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Ventricular assist device applications

Ventrikiil destek cihazi uygulamalari

Kerem M. Vural

Department of Cardiovascular Surgery, Tiirkiye Yiiksek Ihtisas Hospital, Ankara, Turkey

ABSTRACT

Since the commencement of the artificial-heart program at the National Institutes of Health in 1964, many circulatory-support devices have been
developed for short-term use in patients with end-stage heart failure. In the last decade, the interest on mechanical devices for ventricular
assistance increased rapidly. As a result, significant advances in both the technology and clinical experience in the field of mechanical cardiac
assist occurred over the last decade. In the current era, there is a wide variety of devices both available and in development. This article briefly
reviews the evolving concepts and current systems on ventricular assist devices, as well as their role in today’s clinical practice.

(Anadolu Kardiyol Derg 2008; 8: Suppl 2; 117-30)

Key words: Heart-assist devices, ventricle-assist device, heart, artificial, artificial organs, cardiac failure, cardiomyopathy

OzeT

Yapay kalp programinin 1964 yilinda National Institutes of Health tarafindan baslatiimasindan sonra son dénem kalp yetmezligindeki hastalarda
erken donemde kullanim igin birgok dolasim destek cihazlari gelistiriimistir. Son 10 yilda, mekanik ventrikiil destek cihazlarina ilgi hizla artmistir.
Sonug olarak son 10 yil igerisinde, mekanik kalp destegi alaninda hem teknoloji, hem de klinik deneyim agisindan 6nemli gelismeler ortaya ¢ikmistir.
Cagimizda, gerek mevcut, gerekse gelisme asamasinda ¢ok cesitli cihazlar bulunmaktadir. Bu makale kisaca, ventrikiil destek cihazlar {izerine

gelismekte olan konseptleri ve halihazirdaki sistemleri, ve bunlarin giiniimiiz klinik uygulamadaki rollerini gdzden gegirmektedir.

(Anadolu Kardiyol Derg 2008; 8: Ozel Say: 2; 117-30)

Anahtar kelimeler: Kalp-destek cihazlari, ventrikiil-destek cihazi, kalp, yapay, yapay organlar, kalp yetersizligi, kardiyomiyopati

Introduction

According to the Registry of the International Society for
Heart and Lung Transplantation: Twenty-fifth Official Adult
Heart Transplant Report-2008, at the time of transplant, almost
29% of patients were on some type of mechanical circulatory
support modality (22% on left ventricular assist device-LVAD)
(1). This is a significant increase compared to the previous
reports. Heart disease continues to be the leading cause of
deaths worldwide (1). Congestive heart failure affects more
than two million patients and causes approximately 400.000
deaths annually in the United States. Status-1 patients have an
annual mortality over 65%. The overall mortality for patients on
the transplantation waiting list is about 30% per year. Apart

from this group suffering deeply from donor shortage, there is
also another group consisting of those who cannot be weaned
off cardiopulmonary bypass at the end of an open-heart proce-
dure (postcardiotomy failure).

In the last decade, the interest on mechanical devices for
ventricular assistance increased rapidly (2). This is partly
because of the growing need for a means to bridge the patients
with end stage heart failure to transplantation, where donor
availability is long overwhelmed by the increase in patient
number on the transplant waiting list. In addition, the reported
long-term success with device support, pointed out to the
possibility of permanent cardiac assist. As a result, significant
advances in both the technology and clinical experience in the
field of mechanical cardiac assist occurred over the last decade.
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In the current era, there is a wide variety of devices both
available and in development, ranging from simple,
percutaneous, left-sided support systems to totally implantable
artificial hearts. New support systems have been developed
and are being tested for both bridging and supporting
purposes. This article briefly reviews the evolving concepts
and current systems on ventricular assist devices, as well as
their role in today’s clinical practice.

