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Development of an artificial myocardium representing native cardiac muscle structures
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Fig. 1 Schematic illustration of the myocardial assist device
developed

(a) Shape memory aliroyyfi e (D=100p; covered with the silicone tubing

(b) Whole view of the myocardial assist device developed

Fig. 2 The mechanical component of the artificial myocardial
actuator (a), and the myocardial assist device of parallel-link
structure which was designed to be an active girdle for the
ventricular contraction
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Fig. 3 A goét’s heart s band

dissection which was unfolded by Torrent-Guasp’s procedure

Circumferential type

Fig. 4 Two different types of thmocdial assist device

employed in this study.

Fig. 5 A goat’s ventricle girdled with the artificial myocardium
developed; the device was successfully installed into the thoracic
cavity.
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18

Incremental Ratio %

Circumferential Oblique

Fig. 6 Changes in the incremental ratio of the hemodynamic data
with assistance; P: aortic systolic pressure, Q: aortic flow
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Design improvement of a newly designed artificial myocardial belt
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Table 1 Ttest conditions of different types of
myocardium assist belts

Items Values
Type ™ I (straight) | II(diagonal)
Number of fibres 20
Contractile frequency  Hz 0.5
Duration energized msec 100
Voltage v 28 L 30
1 ] 0 S N U RUT . b rte o ;i:.,
105 e
100 L J

Time sec
(a) Pressure waveforms

Aortic flow L/min

Time sec
(b) Aortic Flow waveforms

Fig. 7 Changes in hydrodynamic waveforms obtained from
the mock circulatory system.
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Abstract

In general, as the heart failure is caused by the
decrease in the myocardial contraction, the direct
mechanical myocardial assistance in response to
physiological demand, that is, the synchronous support
of the contractile function from outside of the heart,
might be effective. The purpose of this study was to
develop an artificial myocardium which was capable of
supporting the cardiac contraction directly by using the
shape memory alloy fibres based on nanotechnology.
Some methodologies using novel devices other than the
artificial hearts are proposed so far with severe heart
disease. However, it was also anticipated that the
decrease in cardiac functions owing to the diastolic
disability might be caused by using those ‘static’
devices. Then, this study was focused on an artificial
myocardium using shape memory alloy fibres with a
diameter of 100 — 150 um, and the authors examined its
mechanism in a mock circulatory system as well as in
animal experiments using goats.

1. Introduction

The artificial ventricular assist systems, such as
artificial hearts, were employed for the treatment of the
severe heart failure in order to increase the circulation
volume. However the complications caused by the
hemolysis or thrombosis on the surface of the artificial
materials are still outstanding problems in the
application of those de-vices to patients. Heart
transplantation has also been widely performed as
destination therapy for the severe heart failure. But it is
limited by donor organ shortages, selection criteria, as
well as the cost [1]. And recently, cell transplantation
to repair or supplement impaired heart tissue has been
reported as an alternative therapy for that [2]. The
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authors assumed that the essence of the
pathophysiological development of severe heart failure
was in the decrease in the cardiac contractility. Then an
artificial myocardium has been developed using a
covalent nano-tech shape memory alloy fibre, which is
capable of assisting natural cardiac contraction from
out-side of the ventricular wall as shown in Fig. 1. The
purpose of this study was to develop a sophisticated
artificial myocardium unit, and also to have examined
the hemodynamic effects of the myocardial assist
system on cardiac function.

The authors have been developing a totally-
implantable artificial myocardial assist device [3]. The
methodologies of the direct ventricular support systems
were already reported as direct mechanical ventricular
assistance (DVMA) by Anstadt’s or other groups, as
well as the right ventricular assist device which was
invented and reported at IDAC, Tohoku University [4].
In this study, a design to surround the total heart has
been established in order to refrain from the stress
concentration by the mechanical assistance, and the
hemodynamic performance of the artificial myocardial
assist system were examined in a mock circulatory
systemn as well as on animal experiments using goats.

2. Methods
2.1. Circumferential
Myocardium

The myocardial assist system, as shown in Fig. 2,
consists of a covalent type shape memory alloy fibre
(Bio-metal®). The diameter of the fibre is 100 microns,
and it is contracted by the Joule heating. In general, Ti-
Ni alloy is well known as a material with the shape-
memory effect[5]. The fibre material is able to be
covered with a silicone tubing. The configuration of the

Design of Artificial



material was basically constructed by covalent bond, so
that it indicated a big strain change by 5 to 10% in
length. The linearity of the recovery strain and the
changes in electric resistance could be adjusted through
the fabrication process, so that the strain of the fibre
could be easily controlied by using the digital-servo
system without potentiometers.

2.2. Hemodynamic examination in animals
Hemodyamic data were also obtained from normal
adult healthy goats, the mean weight of which was
50kg. Prior to the measurement, the artificial
myocardial assist device with parallel-linked shape
memory alloy fibres was covered with silicone rubber,
and it was attached onto the ventricular wall. Left
ventricular (LV) pressure was measured by a catheter
tip transducer (Millar, SVPC-664A), The sensor was
inserted at the left atrial portion through the mitral
valve. These hemodynamic data were recorded by a
digital re-cording unit (TEAC, LX-10) and the
sampling frequency was 1.5kHz.

