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Abstract

Isolated cardiac tissues allow a direct assessment of cardiac muscle function and enable precise control of experimental loading
conditions. However, current experimental methods do not expose isolated tissues to the same contraction pattern and cardio-
vascular loads naturally experienced by the heart. In this study, we implement a computational model of systemic-pulmonary im-
pedance that is solved in real time and imposed on contracting isolated rat muscle tissues. This systemic-pulmonary model
represents the cardiovascular system as a lumped-parameter, closed-loop circuit. The tissues performed force-length work-loop
contractions where the model output informed both the shortening and restretch phases of each work-loop. We compared the
muscle mechanics and energetics associated with work-loops driven by the systemic-pulmonary model with that of a model-
based loading method that only accounts for shortening. We obtained results that show simultaneous changes of afterload and
preload or end-diastolic length of the muscle, as compared with the static, user-defined preload as in the conventional loading
method. This feature allows assessment of muscle work output, heat output, and efficiency of contraction as functions of end-di-
astolic length. The results reveal the behavior of cardiac muscle as a pump source to achieve load-dependent work and effi-
ciency outputs over a wider range of loads. This study offers potential applications of the model to investigate cardiac muscle
response to hemodynamic coupling between systemic and pulmonary circulations in an in vitro setting.

NEW & NOTEWORTHY We present the use of a “closed-loop” model of systemic and pulmonary circulations to apply, for the first
time, real-time model-calculated preload and afterload to isolated cardiac muscle preparations. This method extends current experi-
mental protocols where only afterload has been considered. The extension to include preload provides the opportunity to investigate
ventricular muscle response to hemodynamic coupling and as a pump source across a wider range of cardiovascular loads.

cardiovascular; diastole; energetics; trabeculae; work-loop

INTRODUCTION

The process of isolatingmuscles from the ventricles for ex-
perimental purposes decouples them from the in vivo hemo-
dynamics of the body. Experimentalists thus attempt to
replicate physiological hemodynamic loads by imposing
contraction and shortening patterns ex vivo. In such experi-
ments, isolated muscle preparations are typically mounted
with one end attached to a length controller and the other to
a force transducer. The length controller manipulates mus-
cle length throughout each contraction, generally informed
by feedback from the force transducer. It is common practice
to design force-length controls that allow the muscle to gen-
erate force-length work-loops. Examples of these protocols
include constant afterload (1–4), sinusoidal (2, 5, 6), and
model-driven time-varying afterload (7–9) approaches. Such
force-length work-loop protocols are designed to recouple

isolated cardiac muscle preparations with the mechanical
impedance they experience in vivo.

However, these current approaches consider only the ven-
tricular ejection mechanics dictated by ventricular outflow
hemodynamics and make little attempt to simulate the
inflow hemodynamics associated with venous return. Thus,
only the shortening phase of the work-loop is replicated, an
approach that does not fully emulate in vivo conditions. In
vivo, left ventricular (LV) muscles are impeded by the “after-
load” of the systemic circulation and “preloaded” by the
mechanics of the right ventricle and pulmonary circulation.
The systemic impedance affects ventricular ejection and,
hence, shortening of LV muscles, whereas the pulmonary
systemmodulates ventricular refilling and, hence, restretch-
ing of LV muscles. In existing force-length work-loop proto-
cols, contributions from ventricular inflow hemodynamics
are ignored and, instead, isolated muscle preparations are
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restretched arbitrarily to a prescribed end-diastolic length.
Changes in ventricular output affect distribution of blood
throughout the system, impacting ventricular refilling. An
experimental work-loop loading protocol that can capture
the hemodynamics of the complete systemic-pulmonary
system is thus required to study isolated LV muscles in
vitro.

This study presents a method to recouple ex vivo LV tra-
beculae with the hemodynamics of the complete systemic-
pulmonary system using a real-time model. We developed a
real-time computational model that consists of a venous, ar-
terial, and pump compartment for each side of the circula-
tory system. The pressure in the active pump compartments
(ventricles) was calculated using the force generated by an
isolated trabecula in vitro, and the pressure in the remaining
venous and arterial compartments was computed from their
time-varying volume and elastance. Blood flow between
compartments resulted from the pressure gradients and
resistances to flow. The volume change of the left ventricular
compartment predicted by the model was then converted,
via Laplace’s law, to a length change that was immediately,
in real time, imposed on the trabecula.

As a case study, we compared the mechanoenergetics of
three example muscles observed during work-loops with a
“fixed end-diastolic length” protocol, contracting against a
three-element Windkessel model of only systemic afterload,
with those observed when the muscle experienced systemic-
pulmonary loads defined by our model. This novel experi-
mental approach enables, for the first time, the examination
of the hemodynamic coupling between arteries and ventric-
ular musculature in an in vitro setting.

