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Abstract

Systemic vascular parameters are important indices of heart condition, incorporating these parameters into the control of a
ventricular assist device (VAD) would facilitate the implementation of an effective control strategy. In order to minimize the need
for indwelling sensors for obtaining these parameters, an estimator was developed to identify the systemic vascular parameters
{characteristic resistance, blood inertance at the aorta, systemic compliance, and systemic resistance) using measurements from Lhe
Novacor left ventricular assist svstem (LVAS) and arterial pressure. Systemic compliance was estimated by the ratio of the LVAS
pump stroke volume to the arterial pulse pressure and systemic resistance was calculated by the ratio of mean arterial pressure to
LYAS pump output. These two parameters were then used as known parameters in an extended Kalman filter to identify the other
unknown paramelers using LVAS pump volume and arterial pressure measurements. Performance of the estimator was evaluated
using data from a mock circulatory sysiem experiment. The results showed that the estimates converged more accurately in a limited
time when arterial pressure was used wilth the LVAS pump volume as measurements. These parameter estimates can provide
diagnostic information for patient and device monitoring and can be used for future VAD control development. {3 2002 Elsevier
Science Lid. All rights reserved.
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1. Introduction

Heart disease is a major health problem in the United
States and throughout the world. Although heart
transplantation is an accepted method to treal severe
cases of the disease, the demand for heart transplants
exceeds the supply. For many patients, a left ventricular
assist device (VAD) could provide a satisfactory
alternative to transplantation.

The purpose of ventricular assist devices is to provide
sufficient cardiac output to maintain adequate perfusion
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of the patient’s body. The required cardiac output
depends on the patient’s activity level and body demand.
The body and the native heart can provide adjustments
to adapt the physiological demand. The more blood
returns from the venous system to the heart, the stronger
the heart muscle contracts (Starling’s law). The body
can adjust the blood flow through the vascular system so
that more blood returns to the heart when the demand
for cardiac output is high. This effect is defined as
preload and can be quantified by the left atrial pressure.
On the other hand, the cardiac output provided by the
heart is not significantly affected by the patient’s
systemic vascular impedance (referred to as alterload).
The controller of the ventricular assist device should
regulate the device to mimic these characteristics of the
native heart (Boston, Simaan, Antaki, Yu, & Choi, 1998).

The controls of existing devices, which are either
constant stroke volume control of pulsatile devices or
constant speed control of nonpulsatile devices, depend
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on human operation. This manual approach is effective
in 4 monitored environment but requires continuous
engineering and clinical support limiting the patient’s
activities. For long-term implantation, the need for a
human to monitor device operation should be elimi-
nated. The control system for the assist device must be
able to respond to changes in the demand for cardiac
output. It should monitor the patient’s status fo
recognize a change in the patient’s demand for support,
and 1t should have the ability to detect hardware failures
of the device.

Hemodynamics of the cardiovascular system reflect
the metabolic demand of the body and the pumping
capability of the heart {Avanzolini, Barbini, & Cappello,
1992: Sunagawa, Sagawa, & Mauoghan, 1984). Incor-
poration of the hemodynamic parameters into the
control and monitoring of a VAD would facilitate
implementation of an effective control strategy (Kita-
mura, Matsuda, & Akashi, 1986). These parameters are
often difficult 1o measure directly, particularly in the
chronic setting, and indirect estimation techniques will
be required for long-term control.

Procedures to estimate cardiovascular model para-
meters for an individual patient have been described by
several authors (Clark, Ling, Srinivasan, Cole, & Pruett,
1980; Deswysen, 1977; Deswysen, Charlier, & Gevers,
1980). Each ol these estimation procedures was designed
to utilize specific measurements. Clark et al. (1980) used
the aortic pressure, brachial arterial pressure, left
ventricular pressure, and left ventricular volume as
measurcements. Deswysen (1977) and Deswysen et al.
{1980) estimated the systemic circulation parameters
with the aortic pressure and the aortic flow as
measurements. Recursive methods to track parameter
values over time have been developed using recursive
least squares (Avanzolimi et al. 1992; Ruchti, Brown,
Jeutter, & Feng, 1993), auto-regressive models (Mcln-
nms, Guo, Zu, & Wang, 1985; Shimooka., Mitamura. &
Yuhta, 1991), and a Kalman filter { Deswysen, 1977; Yu,
Boston. Simaan, & Antaki, 1998). These estimators are
also based on specific physiological measurements, for
example, aortic pressure and aortic flow. These mea-
surements that are typically available from patients with
impaired cardiovascular function change as the clinical
environment changes. Extensive pressure and flow
measurements can be obtained in the operating room.
As the patient is relocated to intensive care unit, then
acute care, and finally long-term care facilities, however,
measurement possibilities. particularly those based on
invasive techniques, are reduced. When a measurement
becomes unavailable, the ability to identify a particular
circulatory model changes. The estimator may no longer
converge for some of the parameters, or parameter
accuracy may be decreased. I a mathematical model,
including the cardiovascular system and the VAD, is
used and the necessary signals to identify cardiovascular

parameters can be derived vsing measurements from the
device, on-line parameter estimation technigues can be
applied to identify the parameters without the need for
invasive sensors in patient’s body.

