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Key Points Summary

We assessed the energetic consequence of contraction of cardiac muscle samples in vitro
experiencing the in vivo hemodynamic impedance of the arterial system.

We compared it to that measured with a conventional experimental method where muscle
shortening during contraction is constrained to remain at a constant force and is arbitrarily
defined.

Our impedance-loading method does not constrain the dynamics of muscle shortening and,
hence, allows muscles to describe their natural shortening dynamics while performing
force-length work and liberating heat.

We found that impedance-loaded cardiac muscles shortened more slowly and produced greater
work output, and force, than during conventional shortening. These obtained with negligible
changes in the extent of shortening and heat production, thereby yielding greater mechanical
efficiency.

This study reveals that differences in the shortening kinetics of the cardiac cycle can impact
muscle efficiency in performing mechanical work.
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Abstract

Conventional experimental methods for studying cardiac muscle in vitro often do not expose the tissue
preparations to a mechanical impedance that resembles the in vivo hemodynamic impedance dictated
by the arterial system. That is, the afterload in work-loop contraction is conventionally simplified to be
constant throughout muscle shortening, and at a magnitude arbitrarily defined. This conventional
afterload does not capture the time-varying interaction between the left ventricle and the arterial
system. We have developed a contraction protocol for isolated tissue experiments that allows the
afterload to be described within a Windkessel framework that captures the mechanics of the large
arteries and peripheral arterial resistance. We compared energy expenditure of isolated rat
left-ventricular trabeculae undergoing the two different protocols of force-length work-loop
contractions: conventional versus Windkessel loading. Mechanical work and heat liberation were
assessed, and mechanical efficiency quantified. We found that both extent of shortening and heat
output were unchanged between protocols, but peak shortening velocity was 39.0 % lower and peak
work output was 21.8 % greater when muscles contracted against the Windkessel afterload than against
the conventional isotonic afterload. The greater work led to a 25.2 % greater mechanical efficiency. Our
findings highlight that the mechanoenergetic performance of cardiac muscles in vitro may have been
constrained by the conventional, arbitrary, loading method. A Windkessel loading protocol, by contrast,
unleashes more cardiac muscle mechanoenergetic potential and allows improved investigation of the
effects of arterial hemodynamics.
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Introduction

Beat-by-beat ventricular contraction is characterised by pressure-volume loops consisting of four
sequential phases: isovolumic contraction, after-loaded ejection, isovolumic relaxation and diastolic
refilling. The ejection phase, including its transition from and to its adjacent phases, is of particular
interest as its mechanics are closely coupled to the dynamics of the arterial system. The resistance and
compliance of the large arteries, and the downstream impedance of the peripheral arterial systems,
affect the extent and timing of pressure developed by the ventricles. The energy stored during systole in
the large elastic arteries is then dissipated by the blood throughout the arterial system during diastole
This coupling between the ventricle and the arterial system was first described by Frank (Frank, 1899)
(translated into English (Sagawa et al., 1990)) with the use of a 2-element Windkessel model comprising
an arterial compliance (C) and a peripheral resistance (Rp). This 2-element model was later expanded to
include a third element in order to capture the characteristic aortic impedance (Z;) (Westerhof et al.,
1969; Westerhof et al., 2009). The 3-element Windkessel model has since formed part of experimental
or analytical protocols for the study of left-ventricular (Elzinga & Westerhof, 1973; Suga & Sagawa, 1977;
Elzinga & Westerhof, 1980; Sunagawa et al., 1982; Sunagawa et al., 1983; Maughan et al., 1984;
Sunagawa et al., 1985; Midei et al., 1987; De Tombe et al., 1993) and right-ventricular (Lankhaar et al.,
2006; Saouti et al., 2010; Chemla et al., 2015; Fukumitsu et al., 2016) physiology in healthy and diseased
(Sunagawa et al., 1983; Fukumitsu et al., 2016) whole-hearts.

When studying isolated muscle samples using trabeculae (Goo et al., 2009; Han et al., 2010; Taberner et
al., 2010; Taberner et al., 2011a), papillary muscles (Hisano & Cooper, 1987; Layland et al., 1995; Sorhus
et al.,, 2000; Mellors & Barclay, 2001; Mellors et al., 2001; Barclay et al., 2003) or individual
cardiomyocytes (Iribe et al., 2007; Iribe et al., 2014; Helmes et al., 2016), the force-length work-loops
also consist of four sequential phases to resemble the pressure-volume loop in vivo: isometric
contraction, afterloaded shortening, isometric relaxation and diastolic re-lengthening. The conventional
method to achieve force-length work-loops involves controlling muscle length during the afterloaded
shortening phase in order to maintain a constant value of force, arbitrarily chosen by the
experimentalist. This simplified method results in ‘flat-topped’ force-length work-loops. These loops do
not fully reflect the dynamic, time-varying, nature of the ejection phase that is modulated by
ventricular-arterial coupling in vivo, typically exemplified by the dynamic, curved nature of the ejection
trajectory of the pressure-volume loop. Crucially, a trabecula that is constrained to follow a ‘flat-topped’
shortening trajectory may not fully realise its potential to produce mechanical work, nor operate at its
maximum energetic efficiency.

