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Abstract
The heart is comprised of four chambers, which function due to pressure changes across each chamber during the cardiac cycle. When observed 

at the microscopic level, these pressure changes are generated by calcium and troponin C binding in the cross-bridge cycle of a sarcomere. This 
binding creates a ratchet and stroke interplay which creates contraction in the muscle. This contraction exerts a force which in the heart causes 
the chambers to generatea force. This force creates pressure changes to move the fluid (blood) from one chamber to another. The method used 
in this report incorporates these considerations to model the pressure volume curves of the left ventricle and left atrium. The other chambers are 
modeled using the elastance theory. This article includes a literature review of several aspects of the cardiovascular system from the molecular to 
the anatomical level and simulates the cardiovascular system using a multiscale model inspired from previous articles and compliments what has 
been previously described [1–9]. Data acquired will be reproduced and analyzed using MATLAB.

Background
Human Heart

The heart from a fluid dynamics perspective can be viewed as 
two pulsatile pumps. One pump consists of the right atrium and 
right ventricle, and the other pump consists of the left atrium and 
left ventricle (Figure 1). Each chamber (atrium or ventricle) has a 
valve (tricuspid, pulmonary, mitral, and aortic) which allows flow 
only in one direction and works as function of pressure gradients 
across each valve due to chamber contractions and expansions. 
Out of the four valves, only one valve is a bi-leaflet valve (mitral) 
having only two cusp or pockets (Figure 1b). The rest of the valves 
are tri-leaflet having three cusps. The aortic and pulmonary valves 
are similar in design and material properties [12]. The mitral and 
tricuspid valve are similar in appearance, both are held by chords 
of tendinea. However, the mitral valve has significantly higher 

transvalvular pressures (~110mm Hg) than the tricuspid valve 
(~15 mm Hg)

Cross Bridge Cycle

The cross-bridge cycle is the process that causes muscle 
contraction. Under tension, the muscle contracts, this contraction 
is due to shortening of the sarcomere. In the sarcomere, there are 
actin and myosin filaments. Actin is a protein polymer surrounded 
by tropomyosin and troponin molecules. The cycle has four steps 
(Figure 2), step one is the cross-bridge formation where the myosin 
head strongly attaches to an actin filament. Step two is the power 
stroke, ADP is released from the myosin head causing the power 
stroke. Step three is the cross bridge detachment where ATP binds 
to myosin, breaking the cross-bridge. Step four, ATP gets hydrolyzed 
into ADP and inorganic phosphate this causes the myosin head 
to cock. When inorganic Phosphate is released the myosin head 
weakly binds to the actin filament [13].
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Figure 1: The human heart showing (a) all four chambers and (b) the four heart valves (aortic, mitral, pulmonary, and tricuspid valve). Images 
obtained from Mayo Clinic and A.D.A.M. 

Cardiac Cycle

The cardiac cycle has two phases with respect to pressures, the 
systolic and the diastolic phase (Figure 2). When the left ventricle 
begins to contract, it causes a raise in pressure in the ventricular 
chamber. Once the pressure in the left ventricle is greater than 
the pressure in the aorta, the aortic valve begins to open. At this 
moment, the systolic phase begins. When the aortic valve is fully 
closed, the systolic phase ends and the diastolic phase begins. With 
respect to flow across the aortic valve, there are three phases to 
consider: forward flow, closing, and the leakage phase. The forward 
flow phase consists of the flow going across the valve, beginning of 
systole. The closing phase is the regurgitant flow across the valve 

during the closing of the leaflets. The leakage phase is measured 
when the valve is fully closed. During a normal heart rate (70 beats 
per minute), the systolic phase has a duration of approximately 
35%of the cardiac cycle and the diastolic phase has a duration 
of approximately 65%. The ventricular pressure changes from 
approximately 5 mm Hg during diastolic phase to peak pressure of 
approximately 120 mm Hg during systolic phase [14]. The aortic 
mean pressure in the diastolic phase is approximately 90 mm Hg 
and during systolic phase approximately 110 mm Hg. Figure 3 
illustrates the aortic and ventricular pressure as well as the flow 
as function of time. The timing of the aortic valve opening (AO) and 
closing (AC) is illustrated.

