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ABSTRACT

Currently, the most widely utilized ventricular assist devices (VADS) require percutaneous
connections and are located either externally (e.g., Thoratec, Abiomed) or intra-abdominally
(e.g., Novacor, TCI). These attributes have been implicated in a variety of complications
(infection, thromboembolic, gastrointestinal, etc.). To address these concerns, a totally im-
plantable VAD that requires no percutaneous connections and can be implanted in the left
hemi-thorax has been developed.

The developed device has undergone in vivo evaluation as part of the design and develop-
ment process. A total of 43 implants in the bovine model, with 5 device versions, have been
conducted between July 1992 and February 2000. These studies successfully have demon-
strated several important aspects of the developed device, including 1) feasibility of a totally
implantable system; 2) capability of the device to support a dysfunctional heart; and 3) ability
of the device to provide flows up to 10 L/min in a physiological setting.

The studies to date have played a vital role in the design and development process as well
as demonstrating the feasibility of a totally implantable intrathoracic VAD. Based on these
studies, design optimization was conducted, resulting in the development of the pre-clinical
version of the device in preparation for clinical trials.
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INTRODUCTION

Left ventricular assist devices (LVVADs) have been demon-
strated to be clinically effective for both short-term post-
cardiotomy support as well as for longer-term support as a
bridge to cardiac transplantation (1). Furthermore, the currently
available devices have established evidence of improved func-
tional and physiological condition in end-stage heart failure
patients (2—5). This clinical experience has led to interest in the
use of LVADs for longer-term use as a so-called “destination
therapy.” Destination therapy would imply that the device was
implanted with the intent of long-term or chronic support in
terms of years as opposed to as a temporary bridge to trans-
plantation or potential recovery. This approach would allow
those patients who potentially could benefit from circulatory
support but do not meet the current stringent guidelines for
transplantation (which is currently a prerequisite for device
implantation in the United States) access to this important tech-
nology.

Currently in North America and Europe, two major device
types are widely available for clinical use: 1) console-based
systems such as Thoratec Bi-VAD and Abiomed BVS-5000,
which utilize externally placed pumps and are designed for
in-hospital use and 2) wearable systems such as the Novacor
Left Ventricular Assist Systems (LVAS) and Thermo Cardio-
systems, Inc. (TCI) Heartmate, which utilize intra-abdominally
implanted pumps and can be utilized outside of the hospital
setting. Although both of these device types have specific mer-
its for certain applications and some have been used quite
successfully for extended durations of months and even years
(6-8), neither can be considered truly ideal for use as a desti-
nation device, due to the issues explained below.

First, systems that utilize external pumps require the patient
to be connected to a large and complex drive console, making
their use outside of hospital for long periods of time unrealistic.
The wearable systems, which do allow the potential for out-
of-hospital use, are the more suitable choice from the existing
devices for long-term use. However, these devices are not
without their difficulties for use as a destination therapy. Per-
haps the biggest challenge with the wearable systems is the
complication rates experienced with these devices. Although a
relatively high incidence of complications can be expected in
the cohort of patients receiving these devices, the characteris-
tics of these devices may also play an important role in the
clinical complications experienced to date.

Infection is one of the major clinical complications associ-
ated with the use of circulatory support devices, with historical
incidence rates of 25—-45% (9). This high incidence rate has
been attributed to the fact that these devices typically utilize
percutaneous connections for venting, powering, and monitor-
ing purposes. These percutaneous connections also reduce the
quality of life of the device recipients, who must care for what
is essentially an open wound on an ongoing basis. Furthermore,
the impact of the high rate of ongoing infectious complications

may also play an important role in the thromboembolic com-
plications, which also have substantial incidence rates (5—20%)
in circulatory support patients (10). Currently available im-
plantable devices also utilize an intra-abdominal implant site,
which results in a somewhat lengthy cannulation to the natural
heart, which may also play a major role in both the high rate of
incidence of both infectious complications and thrombo—
embolic complications. A further potential cause of infection is
the size of the implanted devices such as the Novacor LVAS
and TCI HeartMate, which are both over 1000 mL in volume.

Other difficulties with these systems include gastrointestinal
complications, which have been experienced due to the intra-
abdominal implantation site. In addition to these potential com-
plications, the difficulty in implanting these systems may also
play a role in the high level of complications experienced to
date. The implantation of these devices requires extension of
the standard median sternotomy to the umbilicus for device
implantation, substantial surgical manipulation in the intra-
abdominal area, and perforation of the recipient's diaphragm
for cannulation to the natural heart.

