
  

  

Abstract—The performance of mechanical work by isolated 
cardiac muscle samples has typically been studied by subjecting 
their tissues to an isotonic shortening protocol, which results in 
“flat-topped” work-loop profiles. In order to better replicate 
the forces experienced by these tissues in vivo, we have 
developed a system for imposing a model-based, time-varying, 
load on isolated cardiac tissue preparations. A model of 
systemic afterload was developed from the combination of a 
Windkessel-type model of vascular fluid impedance, and the 
Laplace law of the heart, and encoded into a hardware-based 
control system. The model-predicted length change was then 
imposed on an isolated cardiac trabecula in a work-loop 
calorimeter, giving rise to force-length work-loops that more 
closely resemble those experienced by these tissues in vivo.   

I. INTRODUCTION 

The heart, during each beat, goes through a cycle of 
pressure and volume (PV) variations that results in the 
ejection of blood from the ventricles into arteries, capillaries 
and veins. An idealized PV loop of the left ventricle (Fig 1A) 
shows four distinct phases to this cycle: isovolumic 
contraction, ejection, isovolumic relaxation and diastolic 
filling. The shape of this PV loop is strongly affected by the 
mechanical impedance faced by the heart, and the “afterload” 
to which this impedance gives rise. Afterload can be thought 
of as the pressure that the ventricles must develop in order to 
eject blood. Left ventricular afterload is closely tied not only 
to the geometry of the ventricle and the force developed in 
the ventricular wall, but also to the diastolic pressure in the 
aorta (arterial pressure) and the remainder of the peripheral 
arterial system [1, 2].  

Aortic pressure varies with time, and is dependent on the 
elastic properties of the arterial walls and the resistance of the 
arterial system. During systole, when blood is ejected from 
the left ventricle, the arterial walls distend. This results in the 
storage of elastic energy, especially in the large, proximal 
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systemic arteries, as the net volume of blood in these arteries 
increases. During diastole, the distended elastic arteries 
continue to deliver pressure to the proximal portion of the 
arterial system, which dissipates as flow continues to the 
peripheral systemic arteries. This process is effective in 
reducing fluctuations in peripheral pressure during the 
cardiac cycle and supplying a steady rate of blood flow to the 
distal systemic vessels [3, 4]. 

Previous investigations into the force and length 
relationship of isolated cardiac muscle preparations have 
been carried out in an attempt to determine how the 
mechanical behavior of muscle fibers, characterized as a 
change in length under load, relates to the three-dimensional 
equivalent change in volume of the ventricle during 
contraction. However, past experiments have not applied an 
afterload to isolated muscle preparations that adequately 
mimics the complex afterload experienced by the ventricles 
in vivo [2, 5]. Instead, work-loops have usually been 
performed using an isotonic shortening protocol [5-10], 
resulting in simplified, ‘flat-topped’ work-loop profiles (Fig 
1B).  

The four phases of a typical work-loop developed by an 
isolated ventricular tissue preparation can be displayed as a 
force-length parametric plot (Fig 1B). However, the 
imposition of a constant afterload during shortening (section 
2-3), while computationally straightforward and effective in 
producing repeatable work-loops, is not physiologically 
realistic. This unrealistic afterload affects how much force is 
developed by the muscle (sections 1-3) and when shortening 
of the muscle begins (point 2) and ceases (point 3) [2]. It is 
therefore desirable to develop a realistic, time-varying 
afterload to apply to isolated tissue samples that better 
replicates the load experienced by the ventricle in vivo. 
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Fig 1. (A) Pressure and volume relationship in the heart during 
contraction. ESV and EDV represent the end-systolic and end-diastolic 
volumes, respectively. P represents pressure. (B). A diagram of a work-
loop in isolated cardiac trabeculae using an isotonic shortening protocol. 
ESL and EDL represent the end-systolic and end-diastolic lengths, 
respectively. F represents force. 1-4 encompasses the phases of the 
cardiac cycle. The arrows indicate the direction of time. 