Figure 2: Cross-bridge cycle. [13]
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Figure 3: The cardiac cycle across the aortic heart valve [14]

Pressure Volume Curve

P-V loops were first used in the late 1700s by James Watt and 
John Southern to calculate the work performed by steam engines. 
Later, this principle was applied to medicine for understanding 
cardiovascular physiology, beginning with Otto Frank’s studies of 
pressure volume relationships in the late 1800s [2,3]. These studies 
contributed to the development of the Frank-Starling law, which 
states “that the energy of contraction, however measured, is a 
function of the length of muscle fibers” prior to contraction (Figure 
1) [4]. As early as the 1950s, Sarnoff and Berglund estimated stroke 
work as the mean arterial pressure minus the mean left atrial 
pressure multiplied by stroke volume (SV), and they plotted that 
value as a function of filling pressure. They found a non-linear curve 

of ventricular function with an initial steep rise [5]. In the 1960s, 
Hiroyuki Suga discovered that various curves for end-systolic 
pressure volume relationship (ESPVR) fell on a straight line [6-
8]. In the 1980s, Kass and others used conductance catheters to 
contribute invaluable work on human cardiac physiology [9-11].

The main function of the heart is to drive blood from one 
chamber to another. Blood must travel from the veins to the right 
atrium, cross the tricuspid valve and enters the right ventricle 
leading to the lungs and returns to the left side of the heart exiting 
to the aorta. In each chamber, this is a function of pressure and 
volume. Pressure is the driver of blood from one chamber to 
another, and volume defines how much blood was transferred. 
Figure 4 shows atypical pressure volume (PV) curve.

Figure 4: left ventricle pressure volume curve.

From Figure 4, the left ventricular (LV) volume is plotted on the 
x-axis and LV pressure (mmHg) is plotted on the y- axis. For the 
purpose of explanation, the cycle will be divided into four phases and 
four points corresponding to the four limbs of the curve. Phase “a” 
is the end diastolic pressure volume relationship (EDPVR), which is 
the filling phase for the ventricle. At point 1, the mitral valve closes 
and ventricular pressure begins to rise. This point represents end- 
diastolic volume. There is no change in volume in phase “b”, which 
is also called iso-volumetric contraction. At point 2, the ventricular 

pressure exceeds the aortic pressure, thus the aortic valve opens 
and the ventricle starts ejecting blood into aorta (phase c). At point 
3, the aortic valve closes and ventricular relaxation begins, which 
also represents end- systolic pressure. As the ventricles begin to 
relax, the pressure drops to point 4 without a change in volume. 
This phase “d” is also referred to as iso-volumetric relaxation.

This interest dates back to the 1900s with Henderson, 1960s 
and 1970s with Starlin, Katz, Suga, and Sagawa [15,16,17]. Figure 5 
is seminal work done by Suga and Sugawa in 70s.
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Figure 5: Pressure volume curves of the ventricle in a canine model obtained from Suga [5,6]. (a) Control and pressure volume changes due to 
Epinephrine. (b) shows a constant mean arterial pressure.

Methodology
The model used is a multi-scale cardiovascular system model. 

This model begins with the intracellular calcium concentration in 

the atrium and ventricle, which is then used to characterize the 
sarcomere behavior and concentration of cross-bridges. Figure 6 
shows the block diagram of the model and Table 1 shows the model 
variables meaning and units which are used below from [1].

  

Figure 6: Diagram of the inputs and outputs of the model. [1]

Table 1: Model variables
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Calcium Inputs

The reference curves were generated by Antoine and others, 
the left ventricle data is taken from experiment studies of Ferrets 
[1], and the model for the left atrium are from human atrial cell 
simulations of mathematical models [1]. These models account for 
a heart cycle of 0.45s. The equations for the left ventricle and left 
atrium are as follow:
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LV & LA sarcomere model

The sarcomere model used in this work was presented by 
Negroni and Lascano [18]. The equations are as follow:
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Where the subscript I denotes either LV or LA.

Cardiac Chamber Model

Pressure 𝑃i in the cardiac chamber is computed using Laplace’s 
Law:
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Where 𝐹i is the total force generated vy the equivalent 
sarcomere, 𝑡i is the thickness and 𝑅i is the radius of the chamber. 
This equation will be used to model the left ventricle and left 
atrium. The chamber volume equation is:

( ) ( ) ( )32 . . . 13
3i iV t R tπ=

The relationship between the micro and macroscopic scales 
are made assuming radial deformation of the ventricle is equal to 
deformation of sarcomere:
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Where 𝑅0,i is the unstressed chamber radius and 𝐿0” is the 
unstressed sarcomere length.

