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Abstract
The purpose of this investigation is to utilize a computational model to compare a synchronized
valveless pulsatile left ventricular assist device to continuous flow left ventricular assist devices at
the same level of device flow, and to verify the model with in vivo porcine data. A dynamic
system model of the human cardiovascular system was developed to simulate support of a healthy
or failing native heart from a continuous flow left ventricular assist device or a synchronous,
pulsatile, valveless, dual piston positive displacement pump. These results were compared to
measurements made during in vivo porcine experiments. Results from the simulation model and
from the in vivo counterpart show that the pulsatile pump provides higher cardiac output, left
ventricular unloading, cardiac pulsatility, and aortic valve flow as compared to the continuous
flow model at the same level of support. The dynamic system model developed for this
investigation can effectively simulate human cardiovascular support by a synchronous pulsatile or
continuous flow ventricular assist device.

Introduction
Mathematical models designed to simulate the hemodynamics of the human cardiovascular
system are versatile and cost-effective platforms to conduct studies comparing the
hemodynamics resultant from various types of ventricular assist device (VAD) support. A
popular way to represent a human cardiovascular system model employs electric circuit
analogs, where variables such as systemic pressures and flows are represented as voltages
and currents. Critical physical properties such as arterial and venous inertia, compliance, and
friction are modeled as inductive, capacitive, and resistive elements. Heart valves can be
represented by either ideal diodes or more complex dynamic models.1 There are multiple
ways to model dynamic ventricular myocardial function; most relevant to this study are
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time-varying elastance functions.2 In this approach, ventricles and atria are described as
contracting chambers with a time-varying pressure-volume relationship. Both chambers
have passive and active elastance components that can be parameterized to simulate heart
failure. Uncertainty exists with regards to predicting the hemodynamic response to VADs,
especially when new modes and methods of support are introduced. Simulation models can
provide a suitable testing platform to investigate device design and operation before actual
prototyping and implantation into animal or human subjects.3,4

Several cardiovascular simulation models for studying the hemodynamic effect of VADs
have been reported in the literature5-11 and describe different levels of verification against in
vivo animal and human clinical data. For example, Morley et al. verified a cardiovascular
model of partial continuous flow VAD support by comparing modeled relationships between
VAD flow and cardiac output and between VAD flow and left atrial pressure to the same
relationships obtained during an acute failure experiment in a bovine model.12 The present
study describes simulation of experiments reported by Letsou et al.13, in which both a
continuous flow device and a valveless pulsatile flow VAD are directly compared during in
vivo animal experiments. Letsou et al. demonstrated that synchronous pulsatile left
ventricular assistance produces higher left ventricular unloading and circulatory support as
compared to continuous flow left ventricular assist at the same flow rates in an acute porcine
model. While absolute values of the porcine and human cardiovascular systems differ, we
anticipate similar results from the simulation study.

The purpose of this investigation is to verify that a computational model can be used to
predict cardiovascular hemodynamics with ventricular assist device support using in vivo
porcine data, and to compare continuous to synchronous pulsatile support at the same level
of device flow.

Materials and Methods
A simulation model was developed that solves for key hemodynamic metrics based on
clinically defined parameters, allowing it to simulate a wide range of cardiac physiology.
Cardiac function is supported either by a synchronous, valveless, pulsatile device or a
continuous flow VAD. The model equations were implemented in and solved using the
commercial software program Matlab (The MathWorks, Inc., Natick, MA). All in vivo data
was obtained from the experiments described in a porcine acute ischemic heart failure model
by Letsou et al.13

Cardiovascular System Model
An electrical circuit analog of the human cardiovascular system model used in this study is
shown in Figure 1. The closed circuit model includes the heart, systemic circulation, and
pulmonary circulation. Both systemic and pulmonary circulations include arteries, arterioles,
capillaries and veins. The analogous elements are indicated as fluid resistive effects in
vessels as electrical resistors, fluid inertial effects as inductors, and vessel compliance as
capacitors. Flow from the VAD runs in parallel to the aortic valve, aspirating blood from the
left ventricle and ejecting it into the aortic sinus.

The tricuspid, pulmonary, mitral and aortic valves are represented by electronic
diodes.6,7,11,14-16 The four heart chambers are modeled as independent dynamic volumes.
The pulsatile dynamics of the myocardium in the ventricles and atria are approximated using
passive and active elastance components.17,18 Clinically derived parameters are used to
simulate the model in a healthy condition and in end-stage heart failure.19-22 Critical
hemodynamic information such as aortic pressure, cardiac output, coronary flow and cardiac
workload, for example, can be derived from the outputs of the simulation model, as
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described in the following sections. The model parameter values for both healthy and end-
stage heart failure as well as the parameter units and abbreviation definition are provided in
Table 1.