Historical notes

The first clinical successful device implantation took place
in 1963 by Hall and colleagues (3). This was an intracorporeal
device supporting the left-sided circulation and employed two
cage-ball mechanical valves to ensure one-direction blood
flow. A paracorporeal device was developed shortly after, and
successful clinical results with explantation and discharge
were reported (4). These devices were developed for
short-term support for postcardiotomy failure patients, a group
of potential ventricular assist device (VAD) candidates that
appeared with the introduction of open heart surgery into
clinical practice. In 1964, the National Heart Lung and Blood
Institute started an “artificial heart program”. With the
extension of this program into 1970s, the “Medical Devices
Applications Branch of the National Heart and Lung Institute”,
aimed to develop mechanical devices for both short-and
long- term purposes, as well as total artificial hearts (5, 6).
The contractors, including Abiomed, Baxter, Thermo
Cardiosystems and Thoratec Labs., subsequently entered into
the development process. Successful bridging of patients to
transplantation were reported first using a total artificial heart
in 1969 (7), then with a left ventricular assist device in 1978 (8).
With the reintroduction of heart transplantation owing to new
immunosuppressant regimens, candidates on the waiting lists
demanded development of better devices for mechanical heart
assist for increasingly longer periods of support. Consequently,
investigational use of two devices intended for long-term
support to bridge transplantation according to NHLBI program
was approved by the United States Food and Drug
Administration (FDA). These were the Novacor (then Baxter
Healthcare Corp, Berkeley, CA) and HeartMate (then Thermo
Cardiosystems, Woburn, MA) implantable systems. The
pneumatic version of the HeartMate (IP model) was the first
device approved for general clinical use in 1994. The survival
and quality-of-life benefits of these devices along with the
ability to discharge LVAD patients home and resume work
while awaiting heart transplant were soon appreciated (9). In
1994, National Institutes for Health issued another request for
proposal, this time for “Innovative Ventricular Assist Systems.”
Accordingly, newer generation devices including axial flow
pumps and centrifugal pumps were developed. The main
advantages of these devices included easy application, total
implantability, small sizes, quiet operation and better reliability.
Meanwhile, with prolonged unloading of the failing ventricle by
the newly developed longer-term assist devices, some reverse
remodeling of the diseased myocardium was observed. This

pointed out to other potential uses of assist devices, such as
long-term unloading and then explantation without transplant
(11), or permanent implantation as a destination therapy for
end-stage patients who are not transplant candidates (12).

As a pioneering cardiac surgery center in Turkey, our
institution felt a need for a short-term assist device for
postcardiotomy failure patients during 1960s and 1970s, and
roller pumps or short-term centrifugal pumps were then used
to support circulation in these patients. In 1989, the first
Jarvik-7 device insertion in Turkey took place in Ankara
University, and the patient was supported for a period of 31
days until his death due to multiple organ failure (13). In 1990, a
new biventricular assist device, Abiomed BVS 5000, entered
service in our institution, Yiiksek ihtisas Hospital of Turkey, and
was used in postcardiotomy failure patients with limited
success. As a consequence of evolving cardiac bio-assist
concept during 1990s, our clinic started a skeletal muscle
dynamic cardiomyoplasty program in 1993 and some patients
were subsequently bridged to transplantation (14). In 2001, the
first successful clinical long-term assist device application in
Turkey was performed in Yiiksek Ihtisas Hospital of Turkey.
Three patients were inserted with DeBakey axial flow pumps,
two of them were successfully bridged to transplantation, one
of them still alive.

Patient selection

Indications for assist device implantation

The first clinical applications of ventricular assist devices
merely aimed to support a ventricle failing after an open-heart
procedure (postcardiotomy failure). The goal was to support
circulation for a few days or weeks, in an expectation of some
recovery in myocardial contractility. The physiological repair of
reversibly damaged contractile elements (e.g. recovery of the
normal response to calcium ions) and restoration of the
consumed ATP reserves by de novo synthesis (since faster
salvage pathways cannot be used in the local absence of
precursor nucleotides) usually require days. The recovery of
other systems (such as kidneys) that may be damaged during
the low output state also necessitates a sustained, adequate
circulation supplying nutritients, oxygen and precursors for
repair. Although rare in today’s clinical practice, there are still
patients who can not be weaned off from cardiopulmonary
bypass at the end of an open-heart procedure. The Norman
criteria established in the early era of ventricular assist still
apply in decision making for “when to support?” Despite
maximum inotropic support and intra-aortic balloon counter
pulsation, if the patient’s cardiac index is below 2 It/min/m2
BSA, pulmonary capillary wedge pressure is over 20 mmHg,
and the systolic blood pressure is below 80 mmHg, then a
ventricular assist device should be used (15).