METHODS

Constructing the Systemic-Pulmonary Model

The systemic-pulmonary hemodynamic framework (Fig.
1) used in this study to model the cardiovascular system
(CVs) consists of two active compartments: the left ventricle
(LV) and right ventricle (RV), and four passive compart-
ments: aorta (AO), vena cava (VC), pulmonary arterial (PA),
and pulmonary veins (PU).

Each compartment is described by its characteristic ela-
stance, which relates instantaneous pressure and volume
(10–12).

Between each compartment are resistors, which represent
the resistance to flow of the connecting arterial segments
and the inlet and outlet valves of the ventricle (Fig. 1). The
systemic portion includes aortic valve resistance (RAV), sys-
temic resistance (RSYS), and tricuspid valve resistance (RTC),
and the pulmonary portion consists of pulmonary valve re-
sistance (RPV), pulmonary resistance (RPUL), and mitral valve
resistance (RMT). The ventricular inlet and outlet valves are
modeled by a diode with zero forward pressure loss to ensure
one-way blood flow. For simplicity, neither interaction via
the septum between the two ventricles nor arterial inertia
was included. The properties of the atria were also not
included, as they make relatively small contributions to the
overall flow impedance and pressure distribution within the
enclosed system (13).

The pressure in the left ventricle was approximated using
the law of Laplace (14, 15)

PLV ¼ 2hF
rA

; ð1Þ

where F is the force generated by the muscle (trabecula) ex
vivo, A is the cross-sectional area of the trabecula, h repre-
sents an assumed thickness of the ventricle wall, and r is the
assumed radius of the ventricle. Right ventricular pressure
(PRV) was approximated by multiplying PLV by the ratio of
the RV-LV end-systolic elastance (Table 1). For each passive
compartment, the relationship between instantaneous pres-
sure (P) and volume (V) was related by its elastance (E)

Px ¼ ExVx ; ð2Þ
where the subscript x represents a passive elastic compart-
ment (i.e., AO, VC, PA, or PU). Flow Q between compart-
ments was determined by

Q ¼ Pup � Pdown

R
; ð3Þ

where Q is the flow rate of blood through the artery, R is the
resistance, Pup is the pressure in the upstream compartment,
and Pdown is the pressure in the downstream compartment.
The change of volume of each compartment (including the
ventricles) was determined from the flow rates in the arterial
sections on either side

dVx

dt
¼ Qin � Qout; ð4Þ

where dV/dt is the rate of change of volume with time and
Qin and Qout are the flow rates of blood into and out of the
compartment, respectively. To model the ventricular valves,
the flow through the valve was constrained to zero if the ven-
tricular compartments and Qin and Qout were constrained to
zero if Pdown exceeded Pup.

The total volume of the six-compartment system was di-
vided into stressed (VS) and unstressed (Vu) volumes. Vu is
the volume each compartment could contain without raising
the pressure above zero (11). VS is the total volume in each
compartment that exceeds Vu.

Implementing the Systemic-Pulmonary Model

The systemic-pulmonary model was implemented in real-
time software architecture to determine the change in mus-
cle length during both the shortening (systolic) phase and
the restretching (diastolic) phase of the work-loop. During
systole, the shortening phase is comparable to that induced
by a Windkessel load (7): when ventricular pressure over-
comes that in the aorta, shortening commences and the time
course and extent of shortening are determined by the
force production of the muscle and the pressure differen-
tial of the model. During diastole, the muscle relaxes and
when ventricular pressure in the model drops below that
of the pulmonary veins, the mitral valve opens, and
restretching occurs. The time course of this restretching is
determined by the flow rate into the ventricle (i.e., the
pressure difference) and the feedback of muscle passive
force as the muscle restretches, i.e., the end-diastolic
stress-length relation (EDSLR). For in silico validation
(APPENDIX) in the absence of a muscle, there was no need to
model the EDSLR.
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The systemic-pulmonary model was encoded in a real-
time control architecture (Fig. 2) within an experimental
device (work-loop calorimeter). A detailed description of
the design and architecture of our work-loop calorimeter
has been published previously (1). The pressures and vol-
umes of, and flow rates between, each compartment were
computed in real time at 20 kHz. The twitch force pro-
duced by the muscle in the work-loop calorimeter served
as the input to the systemic-pulmonary model, converted
using Laplace’s law:

P ¼ 2hr
r

; ð5Þ

where h is the thickness of the ventricle wall and r is the ra-
dius of the ventricle. The resulting volume changes from sys-
tolic ejection and diastolic filling of the left ventricle in the
model were then converted to ventricular radius (Eq. 6),
which is proportional tomuscle length (Eq. 7):

V ¼ 4
3
pr3; ð6Þ

L ¼ r

ro
Lo: ð7Þ

The maximum muscle length produced by the systemic-
pulmonary model was limited to optimal length (Lo) to
avoid overstretching the muscle. This output was used to
control the linear motor position and, therefore, muscle
length. A more detailed description of model implementa-
tion in the computational architecture has been outlined
previously (7).