To address these and other issues, the University of Ottawa
Heart Institute (Ottawa, Canada) established the Canadian Ar-
tificial Heart Program in 1988, with the goal of developing a
next generation LVAD designed specifically for long-term use
outside of the hospital setting. The overall goal of the program
was to develop a next-generation VAD, capable of being im-
planted in the thoracic cavity, that would require no percuta-
neous lines and would offer the patient the capability to leave
the hospital and return to near-normal lifestyle activities with
minimal limitations. The device (HeartSaver VAD) developed
through this program has undergone in vivo evaluation as part
of the development process as described herein.

MATERIALS AND METHODS

DEVICE DESCRIPTION

The HeartSaver VAD system as shown in Figure 1 is a
pulsatile electro-hydraulically actuated VAD described previ-
ously (11-14). It utilizes implanted components (Figure 2),
including the VAD unit, internal battery, and implanted energy
and information transfer coil, as well as external components
(Figure 3), including the remote biotelemetry monitor, external
battery, and external energy, and information transfer coil.

The implantable VAD unit (Figure 4) combines the blood
chamber, volume displacement chamber, electrohydraulic
axial flow pump, and control electronics into a single unit with
an overall volume of approximately 500 mL. The VAD unit is
designed for implantation in the left hemithorax, and the ge-
ometry is based on cadaveric and intra-operative anatomical fit
studies (15) as well as fluid dynamics optimization (16). The
intrathoracic implant site allows for extremely short and direct
cannulation in the human (Figure 4). Inflow cannulation is via
the apex of the left ventricle and outflow is via the ascending
aorta. In in vivo studies, the outflow cannulation is via the
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Figure 1: HeartSaver VAD system schematic.

Figure 2: Implantable components: VAD unit, internal battery,
and internal energy and information transfer coil.

descending aorta due to differences in device placement in the
calf model. An integrated volume displacement chamber adja-
cent to the lung allows the pressure of the system to equalize
with atmospheric pressures, thus eliminating the requirement
for external venting.

The unit is powered and monitored/controlled via the energy
and information transfer coils, which allow transcutaneous
transfer of energy and information through intact skin and
tissue, thus eliminating the need for percutaneous connections
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Figure 3: Wearable components: external battery, biotelemetry
monitor, and external energy and information transfer coil.

(17-21). The energy transfer system provides power to operate
the VAD unit from a wearable external battery or other power
source (automobile cigarette lighter, Household AC outlet,
etc.). This system also charges the implanted battery, which
allows the recipient the ability to bathe, shower, and partake in
other activities without the need for any external power source.
The information transfer system utilizes an infrared biotelem-
etry system integrated within the energy transfer coils.

A wearable remote biotelemetry monitor provides device
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Figure 4: Clinical cannulation is inflow via the apex of the left
ventricle and outflow to the ascending aorta (in the calf model
outflow is to the descending aorta).

status displays and warning alarms via the infrared biotelem-
etry system. This monitor also offers the clinician the capabil-
ity to perform routine device monitoring from a remote loca-
tion, using phone lines or other public telecommunication in-
frastructure (i.e., satellite, Internet, ATM-asynchronous
transfer mode systems, etc.), thus allowing patients the ability
to leave the hospital and reduce the number of return visits for
routine device assessment.

IN VIVO STUDIES

Three series of in vivo experiments have been conducted
(N = 43) using various prototype versions of the device in
male Holstein calves (22—25). The intent of all of the implants
to date has been to supply input to the design process and to aid
in the development of an appropriate implantation procedure.

The overall goal during the first series of implants (N = 12)
was to obtain a successful implant of 5 days in order to prove
the overall concept of the design. Once this goal was achieved,
this series was terminated. After the various design inputs were
used to revise the device design, a second series (N = 13) of
implants was conducted. The goal for this series was to assess
the design modifications, refine the implantation procedure,
and achieve a successful 30-day implant. Once this goal was
achieved, this series was also terminated, and design inputs
were once again used to revise the device design, resulting in
the final pre-clinical device form. To assess the pre-clinical
device during the prototype manufacturing stage, a third series
(N = 18) of implants was conducted. This series is ongoing in
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Figure 5: Calf with implanted HeartSaver VAD in the recovery
area.

preparation for a formal multi-centre animal study to be used
for regulatory purposes.