Loading protocols using 3-element Windkessel impedance loads have been adopted in isolated tissue
experiments, using pre-calculated loads, to evaluate cardiac muscle mechanics (Elzinga & Westerhof,
1981, 1982; de Tombe & Little, 1994). The current study extends the use of 3-element Windkessel
impedance loads in isolated tissue experiments to encompass energetics by determining muscle energy
efficiency from the ratio of work to the sum of work and active heat. Our model-based loading protocol
incorporates a 3-element Windkessel model of vascular impedance (Garrett et al., 2017; Garrett et al.,
2019). This impedance, computed in real-time, rather than pre-calculated, gives rise to force-length
shortening profiles that better mimic the dynamic pressure-volume ejection profiles. This study
compares cardiac mechano-energetic performance of isolated trabeculae between that which arises
when contracting against a 3-element Windkessel model with that which arises when they are subjected



112  to perform the conventional ‘flat-topped’ work-loops. Muscle mechano-energetic performance was
113 assessed over a wide range of loads by varying the model parameter governing the arterial peripheral
114 resistance.



115

116

117
118
119
120
121
122
123
124

125
126
127
128
129
130
131

132

133
134
135
136
137
138
139
140

141
142
143
144

145
146
147
148
149
150
151

Methods
The Work-Loop calorimeter

Experiments were conducted using a work-loop calorimeter (Taberner et al., 2005; Han et al., 2009;
Taberner et al., 2011a, b). This device consists of a borosilicate glass measurement chamber (internal
dimensions 1 mm square) inserted in a block of thermally conductive gold-plated copper. In each
experiment, a trabecula was suspended between two platinum hooks in the measurement chamber and
supplied with a constant flow of oxygen- and nutrient-rich Tyrode superfusate. Thermopile sensors
mounted below and external to the measurement chamber generated a voltage proportional to the
temperature increase of the superfusate as it flowed over the trabecula. The increased temperature of
the superfusate was proportional to the rate of heat-release by the muscle.

A linear voice-coil motor, connected to the upstream hook, controlled muscle length. Muscle force
development was measured using a cantilever-based force transducer connected to the downstream
hook. Bending of the cantilever and the position of the linear motor were measured by a laser
interferometer system. A LabVIEW RealTime and field-programmable gate array (FPGA) system houses
the control architecture, which enables the performance of a range of contraction modes including
isometric contractions (no shortening), and two shortening contractions: conventional
constant-afterload (‘flat-top’) work-loops and Windkessel-loaded work-loops.

Conventional versus Windkessel work-loop loading

Isometric contractions, where muscle length was controlled to remain unchanged throughout a twitch,
were achieved by compensating for the tiny deflection of the force transducer downstream with the
upstream length-motor. In the conventional flat-top work-loop control mode, on elicitation of a muscle
twitch, isometric force was allowed to develop to a user-selected, constant, afterload. The controller
then transitioned to isotonic mode, thereby allowing the muscle to shorten at that constant afterload
until the muscle could no longer sustain the afterload. At this point, the controller transitioned to
isometric mode to allow the muscle force to dissipate, whereupon the muscle was re-stretched to its
initial length.

A detailed description of our Windkessel loading technique has been published previously (Garrett et al.,
2017; Garrett et al., 2019). Briefly, a 3-element Windkessel transfer function (Zyx) was used to model
the flow impedance experienced by the left ventricle, dictated by the mechanics of the large arteries
and peripheral arterial system. The impedance transfer function of the model is as follows:

(ZcRpC)S + (ZC + Rp)
(RPC)S+ 1

Zyk(s) =

The impedance is equivalent to an electrical low-pass filter containing two resistors and a capacitor. In
this analogy, voltage and current are analogous to pressure and blood flow rate, respectively. The model
was parameterised by the characteristic aortic impedance (Z,, Pa-s-m®), the arterial compliance
(C, m*Pa™) and the peripheral resistance (Rp, Pa-s‘m?), the values of which were adapted from our
previous study (Garrett et al., 2019). For any ventricular pressure, this impedance transfer function was
used to predict, in real-time, a corresponding ventricular outflow rate. The predicted outflow rate was
then scaled using Laplace’s Law, and used to control the rate of muscle shortening. Muscle re-stretch
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rate was the same as that used for the conventional work-loop to provide consistency between
protocols, where muscle length was returned to L, at a modelled ‘flow rate’ into the ‘ventricle’,
transformed to muscle length via Laplace’s Law. The model, encoded in a combination of software and
hardware, was computed at a rate of 20 kHz, and used to control muscle length throughout each twitch.

Experimental procedure

Animal handling and euthanasia were performed in accordance with a protocol approved by The
University of Auckland’s Animal Ethics committee (reference number 002006). Four male Wistar rats (10
weeks old, 250 g to 300 g) were used. Prior to euthanasia, each rat was injected with heparin (1000
IU kg'). Euthanasia was achieved via isoflurane (5% in O,) and cervical dislocation. The heart was
excised and immediately plunged into a chilled Tyrode solution. The aorta was cannulated and the
vasculature Langendorff-perfused with Tyrode solution at room temperature. The Tyrode perfusate
contained 130 mM NaCl, 6 mM KCI, 1 MgCl,, 0.5 mM NaH,P0O,;, 10 mM HEPES, 10 mM glucose with
addition of 0.3 mM CacCl; and 20 mM 2,3-butanedione monoxime, and pH of 7.4 by using Tris.