Cardiovascular Model

The cardiovascular model is shown in Figure 7. This model 
uses seven chambers, which are the left ventricle (LV), left atrium 
(LA), aorta (Ao), pulmonary vein (PV), pulmonary artery (PA), right 
ventricle (RV), and vena cava (VC).

In each chamber there are variables to consider, pressure, 
volume, resistance, and elastance. From one chamber to another 
there are resistances (valves and blood vessel resistance) to 
consider. There is the tricuspid valve (tc), pulmonary valve (pv), 
pulmonary resistance (pul), pulmonary vein resistance (prox), 
mitral valve (mt), aortic valve (av), and systemic resistance (sys).

The chambers Ao, VC, PA, and PV are represented by Pironet as 
passive where the pressure equation is a function of elastance and 
volume as shown:

( ) ( ) ( ). 15k k kP t E V t=
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Figure 7: Cardiovascular model incorporating seven chambers (LA, LV, RV, Ao, VC, PA, & PV). [1]

Where 𝑃k is the elastance and is the volume. the subscript k 
denotes Ao, VC, PA, PV. The pressure equation for the RV is also 
described using the elastance concept:
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Where erv (t) is time varying elastance Gaussian function of the 
RV and 𝐸rv is a normalized constant. 𝐴n, 𝐵n,

𝐶n and are constants.

The flow equation is defined by:
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Where 𝑃up and 𝑃down is the pressure above and below the valve, 
respectively. 𝑅l is the resistance and 𝑙 = 𝑠𝑦𝑠, 𝑝𝑢𝑙 , 𝑚𝑡, 𝑎𝑣, 𝑡𝑐, 𝑝𝑣. The
heart valves (aortic, mitral, pulmonary, and tricuspid) are modeled 
as diodes. This assumption assumes the valves are considered 
ideal, thus they do not have a closing or leakage volume. Equation 
18 is modified to:
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Where r is the ramp function. The volume of the chamber is 
derived from the continuity equation:
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Where 𝑄in and 𝑄out. are the flows coming in and out of the 
chamber, p =  LV, LA, Ao, RV, PA, PV.

Results/ Discussion
The simulation was done in MATLAB using the numerical 

integration scheme using the ode15s provided in MATLAB. The 
maximum allowed time-step was 0.001s with a relative error 
tolerance of 0.0001. The maximum number of iterations was 100 
thousand, total time 100 seconds. This model was done through the 
use of experimental work performed on canines. The parameter for 
the model is provided in the appendix.

Calcium inputs and Sarcomere model

The intracellular calcium concentrations in the left ventricle 
and left atrium is shown in Figure 8A. The concentration of troponin 
C bound with calcium for cross-bridge attachment and detachment 
is shown in Figure 7B and 8C, respectively for the left ventricle and 
left atrium. The concentration of troponin C not bound with calcium 
for cross- bridge attachment and detachment is shown in Figure 8D, 
8E, respectively for the left ventricle and left atrium.

From Figure 8, the calcium concentration in the left atrium and 
left ventricle has a time delay. The delay is of 0.055s after calcium 
centration is zero for the left atrium. The duration of calcium 
concentration in the LA is short (~0.03s) compared to the LV (0.10s), 
roughly three times larger for the LV, which would be necessary for 
ventricular contraction. This is also true for the amount of troponin 
C that bounds and not bounds for the attachment and detachment 
of the cross-bridge cycle. The LV has more muscle, thus containing 
more sarcomeres, and needing more calcium and Troponin C for 
contraction.

The force generated by the sarcomere is shown in Figure 9.

From Figure 9, the sarcomere force in the LV resembles the 
left ventricular pressure waveform. The passive force remains 
close to zero and the active force is the driver for contraction. For 
the LA, the passive force varies throughout the cardiac cycle. The 
passive force is responsible for filling of the LA and goes negative 
during contraction. The active force in the LA is only active during 
contraction of the chamber, which counter acts the negative passive 
force generated, followed by returning to zero. Observing the total 
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force of the LA, more force is generated by the sarcomere during 
filling than contraction.

The pressure and flow plots across all four heart valves are 
shown in Figure 10. These valves are the aortic, mitral, pulmonary, 
and tricuspid valve.

