relation and regulation of cross-bridge 
recruitment in tetanized rat trabeculae. American Journal of Physiology - Heart and Circulatory 
Physiology 286: H434-H441, 2004. 

174. Lewis W, Galizi M, and Puszkin S. Compartmentalization of adriamycin and daunomycin in cultured 
chick cardiac myocytes. Effects on synthesis of contractile and cytoplasmic proteins. Circulation 
Research 53: 352-362, 1983. 

175. Li L, Chu G, Kranias EG, and Bers DM. Cardiac myocyte calcium transport in phospholamban 
knockout mouse: relaxation and endogenous CaMKII effects. American Journal of Physiology - 
Heart and Circulatory Physiology 274: H1335-H1347, 1998. 

176. Lin L-E, McClellan G, Weisberg A, and Winegrad S. A physiological basis for variation in the 
contractile properties of isolated rat heart. The Journal of Physiology 441: 73-94, 1991. 

177. Littell RC, Miliken GA, Stroup WW, Wolfinger RD, and Schabenberger O. SAS for mixed models. 
Cary, NC: SAS Institute Inc, 2006. 

178. Little WC, and Cheng CP. Left ventricular-arterial coupling in conscious dogs. American Journal of 
Physiology - Heart and Circulatory Physiology 261: H70-H76, 1991. 

179. Loiselle DS. The effect of myoglobin-facilitated oxygen transport on the basal metabolism of 
papillary muscle. Biophys J 51: 905-913, 1987. 

180. Loiselle DS. The effects of temperature on the energetics of rat papillary muscle. Pflügers Arch 379: 
173-180, 1979. 

181. Loiselle DS. Exchange of oxygen across the epicardial surface distorts estimates of myocardial 
oxygen consumption. J Gen Physiol 94: 567-590, 1989. 

182. Loiselle DS. The rate of resting heat production of rat papillary muscle. Pflügers Arch 405: 155-162, 
1985. 

183. Loiselle DS. Stretch-induced increase in resting metabolism of isolated papillary muscle. Biophys J 
38: 185-194, 1982. 



References 

 

218 

 

184. Loiselle DS, Crampin EJ, Niederer SA, Smith NP, and Barclay CJ. Energetic consequences of 
mechanical loads. Progress in Biophysics and Molecular Biology 97: 348-366, 2008. 

185. Loiselle DS, and Gibbs CL. Factors affecting the metabolism of resting rabbit papillary muscle. 
Pflügers Arch 396: 285-291, 1983. 

186. Loiselle DS, and Gibbs CL. Species differences in cardiac energetics. Am J Physiol 237(1): H90-H98, 
1979. 

187. Loiselle DS, Stienen GJ, Daut J, and Elzinga G. Heat production and ATPase activity of intact and 
chamically skinned rat cardiac trabeculae at rest. Biophys (Life Sci Adv) 12: 51-57, 1993. 

188. Loiselle DS, Stienen GJM, Van Hardeveld C, Van Der Meulen ET, Zahalak GI, Daut J, and Elzinga G. 
The effect of hyperosmolarity on the rate of heat production of quiescent trabeculae isolated from 
the rat heart J Gen Physiol 108: 497-514, 1996. 

189. Loiselle DS, Wendt IR, and Hoh JFY. Energetic consequences of thyroid-modulated shifts in 
ventricular isomyosin distribution in the rat. J Muscle Research and Cell Motility 3: 5-23, 1982. 

190. Lombardi V, Piazzesi G, Reconditi M, Linari M, Lucii L, Stewart A, Sun Y-B, Boesecke P, Narayanan 
T, Irving T, and Irving M. X-ray diffraction studies of the contractile mechanism in single muscle 
fibres. Philosophical Transactions of the Royal Society of London Series B: Biological Sciences 359: 
1883-1893, 2004. 

191. Lompre AM, Mercadier JJ, Wisnewsky C, Bouveret P, Pantaloni C, D'Albis A, and Schwartz K. 
Species- and age-dependent changes in the relative amounts of cardiac myosin isoenzymes in 
mammals. Developmental Biology 84: 286-290, 1981. 

192. Lou F, Curtin NA, and Woledge RC. Distinguishing metabolic heat from condensation heat during 
muscle recovery. J Exp Biol 201: 2553-2558, 1998. 

193. Mahler M, Louy C, Homsger E, and Peskoff A. Reappraisal of diffusion, solubility, and consumption 
of oxygen in frog skeletal muscle, with applications to muscle energy balance J Gen Physiol 86: 105-
134, 1985. 