The heart was opened along the septal boundary and trabeculae dissected from the left ventricle. A
suitably-sized trabecula was mounted onto hooks and advanced into the measurement chamber of the
calorimeter. Superfusate containing Tyrode solution and 1.5 mM CaCl, was supplied at a constant flow
rate of 0.55 uL/s. Contraction of the trabecula was induced via electrical field stimulation at a rate of
2 Hz. When muscle force had reached steady state, the muscle was stretched gradually to reach the
optimal length (L,) to achieve maximal active force production. Muscle dimensions, including L, and the
major and minor diameters, were measured using a microscope graticule. These dimensions were
utilised to inform the Windkessel model as well for post-experimental data processing. The entire
work-loop calorimeter was enclosed in an insulated chamber to minimise thermal fluctuations and
optical disturbances. The ambient temperature within the enclosure was maintained at 32 °C. The
combination of the rate of flow of superfusate, the rate of contraction, and temperature ensured
sufficient muscle oxygenation (Han et al., 2011).

Experimental interventions

Each trabecula was presented with both the conventional ‘flat-topped’ work-loop and the Windkessel
model-based work-loop protocols. In the conventional work-loop protocol, the trabecula contracted
isometrically until the force reached a user-defined afterload. The length controller then allowed the
muscle to shorten isotonically at constant afterload until the force was no longer sustainable by the
muscle. Isometric relaxation commenced and force diminished, prior to the muscle being re-stretched to
its initial length in time for the next twitch. In the Windkessel-loaded work-loop protocol, the afterload
was defined by using a 3-element model of vascular impedance, encoded in LabVIEW Hardware and
Software control architecture, to compute changes in trabecula length throughout each twitch. These
then dictated the corresponding trabecula length, which was imposed by a linear voice-coil motor.

A series of Windkessel work-loops was performed by decrementing the peripheral resistance term in six
steps from a ‘high’ impedance load (800 GPa.s.m®) to a ‘low’ impedance load (50 GPa.s m?),
interspersed with isometric contractions. The muscle was allowed to reach steady state at each
work-loop and isometric contraction intervention. Isometric contractions were performed at
decrements of length in 5-6 steps until active force was no longer detectable in order to obtain the
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isometric force-length relation. Muscle force and length were recorded throughout, simultaneous with
muscle heat rate.

The recorded heat rate measured upon muscle contraction contained three components: active heat,
change of basal heat, and electrical stimulus heat artefact. Hence, subsequent to the active contraction
intervention, two additional interventions were required in order to accurately reveal the active heat
output of the contracting muscle. Firstly, the electrical stimulation was halted to allow muscle
quiescence. The resting trabecula was subjected to a series of length-change interventions to obtain
data on the change of basal heat rate, which we have previously shown to be length- and
velocity-dependent (Garrett et al., 2020; Garrett et al., 2021). These data were needed to compensate
for the change of basal heat rate that occurs with a change of length, even the in absence of work
production. Secondly, the heat artefact arising from electrical stimulation of the muscle was determined
by measuring the heat signal in the measurement chamber with the mounting hooks in place, but in the
absence of the muscle. The active heat rate was revealed during each afterloaded work-loop contraction
by subtracting from the measured heat rate signal the change of basal heat rate and the stimulus heat
artefact.

Experimental design and muscle geometry

In total, n = 6 trabeculae isolated from four rat hearts were studied. Three were presented with the
flat-topped work-loop intervention prior to the Windkessel work-loop intervention, while the other
three received the converse order. Trabeculae, on average, had a minor diameter of 353 um + 20 um, a
major diameter of 390 um x 20 um, and L, of 3.24 mm £ 0.11 mm, giving an average cross-sectional area
of 0.109 mm? + 0.0099 mm? and volume of 0.354 mm? + 0.0357 mm?>.

Data processing

Force was converted to stress by division with mean muscle cross sectional area. Muscle length was
expressed relative to its optimal value (L/L,). Work output was computed as the integral of stress with
respect to length throughout a twitch, equivalent to the area of the stress-length work-loop. The extent
of muscle shortening was given by the width of the work-loop. To calculate muscle heat rate, the
thermopile voltage was corrected for stimulus heat and changes in basal heat, as described above, and
then divided by the product of the thermopile sensitivity (4000 V/W). Muscle heat per twitch was
calculated by further division by the stimulus frequency (2 Hz). Mechanical efficiency was calculated as
the ratio of work to the sum of work and active heat, where the denominator signifies the change of
enthalpy.