Cardiac Elastance and Chamber Flow Equations
Each heart chamber is modeled individually with its own elastance, pressure, and volume.
Assuming blood to be incompressible, conservation of mass defines the rate of change of
volume as follows,

(1)

In the case of the left ventricle, the flow in (Qtm) is the mitral valve flow (Qm) and the flow
out (Qout) is the aortic valve flow (Qa) plus the VAD flow (QVAD). Modeling for the
remaining chambers (left atria, right ventricle, and right atria) is accomplished in a similar
fashion.

To determine pressure (P) as a function of volume, elastance must be defined. This function
describes the active time-varying contractile and relaxation states of the ventricular or atrial
myocardium. The following elastance function23 for the ventricles is used:

(3)

where time (t) is normalized to the cardiac cycle with value zero at the R-wave. The
ventricular contraction time (Tvc), with unit seconds, is a function of heart rate HR (in bpm):

(3)

The atria are modeled in a similar manner but with their own elastance functions24:

(4)

where time (t) is the same as above, the atrial contraction time (Ta) is define in Table 1, and
the R-R interval (RR), with unit seconds, is inversely proportional to heart rate.

Atrial and ventricular pressure are functions of the active elastance e(t), a passive elastance
exponential25, and the atrial or ventricular volume (V). With values for the exponential
constants (A,B), unstressed volume (V0), and elastance (E) defined in Table 1, the pressure
functions are defined by,

(5)

A non-linear orifice model with unidirectional flow is used to determine flow through the
heart valves24. For example, flow through the mitral valve is computed as follows:
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(6)

where Rv is the valve resistance. Modeling the remaining valves (aortic, tricuspid, and
pulmonary) is done in a similar fashion.

Systemic and Pulmonic Circulation
The systemic and pulmonic vasculature is modeled by a dynamic fluid circuit, based on the
unsteady Bernoulli equation, with fluid resistances and inertias in series and capacitors in
parallel. The systemic circulation involves mathematical models relating pressure and flow
for arteries, arterioles, the capillary tree and veins.24 The dynamic equations for pressure in
the systemic arteries, arterial tree with arterioles and capillaries, and veins are functions of
vessel compliance and flow:

(7)

(8)

(9)

The dynamic equations for flow through the systemic arteries, arterial tree, and veins are
functions of vessel pressure, frictional fluid resistance, and blood inertia,

(10)

(11)

(12)

Dynamic equations for finding the pressure and flows on the pulmonic side of the
circulatory system are formulated in a similar manner.

Simulating Heart Failure
In this study the primary mode of cardiac failure is congestive heart failure (HF). Normal
physiological response to HF involves arterial and venous vasoconstriction, increased blood
volume and decreased cardiac output. Structural changes to the left ventricle such as dilation
and wall thinning leading to decreased contractility occur. To simulate the physiological
response to HF in the computational model, parameters governing the left ventricle and
systemic vasculature were modified to mimic disease states.12,26 Values for these
parameters are in parenthesis next to the healthy parameters in Table 1. The model
approximates the structural changes seen in end-stage heart failure by altering passive and
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active elastance. Passive elastance of the left ventricle, defined as the myocardium’s
pressure response to a volume change, will decrease and the ventricles will dilate. Active
elastance, defined as the sarcomeric development of force during systole, will decrease and
the ability of the left ventricle to contract will diminish. Heart rate is increased in the model
from 75 bpm to 90 bpm. Vascular changes include increasing resistance of systemic veins
and arterioles as well as decreasing artery compliance. The physiological differences in
these two modes can be seen in the left ventricular pressure-volume loops in Figure 2.

Synchronous Valveless Pulsatile VAD Model
The pulsatile VAD used in the simulation produces flow similar to the TORVAD™
ventricular assist device (Windmill Cardiovascular Systems, Inc., Austin, TX). The
TORVAD™ is a valveless positive-displacement pulsatile flow pump that can be
synchronized with the cardiac cycle based on the signal measured from epicardial
electrocardiogram leads, or can be run asynchronously up to 8 L/min. In synchronous mode,
the ejection pulse of the VAD is programmable to eject at any point in the cardiac cycle.
Figure 3 is a simplified representation of the TORVAD™ pump configuration.13 Two
pistons are independently driven, by position-controlled motors and magnetic couplings,
within a torodial pumping chamber to produce pulsatile flow. Pumping is achieved by
driving one piston around the chamber while holding the other piston between the inlet and
outlet ports. After each stroke the pistons exchange roles, eliminating the need for valves.