194. Maier LS, Bers DM, and Pieske B. Differences in Ca2+-handling and sarcoplasmic reticulum Ca2+-
content in isolated rat and rabbit myocardium. J Mol Cell Cardiol 32: 2249-2258, 2000. 

195. Maier LS, Brandes R, Pieske B, and Bers DM. Effects of left ventricular hypertrophy on force and 
Ca2+ handling in isolated rat myocardium. Am J Physiol 274: H1361-H1370, 1998. 



References 

 

219 

 

196. Mallet RT, and Sun J. Mitochondrial metabolism of pyruvate is required for its enhancement of 
cardiac function and energetics. Cardiovascular Research 42: 149-161, 1999. 

197. Mast F, and Elzinga G. Heat released during relaxation equals force-length area in isometric 
contractions of rabbit papillary muscle. Circ Res 67: 893-901, 1990. 

198. Mast F, and Elzinga G. Recovery heat production of isolated rabbit papillary muscle at 20°C. 
Pflügers Archiv European Journal of Physiology 411: 600-605, 1988. 

199. Mast F, Woledge RC, and Elzinga G. Analysis of thermopile records from contracting isolated 
cardiac muscle. American Journal of Physiology - Heart and Circulatory Physiology 259: H1601-
H1605, 1990. 

200. McMahon WS, Mukherjee R, Gillette PC, Crawford FA, and Spinale FG. Right and left ventricular 
geometry and myocyte contractile processes with dilated cardiomyopathy: myocyte growth and β-
adrenergic responsiveness. Cardiovascular Research 31: 314-323, 1996. 

201. Meiss RA, and Sonnenblick EH. Dynamic elasticity of cardiac muscle as measured by controlled 
length changes. Am J Physiol 226(6): 1370-1381, 1974. 

202. Mellors LJ, and Barclay CJ. The energetics of rat papillary muscles undergoing realistic strain 
patterns. Journal of Experimental Biology 204: 3765-3777, 2001. 

203. Mellors LJ, Gibbs CL, and Barclay CJ. Comparison of the efficiency of rat papillary muscles during 
afterloaded isotonic contractions and contractions with sinusoidal length changes. Journal of 
Experimental Biology 204: 1765-1774, 2001. 

204. Mercadier JJ, Lompre AM, Wisnewsky C, Samuel JL, Bercovici J, Swynghedauw B, and Schwartz K. 
Myosin isoenzyme changes in several models of rat cardiac hypertrophy. Circulation Research 49: 
525-532, 1981. 

205. Merx MW, Flö gel U, Stumpe T, Gödecke A, Decking UKM, and Schrader J. Myoglobin facilitates 
oxygen diffusion. The Faseb Journal 15: 1077-1079, 2001. 

206. Mijailovich SM, Fredberg JJ, and Butler JP. On the theory of muscle contraction: filament 
extensibility and the development of isometric force and stiffness. Biophysical Journal 71: 1475-
1484, 1996. 

207. Mitchell PJ, and Murray JD. Facilitated diffusion: The problem of boundary conditions. Radiation 
and Environmental Biophysics 9: 177-190, 1973. 



References 

 

220 

 

208. Moll W. The diffusion coefficient of myoglobin in muscle homogenate. Pflügers Arch 299: 247-251, 
1968. 

209. Monasky MM, and Janssen PML. The positive force-frequency relationship is maintained in 
absence of sarcoplasmic reticulum function in rabbit, but not in rat myocardium. J Comp Physiol B 
179: 469-479, 2009. 

210. Monasky MM, Varian KD, Davis JP, and Janssen PML. Dissociation of force decline from calcium 
decline by preload in isolated rabbit myocardium. Pflügers Archiv European Journal of Physiology 
456: 267-276, 2008. 

211. Monroe RG. Myocardial oxygen consumption during ventricular contraction and relaxation. 
Circulation Research 14: 294-300, 1964. 

212. Montini J, Bagby GJ, and Spitzer JJ. Importance of exogenous substrates for the energy production 
of adult rat heart myocytes. Journal of Molecular and Cellular Cardiology 13: 903-911, 1981. 

213. Morii I, Kihara Y, Inoko M, and Sasayama S. Myocardial Contractile Efficiency and Oxygen Cost of 
Contractility Are Preserved During Transition From Compensated Hypertrophy to Failure in Rats 
With Salt-Sensitive Hypertension. Hypertension 31: 949-960, 1998. 