Statistical Analyses

Data were plotted as functions of either the normalised end-systolic stress (with respect to isometric
maxima), muscle length (relative to optimal length) or peripheral resistance (R,). Data points were fitted
using polynomial regression, and the regression lines were averaged within contraction type
(flat-topped and Windkessel) using the Random Coefficient Model implemented in the SAS software
package. Peak values of variables were averaged and superimposed on the averaged regression lines,
presented as mean * standard error. Significant differences between peak values of variables were
tested between contraction type using the paired T-test, and declared when p < 0.05.
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Results

We compared flat-topped (conventional) with Windkessel loading methods on cardiac muscle
mechanoenergetics. For the conventional loading protocol, trabeculae were subjected to 6 different
‘constant’ afterloads. For Windkessel loading, a series of Windkessel work-loops was performed by
altering the peripheral resistance term in the Windkessel transfer function model. Figure 1 shows a
typical experimental record of simultaneous measurement of twitch stress production and rate of active
heat output from a representative trabecula, experiencing Windkessel loading. Rate of muscle active
heat production (i.e. power) was calculated from the thermopile signal after first correcting for stimulus
heat and changes in basal heat rate. Electrical stimulation commenced and the trabecula contracted
isometrically until steady state (I1SO), at which point the contraction mode was switched to ‘work-loop’
at a high afterload (labelled ‘AF1’). Isometric contractions were performed, interspersed with work-
loops at different afterloads. Heat rate decreased with decreasing afterload from ‘AF1’ (R, = 800
GPa.s.m™) to ‘AF6’ (R, =50 GPa.s.m™).

In Figure 2, parametric plots of the steady-state twitches and length change yielded stress-length
work-loops. The Windkessel work-loops exemplified (Figure 2C) the effect of the dynamic nature of the
model-based load. These ‘curve-topped’ loops each display a shortening trajectory that arises from the
implementation of modelled loads while mimicking the effect of the ventricular-arterial coupling which
arises in vivo. By comparison, the conventional work-loops were flat-topped, consequent to the
constant-force loads (Figure 2F).

The difference in the work-loop profiles between the two types of loading was further exemplified when
the flat-topped (red) and Windkessel-loaded (blue) loops were superimposed in Figure 3A. The
end-systolic points of the work-loops were fitted by quadratic regression to obtain the work-loop
end-systolic stress-length relations for both contraction modes (Figure 3B). In Figure 3C, the end-systolic
stress-length relations averaged from six trabeculae were not different between the Windkessel and the
conventional work-loop contractions.

Closer examination of the shortening dynamics during loops at lowest load, for the same muscle as
shown in Figure 3, provides a striking comparison, as shown in Figure 4. Although they may occasionally
occur coincidentally, work-loops with comparable shortening cannot be directly prescribed by the
experimentalist, as the afterload in Windkessel-loading arises from the peripheral resistance term, and
is not explicitly controlled. A coincidentally matched afterload is exemplified by the two work-loops
shown in Figure 4A-C. Despite similar afterloads, the times at end-systole (annotated by triangles) were
different, but the times at end-contraction (annotated by filled circles) were closer between the two
loading methods (Figure 4A-B). Figure 4D displays both the time to end-systole and the time to
end-contraction, plotted as functions of end-systolic length normalised to L, for a representative muscle.
On average across the six trabeculae, there was a significant difference in the time to end-systole (p <
0.0001) but with no difference in the time to end-contraction (p = 0.612) between the two loading types
(Figure 4E). These results indicate that trabeculae under the Windkessel loading protocol shortened at a
lower velocity of shortening than under the conventional loading protocol (Figure 5). The average peak
velocity of shortening was 2.56 s +0.14 s under the conventional loading but was 1.56 s* +0.13 s
under the Windkessel loading (Figure 5B), representing a difference of 39.0 % + 5.0 % (p = 0.00514).
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The increased stress development during shortening of the Windkessel work-loops yielded a greater
work output, corresponding to the area of each work-loop. This result is revealed when work output is
plotted as a function of end-systolic stress in Figure 6A and B, where the peak value of work output was
greater under the Windkessel work-loop contraction than under the conventional work-loop contraction
(0.84 kl/m* + 0.09 ki/m? versus 0.70 kJ/m? + 0.1 kJ/m>; p = 0.00422). Heat output and enthalpy output
were not different between the two work-loop contraction protocols (Figure 6C and D). Consequently,
mechanical efficiency, quantified as the ratio of work to enthalpy, was greater under the Windkessel
work-loop contraction than under the conventional work-loop contractions (peak value 17.8 % + 2.1 %
versus 14.4 %+ 1.8 %; p = 0.0369; Figure 6F). The relative end-systolic stress at which peak work
occurred (namely the optimal end-systolic stress) was significantly lower under the Windkessel protocol
than under the conventional work-loop contraction protocols (Figure 6B). The optimal relative
end-systolic stress for peak work was 0.50 £ 0.02 under the Windkessel and 0.55 = 0.03 under the
conventional work-loop protocols (p = 0.0281). However, peak mechanical efficiency occurred at the
optimal end-systolic stress (Figure 6F) of 0.41 +0.02 versus 0.45 % 0.03 (p = 0.0610). These data are
summarised in Figure 7 and expressed as fold-change, where the peak work was 21.8 % + 4.7 % greater
and the peak mechanical efficiency was 25.2 % + 8.4 % greater under the Windkessel than under the
conventional work-loop contractions. Figure 7E and F show, respectively, the work at peak efficiency
(0.810 kJ/m* + 0.088 kJ/m* versus 0.664 kJ/m’> + 0.096 ki/m* p = 0.00429), and the heat at peak
efficiency (4.06 kJ/m> + 0.60 kJ/m? versus 4.14 ki/m® + 0.51 kJ/m’>; p = 0.730), expressed as fold changes.