To model the pulsatile flow induced by the TORVAD™ for the purposes of this study, the
simulation uses an ideal piece-wise sinusoidal flow rate profile, synchronized to the
simulated cardiac cycle:

(13)

where SV is the stroke volume of the TORVAD™, time (t) is normalized to the cardiac
cycle with value zero at the R-wave, synchronous phase delay (TD) is the programmable
time delay from the R-wave to the beginning of ejection, and TST is the ejection time for a
single bolus of fluid. In the healthy and failing states with TORVAD™ support simulated in
this model, the device delivers a 35 ml bolus of blood in 0.30 seconds starting 0.24 seconds
into a 0.800 (healthy) or 0.667 (failing) second RR interval. By starting 0.24 seconds into
the cardiac cycle, the TORVAD™ pauses during systole and allows the ventricle to eject
through the aortic valve, the TORVAD™ then augments the flow and pressure during early
diastole, increasing cardiac output and arterial pressure.

Continuous Flow VAD Model
The continuous flow pump model is based on a generic axial flow design with a single
impeller capable of speeds between 6,000 and 15,000 rpm.27 The term “continuous flow” is
a misnomer, since flow produced by the pump actually varies as the pressure differential
across the device fluctuates throughout the cardiac cycle. In simulations where the pump is
placed across a healthy heart and pump rpm is low, pressure differentials between the aorta
and left ventricle during diastole are high enough across the pump to drop flow to zero, or
even reverse flow completely. In cases where the continuous flow pump completely
overrides native cardiac output and flow across the aortic valve is zero, inlet pressure to the
pump and pump output varies with the cyclic pressures of systole and diastole. Blood flow
across the continuous flow device is modeled by,
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(14)

with dependence on aortic pressure, left ventricular pressure, cannula resistance, and inertial
energy of blood within the cannula.6 Cannula resistance and inertia, Rc and Lc respectively,
are dependent on cannula length and radii as well as blood density and viscosity6, the values
used can be found in Table 1. P(QVAD) is the functional relationship between pressure and
flow for the device. Figure 4 shows pressure flow curves for the HeartMate II, which are
used in the model to define this functional relationship for a range of pump speeds.28,29

Pressure flow curves based on the HeartMate II were used because it is the only
commercially approved continuous flow device in the US and has accessible and verified
specifications. An axial flow model is used here, however a centrifugal flow device has been
used in animal experiments. The pressure flow (pump) curves for an axial flow device are
functionally similar to those of centrifugal devices, and the overall hemodynamics induced
would not be significantly different. In previous in vivo porcine experiments described by
Letsou et al13, averaged flow rates for both devices were matched to make side-by-side
physiologic comparisons. Similarly in the computational model, averaged flow rates for the
continuous flow VAD were tuned to match those of the valveless pulsatile flow VAD to
allow for physiologic comparisons between the in vivo experiment and computer model.
Flow rates needed to support a healthy or failing heart using synchronous pulsatile
assistance are significantly lower than flow rates created by the continuous flow pump when
run at clinically normal speeds of approximately 9,000 rpm (8,600-9,800 rpm is the typical
operation range).30 Consequently, the continuous flow VAD was run at slower than normal
speeds to produce similar pump outputs. The pulsatile flow VAD, at a synchronized 35 mL
stroke volume in the healthy heart, has a pump output of 2.63 L/min for a heart rate of 75
beats per minute. In the failing heart with a heart rate of 90 beats per minute, pump output
reaches 3.15 L/min. To match these outputs, the continuous flow VAD was run at 8,400 rpm
for the healthy and at 7,300 rpm in the failing heart.

Calculating SHE and PVA
Surplus hemodynamic energy (SHE), energy generated by flow pulsation above the mean
arterial pressure (MAP), and pressure-volume area (PVA), an index of myocardial work, are
two metrics important to this study. SHE is defined as the difference between MAP and the
energy equivalent pressure (EEP), which is the ratio of the integrated hemodynamic power
curve to the integrated hemodynamic flow curve in the systemic arteries.31 SHE approaches
zero as the pulsatile nature of the flow diminishes.