214. Morii I, Kihara Y, Konishi T, Inubushi T, and Sasayama S. Mechanism of the negative force-
frequency relationship in physiologically intact rat ventricular myocardium - studies by intracellular 
Ca2+ monitor with indo-1 and by 31P-nuclear magnetic resonance spectroscopy. JPN Circ J 60: 593-
603, 1996. 

215. Mubagwa K, Lin W, Sipido K, Bosteels S, and Flameng W. Monensin-induced reversal of positive 
force-frequency relationship in cardiac muscle: role of intracellular sodium in rest-dependent 
potentiation of contraction. J Mol Cell Cardiol 29: 977-989, 1997. 

216. Mulieri LA, Barnes W, Leavitt BJ, Ittleman FP, LeWinter MM, Alpert NR, and Maughan DW. 
Alterations of myocardial dynamic stiffness implicating abnormal crossbridge function in human 
mitral regurgitation heart failure. Circ Res 90: 66-72, 2002. 

217. Mulieri LA, Hasenfuss G, Ittleman F, Blanchard EM, and Alpert NR. Protection of human left 
ventricular myocardium from cutting injury with 2,3-butanedione monoxime. Circ Res 65: 1441-
1449, 1989. 

218. Murray JD. On the Molecular Mechanism of Facilitated Oxygen Diffusion by Haemoglobin and 
Myoglobin. Proceedings of the Royal Society of London Series B, Biological Sciences 178: 95-110, 
1971. 



References 

 

221 

 

219. Murray JD. On the role of myoglobin in muscle respiration. Journal of Theoretical Biology 47: 115-
126, 1974. 

220. Myhre ES, Johansen A, Bjornstad J, and Piene H. The effect of contractility and preload on 
matching between the canine left ventricle and afterload. Circulation 73: 161-171, 1986. 

221. Neely JR, Liebermeister H, Battersby EJ, and Morgan HE. Effect of pressure development on 
oxygen consumption by isolated rat heart. American Journal of Physiology 212: 804-814, 1967. 

222. Negretti N, O'Neill SC, and Eisner DA. The relative contributions of different intracellular and 
sarcolemmal systems to relaxation in rat ventricular myocytes. Cardiovasc Res 27: 1826-1830, 
1993. 

223. Negroni JA, and Lascano EC. A cardiac muscle model relating sarcomere dynamics to calcium 
kinetics. Journal of Molecular and Cellular Cardiology 28: 915-929, 1996. 

224. Negroni JA, and Lascano EC. Simulation of steady state and transient cardiac muscle response 
experiments with a Huxley-based contraction model. Journal of Molecular and Cellular Cardiology 
45: 300-312, 2008. 

225. Nielsen PMF, and Hunter IW. Identification of the time-varying properties of the heart. In: Glass, L, 
Hunter, P J, Mcculloch, A  - Theory of the heart: biomechanics, biophysics, and nonlinear dynamics. 
New York: Springer-Verlag, 1991, p. 77-86. 

226. Niesler RA, Fouche J, and Peiser FE. The measurement of heat production, mechanical power, and 
oxygen consumption of the isolated working rat heart. Basic Research in Cardiology 80: 564-579, 
1985. 

227. Nishimura S, Yasuda S, Katoh M, Yamada KP, Yamashita H, Saeki Y, Sunagawa K, Nagai R, Hisada 
T, and Sugiura S. Single cell mechanics of rat cardiomyocytes under isometric, unloaded, and 
physiologically loaded conditions. American Journal of Physiology - Heart and Circulatory Physiology 
287: H196-H202, 2004. 

228. Nozawa T, Cheng CP, Noda T, and Little WC. Relation between left ventricular oxygen consumption 
and pressure-volume area in conscious dogs. Circulation 89: 810-817, 1994. 

229. Nozawa T, Yasumura Y, Futaki S, Tanaka N, and Suga H. No significant increase in O2 consumption 
of KCl-arrested dog heart with filling and dobutamine. American Journal of Physiology - Heart and 
Circulatory Physiology 255: H807-H812, 1988. 

230. Pagani ED, and Julian FJ. Rabbit papillary muscle myosin isozymes and the velocity of muscle 
shortening. Circulation Research 54: 586-594, 1984. 



References 

 

222 

 

231. Page E, and Solomon AK. Cat Heart Muscle in Vitro. I. Cell volumes and intracellular concentrations 
in papillary muscle. J Gen Physiol 44: 327-344, 1960. 

232. Papadopoulos S, Endeward V, Revesz-Walker B, Jürgens KD, and Gros G. Radial and longitudinal 
diffusion of myoglobin in single living heart and skeletal muscle cells PNAS 98: 5904-5909, 2001. 