Windkessel-Afterload Model

The performance of the systemic-pulmonary model was
compared with that of a three-element Windkessel model of
arterial afterload (highlighted portion in Fig. 1). This three-
element model (7) considered only the left ventricle and aor-
tic compartments (PLV and PAO) and the atrial valve and pul-
monary resistances (RAV and RMT), along with a parameter
representing arterial compliance (C). In this model, end-dia-
stolic length and restretch rate were constant and defined by
the experimentalist, rather than modeled as in the systemic-
pulmonarymodel.

Figure 1. A six-compartment model of the cardiovascular system. The systemic circulation (red) comprises three compartments representing the pres-
sure in the left ventricle (PLV), aorta (PAO), and vena cava (PVC) and three resistors (R) representing the aortic valve (RAV), systemic resistance (RSYS), and
the tricuspid valve (RTC). The pulmonary circulation (blue) also comprises three compartments representing the pressure in the right ventricle (RV), the
pulmonary artery (PPA), and pulmonary veins (PPU), and includes the pulmonary valve (RPV), pulmonary resistance (RMT), and mitral valve resistance (RMT).
Highlighted is the three-element Windkessel model that considers only the afterload.

Table 1. Parameters of the six-compartment cardiovas-
cular system model

Parameter Symbol Value Unit

Elastance end-systolic
Left ventricular EESLV 170m Pa·m�3

Right ventricular EESRV 40m Pa·m�3

Resistance
Aortic valve RAV 5G Pa·s·m�3

Systemic RSYS 175G Pa·s·m�3

Tricuspid valve RTC 2.5G Pa·s·m�3

Pulmonary valve RPV 3.38G Pa·s·m�3

Pulmonary RPUL 12.5G Pa·s·m�3

Mitral valve RMT 2.5G Pa·s·m�3

Compliance
Aortic CAO 32p m�3·Pa
Vena cava CVC 1.7 n m�3·Pa
Pulmonary artery CPA 0.32 n m�3·Pa
Pulmonary venous CPU 0.19 n m�3·Pa

Volume
Total Vt 24 mL
Stressed VS 3 mL
Unstressed Vu 21 mL
Initial left-ventricular VLV 0.23 mL
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Parameter Selection

Model parameters (Table 1) were adapted from simula-
tions of the human heart (11) and scaled to represent the rat
cardiovascular system based on the systemic Windkessel pa-
rameters used in a previous study (7). The scaled parameter
set was validated in silico (see Supplementary Material; all
Supplemental material is available at https://doi.org/10.17608/
k6.auckland.24116526). Model parameters RAV, CAO, and RSYS

are equivalent to the systemic Windkessel parameters Zc, C,
andRp, respectively.

Experimental Protocol

Animal handling and euthanasia were performed in ac-
cordance with the protocol approved by The University of
Auckland’s Animal Ethics committee (Ref. No. 002006).

In this methodology study, we conducted proof of concept
experiments using a left ventricular trabecula isolated from
a male rat heart. To demonstrate reproducibility, we further
studied two trabeculae isolated from two other male rats
(Wistar strain, 10 wk old, 250–300 g). We thus precluded con-
founding effects potentially arising from body size, age, or
from sex.

Each rat was anesthetized using isoflurane (5% in O2),
injected with heparin (1,000 IU·kg�1), and euthanized via cer-
vical dislocation. The heart was excised and immediately
plunged into a chilled Tyrode solution before the aorta was
cannulated, and the vasculature Langendorff perfused with
Tyrode’s solution at room temperature. The modified perfus-
ate contained (in mM) 130 NaCl, 6 KCl, 1 MgCl2, 0.5 NaH2PO4,
10HEPES, 10 glucose, 0.3 CaCl2, and 20 2,3-butanedionemon-
oxime (BDM). The pHwas adjusted to 7.4 using Tris.

The heart was opened along the septum, and trabeculae
were dissected from the left ventricle. An appropriately sized
trabecula wasmounted onto hooks in the work-loop calorim-
eter device and moved to the measurement chamber.
Superfusate containing Tyrode solution with 1.5 mM CaCl2
and no BDM was supplied at a constant flow rate of 0.55
lL·s�1. Contraction of the trabecula was induced via electri-
cal field stimulation at a rate of 2 Hz. Force was inferred by
measuring the deflection of a steel cantilever using laser
interferometry and muscle heat output was measured by
two thermopile sensors (1, 16). When muscle force had
reached a steady state, the muscle was stretched gradually to

reach its optimal length (Lo) to achieve maximal active force
production.