In addition to these patients requiring short-term support,
there are others who may benefit from long-term circulatory
assist. The assist device implantation indications may vary in
this less homogenous group, which includes the patients with
reversible heart diseases such as myocarditis (bridging to
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recovery), those waiting for a suitable donor organ (bridging to
transplantation) and still others suffering from irreversible,
end-stage heart failure who are not transplant candidates for
some reason, therefore in need of permanent mechanical
support (destination therapy). As pointed out in an article by Di
Giorgi et al, different indication groups may benefit from
different devices (16). In conclusion, the major indication
groups for VADs are: 1- Short-term transient support of the
circulation, as in the cases of postcardiotomy failure (17),
acute respiratory distress syndrome, acute (especially
anterior wall) myocardial infarction (18), high-risk
percutaneous coronary intervention (PCI), post-transplantation
reperfusion injury etc. 2- Bridging: a) Bridge to transplantation
(BTT) (19); b) Bridge to recovery (BTR), prolonged but transient
circulatory support, for example until recovering from a
myocarditis etc. c) Bridge to bridging (BTB, i.e. for short-term
support until a more sophisticated long-term device can be
inserted) 3- Permanent implantation (Destination therapy or
alternative-to-transplant ATT) (20-23).

Indications for total artificial heart insertion

The indications of total artificial hearts somewhat differ
from those of assist devices (23-26). The implantation of a total
artificial heart necessitates total or near-total cardiectomy,
rendering any future explantation impossible. Therefore, the
initial enthusiasm about these devices faded quickly. The a
ctual use of total artificial hearts are usually limited to the
patients that are not considered as a good candidate for LVAD
implantation due to anatomical/physiological impediments
such as: 1- Endocarditis-with cardiectomy, a constant source
for blood borne infection is eliminated. 2- Malignant cardiac
tumors - allows for resection of the malignancy. 3- Graft
vasculopathy following cardiac transplantation - in which a
LVAD implantation is not feasible due to both immunosuppres-
sion and extensive nature of the disease (right ventricle
involvement). 4- Severe biventricular failure necessitating
long-term support. 5- Severe pulmonary hypertension, which
both exacerbates with the implantation and impedes the LVAD
function. 6- Large congenital intracardiac shunts. 7- Prosthetic
aortic valves, which constitute a nidus for thrombi in the
presence of an LVAD. 8- Large left ventricular thrombus or
aneurysm and apical fresh infarct, due to potential problems
with apical insertion of LVAD inflow cannula and also for being
a thromboembolic source. 9- Untreatable or unresectable
source of sustained ventricular arrhythmia disturbing right
ventricular function, which is essential for LVAD filling in the
early postoperative period.

Contraindications of ventricular assist device insertion

It is difficult to draw absolute contraindications for a
life-supporting device, where not using it may result in the
patient’s demise. Therefore, the contraindications are often
considered as relative rather than absolute. Perhaps the term
“risk factors” is more appropriate. Furthermore, these issues
are still controversial and subject to constant evolution. In
general, the patients with severe pulmonary disease (27, 28),

blood dyscrasias (28), psychiatric disorders (in which suicidal
attempts can be successful by simply unplugging the device or
incompliant behavior may interfere with device function) and
irreversible organ dysfunctions are not good candidates for
mechanical assist devices. A small body surface area
precludes the implantation of bulky devices such as HeartMate
VE, and also creates a tendency to thrombosis due to low
preset flow rates, especially when the body surface area is
less than 1.5 m2 (29). Severe aortic valve insufficiency
produces a “vicious-circle circulation” and device output
returns again and again to the left ventricle via the
incompetent aortic valve. Any right ventricle dysfunction,
caused by irreversible ischemia, myocarditis, cardiomyopathy,
damage to essential coronary grafts, or any situation impairing
left ventricular filling such as severe pulmonary hypertension
will eventually lead to the failure of a left-sided device due to
filling compromise. Therefore, in such circumstances, any left
ventricular assist device should be avoided. Most LVAD
inflows are apically inserted, and the presence of a fresh
apical infarct may preclude device insertion. Large left
ventricular aneurysms can be sucked into the inflow cannula
with devastating consequences (30). Active gastric/intestinal
ulcer disease or infection is also among the contraindications
for device insertion.