233. Papadopoulos S, Jürgens KD, and Gros G. Diffusion of myoglobin in skeletal muscle cells - 
dependence on fibre type, contraction and temperature. Pflügers Arch - Eur J Physiol 430: 519-525, 
1995. 

234. Park-Holohan SJ, West T, Woledge R, Ferenczi M, Barclay C, and Curtin N. Effect of phosphate and 
temperature on force exerted by white muscle fibres from dogfish. Journal of Muscle Research and 
Cell Motility 31: 35-44, 2010. 

235. Peterson JN, Hunter WC, and Berman MR. Control of segment length or force in isolated papillary 
muscle: an adaptive approach. American Journal of Physiology - Heart and Circulatory Physiology 
256: H1726-H1734, 1989. 

236. Peterson JN, Hunter WC, and Berman MR. Estimated time course of Ca2+ bound to troponin C 
during relaxation in isolated cardiac muscle. American Journal of Physiology - Heart and Circulatory 
Physiology 260: H1013-H1024, 1991. 

237. Piene H, and Sund T. Does normal pulmonary impedance constitute the optimum load for the right 
ventricle? American Journal of Physiology - Heart and Circulatory Physiology 242: H154-H160, 1982. 

238. Piene H, and Sund T. Flow and power output of right ventricle facing load with variable input 
impedance. American Journal of Physiology - Heart and Circulatory Physiology 237: H125-H130, 
1979. 

239. Pinto JG, and Win R. Non-uniform strain distribution in papillary muscles. Am J Physiol 233: H410-
H416, 1977. 

240. Raman S, Kelley MA, and Janssen PML. Effect of muscle dimensions on trabecular contractile 
performance under physiological conditions. Pflügers Arch - Eur J Physiol 451: 625-630, 2006. 

241. Reese JB, Shirhatti V, Singh Y, and Krishna G. Daunomycin inhibits the uptake of adenine, amino 
acids, and glucose into cardiac myocytes. Toxicology and Applied Pharmacology 88: 105-112, 1987. 

242. Rice JJ, Winslow RL, and Hunter WC. Comparison of putative cooperative mechanisms in cardiac 
muscle: length dependence and dynamic responses. American Journal of Physiology - Heart and 
Circulatory Physiology 276: H1734-H1754, 1999. 



References 

 

223 

 

243. Rouleau J-L, Paradis P, Shenasa H, and Juneau C. Faster time to peak tension and velocity of 
shortening in right versus left ventricular trabeculae and papillary muscles of dogs. Circulation 
Research 59: 556-561, 1986. 

244. Rubinow SI, and Dembo M. The facilitated diffusion of oxygen by hemoglobin and myoglobin. 
Biophysical Journal 18: 29-42, 1977. 

245. Saito D, Tani H, Kusachi S, Uchida S, Ohbayashi N, Marutani M, Maekawa K, Tsuji T, and Haraoka 
S. Oxygen metabolism of the hypertrophic right ventricle in open chest dogs. Cardiovascular 
Research 25: 731-739, 1991. 

246. Sakata S, Lebeche D, Sakata N, Sakata Y, Chemaly ER, Liang LF, Tsuji T, Takewa Y, del Monte F, 
Peluso R, Zsebo K, Jeong D, Park WJ, Kawase Y, and Hajjar RJ. Restoration of mechanical and 
energetic function in failing aortic-banded rat hearts by gene transfer of calcium cycling proteins. 
Journal of Molecular and Cellular Cardiology 42: 852-861, 2007. 

247. Sands G, Goo S, Gerneke D, LeGrice I, and Loiselle D. The collagenous microstructure of cardiac 
ventricular trabeculae carneae. Journal of Structural Biology 173: 110-116, 2011. 

248. Sands GB, Gerneke DA, Hooks DA, Green CR, Smaill BH, and Legrice IJ. Automated imaging of 
extended tissue volumes using confocal microscopy. Microsc Res Tech 67: 227-239, 2005. 

249. Sathish V, Xu A, Karmazyn M, Sims SM, and Narayanan N. Mechanistic basis of differences in 
Ca2+-handling properties of sarcoplasmic reticulum in right and left ventricles of normal rat 
myocardium. American Journal of Physiology - Heart and Circulatory Physiology 291: H88-H96, 
2006. 

250. Savio-Galimberti E, and Ponce-Hornos JE. Effects of caffeine, verapamil, lithium and KB-R7943 on 
mechanics and energetics of rat myocardial bigeminies. Am J Physiol Heart Circ Physiol 290: H613-
H623, 2006. 