(15)

PVA is calculated from the summation of external work (EW) and potential energy (PE).
EW is the area within a pressure-volume loop, as shown in Figure 2, and PE is the area
contained by the isovolumetric relaxation curve and the ventricular passive and active
elastance curves. PVA is calculated by a stepwise integration method.

In Vivo Data Collection
Six porcine experiments were conducted with left ventricular assistance from the
TORVAD™ and Bio-Medicus BPX-80® continuous flow device. General anesthesia was
used and animals were instrumented via a median sternotomy. The inflow was attached to
the left ventricular apex and the outflow to the brachiocephalic artery. Y-connectors were
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used to allow each pump to be temporarily isolated from the circuit, providing a direct
comparison between pulsatile and continuous assistance in each animal. To simulate heart
failure, the left anterior descending artery was ligated and hemodynamic measurements were
recorded after 15 minutes of stable left ventricular failure. The hemodynamic recordings
from the in vivo experiments shown in Figure 5 were obtained from a single pig and the data
in Table 2 and Table 3 are averaged data from the six experiments.

Results
A simulation model was developed by compiling the previously described ordinary
differential equation sets, and six unique scenarios were studied. The baseline healthy and
failing states did not include ventricular assistance. The pulsatile flow scenarios simulated
support from a VAD similar to the TORVAD™, and the continuous flow scenarios
simulated support from a VAD similar to the HeartMate II. For all scenarios, the basic
model of the cardiovascular system and beating heart were the same. Time dependent
tracings of pressures in the left ventricle, left atria, and systemic arteries and blood flow
trough the aortic valve and VAD (when present) are presented in Figure 5 for baseline heart
failure and heart failure with either pulsatile or continuous support. Derived values for
metrics such as cardiac output, average VAD flow, and SHE (for example) are presented in
Table 2 for the healthy state and Table 3 for the failing state alongside the corresponding
measured values from the in vivo porcine experiments. In Table 2 and Table 3 systolic
(SBP) and diastolic blood pressure (DBP) are presented as the absolulte maximum and
minimum pressures, respectively, during one cardiac cycle. This distinction is important
because in select instances peak pressure occurs during diastolic relaxation of the heart due
to the counter-pulse nature of the pulsatile pump. The pulse pressure (PP) is calculated by
subtracting DBP from SBP.

Hemodynamics in the Healthy State
Values presented in Table 2 for the baseline healthy simulation agree well with typical
healthy hemodynamics. The heart rate is 75 bpm, producing a cardiac output (CO) of 5.75
L/min. Mean arterial pressure (MAP) is 98.1 mmHg and PP is 37.4 mmHg. PVA is 10,391
mL mmHg, left atrial pressure (LAP) is 5.9 mmHg, and SHE is 8.6 mmHg. These values
correspond to published averages of CO (5-6 L/min), left atrial pressure (2-10 mmHg), and
MAP (90-100 mmHg)3.

With initiation of simulated left ventricular support from the valveless pulsatile flow VAD
in the healthy state, CO increases to 6.51 L/min with 3.89 L/min of this coming from the
native heart and 2.62 L/min coming from the VAD. Similarly, CO is 6.06 L/min upon
initiation of the continuous flow pump with 3.38 L/min from the native heart and 2.68 L/min
from the device (Table 2). Flow rates from both devices are matched to allow comparisons
to be made regarding pulsatile versus continuous flow support independent of device output.
PVA is lowered to 8,404 mL mmHg with support from the pulsatile flow versus 9,811 mL
mmHg with continuous flow, driven mainly by the increase in cardiac output.

Hemodynamics in the Failing State
The computational model simulates congestive heart failure by decreasing passive and
active elastance and increasing left ventricular volumes. In the failing state, heart rate
increases to 90 bpm and CO decreases to 2.83 L/min. MAP falls to 71.2 mmHg, and PP falls
to 26.0 mmHg. LAP in the failing state rises to 30 mmHg. Due to increased left ventricular
volumes (Figure 2), PVA increases to 13,378 mL mmHg (Table 3). These values correspond
to clinically published averages of CO (3 L/min), left atrial pressure (20-30 mmHg), and
MAP (65-75 mmHg)3.