Figure 8 displays work, heat, enthalpy and mechanical efficiency as functions of peripheral resistance
(Rp) for the Windkessel work-loop contractions. The optimal R, for peak work and for peak mechanical
efficiency were interpolated from the curves and, have magnitudes of 174 GPa.s/m?+ 25 GPa.s/m?® and
74 GPa.s/m’ + 20 GPa.s/m’, respectively.
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Figure 1: Simultaneous measurements of muscle stress and active heat rate. Data arose from a representative
trabecula developing twitch stress (A) while liberating heat (B) upon 2-Hz electrical stimulation. Contraction mode
alternated between isometric (‘1ISO’) and Windkessel work-loop over six afterloads from a high impedance (‘AF1’,
corresponding to a peripheral resistance of 800 GPa.s.m®) to a low impedance (‘AF6’, corresponding to a
peripheral resistance of 50 GPa.s.m™). Within each contraction period, steady states of both twitch stress (A) and
heat rate (B) were attained. A single twitch at steady state from each work-loop contraction period is shown in
Figure 2A. Electrical stimulation was turned off at approximately 790 s and the muscle returned to quiescence.
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Figure 2: Comparison of Windkessel work-loops and conventional work-loops. Comparison is made from single
steady-state, overlaid, twitches on the stress-time plane (A and D) and on the length-time plane (B and E), where
the parametric plots reveal the stress-length work-loops (C and F). The Windkessel work-loops were achieved by
changing the parameter governing the peripheral resistance, thereby varying the afterload. The labels ‘ISO’
(isometric), ‘AF1’ (high afterload) and ‘AF6’ (low afterload) are consistent with those in Figure 1. The conventional
work-loops were achieved simply by setting different constant stresses (static afterloads). At all six afterloads, the
Windkessel work-loops each had a shortening trajectory that was time-varying whereas the conventional
work-loops maintained constant force throughout the shortening profile.



312

313
314
315
316
317
318
319
320
321
322
323

Atp
081 /)
4
Al
06} L1
oS j»
0.4

(L

0.2t d
L-ﬁl"