Muscle dimensions, including Lo and the major andminor
diameters, were measured using a microscope graticule. The
three trabeculae, on average, had diameters of 392±40 lm
(means ± SD) and perpendicular diameters of 376± 10 lm,
and Lo of 3.56±0.14 mm, giving an average cross-sectional
area of 0.115±0.012 mm2 and an average volume of
0.413±0.053 mm3. These dimensions were used to inform
the Windkessel model (Eq. 1) and to normalize force to stress
during postexperimental data processing.

The work-loop calorimeter was enclosed in an insulated
chamber to minimize thermal fluctuations and optical dis-
turbances. The ambient temperature within the enclosure
was maintained at 32�C using a proportional-integral-deriva-
tive temperature controller. This combination of the flow
rate of the superfusate, stimulus frequency, and temperature
ensured sufficientmuscle oxygenation (17).

Each muscle was presented with a mechanical impedance
computed from the systemic-pulmonary model. The muscle
was initially held under isometric conditions, then supplied
with systemic-pulmonary modeled loads from high (800
GPa·s·m�3) to low (50 GPa·s·m�3), with isometric contrac-
tions between each load. The muscle was then presented
with the conventional model at user-selected, constant, end-
diastolic lengths of Lo and 0.975 Lo for a range of RP values
(800 to 50 GPa·s·m�3). The same range of RSYS (RP) values
was used for both the systemic-pulmonary and conventional
models. Isometric stress-length and heat-stress relations
were alsomeasured by reducingmuscle length in steps.

After completing both the series of conventional model and
systemic-pulmonary work-loop contractions, the muscle was
rendered quiescent by halting stimulation. Experimental
interventions that involved a series of cyclical muscle length
change were performed, which was necessary to correct for
the length- and velocity-dependent change in basal heat
when determining active heat output (18, 19). Finally, the heat
artifact arising from electrical stimulation was determined by
measuring the stimulation heat signal in the absence of the
muscle in the calorimeter.

Data Processing

Force was converted to stress (kPa) by division by the
mean muscle cross-sectional area of the trabecula. Muscle

Figure 2. Use of a systemic-pulmonary
model to impede trabeculae in our work-
loop calorimeter. The muscle (a left ven-
tricular trabecula) was mounted onto
hooks, which connect one end of the mus-
cle to a linear motor and the other end to
a force transducer. The muscle was posi-
tioned in the center of a flow-through bath
(shown in section view, square chamber
with inner diameter 1 mm) in a calorimeter
and stimulated to produce twitch force,
which acted as the input to the systemic-
pulmonary model (detailed in Fig. 1). The
model output determined the position of
the linear motor and, therefore, muscle
length in real time. Details of the design
and functional architecture of this instru-
ment can be found in Taberner et al. (1).
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length was normalized to optimal length (L/Lo). Work output
was computed as the integral of stress with respect to length
throughout a twitch, i.e., the area of the stress-length work-
loop. The width of the work-loop gave the extent of muscle
shortening. To calculate muscle heat rate (per twitch), ther-
mopile voltage was divided by the product of the thermopile
sensitivity (4,000 V/W) and the stimulus frequency (2 Hz).
Muscle active heat rate was calculated by subtracting the ba-
sal heat rate (arising from the rate and extent of muscle
length change) and the electrical stimulation heat rate arti-
fact. Muscle mechanical efficiency was calculated as the ra-
tio of work to the sum of work and active heat, where the
denominator was the change of enthalpy.

Statistical Analyses

Data were plotted as functions of either the relative end-
systolic stress (normalized with reference to isometric max-
ima) or muscle length (relative to optimal length). Data
points were fitted using polynomial regression.

RESULTS

Figure 3 shows exemplary data for the stress, length, and
velocity profiles for a left ventricular trabecula contracting
against a range of systemic resistance afterloads (30–800
GPa·s·m�3), for constant end-diastolic length (left, blue
traces), and for systemic-pulmonary modeled preload
(right, magenta traces). The length traces in Fig. 3D illus-
trate the divergence of the end-diastolic length away from
Lo with decreasing afterload (indicated by the arrow),
resulting from the shift in the end-diastolic length set point
determined by the model. In comparison, the constant end-
diastolic length in Fig. 3C results in restretching to the
same fixed-end systolic length set point, in this case, Lo, for
each afterload. The difference between the Windkessel-
afterload model and the systemic-pulmonary model is
exemplified in the morphology of the restretch velocity pro-
file (Fig. 3, E vs. F).

A parametric plot of stress versus length (Fig. 3, A–D)
yields work-loops. The stress-length work-loops from load-
ing with constant preload and the systemic-pulmonary
model are displayed in Fig. 4, with the corresponding con-
stant-restretch loops at 0.975 Lo for the same muscle in Fig.
4C. The same values of systemic resistance were used for all
three groups of work-loops. Figure 4B shows that the reduc-
tion of systemic resistance from high resistance (800
GPa·s·m�3) to low resistance (30 GPa·s·m�3) reduced the pre-
load within the systemic-pulmonary model, corresponding
to a reduction of the end-diastolic length (as indicated by the
arrow).