  

In this paper, we outline the development and 
implementation of a model-based, time-varying load that is 
based on a combination of a 3-Element Windkessel model 
and the Laplace law of the heart. This modeled afterload was 
computed in a hardware platform and applied in a work-loop 
calorimeter – a device for studying the energetics of isolated 
cardiac preparations. The modeled load was then imposed on 
a contracting trabecula, allowing it to describe force-length 
loop that resemble more closely the PV loops observed in the 
heart.  

II. METHODS 

A. 3-Element Windkessel Model 
The load presented to the heart by the arterial system can 

be modelled using a 3-element Windkessel model [3], and 
represented by its electrical-equivalent circuit, as shown in 
Figure 2. In this representation, blood flow and pressure are 
analogous to current flow and voltage, respectively, both of 
which vary with respect to time, based on the input pressure 
‘pulse’ being fed into the system. The resistance of the 
vasculature and elasticity of the aorta are represented in this 
circuit by a resistor (Rp) and capacitor (C), respectively, with 
the characteristic aortic impedance represented as a resistor 
(Zc) in series. 

 
Fig 2. The 3-element Windkessel model, represented as an electrical 

circuit, used to mimic the afterload of the left ventricle. The aortic valve is 
represented as a diode. The ventricular, aortic, and peripheral pressures (P, 
Pa, Pp) and blood flow (Q, Q1, Q2) are dependent on the impedance presented 
by the peripheral resistance (Rp), arterial compliance (C), and characteristic 
aortic impedance (ZC). 

In this electrically-equivalent circuit, the aortic valve is 
represented by a diode, which allows blood flow only in one 
direction when a positive pressure difference has been 
developed [16]. This behavior mimics that of the aortic valve 
in the left ventricle, which allows outflow of blood only 
when ventricular pressure overcomes the diastolic pressure in 
the aorta. Downstream from the diode, the arterial system is 
represented by a lumped-parameter 3-element Windkessel 
model, an expansion of the original 2-element model outlined 
by Frank in his 1899 paper [4]. The compliance of the major 
elastic arteries (principally the aorta) denotes the ability of 
these arteries to expanded and passively contract, storing 
blood during systole and releasing it into the peripheral 
arterial system during diastole. This compliance is 
represented in the electrical circuit as a capacitor, C, which 
stores charge within the circuit. The characteristic impedance 
of the aorta to blood flow is represented as the resistor Zc, and 
the peripheral resistance of the downstream arterial system is 
represented as the resistor, Rp [3, 15, 17]. Arterial compliance 
and peripheral resistance can then be changed to determine 

the effect they have on the afterload and, therefore, on 
cardiac performance [1, 2, 5].  

The pressure at various points in the system, represented 
as a voltage in the equivalent circuit, is represented as P with 
various subscripts. P is the input pressure pulse, Pa denotes 
the pressure in the aorta and Pp is the peripheral pressure in 
the systemic circulation. The blood flow, Q, is analogous to 
current in the circuit, and Q1 and Q2 are the flow in the 
capacitance and peripheral resistance, respectively. 

To derive an equation for the 3-element Windkessel 
model, we use Kirchhoff’s Law for current and voltage to 
determine the equations for blood flow (equation 1) and 
pressure (equation 2). These two equations are combined to 
determine the characteristic differential equation for the 
Windkessel system (equation 3) [19, 20]. 
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In order to compute a solution for the Windkessel model 
in discrete time steps, these equations must be modified to 
describe the system as impedance, so that a frequency-
domain relationship between pressure and flow can be 
determined. The overall Windkessel impedance transfer 
function is thus 
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B. Laplace Law of the Heart 
  

By assuming a spherical shape to the ventricle and 
uniform thickness to its wall, the force developed by a linear 
portion of ventricular wall can be converted into a stress (σ 
with units of N/mm2) using  

𝜎 = A
B
           (5) 

where F is the force produced by a trabecula of cross 
sectional area, A. Stress can then be converted into a 
pressure (P) using  

𝑃 = CDE
F

          (6) 

where h is the ventricle wall thickness and r is the radius of 
the ventricle [18, 21]. This pressure can then be applied to 
the Windkessel model to determine a change in ventricular 
volume. The change in volume can then be converted to the 
change in length of a one-dimensional sample using the 
equation for the volume of a sphere to determine a change in 
radius (r) and relating this to a relative change in muscle 
length (L): 

𝑉 = H
I
𝜋𝑟I         (7) 

 
L
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where Lo and ro are the measured optimal length of the 
trabecula, and the assumed diastolic radius of the ventricle, 
respectively.    