0 La——e——"

08 085 09 0985 1
ol

L,

Figure 3: Mechanics of Windkessel work-loop (blue) and conventional (flat-topped) work-loop (red)
contractions. Stress and length are normalised to the peak values at optimal length (L,). Data in A and B have been
plotted from the same trabecula as in Figure 2. The average regression lines from all 6 trabeculae are plotted in C.
The stress-length work-loops in Panel A are the same data as in Figure 2C and 2F, but have been normalised to
peak stress and superimposed to show differences between Windkessel loading (blue) and conventional loading
(red). The black lines denote the isometric total stress-length relation (top) and the isometric passive stress-length
relation (bottom), fitted to the data points using quadratic regression. Both isometric stress-length relations (black)
in Panel A are reproduced in Panel B, along with the end-systolic points of the work-loop (red and blue points)
which have also been fitted using quadratic regression. The regression lines were averaged across all 6 trabeculae
and are plotted in Panel C, where no statistical difference was detected between the work-loop end-systolic
relations arising from Windkessel loading and conventional loading.
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Figure 4: Time-course of muscle shortening during work-loop contractions. In Panels A-C, the data from the
lowest afterload in Figure 2 between Windkessel (blue) and conventional (red) loading protocols are
superimposed. The triangles indicate the time at end-systole (the end of muscle shortening), whereas the circles
indicate the time to end of contraction when active stress production had ceased. Note that following isometric
relaxation (at around 0.17 s; at the onset of the circles), the rate of muscle re-stretch was controlled to be the
same for the two loading protocols. In Panel D, the two time-points (triangles and circles) were calculated for all
afterloads and for six muscles, plotted as functions of relative end-systolic length (L/L,) and fitted with linear
regression. Statistical significance between the regression lines from Windkessel (blue) and conventional (red)
loading type is indicated by the asterisk.
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Figure 5: Velocity of shortening during Windkessel (blue) and conventional (red) work-loop contractions as
functions of End-Systolic Stress. Data from a representative trabecula are shown in Panel A, and the average
regression lines from all 6 trabeculae are plotted in Panel B. Velocity of shortening has been normalised to the
optimal length (L,) of trabeculae, and-plotted against active end-systolic stress (ESS) relative to the optimal active
stress at L,. Velocity of shortening was computed from the twitch length profile (Figures 2B and 2E) as the maximal
slope during the relaxation phase. Statistical significances between the peak velocity of shortening including the
velocity-ESS regression lines from Windkessel (blue) and conventional (red) loading type is indicated by the
asterisk. Panel C describes the fold-change for peak shortening velocity, displayed as means with standard errors
normalised to the conventional loading (Conv.). Normalised peak velocity for each of the 6 trabeculae is paired
between the two loading protocols (Conv: conventional; WK: Windkessel). The asterisk indicates a significantly
lower peak velocity of shortening under the Windkessel loading in relation to that under the conventional loading.
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Figure 6: Mechanical efficiency of Windkessel (blue) and conventional (red) work-loop contractions. Data from a
representative trabecula are shown in the left Panels (A, C and E), and the average regression lines from all 6
trabeculae are plotted in the right Panels (B, D and F). Work was quantified by integrating twitch stress with
respect to length throughout the time course of each work-loop twitch, which denotes the area within each
work-loop in Figure 3. Enthalpy is the sum of work and heat. Mechanical efficiency is the ratio of work to enthalpy.
Data points are fitted using linear regression for heat (broken lines C and D), quadratic regression for enthalpy
(solid lines in C and D), and cubic regression, constrained at the origin, for both work (A and B) and efficiency (E
and F). All regression lines are drawn to commence at relative passive stress (0.2-0.3). End-systolic stress (ESS) was
normalised to the peak stress obtained under isometric contractions at L,. Standard errors of means are
superimposed at peak values for each dependent variable. Statistical significance between Windkessel (blue) and
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conventional (red) work-loop contractions are declared for both peak work (B) and peak mechanical efficiency (F),
as indicated by the asterisks. The optimal end-systolic stress at which peak work occurred is significantly lower
under the Windkessel than the conventional work-loop contractions (0.50 £ 0.02 versus 0.55+0.03 relative
end-systolic stress). However, the optimal end-systolic stress at which peak efficiency occurred is not significantly
different between loading protocols (0.41 + 0.02 versus 0.45 * 0.03 relative end-systolic stress; p = 0.0610).
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Figure 7: Fold-change of mechano-energetic indices from conventional loading to Windkessel loading. In all
panels, mechano-energetic indices (calculated from Figure 6) from the Windkessel (WK) loading are normalised to
those from the conventional (Conv.) loading. Data points are from all 6 muscles, each paired between the two
loading types. Bars indicate means t standard errors. Statistical significance between the two loading types is
indicated by an asterisk. Panels A and C display the peak values for work and efficiency. Panels B and D show the
optimal afterloads at which peak values for work and efficiency occur. Panels E and F show the work and the heat
at the optimal afterload at which peak efficiency occurs. In panel D, p-value for the difference in fold change is
0.0610.
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Figure 8: Energetics of Windkessel work-loop contractions as functions of peripheral resistance. Data from a
representative trabecula are shown in the left panels (A, C and E), and the average regression lines from all 6
trabeculae are plotted in the right panels (B, D and F). Work, enthalpy, and mechanical efficiency (defined as in
Figure 6) are displayed as functions of peripheral resistance (Ry). Each trabecula was subjected to the same range
of peripheral resistance (R,) and, hence, dependent variables (and their means and standard errors) can be plotted
as functions of the independent variable, R,. Data points are fitted using quadratic regression for enthalpy (C and

D), using cubic regression for both work (A and B) and efficiency (E and F). The blue error bars in B and F are the
interpolated peak values.
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Discussion

In this study, we extend the use of the loading method based on a 3-element Windkessel model of the
systemic arterial system to investigate cardiac mechanoenergetics in isolated trabeculae. By
approximating, in real time, the arterial impedance experienced by the ventricle in vivo, an impedance
load reflecting the haemodynamics of the arterial system is applied to cardiac muscle in vitro. This
model-based loading allows, for the first time, for the evaluation of the effects of arterial
haemodynamics on the mechanoenergetics of isolated trabeculae. Comparing the conventional and
Windkessel loading methods, trabeculae invitro liberated the same amount of active heat and
underwent the same extent of shortening, over a wide range of afterloads prescribed by changing the
model term governing peripheral resistance. However, with Windkessel loads, trabeculae developed
greater stress during shortening, and shortened more slowly. Overall, with Windkessel loads, trabeculae
accrued a 22 % increase in the peak work output, and, in consequence, contracted at a 25 % increase in
peak mechanical efficiency.

Extension of previous Windkessel-loading protocols: Loading methods using 3-element Windkessel
impedance loads have been previously reported in whole-heart experiments (Suga & Sagawa, 1977,
Elzinga & Westerhof, 1980; Sunagawa et al., 1982; Sunagawa et al., 1983; Maughan et al., 1984;
Sunagawa et al., 1985; Midei et al., 1987; De Tombe et al., 1993; Fukumitsu et al., 2016) and in isolated
tissue experiments (Elzinga & Westerhof, 1981, 1982; de Tombe & Little, 1994). However, the applied
loads have been either fluid-air systems, or have been pre-calculated, utilising physical electronic circuits
or computational simulation offline. Moreover, in some of the previous studies, the resulting
contraction was applied only to a single twitch, and not until steady state of force production upon a
change of loading condition is achieved. In comparison, our real-time computation application in this
study imposes fully-parameterised and real-time-computed loads.