Work-Loop Energetics

The area of each work-loop in Fig. 4 is the work done by
the muscle during each contraction cycle. By combining this
measure withmeasurements of heat output, the total change
in enthalpy of the muscle under each intervention was cal-
culated, along with mechanical efficiency (the ratio of work
to total enthalpy). When considering the work, enthalpy, and
mechanical efficiency of each muscle with respect to the
end-diastolic length, Fig. 5 illustrates the restrictive nature

of the user-defined, constant end-diastolic length model
(blue) compared with the systemic-pulmonary model (ma-
genta). This highlights the various end-diastolic lengths
achieved by modeling both preload and afterload using a
systemic-pulmonarymodel.

Mechanoenergetics measured from the three muscles
employed in this study were plotted against systemic resist-
ance (Rp, Fig. 6) and relative end-systolic stress (Fig. 7). In
both figures, the shift of the end-diastolic length arising
from the systemic-pulmonarymodel resulted in work and ef-
ficiency relations that bridged the region between the static
preloads. This observation is exemplified by the work and ef-
ficiency curves aligning with the Lo curves for high loads,
shifting to coincide with the 0.975 Lo curve as the end-dia-
stolic length decreases with decreasing load. This implies
that the variable end-diastolic length resulted in neither
peak work nor efficiency values as high as those of the loops
performed at Lo nor as low as those at 0.975 Lo. Instead, it
resulted in curves with broader “optimal” ranges of work
and efficiency values. There is no apparent difference in the
change of enthalpy between the constant end-diastolic
length model at optimal length and the systemic-pulmonary
model (Figs. 6 and 7, D–F); however, the mechanical effi-
ciency differs (Figs. 6 and 7, G–I). These results indicate that
work output has the greatest influence on muscle mechani-
cal efficiency.

DISCUSSION

In this study, we present a systemic-pulmonary model of
the cardiovascular system, computed in real time, for the
application of loading isolated trabeculae in real time to per-
form force-length work-loops. The model was parameterized
by performing in silico simulations (Supplemental Figs. S1
and S2). These simulations validated the formulation of the
systemic-pulmonary model for the application of rat model
parameters. This model was deployed in our work-loop calo-
rimeter control system (Fig. 2) and allows, for the first time,
measurement of work-loops from isolated cardiac muscle in
which both the ejection and refilling phases are determined
by real-time model-based loads (Figs. 6 and 7). We tested the
systemic-pulmonary hemodynamic model by conducting in
vitro muscle experiments where muscle mechanics and
energetics, specifically active heat rate, were measured to
enable the calculation of muscle mechanical efficiency. We
assessed muscle mechanoenergetics outputs by comparing
the loading protocols between using the systemic-pulmo-
nary model and an existing systemic Windkessel model that
accounts only the shortening phase of work-loop (7, 20).
Several notable observations are presented when muscle
mechanoenergetics outputs are evaluated in ranges of pe-
ripheral resistance (Fig. 6), end-systolic stress (Fig. 7), and,
moremarkedly, end-diastolic length (Fig. 5).

Model Considerations

The four considerations of this approach include the dy-
namics of ventricular refilling during diastole, coupling
between afterload and preload, instantaneous PV behavior
of both ventricles, and computation time. To model the
dynamics of ventricular filling during diastole, we have
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acknowledged that the passive mechanics of the muscle
contribute to the end-diastolic PV relation (see METHODS).
Both the time course of ventricular refilling and the extent
of refilling are determined by preload (21), which arises

from the pressure exerted by the venous return to each
ventricle and, therefore, setting the extent of refilling
achieved before the next contraction (22). In vivo, preload is
dynamic and depends on various factors, predominantly

Figure 3. Steady-state stress (A and B),
length (C and D), and velocity (E and F)
profiles of n = 1 left ventricular trabecula
contracting against a model-based sys-
temic impedance afterload (RSYS ¼ 30 to
800 GPa·s·m�3) with constant end-dia-
stolic length (left, blue traces) and preload
restretching determined by the systemic-
pulmonary model (right, magenta traces).
Arrow indicates the direction of shifting
end-diastolic length with decreasing sys-
temic load. The muscle was 3.76 mm in
length and had a diameter of 0.38 mm.