This paper presenis a two-stage estimation procedure
to identify the systemic vascular parameters using
measurements of pump volume from a Novacor lefi
ventricular assist system (LVAS, Novacor Division,
World Heart Co., Oakland, CA) and arterial pressure.
Systemic resistance was calculated by the ratio ol mean
arterial pressure to LVAS pump outpul and systemic
compliance was estimated by the ratio of LVAS pump
stroke volume to arterial pulse pressure. These two
parameters were then used as known parameters in an
extended Kalman filter (EKF) to identify the other
unknown parameters. The estimator was tested in an
experiment using a mock circulatory system. Effects of
the artenial pressure measurement on the parameter
estimates were also investigated. The parameter esti-
mates can be used to monitor the patient’s cardiac
function, to detect possible LVAS [ailure, and to
develop a new LVAS controller,

2. System description

The MNovacor LVAS is a spring-decoupled dual
pusher-plate, sac-type blood pump driven by a pulsed-
solenoid energy converter (Portner et al., 1984). During
natural cardiac systole, the pump solenoid is unlatched,
resulting in a low pump pressure that allows blood from
the left ventricle to flow into the pump sac. During
cardiac diastole, the solenoid closes rapidly, deflecting
the beam springs through the pump pusher plates and
exerting a balanced force on the top and bottom
surfaces of the blood in the pump sac. This action
ejects the blood from the pump sac into the descending
thoracic aorta.

An electrnic analog of the system considered in this
paper. including a cardiovascular model (above the
dashed line) and the Novacor LVAS (below the dashed
line), is shown in Fig. 1. The cardiovascular model
consists of a time-varying capacitance as leflt ventricle
(Suga, Sagawa, & Demer, 19580), Cy-(1). ideal diodes with
forward resistors as aortic (D, and Ky) and mitral {Dy
and Ryy) valves. a four-element RLC circuit, including
characteristic resistance (Rg), blood inertance at the
aorta (Lg), systemic compliance (Cs), and systemic
resistance (Rg), as systemic circulation (Deswysen et al.,
1980), and a constant voliage source for the left atrial
pressure (Chang, Matson, Kendrick, & Rideout, 1973).
This simple cardiovascular model was selected because it
can approximate the systemic load adequately and the
model parameters can be estimated wsing a small
number of measuremenis such as aortic pressure and
flow {Deswysen et al, 1980),
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Cardiovascular
Model

Fig. 1. Electric analog of the LVAS model (below dashed line) with
the cardiovascular svatem model fabove dashed line).

The model of the LVAS predicts the pump chamber
pressure, Pep, for a given instantaneous pump volume,
F{r). The static pressure—volume relationship, £V,
governed by the stiffness of the springs which couple the
solenoid to the pusher plates, was modeled as a
nonlinear time-varying capacitance, Cyap(i). The func-
tion P{F) and its corresponding parameters, represented
by
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were obtained by least-squares {it to the experimentally
measured quasi-static pump data acquired in-vitro using
the Levenburg-Marquardt algorithm (Walter & Pron-
zato, 1997) in TABLE CURVE (Jandel Scientific, Corte
Madera, CA) (Yu, Boston, Simaan, Miller, & Antaki,
20071 ).

A first-order system, represented by Rgp and Cyp, was
used to describe the dynamics ol solenoid closure. The
pressure response for a given P17} was represented by
the transfer function

Pra/P(V) = His) = I(zs + 1), (2)
where Ppy 15 the pump pressure measurement in the

absence of fluid mechanics effects in the pump chamber
and 1= RgnCsn represents the time constant of the

Table |
L¥AS model parameters

Pump chamber Rp=3.065x 10 2|11L'|1Hg:<.='|111
flwid mechanics
Lp=Lpt Lp QmmHg .l;‘lln'm]
Lpg=6.03 % 107, Lpy=230% 107
Solenotd closure - 0.M26%
Ry =808 = 10 :111111]-1;;3_."m|
Ly =667 = 107 mmHgs*/ml

Inket conduit

Outlet conduit Roy= Ron+ Ry = 0o+ Rop % fg mmHg s/ml
Roo=0.68, Roy=—2.17x 1073, Ry =286 » 1070

L= 1.06 % 107 mmHg s*/ml

solenoid closure. Pre 18 not measurable in the real
situation. However. adding this first-order system to the
model significantly improves the accuracy of the pump
pressure estimate. The resistance and inertance of blood
in the pump chamber were represented by a resistance,
Rp, and a flow dependent inductance, Lp, where the
pump flow was calculated by the time derivative of the
LVAS volume. The conduits connecting the pump to the
patient’s cardiovascular system were modeled with the
prosthetic heart valves, including an ideal diode for the
valve (open or closed), a resistor lor the Auid resistance,
and an inductor for the fluid inertance. Although the
model elements are physically meaningful, the Tunctions
of these elements were defined to provide the best fit of
the model to the experimental data. The experimental
data were obtained from a mock circulatory system
experiment where the LVAS was operated in a high
preload and low afterload condition. This experimental
condition was chosen to provide a wide range of
operation of the LVAS in terms of pump inflow, pump
outflow, and pump stroke volume. The model para-
meters estimated from these data cover the entire range
of LVAS operation. The values of the LVAS model
parameters used in the estimator are listed in Table 1.
Determination of the model structure and identification
of the model parameters has been described in Yu et al.
{2001},

By operating the LVAS in counter—pulsation mode,
the pump receives blood from the left ventricle (LV)
during LV systole, in which the pump pressure, Pep, is
significantly lower than aortic pressure, Ps. Since the
patient’s LV contractility, the strength of cardiac
contraction, is significantly lower than the normal heart,
blood flow through the aortic valve, Da. is negligible.
During LV filling, the LVAS ejects blood from the
pump sac Lo the aorta. Assuming that there is no blood
leakage through the aortic valve, D4, and the pump inlet
valve, [y, while they are closed (represented as open
circuits in Fig. 1), the model can be simplified as shown
in Fig. 2 during LYAS gjection.