The implantation of the device after routine pre-operative
screening and induction is implemented via a sixth intercostal
space thoracotomy. After heparinization, cardiopulmonary by-
pass (CPB) is instituted in the left jugular vein and left carotid
artery using a Biomedicus centrifugal pump.® While CPB was
utilized in the majority of cases, a series of six implants were
conducted without the aid of CPB to assess the potential for
non-bypass implantation of the device in the animal model.
The pre-clotted outflow cannulae is anastomosed to the de-
scending thoracic aorta utilizing a side-biting clarnp, the peri-
cardial sac is opened, and a pledgeted purse string suture is
placed at the left ventricular apex for the apical inflow cannula.
An apical ventriculotomy is performed using a 25-mm punch,
and the apical tip of the inflow cannula is introduced into the
left ventricle. The pledgeted sutures are then secured to the
Dacron cuff of the apical inflow cannula. After device insertion
and de-airing, the system is started in a fixed rate operating
mode (default 50 BPM). Once functional operating status is
confirmed by observation, and a stable hemodynamic condi-
tion is obtained, the device is switched to the Full/Fill-Full/
Eject operating mode. After insertion of left and right chest
tubes the chest incision is closed, and the animal is transferred
into the recovery area. Figure 5 shows a calf implanted with the
HeartSaver VAD in the recovery area. An automated data ac-
quisition system is utilized to monitor and record the device
and recipient parameters on an ongoing basis during the op-
erative and post-operative phases.

RESULTS

During the first series of experiments (N = 12), the entire
system, including the energy and information transfer sub-
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systems, was utilized to prove the overall concept of the de-
sign. During these experiments, the animals were supported for
periods up to 5 days (Mean duration 16.5 hs, range 1.5 hs to 5
days). This series demonstrated the feasibility of a totally im-
planted system utilizing remote power transfer and wireless
monitoring/control technologies and provided vital input for
the device design and optimization process.

The second series of implants (N = 13) were conducted
with a modified version of the device and focussed on perfor-
mance of the implanted VAD unit, specifically the inflow and
outflow cannulae, the blood chamber fluid dynamics, and de-
vice positioning in the calf model. In this series of experiments,
the animals were supported for periods up to 30 days (mean
duration 3.5 days, range 1 h to 30 days). This series success-
fully demonstrated the ability of the device to support a dys-
functional heart (ventricular fibrillation), allowed assessment
of device modifications implemented as a result of the series 1
implants, and provided further input into the device design and
optimization efforts.

The third series of implants (N = 18) is currently ongoing
and is designed to assess the pre-clinical version of the device
in preparation for a formal multi-centre animal trial. This series
has concentrated on optimizing the implant procedure and as-
sessing implantability/ease of use of individual components in
their pre-clinical form, as they become available from the pilot
manufacturing facility. For these reasons, most of the third
series of implants have been acute implants lasting no more
than 1 day (typically a couple of hours).

Preparations for the formal animal trial are currently under-
way. This trial is a prospective, multi-centre trial based on the
guidelines (26) established by the National Institute of Health,
Food and Drug Administration, Society of Thoracic Surgeons,
and the American Society for Artificial Internal Organs. The
trial will focus on achieving eight long-term (90 day) survivors
and will assess hemodynamics at 30 and 90 days, monitor
continuous device performance, and track all adverse events
(including hemolysis, infection, thrombo-embolism, and end-
organ damage). The results of this study will be used for regu-
latory purposes to obtain approval to begin clinical utilization
of the HeartSaver VAD.

DISCUSSION

As the field of circulatory supports moves forward towards
more widespread utilization and into longer-term use as a des-
tination therapy, the importance of quality of life for the device
recipients could not be more important. While the devices need
to be technically sound and have lower complication rates, they
must also address the needs of the recipient to maintain a near
normal lifestyle. This concept has been an overriding goal of
the HeartSaver VAD development and has been the focus in
our goal of a totally implantable system. With a totally im-
plantable system, patients should be able to resume near-

normal life activities. For example, while operating with the
internal battery, the patient will be able to remove all the ex-
ternal components, allowing them to participate in the widest
possible variety of activities, such as swimming and bathing.
Other efforts towards improving the patients quality of life
include the implementation of the remote monitoring and con-
trol capability, which will allow the patient and device to be
monitored remotely, thus reducing or eliminating the need for
the patient to return to the hospital for routine device assess-
ments.

Finally, we hope that once this device enters the clinical
arena, that not only will the device have a reduced level of
clinical complications, due to the specific device characteris-
tics (i.e., totally implantable, intrathoracic location, etc.), but
that the device recipients will be provided with an enhanced
quality of life due to these characteristics.
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