  

C. Work-loop calorimeter 

The work-loop calorimeter is a device used to study the 
mechanics and energetics of isolated cardiac trabeculae, and 
has been described previously in detail [6, 7, 11-14]. Briefly, 
it comprises a sensitive flow-through microcalorimeter for 
muscle heat measurement, and a force-length controller for 
the formation of work-loops. A trabecula is held by either 
end in the center of the instrument. Superfusate (oxygenated 
saline solution) flows along the length of the trabecula. The 
heat produced by the trabecula results in an increase in 
superfusate temperature, which is determined by the 
difference in voltage between thermopile temperature sensors 
placed up- and down-stream of the muscle. The voltage 
signal from the thermopiles is linearly proportional to the 
heat output of the muscle. 

The muscle is electrically-stimulated to contract via two 
platinum electrodes. Work-loops are developed by the muscle 
in response to a load presented by a software- and hardware-
based force-length controller. One end of the trabecula is 
connected a linear motor, which is used to control the length 
of the muscle. The other end is attached to a high-stiffness, 
custom built, stainless-steel force transducer cantilever, 
which measures the force produced by the contracting 
muscle. The position of the linear motor, and force developed 
by the muscle, are measured by a system of Agilent 
heterodyne laser interferometers with a resolution of 
approximately 0.3 nm. Muscle force and length are measured 
and controlled at a rate of 20 kHz.   

The device is equipped with a real-time control system 
which measures the force produced by the muscle and 
controls muscle length during force production. This process 
is modulated by an algorithm coded in the LabVIEW FPGA 
(Field-programmable gate array) and LabVIEW RealTime 
software environments. This architecture allows precompiled 
algorithms to execute independently of any operating system, 
such as Microsoft Windows, and so cannot be interrupted by 
background processes or skip cycles. In this way, the control 
system ensures smooth transitions between the phases of a 
work loop. Previously [6, 7, 11], this control algorithm was 
designed to provide isotonic-contraction work loops (Fig 1B).  

In this study, the real-time control system was replaced by 
a hardware-based implementation of equations 4-8. The 
measured force was converted into pressure via Eq. 5 and 
Eq. 6, using estimates of the trabecula dimensions. The 
Windkessel transfer function was converted from its 
continuous Laplace form (Eq. 4) into an equivalent fixed-
point, discrete representation in the z-domain. The system of 
equations was compiled and encoded in the FPGA hardware, 
where it was solved continuously at a rate of 1 kHz.  

The system of equations provided estimates of the arterial 
and peripheral pressures (Fig 2.) and of the change in volume 
of the modeled ventricle. Initial values of model parameters 
(Zc, C, Rp) were lifted from the literature, but could be varied 
by the user during the experiment. The resulting change of 
volume was converted into an equivalent trabecula length 
change via eq. 7 and 8, and provided the position set-point 
for the muscle length controller. Resting ventricular volume 
was set to 0.5 mL, and wall thickness to 2 mm, which are 
typical values for the adult Wistar rat.    

D. Muscle experiment  

The heart of a Wistar rat was removed subsequent to its 
anaesthetization using isofluorane (in accordance with ethical 
protocols approved by the University of Auckland Ethics 
committee). The heart was immediately submerged in cold 
saline solution, the aorta was cannulated, and the vasculature 
was Langendorff perfused with 100 % oxygenated saline 
solution. Trabeculae were dissected from the left ventricle, 
and a trabecula was mounted into the work-loop calorimeter, 
and superfused with Tyrode solution  (130 mM NaCl, 6 mM 
KCl, 1.5 mM MgCl2, 0.5 mM NaH2PO4, 1.5 mM CaCl2, 
10 mM HEPES, and 10 mM glucose, and Tris-adjusted to pH 
of 7.4). All experiments were performed at 27 °C, and at a 
stimulation rate of 2 Hz.  