Selection of Windkessel parameters: In the comparison between loading methods, numeric values for
the three Windkessel model parameters were selected in order to perform a comparable range of
work-loops which spanned from afterloads in the vicinity of passive stress to afterloads approaching the
isometric stress. Initial values for C (compliance), Z. (characteristic impedance) and R, (peripheral
resistance) were adapted from our previous study where we have investigated the effects of each of the
three model parameters, individually and the variation of all three in concert (Garrett et al., 2019). As Z,
and C have much smaller effects on the magnitude of the impedance load, these two parameters were
held constant in the current study (C = 32 pm*-Pa™ and Z, = 5 GPa-s‘m™). Instead, varying R, alone (from
50 GPa-s'm™ to 800 GPa-s-m?) resulted in a range of work-loops that spanned the range of the end-
systolic force-length relation, allowing for comparison to the conventional loading method (Figure 2).

Windkessel loading increases efficiency: By applying a model-based loading method, we observed an
average increase of 22 % in the peak work output. However, this increase in work was not accompanied
by an increase in the heat output of the muscle, nor was the extent of shortening compromised in order
to achieve the elevated work output. This indifference of heat on the dynamics of shortening indicates
that, while the energy consumption of the contractile elements is dependent on load and extent of
shortening, it is not dependent on the dynamics of the shortening achieved under these loads. The
cross-bridges consume the same energy, liberate the same amount of heat, yet achieve more work.
Protocol-independent heat output is not entirely surprising on two fronts. First, the two loading
protocols result in the same total twitch duration where the time to full relaxation from the onset of
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contraction is the same. Second, they result in the same end-systolic stress-length relation (Figure 3C)
and the same heat-stress relation (Figure 6D). The increase of work output for the same heat output
provides a 25 % increase in the mechanical efficiency. This increased mechanical efficiency to a peak
value of 18 % is closer to that measured from the working-heart (after accounting appropriately for
basal oxygen consumption) - 21 % (Han et al., 2014). The lower efficiency arising during the conventional
loading method implies that this protocol does not realise the full force-length work potential of the
muscle, such that it is unnaturally constrained to operate at a lower efficiency. We discuss below that
the greater efficiency from Windkessel loading reflects the higher force of shortening, which is achieved
with a lower rate of shortening and affects the kinetics of relaxation.

Shortening characteristics: We evaluated muscle shortening during work-loop contractions using four
distinct indices. The first index is the trajectory profile of shortening. As a consequence of the time-
varying nature of the Windkessel model, muscle shortening occurs along a trajectory that produces
work-loops with curved shortening profiles (Figure 2). These dynamic shortening profiles resemble the
pressure-volume ejection profiles exhibited by the ventricle observed in vivo (Sunagawa et al., 1985; De
Tombe et al., 1993), which is unlike the conventional loading method that constraints the shortening
trajectory to constant loads (‘flat-top’). The dynamic nature of the ejection curve in vivo arises from the
mechanical coupling between the pressure-driving ventricle and the compliant arterial system
downstream. The large proximal arteries, acting as a filter, smooth out large ventricular cyclic pressure
oscillations, thereby providing a more steady pressure source for the downstream arterial system
(Westerhof et al., 2009). These ejection mechanics in vivo are replicated for isolated trabeculae under
our Windkessel loading, as is evident in the resulting curved shortening trajectory.

The second index we used to characterise muscle shortening was its extent of shortening, taken as the
width of each work-loop. Under the Windkessel loads, despite a dynamic, curved, shortening trajectory,
the extent of shortening achieved is not different from that obtained under the conventional constant
load. This reveals that the greater force developed during shortening under the Windkessel loading did
not compromise the extent of shortening. This behaviour yields the same end-systolic stress-length
relations (Figure 3). Note that the end-systolic stress-length relations from the two work-loop
contractions are different from that obtained from the isometric contraction (Figure 3), which is
consistent with the concept of cardiac contraction mode-dependency (Han et al., 2019; Tran et al.,
2020), which holds that a work-loop contraction that causes muscle shortening has its end-systolic point
located below that of the isometric contraction.

The curved shortening trajectory, along with the same extent of shortening achieved in the Windkessel
work-loop contraction versus the conventional work-loop contraction, prompts us to evaluate the time
to reach end-systole. This third index for characterising muscle shortening reveals that trabeculae under
Windkessel loading took longer to reach end-systole than when under the conventional loading
(Figure 4). This finding suggests that the trabeculae shorten at a lower rate under the Windkessel
loading. We therefore characterise muscle shortening by quantifying the velocity of shortening, and
find, unsurprisingly, that this fourth index is indeed lower under Windkessel loading (Figure 5).

What is surprising to us, however, is that muscles shortening against the Windkessel load exhibit a
different velocity-stress relation. We are aware that a different, lower, velocity-stress relation can be
obtained at a lowered preload (Strauer, 1973; Gulch & Jacob, 1975; Tran et al., 2020), at a reduced
inotropic state (Tran et al., 2020), at a lower temperature (de Tombe & ter Keurs, 1990), or from
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muscles of different ventricular origin (Brooks et al., 1987; Pham et al., 2017), or those that have a larger
proportion of the beta isozyme comprising the myosin heavy chain (Brooks et al., 1987; Han et al.,
2021). Our experimental conditions meet none of these criteria. We thus consider that it is solely the
difference in the control schemes employed in the two loading protocols that allows the difference in
the position of the velocity-stress relation. Our thinking is supported by a previous study (Gillebert et al.,
1989) following our detailed scrutiny of their experimental records. Although not explicitly quantified,
their raw experimental data show a lower velocity of shortening immediately ensues upon an increase
in load during the shortening phase of the work-loop twitch. Whereas they employed the conventional
loading protocol, which resulted in flat-top work-loop, clamping of the load to increase the force at the
early, medium, and late time-points during the shortening phase all resulted in a decrease in the
gradient of the length-time traces, suggesting a decrease in the velocity of shortening. Hence, their
results and ours demonstrate that different loadings during the shortening phase affect the velocity of
muscle shortening.