Figure 4. Parametric work-loops for n = 1 muscle over a range of systemic afterloads (RSYS ¼ 30 to 800 GPa·s·m�3) with constant end-diastolic lengths
set at optimal length (Lo; A) and 0.975 Lo (C), in comparison with the systemic-pulmonary model of variable preloads in B. Each loop is a single contrac-
tion at steady state. Black arrow in B indicates direction of the shift in end-diastolic length as systemic load is decreased. Stress has been normalized to
peak isometric stress at Lo, and length normalized to Lo. Black dotted lines denote isometric total stress-length relation (top) and isometric passive
stress-length relation (bottom), as obtained by fitting quadratic regression lines to the data points recorded by reducing muscle length, in 4 to 5 steps,
below Lo.
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ventricular compliance, heart rate, sympathetic nervous
response, and, more importantly, preload is coupled with
afterload (21, 23). In ex vivo whole heart experiments, how-
ever, preload is usually fixed or set by experimentalists and
held to be independent of afterload (24–26). The same limita-
tion is likewise executed in experiments studying isolated
papillary muscles (2) and trabeculae (8, 27, 28), where the pre-
load is usually set fixed at the optimal length of themuscle. In
our systemic-pulmonary model, we consider the influence of
both the preload and afterload forces on the formation of a
work-loop, determining the dynamics of both the shortening
and restretching phases. Furthermore, we assess the implica-
tions of coupling between the preload and afterload on the
mechanics and energetics of work-loop contraction in vitro
and the effect of model-based variations in preload and after-
load occurring simultaneously, as demonstrated in Fig. 4.

In considering the cardiovascular system as a closed-
loop system, we have acknowledged that variations in the

impedance of one compartment (e.g., by varying systemic
arterial impedance) affect the distribution of fluid through-
out the whole system. Therefore, linking the outflow from
the left ventricle back to the left ventricular inflow via the
right ventricle and systemic/pulmonary circulatory systems
is prudent. Such an afterload-preload coupling is achieved
in the model using a lumped-parameter representation of
the entire circulatory system. This includes the left and
right ventricles as active compartments whose pressure dy-
namics are informed by the muscle force twitch and four
passive elastic compartments representing the primary vol-
umes stores of the circulatory system.

Central to the model is the description of ventricular func-
tion consistent with the time-varying elastance theory (29,
30) to modulate volumes and pressures in the ventricles
based on their PV relations and a normalized activation
function. The instantaneous PV behavior of each ventricle
under any loading conditions can be simulated using an

Figure 5.Work (A–C), enthalpy (D–F), and mechanical efficiency (G–I) as function of end-diastolic length for n = 3 muscles:muscle 1 (A, D, and G),muscle
2 (B, E, and H), and muscle 3 (C, F, and I). Data are shown for work-loops performed under model-informed (magenta) and fixed-preload [optimal length
(Lo) and 0.975 Lo, blue] loading conditions as peripheral resistance (Rp) was varied from 30 to 800 GPa·s·m�3.
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activation function and the ventricle-specific end-systolic
PV relations (12). Aside from the active ventricular compart-
ments, four passive compartments represent the arteries and
veins in the systemic and pulmonary circulations, each hav-
ing a PV relation determined by their respective elastance.
The pressure gradient and the resistance of the connecting
arterial portions mediate the flow between compartments,
with the restriction of only forward flow allowed through the
four ventricular valves of the heart.

Regarding computation time, a simple lumped-parameter
model that determines hemodynamic pressures and flow
rates in a system is advantageous when striving to compute
real-time solutions (13). Six-compartment PV models of the
cardiovascular system comprise a series of Windkessel-type
units. The associated parameters are compartment specific
but provide a lumped-parameter estimate of pressure and
volume distributions throughout the system when com-
puted in conjunction. Various six-compartment models (11–
13, 31–33) effectively constitute a collection of connected
Windkessel models, which synchronously determine the dis-
tribution of blood in different compartments. These mathe-
matical models form the basis for the method adopted here.
However, we advanced this technique by computing in real
time, which was made possible by encoding the model in a

real-time software and hardware-based operating system
(LabVIEW, National Instruments). This advancement to
real-time computing allowed for the application of outputs
from the model to in vitro experimental preparations, ena-
bling the first even application of a loading system that cou-
ples shortening and restretching of the muscle in this
manner.

Applications of the Model

The systemic-pulmonary model of the cardiovascular sys-
tem provides a valuable tool for assessing isolated cardiac
muscle function. The novel real-time loading method allows
simultaneous modulation of end-diastolic length (modu-
lated by preload) and end-systolic stress-length behavior in
response to a change in systemic peripheral resistance (after-
load). Varying end-diastolic length in response to a model-
based approximation of pulmonary venous return pressure
resulted in work and efficiency curves that traverse a path
between the static relations (Fig. 5). This traversal results in
a broader range of loads around the peak where work varies
minimally with systemic resistance compared with the con-
stant end-diastolic length curves. For example, in Fig. 7A,
the work output is relatively consistent within the relative
end-systolic stress range of 0.2–0.6 before dropping off at