251. Schenkman KA. Cardiac peformance as a function of intracellular oxygen tension in buffer-perfused 
hearts. Am J Physiol Heart Circ Physiol 281: H2463-H2472, 2001. 

252. Schmidt U, JHajjar RJ, Helm PA, Kim CS, Doye AA, and Gwathmey JK. Contribution of abnormal 
sarcoplamic reticulum ATPase activity to systolic and diastolic dysfunction in human heart failure. J 
Mol Cell Cardiol 30: 1929-1937, 1998. 

253. Schouten VJA, and ter Keurs HEDJ. The force-frequency relationship in rat myocardium: the 
influence of muscle dimensions. Pflügers Arch 407: 14-17, 1986. 



References 

 

224 

 

254. Schouten VJA, and ter Keurs HEDJ. Role of ICa and Na+/Ca2+ exchange in the force-frequency 
relationship of rat heart muscle. J Mol Cell Cardiol 23: 1039-1050, 1991. 

255. Schramm M, Klieber HG, and Daut J. The energy expenditure of actomyosin-ATPase, Ca2+-ATPase 
and Na+, K+-ATPase in guinea-pig cardiac ventricular muscle. J Physiol 481.3: 647-662, 1994. 

256. Sipido KR, Stankovicova T, Flameng W, Vanhaecke J, and Verdonck F. Frequency dependence of 
Ca2+ release from the sarcoplasmic reticulum in human ventricular myocytes from end-stage heart 
failure. Cardiasvasc Res 37: 478-488, 1998. 

257. Smith G, and Steele D. Inorganic phosphate decreases the Ca2+ content of the sarcoplamic 
reticulum in saponin-treated rat cardiac trabeculae. J Physiol 458: 457-473, 1992. 

258. Solaro RJ, and Rarick HM. Troponin and Tropomyosin : Proteins That Switch on and Tune in the 
Activity of Cardiac Myofilaments. Circ Res 83: 471-480, 1998. 

259. Sørhus V, Sys SU, Natåns A, Demolder MJ, and Angelsen BAJ. Controlled auxotonic twitch in 
papillary muscle: a new computer-based control approach. Computers and Biomedical Research 33: 
398-415, 2000. 

260. Spurgeon HA, Thorne PR, Yin FCP, Shock NW, and Weisfeldt ML. Increased dynamic stiffness of 
trabeculae carneae from senescent rats. Am J Physiol 232(4): H373-H380, 1977. 

261. Stemmer P, and Akera T. Concealed positive force-frequency relationships in rat and mouse 
cardiac muscle revealed by ryanodine. Am J Physiol Heart Circ Physiol 251: H1106-H1110, 1986. 

262. Stienen GJ, Roosemalen MC, Wilson MG, and Elzinga G. Depression of force by phosphate in 
skinned skeletal muscle fibers of the frog. American Journal of Physiology - Cell Physiology 259: 
C349-C357, 1990. 

263. Stuyvers BDMY, McCulloch AD, Guo J, Duff HJ, and ter Keurs HEDJ. Effect of stimulation rate, 
sarcomere length and Ca2+ on force generation by mouse cardiac muscle. J Physiol 544: 817-830, 
2002. 

264. Stuyvers BDMY, Miura M, and ter Keurs HEDJ. Dynamics of viscoelastic properties of rat cardiac 
sarcomeres during the diastolic interval: involment of Ca2+. J Physiol 502.3: 661-677, 1997. 

265. Suga H. Relaxing ventricle performs more external mechanical work than quickly released elastic 
energy. European Heart Journal 1: 131-137, 1980. 



References 

 

225 

 

266. Suga H. Total mechanical energy of a ventricle model and cardiac oxygen consumption. American 
Journal of Physiology - Heart and Circulatory Physiology 236: H498-H505, 1979. 

267. Suga H, Goto Y, Nozawa T, Yasumura Y, Futaki S, and Tanaka N. Force-time integral decreases with 
ejection despite constant oxygen consumption and pressure-volume area in dog left ventricle. 
Circulation Research 60: 797-803, 1987. 

268. Suga H, Hayashi T, and Shirahata M. Ventricular systolic pressure-volume area as predictor of 
cardiac oxygen consumption. American Journal of Physiology - Heart and Circulatory Physiology 
240: H39-H44, 1981. 