Gohean et al. Page 7

ASAIO J. Author manuscript; available in PMC 2014 March 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Ventricular flow support is simulated and flow rates from both devices are again matched to
allow comparisons to be made regarding pulsatile versus continuous flow support
independent of device output. CO increases to 5.38 L/min with pulsatile flow support, while
CO with continuous flow support is 4.29 L/min. Pulsatile flow support induces a higher flow
through the aortic valve of 2.24 L/min versus 1.16 L/min with continuous flow support
(Table 3). Flow through the aortic valve is important because it maintains normal
physiologic function of the heart and aortic valve. MAP increased with valveless pulsatile
flow support to 74.8 mmHg compared with 70.1 mmHg with continuous flow support, and
LAP decreased with valveless pulsatile flow support to 19.8 mmHg compared with 24.2
mmHg with continuous flow support. In addition, with pulsatile flow support systolic blood
pressure (SBP) increases from 87.7 mmHg at baseline failure to 88.7 mmHg, but falls to
82.7 with continuous flow support. Figure 5B shows that during failure the continuous flow
VAD generates flow throughout the cardiac cycle, assisting maximally during systole and
greatly reducing native left-ventricular output. The valveless pulsatile flow VAD ejects only
during diastole allowing aortic valve flow to remain high, as seen in Figure 5C.

Verification Using In Vivo Porcine Data
Comparisons are made between a computational model of the human cardiovascular system
and a porcine experiment, therefore verification for the purposes of this study will be
defined as agreement in relative increases or decreases of metrics and relative performance
between baseline, TORVAD™ support, and continuous flow support. Data comparing SHE
and aortic valve flow on a normalized scale are seen in Figure 6. For both metrics, data from
the computational model and in vivo experiment were normalized on a percentage scale
relative to their respective baselines. This allowed relative comparisons between the
simulations and in vivo data showing that in healthy and failing states the outputs from the
simulation are directional and scalable. According to data in Table 2 and Table 3, all metrics
agree in the healthy state except SHE and PP and all relative performances of the three
scenarios agree except SHE, PP and SBP. In the failing state, all metrics agree and all
relative performances of the three scenarios agree except DBP.

Discussion
Ventricular assist devices serve as a viable option for patients in end-stage heart failure as a
bridge to transplantation, bridge to recovery or destination therapy. Clinical evidence
demonstrates the value of mechanical cardiac assistance as compared with maximum
medical therapy in multiple research trials.32,33 Currently 35% of heart transplant patients
receive some form of mechanical support before their transplant.34 Successful outcomes
using VAD technology largely depend on patient selection and device selection.35 First
generation pulsatile sac pumps with mechanical or tissue values were prone to various
durability and functional issues. Second and third generation devices are continuous flow,
eliminating the need for valves and allowing the pumps to be smaller, but produce non-
physiologic flow which cannot synchronize to the cardiac cycle. While both flow types
improve patient quality of life and functional capacity, patient outcomes of continuous flow
VADs are associated with decreased mortality and fewer device failures.36 However, despite
their initial design issues, in many aspects pulsatile VADs are physiologically superior to
continuous flow VADs.13,37 Due to this contradiction, continuous and pulsatile VADs
deserve continued robust comparative studies to identify the specific hemodynamic
advantages of each pump type.

An economical and verified method for performing studies on the human cardiovascular
system and its response to mechanical assistance involves the use of computational models
which allow simulation of assist devices in various patient conditions. Numerous studies
published in the literature take advantage of computational models to investigate interactions
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between the human cardiovascular system and mechanical assistance. In a study performed
by Cox et al.38 based on a one-fiber heart contraction computer model, left ventricular
support was simulated using a HeartMate II VAD model in pulsatile and constant speed
modes at the same mean pump speed. In pulsatile operation, coronary blood flow was
greater since during ventricular contraction pump speed is decreased and during ventricular
relaxation pump speed is increased. Also, left ventricular stroke work decreased during
pulsatile support. In two different papers,1,39 Shi and colleagues show that with simulated
pulsatile flow support, pulsatility and cardiac output similar to healthy conditions was
achieved in a failing heart model. Also, Shi discusses the merits of in-series pulsatile VADs
by demonstrating that they preserve native heart pulsatility and prevent stasis of blood near
the aortic valve. In this study, we contribute to these efforts by presenting a model of the
human cardiovascular system having either a healthy or failing heart. This model can
simulate support by either a continuous flow VAD, similar to the HeartMate II, or a
synchronous valveless pulsatile flow VAD, similar to the TORVAD™.

Study Limitations
To make definitive comparisons of the TORVAD™ to continuous flow VADs such as the
HeartMate II using this computational model, further investigations with the continuous
flow device operated at flow rates similar to those used clinically are currently being
performed by the authors. The comparisons between the derived metrics from the
computational model and the measured metrics from the in vivo porcine experiments do not
merit further extrapolative conclusions since the cardiovascular physiology of the two
systems are different.