Figure 6.Work (A–C), enthalpy (D–F), and mechanical efficiency (G–I) as function of systemic peripheral resistance (Rp) for n = 3 muscles:muscle 1 (A, D,
and G), muscle 2 (B, E, and H), and muscle 3 (C, F, and I). Work-loops were performed using a systemic-pulmonary model-based load (magenta) or with
constant end-diastolic length (blue), restretched to optimal length (Lo; solid) and 0.975 Lo (dashed), as Rp was varied from 30 to 800 GPa·s·m�3. Work
and efficiency data were fitted by cubic regression with the log of the systemic resistance and enthalpy data by quadratic regression.
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either side. For the constant end-diastolic length plots, the
plateau in work occurs between 0.2 and 0.5 relative end-sys-
tolic stress for data at Lo and from 0.2 to 0.4 relative end-sys-
tolic stress at 0.975 Lo. This broader plateau could reflect an
adaptation in matching the ventricle and arterial impedance
load to supply a semicontinuous work output despite the
continuous load fluctuations. If so, a more extensive working
range of loads that result in minor changes in work output
and energy expenditure would be advantageous in weather-
ing the constant variations of cardiovascular load in vivo
(34).

Our systemic-pulmonary model begins to restretch the
muscle before the muscle is fully relaxed, i.e., when the
active muscle force is still decreasing (Fig. 4B). In contrast,
the user-defined restretch in the Windkessel-afterloadmodel
maintains end-systolic length until muscle force has relaxed
to a minimum, before restretching. The muscle thus per-
formed lower work per twitch against the systemic-pulmo-
nary model. This difference will have some impact on
muscle energetics, as enthalpy remains the same but corre-
sponds to a lower work output (particularly the work-loop at
Lo), resulting in reduced efficiency. However, at 0.975 Lo the
work and efficiency are higher than that with constant end-
diastolic length. The difference in energetics between the

restretch modes highlights the preference for the more phys-
iological representation of the diastolic portion of work-loop
dynamics achieved by our systemic-pulmonary model, and
suggests an opportunity to study the link between the timing
of diastolic restretching and energetics.

Existing Mathematical Models

The present study is the first to apply a systemic-pulmo-
nary model on isolated cardiac muscle. Systemic-pulmonary
hemodynamics have beenmodeled in amathematical model-
ing environment (11–13, 32), and our model shares some simi-
larities with these. Burkhoff and Tyberg (11) presented one of
the first examples of such a model, describing the volume dis-
tribution throughout a human cardiovascular system. This
method formed the basis of our approach, in combination
with the lumped-parameter real-time representation previ-
ously employed for the representation of only arterial after-
load, using a three-elementWindkessel approach (7).

Limitations

The complexity of our model could be increased to
include inductive terms to represent areas of turbulent blood
flow (e.g., at the ventricular valves), such as in the work of
Smith et al. (10, 13). Interaction between the left and right

Figure 7.Work (A–C), enthalpy (D–F), and mechanical efficiency (G–I) as function of end-systolic stress (relative to optimal stress obtained under the iso-
metric contraction) for n = 3 muscles: muscle 1 (A, D, and G), muscle 2 (B, E, and H), and muscle 3 (C, F, and I). Work-loops were performed using a sys-
temic-pulmonary model-based load (magenta) or with constant end-diastolic length (blue), restretched to optimal length (Lo; solid), and 0.975 Lo
(dashed), as peripheral resistance (Rp) was varied from 30 to 800 GPa·s·m�3. Work and efficiency data are each fitted with cubic regression, and en-
thalpy data were fitted with quadratic regression.
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ventricles via the septal wall also impacts ventricular pres-
sure and has been successfully included by others in this
form of model (13, 31). Furthermore, the spherical geometrical
assumption using the law of Laplace could be overcome by
leveraging existingmathematicalmodels that better represent
ventricular geometry (35). However, the real-time nature of
the model implementation places significant limitations on
the possibility of increasing complexity. A further potential li-
mitation of this study lies in the derivation of the systemic-
pulmonary model parameters. These parameters used in this
study were based on that of a 75-kg human male (11) which
were converted to reflect that of amale rat, determined by our
previous experiments (7, 20).

Sex Specificity as a Future Application

For this study, we have only includedmale muscle samples
and, therefore, used male model parameter values. However,
for future applications, care should be taken to consider sex
as a biological variable, and studies planned accordingly.
Careful consideration should be given to the effect of sex in
muscle sample and in the model parameter selection, includ-
ing the variations which may exist in the CVs hemodynamic
parameters in correlation with the estrus cycle.

When considering sex differences in the muscle sample,
there is some evidence that suggests no difference in both the
isometric peak active and passive force production, nor the
rates of rise and fall of contractile twitch, in isolated rat
muscles over the entire physiological working range of muscle
length (36), and at the adult age (<4mo) (37, 38). Contrariwise,
there is also evidence that some contraction characteristics,
namely, the magnitude of force production and of calcium
transient, can be modulated by estrus stage (39). Our sys-
temic-pulmonarymodel could potentially be used to reconcile
this inconsistency whenmodel parameters are adapted appro-
priately where, for example, arterial load (40) and aortic stiff-
ness, Zc (41), are both greater in women.