269. Suga H, Hayashi T, Suehiro S, Hisano R, Shirahata M, and Ninomiya I. Equal oxygen consumption 
rates of isovolumic and ejecting contractions with equal systolic pressure-volume areas in canine 
left ventricle. Circulation Research 49: 1082-1091, 1981. 

270. Suga H, Hisano R, Hirata S, Hayashi T, Yamada O, and Ninomiya I. Heart rate-independent 
energetics and systolic pressure-volume area in dog heart. American Journal of Physiology - Heart 
and Circulatory Physiology 244: H206-H214, 1983. 

271. Syme DA. The efficiency of frog ventricular muscle. Journal of Experimental Biology 197: 143-164, 
1994. 

272. Syrovy I, Delcayre C, and Swynghedauw B. Comparison of ATPase activity and light subunits in 
myosins from left and right ventricles and atria in seven mammalian species. Journal of Molecular 
and Cellular Cardiology 11: 1129-1135, 1979. 

273. Szigligeti P, Pankucsi C, Bányász T, Varró A, and Nánási PP. Action potential duration and force-
frequency relationship in isolated rabbit, guinea pig and rat cardiac muscle. Journal of Comparative 
Physiology B: Biochemical, Systemic, and Environmental Physiology 166: 150-155, 1996. 

274. Taberner AJ, Hunter IW, Kirton RS, Nielsen PMF, and Loiselle DS. Characterization of a flow-
through microcalorimeter for measuring the heat production of cardiac trabeculae. Review of 
Scientific Instruments 76: 104902-104901:104907, 2005. 

275. Takaoka H, Takeuchi M, Odake M, Hata K, Hayashi Y, Mori M, and Yokoyama M. Depressed 
contractile state and increased myocardial consumption for non-mechanical work in patients with 
heart failure due to old myocardial infarction. Cardiovascular Research 28: 1251-1257, 1994. 

276. Takaoka H, Takeuchi M, Odake M, Hayashi Y, Hata K, Mori M, and Yokoyama M. Comparison of 
hemodynamic determinants for myocardial oxygen consumption under different contractile states 
in human ventricle. Circulation 87: 59-69, 1993. 



References 

 

226 

 

277. Takaoka H, Takeuchi M, Odake M, and Yokoyama M. Assessment of myocardial oxygen 
consumption (VO2) and systolic pressure–volume area (PVA) in human hearts. European Heart 
Journal 13: 85-90, 1992. 

278. Takeda K, Haraoka S, and Nagashima H. Myocardial oxygen metabolism of the right ventricle with 
volume loading and hypoperfusion. Jpn Circ J 51: 563-572, 1987. 

279. Takewa Y, Chemaly ER, Takaki M, Liang LF, Jin H, Karakikes I, Morel C, Taenaka Y, Tatsumi E, and 
Hajjar RJ. Mechanical work and energetic analysis of eccentric cardiac remodeling in a volume 
overload heart failure in rats. American Journal of Physiology - Heart and Circulatory Physiology 
296: H1117-H1124, 2009. 

280. Tang L, Gao W, and Taylor PB. Force-frequency response in isoproterenol-induced hypertrophied 
rat heart. European J Pharmacology 318: 349-356, 1996. 

281. Taubert K, Willerson JT, Shapiro W, and Templeton GH. Contraction and resting stiffness of 
isolated cardiac muscle: effects of inotropic agents. Am J Physiol 232(3): H275-H282, 1977. 

282. Taylor DG, Parilak LD, LeWinter MM, and Knot HJ. Quantification of the rat left ventricular force 
and Ca2+-frequency relationship: similarities to dog and human. Cardiovasc Res 61: 77-86, 2004. 

283. Taylor TW, Goto Y, Hata K, Takasago T, Saeki A, Nishioka T, and Suga H. Comparison of the cardiac 
force-time integral with energetics using a cardiac muscle model. Journal of Biomechanics 26: 1217-
1225, 1993. 

284. Taylor TW, Goto Y, and Suga H. Variable cross-bridge cycling-ATP coupling accounts for cardiac 
mechanoenergetics. American Journal of Physiology - Heart and Circulatory Physiology 264: H994-
H1004, 1993. 

285. Templeton GH, III DTC, Mitchell JH, and Hefner LL. Dynamic stiffness of papillary muscle during 
contraction and relaxation. Am J Physiol 224(3): 692-698, 1973. 

286. ter Keurs HEDJ. Electromechanical coupling in the cardiac myocyte; stretch-arrhythmia feedback. 
Pflügers Archiv European Journal of Physiology 462: 165-175, 2011. 