Conclusions
In vivo data has been used to verify a computational model comparing synchronous
valveless pulsatile and continuous flow assistance in a heart failure model. Using this model
we demonstrated improved cardiac output, aortic valve flow, left ventricular unloading, and
higher pulsatility for a failed heart supported by a pulsatile flow device similar to the
TORVAD™ compared with a continuous flow device similar to the HeartMate II and at the
same levels of VAD flow.
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Figure 1.
Electrical circuit analog of the cardiovascular system model.
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Figure 2.
Left ventricular pressure-volume loops for the healthy state and failing state in the
computational model. Note the increase in ventricular volume and decrease in contractility
from healthy to failure.
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Figure 3.
A simplified schematic of the TORVAD™. Two pistons are independently driven, by
position-controlled motors and magnetic couplings (not shown), within a torodial pumping
chamber to produce pulsatile flow. Pumping is achieved by driving one piston (B) around
the chamber while holding the position of the other piston (A) between the inlet and outlet
ports. After each stroke the pistons exchange roles, eliminating the need for valves.
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Figure 4.
Pressure-flow curves for the HeartMate II axial flow pump at 7,300 rpm, used in the failure
model, and 8,400 rpm, used in the healthy model. The typical clinical operating range is
between 8,600 and 9,800 rpm, and is represented by the shaded region on the plot.
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Figure 5.
Hemodynamics obtained from in-vivo experiments and the computational model during left
ventricular failure (A), support with a continuous flow (CF) device (B), and counterpulse
support with the TORVAD™ (C).
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Figure 6.
Percent differences from healthy baseline in surplus hemodynamic energy (SHE) and aortic
valve flow for the computational model and in vivo porcine experiments. Data is presented
for the healthy and failure state at baseline and with TORVAD™ and continuous flow
support.

Gohean et al. Page 17

ASAIO J. Author manuscript; available in PMC 2014 March 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Gohean et al. Page 18

Table 1

Values of model parameters for the cardiovascular system in a healthy state and in heart failure. Values used
to simulate heart failure are designated by parenthesis.

Parameter Description Value Units

Valves Rt Valve resistance 0.0025 mmHg/mL

Left Ela Elastance 0.25 mmHg/mL

atria Vla 0 Unstressed volume 10 mL

Ala Left atria exponential constant 0.45 mmHg

Bla Left atria exponential constant 0.05 1/mL

Ta Atrial ejection time 0.09 sec

Left Elv Left ventricular elastance 3.25 (0.30) mmHg/mL

ventricle Vlv 0 Unstressed left ventricular volume 5 mL

Alv Left ventricle exponential constant 0.03 (0.18) mmHg

Blv Left ventricle exponential constant 0.05 (0.016) 1/mL

Right Era 0 Right atria elastance 0.25 mmHg/mL

atria Vra 0 Unstressed right atrial volume 10 mL

Ara Right atria exponential constant 0.45 mmHg

Bra Right atria exponential constant 0.05 1/mL

Ta Atrial ejection time 0.09 sec

Right Erv Right ventricular elastance 0.75 (0.45) mmHg/mL

ventricle Vlv 0 Unstressed right ventricular volume 5 mL

Ara Right ventricle exponential constant 0.04 mmHg

Brv Right ventricle exponential constant 0.05 1/mL

Systemic Rsa Systemic artery resistance 0.15 mmHg s/mL

circulation Csa Systemic artery compliance 1.25 (0.65) mL/mmHg

Lsa Systemic artery inertia 0.0022 mmHg s2/mL

Rst Systemic arterial tree resistance 0.8 (0.9) mmHg s/mL

Cst Systemic arterial tree compliance 2.0 (1.5) mL/mmHg

Rsv Systemic venous resistance 0.025 (0.020) mmHg s/mL

Csv Systemic venous compliance 20 mL/mmHg

Pulmonary Rpa Pulmonary artery resistance 0.07 mmHg s/mL

circulation Cpa Pulmonary artery compliance 7.5 mL/mmHg

Lpa Pulmonary artery inertia 0.0018 mmHg s2/mL

Rpt Pulmonary arterial tree resistance 0.04 mmHg s/mL

Csp Pulmonary arterial tree compliance 0.5 mL/mmHg

Rpv Pulmonary venous resistance 0.003 mmHg s/mL

Cpv Pulmonary venous compliance 20 mL/mmHg

Cannulas Ro Cannula resistance 0.0054 mmHg s/mL

Lo Cannula fluid inertia 0.0122 mmHg s2/mL
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