When considering model parameters, it has been shown that
vascular function, including but not limited to basal vascular
tone and vascular compliance, are not only sex dependent but
also strongly age dependent in females. Incidences of cardio-
vascular disease (hypertension and stroke) are lower in pre-
menopausal females, yet increase in postmenopause to surpass
both premenopausal females and age-matchedmales (42). This
could be linked to the effects of sex hormones on regulation of
the vascular network (40, 41) and would therefore influence the
parameters that should be used in this systemic-pulmonary he-
modynamic model. A future application of this experimental
method would allow the investigation into the implications of
sex hormones on the mechanics and energetics of work-loops
when coupled with model parameters that include not only sex
specificity but also estrus specificity for female systems.

Conclusions

A systemic-pulmonary model of the cardiovascular sys-
tem was constructed to simulate venous return pressure, or
preload, to provide a model-based estimate of cardiac mus-
cle end-diastolic length. This variable preload length cou-
ples the preload and afterload experienced by the left
ventricle in vivo, enabling the application of a closed-loop
loading system for isolated cardiac muscle experiments.

The implication of model-based variable end-diastolic length
on work and efficiency outputs indicates a potential adapta-
tion of the ventricle as a pump source to operate over a range
of loads while achieving comparable work and efficiency out-
puts. A possible application of the model includes examining
the hemodynamic coupling between arteries and ventricular
musculature considering systemic-pulmonary interactions in
an in vitro setting.

APPENDIX

In Silico Parameter Validation

Simulations were performed to test the performance of
the systemic-pulmonary model and to validate the parame-
ters used to mimic rat cardiac physiology. The in silico
model was implemented inMATLAB (MathWorks).

The in silico model architecture was similar to that
described in Fig. 1, with some necessary changes made to the
active compartments. In the in silico model, as there was no
physical muscle to generate a force twitch, the pressure (P)
developed in each ventricle was instead modeled by Eq. A1
using the time-varying elastance theory (29, 30)

P ¼ e tð ÞEESðV � V0Þ; ðA1Þ
where e(t) is the activation function (a normalized isometric
force twitch measured from an isolated rat trabecula;
Supplemental Fig. S1), V is the current ventricle volume, V0

is the volume of the ventricle when ventricular pressure is
zero, and EES is the ventricle-specific end-systolic elastance,
defined as the slope of the end-systolic pressure-volume rela-
tion. This relation is usually approximated to be linear
within low volume ranges (43, 44), although experimentally,
it is curvilinear over greater volume ranges (45, 46). For these
simulations, the equation was simplified by assuming V0 to
be zero, which constrained the end-systolic relation to inter-
sect the origin of the pressure-volume (PV) axis.

The use of a mathematically prescribed ventricular PV
relation during in vitro experiments was unnecessary since
the trabecula determined the stress-length relation. Hence,
the simplified end-systolic PV relation was only used for
model development and simulation purposes. There was
also no need to explicitly model the end-diastolic PV relation
because the passive behavior is inherent to the isolated mus-
cle sample during in vitro experiments.

For the simulation, the force twitch wasmodeled at a rate of
2 Hz (Supplemental Fig. S1). The in silico model was run until
the volume distribution between compartments reached a
steady state. Supplemental Fig. S2 illustrates an example of
the simulation output, adopting the parameters (Table 1) for
pressure and flow rates relevant for determining the dynamics
of left ventricular PV loops. Aortic pressure (PAO) represents
afterload, defined as the pressure immediately downstream
from the left ventricle that must be overcome by the left ven-
tricle to initiate ejection. The rate and dynamics of this ejec-
tion (QAV) were therefore determined by the pressure gradient
formed across the aortic valve between PLV and PAO. The ve-
nous return pressure determined the preload via the flow rate
through the mitral valve (QMT), which arose from the pressure
difference between pulmonary venous pressure (PPU) and PLV

during diastole. Therefore, this venous return pressure deter-
mined the end-diastolic volume before the next contraction.
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Supplemental Fig. S3A displays simulated PV loops for
Rp ¼ 175 GPa·s·m�3 (solid) and Rp ¼ 115 GPa·s·m�3 (dashed
line), produced by the systemic-pulmonary model using
the parameters in Table 1. Each loop exhibits a different
initial volume and afterload. Also shown are loops for a
range of RSYS values, with the arrow indicating an increase
of systemic resistance from low values (50 GPa·s·m�3) to
high values (500 GPa·s·m�3). The resultant loops exhibit
simultaneous increases in both preload and afterload, as
would be expected and have been observed previously
experimentally (29, 47).

These in silico results provided confidence in the derived
parameters (Table 1) and enabled us to commence in vitro
experiments on isolated trabeculae.
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