287. ter Keurs HEDJ, Rijnsburger WH, van Heuningen R, and Nagelsmit MJ. Tension development and 
sarcomere length in rat cardiac trabeculae. Evidence of length-dependent activation. Am Heart 
Association Circ Res 46: 703-714, 1980. 

288. Terui T, Shimamoto Y, Yamane M, Kobirumaki F, Ohtsuki I, Ishiwata S, Kurihara S, and Fukuda N. 
Regulatory mechanism of length-dependent activation in skinned porcine ventricular muscle: role 



References 

 

227 

 

of thin filament cooperative activation in the Frank-Starling relation. The Journal of General 
Physiology 136: 469-482, 2010. 

289. Theisohn M, Friedrich M, Justus P, Guttler K, and Klaus W. Heat production and oxygen 
consumption of the isolated rabbit heart: their relations to mechanical function. Basic Res Cardiol 
72: 19-33, 1977. 

290. Tong CW, Gaffin RD, G. ZD, and Muthuchamy M. Roles of phosphorylation of myosin binding 
protein-C and troponin I in mouse cardiac muscle twitch dynamics. J Physiol 558.3: 927-941, 2004. 

291. Toorop GP, Van den Horn GJ, Elzinga G, and Westerhof N. Matching between feline left ventricle 
and arterial load: optimal external power or efficiency. American Journal of Physiology - Heart and 
Circulatory Physiology 254: H279-H285, 1988. 

292. Tsuji T, Ohga Y, Yoshikawa Y, Sakata S, Abe T, Tabayashi N, Kobayashi S, Kohzuki H, Yoshida K-I, 
Suga H, Kitamura S, Taniguchi S, and Takaki M. Rat cardiac contractile dysfunction induced by Ca2+ 
overload: possible link to the proteolysis of α-fodrin. American Journal of Physiology - Heart and 
Circulatory Physiology 281: H1286-H1294, 2001. 

293. van den Horn G, Westerhof N, and Elzinga G. Optimal power generation by the left ventricle. A 
study in the anesthetized open thorax cat. Circulation Research 56: 252-261, 1985. 

294. van den Horn GJ, Westerhof N, and Elzinga G. Feline left ventricle does not always operate at 
optimum power output. American Journal of Physiology - Heart and Circulatory Physiology 250: 
H961-H967, 1986. 

295. van der Laarse WJ, des Tombe AL, van Beek-Harmsen BJ, Lee-de Groot MBE, and Jaspers RT. 
Krogh’s diffusion coefficient for oxygen in isolated Xenopus skeletal muscle fibers and rat 
myocardial trabeculae at maximum rates of oxygen consumption J Appl Physiol 99: 2173-2180, 
2005. 

296. van der Velden J, Klein LJ, Zaremba R, Boontje NM, Huybregts MAJM, Stooker W, Eijsman L, de 
Jong JW, Visser CA, Visser FC, and Stienen GJM. Effects of Calcium, Inorganic Phosphate, and pH 
on Isometric Force in Single Skinned Cardiomyocytes From Donor and Failing Human Hearts. 
Circulation 104: 1140-1146, 2001. 

297. van Heuningen R, Rijnsburger WH, and ter Keurs HE. Sarcomere length control in striated muscle. 
American Journal of Physiology - Heart and Circulatory Physiology 242: H411-H420, 1982. 

298. van Stroe AJ, and Janssen LJJ. Determination of the diffusion coefficient of oxygen in sodium 
chloride solutions with a transient pulse technique. Analytica Chimica Acta 279: 213-219, 1993. 



References 

 

228 

 

299. Varian KD, and Janssen PML. Frequency-dependent acceleration of relaxation involves decreased 
myofilament calcium sensitivity. Am J Physiol Heart Circ Physiol 292: H2212-H2219, 2007. 

300. Varian KD, Kijtawornrat A, Gupta SC, Torres CAA, Monasky MM, Hiranandani N, Delfin DA, 
Rafael-Fortney JA, Periasamy M, Hamlin RL, and Janssen PML. Impairment of Diastolic Function by 
Lack of Frequency-Dependent Myofilament Desensitizationin Rabbit Right Ventricular Hypertrophy. 
Circulation: Heart Failure 2: 472-481, 2009. 

301. Varian KD, Raman S, and Janssen PML. Measurement of myofilament calcium sensitivity at 
physiological temperature in intact cardiac trabeculae. Am J Physiol Heart Circ Physiol 290: H2092-
H2097, 2006. 