3. Results

The myocardial device developed was successfully
in-stalled into the goats’ thoracic cavity. Prior to the
installation of the device, it was covered with silicone
tubings and sheets. For the instaliation of the former
electrohydraulic myocardial assist device which was
developed by the authors [4], it was necessary to
remove at least the fifth costa to make enough room to
be fitted in the thoracic cavity. But in this study by
using shape memory fibres, the actuator itself was so
small that it would be enough in less capacity for it in
the thoracic cavity. More-over, the procedure of the
closed chest was found to be much simpler.

Hemodynamic waveforms were changed by the
mechanical assistance as shown i Figure 3. The aortic
flow rate as mean cardiac outlput was increased by 23%
and the systolic left ventricular pressure was elevated
by 6% under the low cardiac output condition at
2.5L/min by the mechanical assistance. Therefore it
was indicated that the effective assistance might be

achieved by using the Biometal shape-memory alloy
fibre.

4. Conclusion

A myocardial assistive device has been developed
and it was suggested that the effective assistance could
be achieved in goats. The elevation of the cardiac
functions  followed the changes in vascular
hemodynamics were investigated in this study.
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Fig. 1 Schematic illustration of an artificial myocardium attached

on the ventricular wall; the synchronous contraction can be achieved
according to the natural physiological demand

Fig. 2 Whole view of the mechanical artificial myocardium
developed; the ventricle was covered by the band-shaped device
and it was able to support the contractile function synchoronising
with natural heart beat.
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Fig. 3 Changes in the left ventricular pressure (LVP) and mean
cardiac output calculated by aortic flow volume; ‘control’:
without assistance, ‘assist’: mechanical assistance by the artificial
myocardium.
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Abstract

Nowadays, rotary blood pumps (RBPs) can be used
as not only for “bridge to transplantation (BTT)” but
also for “bridge to recovery” (BTR). To promote the
recovery of a ventricle, evaluation of cardiac function
is one of the important issues. In this study, we aimed
at finding an index to evaluate cardiac function
considering the bypass with the RBP. We verified
whether the maximum elastance F,, is valid as such
an index. Our results from animal experiments implied
that FE. 1s still a valid index expressing cardiac
function even after the implantation of the RBP.

1. Introduction

Recent progresses in clinical applications of rotary
blood pumps (RBPs) have revealed that assistance with
the RBP sometimes causes remodeling of the ventricle
by reducing energetic load that works on it. Because of
the recovery effect, the RBPs will be used as not only
“bridge to transplantation (BTT)” but also “bridge to
recovery (BTR)” nowadays. [1]

To promote the recovery, evaluation of cardiac
function is one of the important issues. This
information will be helpful to determine an adequate
timing for weaning from the RBP and to plan a
treatment program.  Meanwhile, although several
methods to evaluate cardiac function of a single native
heart have already been studied, a situation in which
the heart is bypassed by the RBP has little been
considered. As a result, there is a possibility that some
conventional methods misestimate the cardiac function
when the RBP is connected to the circulatory system.

To cope with this problem, we aimed at finding an
index to evaluate the cardiac function considering the
bypass with the RBP. To achieve this, we took notice
of the left ventricular pressure-volume relationship
which has commonly been used in conventional
methods. We performed acute experiments with three
adult goats to measure left ventricular pressure (LVP)
and volume (LVF) in various cardiac functions and
operating points of the pump. In particular, we verified
whether we could use the maximum elastance £,,, as
such an index. The index £, is known as a good
index which is not affected by the cardiac loads.
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2. Methods
2.1. Ventricular pressure-volume relationship

Time-series data of LVP and LVV can be translated
to a PV-loop as shown in Fig. 1. This loop is dislocated
and deformed by changing preload or afterload. In that
case, end systole (ES) points are placed on a line which
is called the end systole pressure-volume relationship
(ESPVR). The slope of the ESPVR is called Eu
which represents the contractility of the ventricle [2].
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(a) Construction of PV-loop (b) ESPVR and £,,.x.

Fig.1. Definition of PV-loop
2.2. Experimental setup

We performed three acute animal experiments with
adult goats to measure the PV-loops during assistance
with the RBP. The experimental setup is illustrated in
Fig. 2.

A NEDO-BCM PI Gyro pump (screw-in type) was
used as the RBP. An inlet and an outlet of the pump
were connected to the left apex and the descending
aorta with 3/8 inch cannulae, respectively. A
conductance catheter (Sigma 5 DF, Laycom, US) was
inserted on the left ventricle via the left atrium to
measure L¥VP and LVV.

2.3. Experimental condition

We measured PV-loops while cardiac function was
(a) normal cardiac function (NCF), (b) augmented
(positive inotropic intervention; PII) or (c) diminished
(negative inotropic intervention; NII). To imitate the
positive and negative inotropic intervention, we
injected Epinephrine and Propranolol, respectively. In
each condition, we altered the rotational speed of the