The function of the system was tested by observing model 
predictions during isometric force development, when muscle 
shortening was disabled. Windkessel parameter values were 
set to Zc = 5 Pa⋅s⋅µL-1, C = 0.32 µL⋅Pa-1 and Rp = 
150 Pa⋅s⋅µL-1. Subsequently, the muscle length controller was 
enabled, and a series of work loops were developed, while Rp 
was varied from 50 Pa⋅s⋅µL-1 to 500 Pa⋅s⋅µL-1.  

III. RESULTS AND DISCUSSION 

A. Windkessel pressures 

During trabecula experimentation, the Windkessel 
equations were solved continuously in order to predict the 
aortic and peripheral pressures.  In order to assess the validity 
of the model, an experiment was carried out on a trabecula 
contracting isometrically. Fig. 3 displays an isometric twitch 
performed at optimal muscle length Lo – the length at which 
the trabecula develops maximal active force. The input 
pressure (solid line) is the measured trabecula force, 
converted into a pressure using the Laplace law (Eq. 6). The 
Windkessel model is solved for the aortic pressure (dashed 
line) and the peripheral pressure (dotted line) and the 
predicted shortening (not applied to the muscle, bold line).  

 
Fig. 3: Pressures developed and predicted in an isometric muscle 

experiment, including the input pressure (solid line), the arterial pressure 
(dashed line) and the peripheral pressure (dotted line). The dashed-dot line is 
the arterial and peripheral pressures overlaid. (Lo = 2.21 mm, diameter = 
360 µm). Model predicted shortening (bold line) was not applied to the 
muscle.  

During an isometric contraction, muscle force is not 
affected by changes in length, and it therefore exhibits a 
smooth, uninhibited pressure twitch, identical in shape to a 
trabecula force twitch. Under this protocol, no shortening is 
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allowed to occur. However, during systole, when the aortic 
valve is open and simulated ‘ejection’ is occurring, the 
arterial pressure is equal to the input pressure. The model 
calculates a change in volume (not shown) that arises from 
this arterial pressure for the modeled ventricle, which is 
converted to a length change of the trabeculae by the Laplace 
law. This, in turn, dictates the shape of the shortening profile 
that would be imposed on the trabecula during a work loop. 
When the input pressure decreases below the arterial pressure 
the simulated valve closes, halting shortening. The 
Windkessel model continues to solve for the arterial pressure, 
which decays at a rate dependent on the peripheral resistance 
and arterial compliance terms of the model. At the onset of 
the next twitch, force develops in the trabecula and surpasses 
the decaying arterial pressure, whereupon shortening 
recommences. 

To perform a series of work-loops at various afterloads 
the peripheral resistance was varied. Fig 4 shows the work 
loops that resulted, along with an isometric twitch.     

 
Fig. 4 demonstrates that once muscle stress has risen to 

meet the afterload imposed by the control system, and the 
simulated aortic valve is open, muscle stress continues to 
increase and then decrease again during muscle shortening. 
The shape of the stress profile during shortening is thus 
rounded, reflecting the fact that the stress in the muscle is 
now allowed to develop dynamically, as opposed to being 
constrained to an isotonic contraction ‘flat-top’ profile. The 
shape of these loops is now more reminiscent of the 
pressure-volume behavior measured in the heart in vivo (Fig. 
1A).   

The trend observed in these work loops indicates that 
with increasing values of peripheral resistance, the muscle 
develops a higher afterload, as would be expected. Increasing 
Rp results in a higher peak muscle stress and diminished 
shortening.  

IV. CONCLUSION 

The advance of using a Windkessel model-based afterload 
for performing work-loops on isolated trabeculae has 
resulted in the development of more-realistic work-loops 
than previous protocols have allowed. We now have a tool 

with which a parameterized, user-defined, model-based load 
can be presented to working cardiac trabeculae in vitro.  It 
remains to be seen whether this new capability will reveal 
any change in the energetic properties of these specimens as 
they perform work against a variety of time-varying loads.  
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Fig 4. Isometric contraction (i.) and a range of stress-length work-

loops achieved by varying the peripheral resistance (Rp), increasing 
from (ii.) to (iii.). Loops performed on an isolated muscle preparation of 
length = 2.82 mm and diameter = 315 µm. 
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