Taking all these four indices together in characterising muscle shortening, we show that the Windkessel
load, owing to its dynamic nature, results in trabeculae developing greater force, over and above the
force achieved under conventional loading. Greater force is associated with muscle shortening at a
lower rate, thereby spending more time during shortening and taking longer to reach end-systole. In
comparison, the conventional “flat-top’ loading protocol, where muscle length is controlled to maintain
a constant force of shortening, shortens the muscle rapidly, and restricts it from developing force as
high as that achieved during the Windkessel loading.

Relaxation characteristics: An interesting characteristic was obtained during the relaxation phase of
work-loop. The total time to relaxation from onset of contraction remains unchanged despite the two
distinct loading protocols affecting the time to end-systole (Figure 4). Thus, the slower shortening phase
induced by the Windkessel loading is followed by a faster isometric relaxation phase than for the
conventional loading, resulting in no difference in the time to full relaxation from the onset of
contraction. The faster isometric relaxation phase does not appear to be a consequence of the
difference in the timing of re-stretch of the two loading schemes, where the conventional loading
re-stretches muscle immediately after complete relaxation, whereas the Windkessel loading allows the
muscle to remain at end-systolic length for a longer period of time (Figure 4B). Note that under each of
the two loading protocols, the rate of muscle re-stretch, dictated by a constant filling flow rate to the
‘ventricle’ in the model, is the same for both loading protocols. In both cases, we have allowed the
muscle to relax fully prior to re-stretching.

The faster relaxation under the Windkessel loading seems to be a consequence of the higher force
development during shortening. We are aware of studies demonstrating that cardiac muscle relaxation
is sensitive to load. In our experiments, each muscle underwent isometric relaxation, consistently
between the two loading protocols. In contrast, isotonic relaxation can be achieved by fully
re-lengthening muscle following end-systole, i.e., stretching of the muscle back to its initial length
before complete relaxation. The resultant work-loop twitch has a prolonged ‘flat-top’ region given the
re-lengthening to maintain the constant afterload following end-systole. This isotonic relaxation method
directly modifies the relaxation pattern to demonstrate that a stretch is necessary to accelerate
relaxation (Lecarpentier et al., 1979; Brutsaert et al., 1980; Goethals et al., 1980; Brutsaert & Sys, 1988).
Isotonic relaxation can also be achieved by re-stretching the muscle at variable rates following
end-systole. Such isotonic relaxation also directly modifies the relaxation pattern and reveals that
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myocardial relaxation is sensitive to strain rate (Chung et al., 2017; Chung, 2019). The consistent finding
from these isotonic relaxation methods is that a delayed end-systole accelerates relaxation. Our results,
from isometric relaxation, are in agreement that the delayed end-systole under the Windkessel loading
accelerates relaxation. These data illustrate the sensitivity of muscle relaxation to load, and support our
assertion that the faster relaxation under the Windkessel loading accompanies higher force production
during shortening.

A link to the whole-heart: By computing and applying a dynamic afterload based on a Windkessel
model, parameterised by measureable biophysical properties of the arterial system and
ventricular-arterial coupling, the effects of changing model parameters can now be explored. Here, we
demonstrate the exploration of varying the peripheral resistance term (R,) in the modelled load to
perform a wide range of work loops, where the work and efficiency can now be expressed as functions
of this model parameter (Figure 8). The resulting relationships exhibit a relatively sharp peak at low
values of R,, that decays with increasing R,, aligning with those observed in whole-heart impedance
loading experiments (Westerhof & Elzinga, 1978; Piene & Sund, 1979; Piene, 1984; van den Horn et al.,
1984; Sunagawa et al., 1985; van den Horn et al., 1985; Elzinga & Westerhof, 1991; De Tombe et al.,
1993). Plotting measured mechanoenergetic variables in the whole-heart studies have allowed
understanding of the interaction and matching between the left ventricle and the arterial impedance
load. Our experimental approach now allows in vitro investigation of the ways in which arterial
impedance parameters affect muscle work output and efficiency, while bridging the gap between
muscle and whole-heart experiments.

Conclusion

In conclusion, this study reveals that isolated trabeculae, when impeded by a load modelled on in vivo
arterial haemodynamics, realise more of their stress-length work potential, with increased mechanical
efficiency. By contrast, the conventional ‘flat-top’ work-loop protocol may have restricted the work
produced by the muscle, therefore constraining the muscle to operate at a lower efficiency. The
increased mechanical efficiency is achieved directly from the increased force during shortening at a
lower velocity without a change in the extent of shortening and heat production.
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