302. Vendelin M, Bovendeerd PHM, Arts T, Engelbrecht J, and van Campen DH. Cardiac 
Mechanoenergetics Replicated by Cross-Bridge Model. Annals of Biomedical Engineering 28: 629-
640, 2000. 

303. Wakabayashi K, Sugimoto Y, Tanaka H, Ueno Y, Takezawa Y, and Amemiya Y. X-ray diffraction 
evidence for the extensibility of actin and myosin filaments during muscle contraction. Biophysical 
Journal 67: 2422-2435, 1994. 

304. Wang G-Y, McCloskey DT, Turcato S, Swigart PM, Simpson PC, and Baker AJ. Contrasting inotropic 
responses to α1-adrenergic receptor stimulation in left versus right ventricular myocardium. 
American Journal of Physiology - Heart and Circulatory Physiology 291: H2013-H2017, 2006. 

305. Wang G, and Kawai M. Force generation and phosphate release steps in skinned rabbit soleus 
slow-twitch muscle fibers. Biophysical Journal 73: 878-894, 1997. 

306. Wannenburg T, Schulman SP, and Burkhoff D. End-systolic pressure-volume and MVO2-pressure-
volume area relations of isolated rat hearts. American Journal of Physiology - Heart and Circulatory 
Physiology 262: H1287-H1293, 1992. 

307. Ward M-L, Crossman D, Loiselle DS, and Cannell MB. Non-steady-state calcium handling in failing 
hearts from the spontaneously hypertensive rat. Pflügers Archiv European Journal of Physiology 
460: 991-1001, 2010. 

308. Ward M-L, Pope AJ, Loiselle DS, and Cannell MB. Reduced contraction strength with increased 
intracellular [Ca2+] in left ventricular trabeculae from failing rat hearts. J Physiol 546: 537-550, 
2003. 

309. Widén C, and Barclay CJ. ATP splitting by half the cross-bridges can explain the twitch energetics of 
mouse papillary muscle. J Physiol 573: 5-15, 2006. 



References 

 

229 

 

310. Widén C, and Barclay CJ. Resting metabolism of mouse papillary muscle. Pflugers Arch - Eur J 
Physiol 450: 209-216, 2005. 

311. Winer BJ. Statistical principles in experimental design. McGraw-Hill, Inc., 1971. 

312. Wittenberg JB. Myoglobin-facilitated oxygen diffusion: role of myoglobin in oxygen entry in muscle. 
Physiol Rev 50: 559-636, 1970. 

313. Woledge RC, Curtin NA, and Homsher E. Energetic Aspects of Muscle Contraction. London: 
Academic Press, 1985. 

314. Woledge RC, and Reilly PJ. Molar enthalpy change for hydrolysis of phosphorylcreatine under 
conditions in muscle cells. Biophys J 54: 97-104, 1988. 

315. Wolff MR, de Tombe PP, Harasawa Y, Burkhoff D, Bier S, Hunter WC, Gerstenblith G, and Kass DA. 
Alterations in left ventricular mechanics, energetics, and contractile reserve in experimental heart 
failure. Circulation Research 70: 516-529, 1992. 

316. Wyman J. Facilitated Diffusion and the Possible Role of Myoglobin as a Transport Mechanism. 
Journal of Biological Chemistry 241: 115-121, 1966. 

317. Yadid M, and Landesberg A. Stretch increases the force by decreasing cross-bridge weakening rate 
in the rat cardiac trabeculae. Journal of Molecular and Cellular Cardiology 49: 962-971, 2010. 

318. Yamashita H, Sugiura S, Serizawa T, Sugimoto T, Iizuka M, Katayama E, and Shimmen T. Sliding 
velocity of isolated rabbit cardiac myosin correlates with isozyme distribution. American Journal of 
Physiology - Heart and Circulatory Physiology 263: H464-H472, 1992. 

319. Yasumura Y, and Suga H. Crossbridge model compatible with the linear relation between left 
ventricular oxygen consumption and pressure-volume area. Jpn Heart J 29: 335-347, 1988. 

320. Yoshikawa Y, Hagihara H, Ohga Y, Nakajima-Takenaka C, Murata K, Taniguchi S, and Takaki M. 
Calpain inhibitor-1 protects the rat heart from ischemia-reperfusion injury: analysis by mechanical 
work and energetics. American Journal of Physiology - Heart and Circulatory Physiology 288: 
H1690-H1698, 2005. 

321. Zong P, Tune JD, and Downey HF. Mechanisms of oxygen demand/supply balance in the right 
ventricle. Exp Biol Med 230: 507-519, 2005. 

 