From Figure 10, the heart can be separated into two sections left 
(Figure 9A 9B) and right (Figure 9C D). The ventricles and atriums 
contract almost simultaneously, however, there is a slight delay. 
When comparing the aortic and pulmonary valves, the aortic valve 
opens followed by the pulmonary valve and the aortic closes before 

the pulmonary. The flow across the aortic valve begins with a sharp 
rise followed by a decreased slope. The flow across the pulmonary 
also begins with a sharp rise, however, the flow curve has a double 
hump (Figure 9C). This double hump slightly modifies the pressure 
waveform with a minor plateau followed by an increase in pressure.

Comparing the mitral and tricuspid valve, the tricuspid valve 
opens first and closes last (Figure10D). The mitral flows towards 
mid of the cycle has a sharp upstroke which is cause by the active 
sarcomere contraction (10B). The flow across the tricuspid valve 
has a squarer shape to it (Figure 10D).

  

Figure 8: Calcium and troponin C concentrations. (A) [𝐶𝑎!”] intracellular concentration. (B) Cross-bridge attachment of the concentration of troponin 
C that bounds with [𝐶𝑎!”]. (C) Cross-bridge detachment of the concentration of troponin C that bounds with [𝐶𝑎!”].(D) Cross-bridge attachment of 
the concentration of troponin C that does not bounds with [𝐶𝑎!”] . (E) Cross-bridge detachment of the concentration of troponin C that does not 
bounds with [𝐶𝑎!”].
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Figure 9: (A) left ventricle and (B) left atrium sarcomere force showing passive, active, and total force generated. Units are in mN/mm²

  

Figure 10: pressure gradients and flow rates across all four valves. (A) Aortic, (B) mitral, (C) pulmonary, and (D) tricuspid flow. Units are in mm Hg 
and ml/s
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The volumes used for the seven-chamber model are shown in 
Figure 11.

From Figure 11, when the ventricles contracts at roughly 70.2s 
a rise in volume is observed (Figure 11A, C, D, E, G). On the contrary, 

when the atriums contract, there is a decrease in volume (Figure 
8B, F). this is due to volume entering and leaving each chamber.

The pressure volume curves for the left ventricle, left atrium, 
and right ventricle is shown in Figure 12.

  

Figure 11: Chamber volumes. (A) aortic, (B), left ventricle, (C) left atrium, (D) pulmonary vein, (E) pulmonary artery, (F) right ventricle, (G) vena 
cava.

From Figure 12, the pressure volume curves can characterize 
the changes a chamber in the heart undergoes. The left ventricle 
depicts the function of the aortic and mitral valve (Figure 9A). The 
right ventricle shows the function of the pulmonary and tricuspid 
valve (Figure 9B). The left atrium’s pressure volume curve creates 
two loops. These loops are identified by ”a” and “v” (Figure 9C), 
where “v” loop is a volume dependent waveform and “a” is pressure 
generated wave [1,19,20].

Following this work, it has been mentioned that the time-

varying elastance theory has limitations in accounting for adequate 
pressure volume curves [21]. This is due to the EDPVR or ESPVR 
only capturing a certain group parameter and if deviated from those 
parameters the curves would not correlate. Thus, incorporation of 
the sarcomere to the model more accurately simulates pressure 
volume curves with different parameters as shown in Figure 12. 
However, it is important to note that time-varying elastance theory 
has been used for ~40 years and papers from Suga and Sagawa 
have been cited over 1,000 times.
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Figure 12: Pressure volume curves of the (A) left ventricle, (B) right ventricle, and (C) left atrium. AC and AO is aortic closed and open, MO and MC 
is mitral open and closed, PO and PC is pulmonary open and closed, and TO and TC is tricuspid open and closed

  

Figure 13: Pressure volume loops showing the variations of end systolic pressure volume relationship (ESPVR) [1][9].
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Conclusion
In conclusion, pressure volume loops provide useful information 

about cardiac physiology and energetics that can aid in diagnosing 
and monitoring the progress of patients with cardiac diseases. To 
address this many years experimental and numerical models have 
been done. Newer models seem to account the use of sarcomeres 
to more adequately depict the PV loops. In this report following 
the work done by Pironet, the pressure volume curves were 
generated using a model that accounts for the intracellular calcium 
and troponin C attachment and detachment of the cross- bridge 
cycle causing sarcomere contraction force (passive and active). 
This model accounts for seven chambers (aortic, left ventricle, left 
atrium, pulmonary vein, pulmonary artery, right ventricle, and vena 
cava.

Appendix
Parameter Values

Table 2

Table 3 

Table 2: Model parameter values (Part A) [1]

Table 3: Model parameter values (Part B) [1]
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