Risk factors

The patients in relatively greater risk rendering them
less-than-ideal candidates for assist device insertion are those
with: 1- an urine output less than 30 mL/hour; 2- a serum
creatinine level exceeding 5 mg/dL; 3- a high initial central
venous pressure in the presence of a relatively low pulmonary
artery pressure; 4- mechanical ventilator dependence
(interfering with left ventricular filling); 4- a refractory
coagulation disorder with a prothrombin time exceeding 16
seconds (which may expected to worsen after implantation
and pointing out a right ventricular dysfunction and
subsequent hepatic insufficiency, both indicating poor
prognosis; 5- reoperation, especially if damage to right
ventricle or right ventricle-supplying coronary grafts is
possible; 6- an infection of undetermined/unknown origin;
6- serum bilirubin increase; 7- preimplantation extracorporeal
membrane oxygenation (ECMQ)-dependence.

Some issues to address for subsequent
device placement

Cardiac issues: Right ventricular failure is the cause of
mortality in about 20% of LVAD recipients. To predict possible
postimplant right ventricular failure, preoperative right
ventricular stroke work may be used as a parameter (31).
Severe aortic regurgitation should be addressed during LVAD
implantation (see above) (32). At times, oversewing the valve
may be necessary. A severe aortic stenosis should always be
corrected before permanent cardiac replacement because
these patients often have adequate myocardial reserve, even
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with very low preoperative ejection fractions and severe
congestive heart failure (28). If a prosthetic valve replacement
is necessary, mechanical prostheses should be avoided
because of the increased rate of thromboembolic
complications. Mitral insufficiency is not an important issue
since after LVAD insertion the left ventricle is completely
unloaded and the end-diastolic pressure approaches to zero.
On the other hand, mitral stenosis should be corrected since it
may interfere with LVAD filling (28). Tricuspid insufficiency
should be treated because LVAD filling and success depend on
right ventricular forward flow. The LVAD recipients with
coronary artery disease can still have angina or ischemic
myocardial injury if this is not surgically addressed or if the
atherosclerotic disease is inoperable. Sometimes antianginal
medication becomes necessary. Any previously constructed
coronary grafts, especially if they are supplying right
ventricular territory, should be protected. Atrial or ventricular
septal defects should be repaired at the time of device
placement in order to avoid desaturation due to increasing
right-to left shunting after LVAD insertion (33).

Extracardiac Issues: Preoperative normalization of
coagulation parameters, with a prothrombin time less than 15
seconds, and restoration of normal transaminases and
bilirubin are of pivotal importance in potential LVAD recipients
who may have hepatic congestion and dysfunction
preoperatively (28). All patients should have a detailed
neurological and psychiatric assessment to ascertain whether
the patient will overcome the physical and mental problems
associated with device support (27). Potential LVAD recipients
should be checked for their nutritional status and may need
days or weeks of intensive nutritional supplementation.
Physical therapy and rehabilitation may also become ne
cessary in end-stage heart disease to re-establish muscle
mass and strength. Severe peripheral vascular disease,
especially severe iliac artery disease complicates LVAD
placement (by interfering with femoral cannulation),
maintenance (by interfering with continuous arteriovenous
hemofiltration to manage patients with renal insufficiency) and
removal (by interfering with intraaortic balloon insertion).
Severely diabetic patients are at high risk of infection and often
not considered as future transplantation candidates. The
possible LVAD recipients should be screened carefully for
pre-existing evidence of infection. A confirmation for the
absence of positive blood cultures, especially for fungi, a week
before device insertion is essential. All actual sources of
infection must be completely treated. Prophylactic antibiotic
use is mandatory (see later in the text).

Device selection

Currently, there is a wide spectrum of available or
developing devices, ranging from percutaneously inserted,
simple left-sided systems to fully implantable total artificial
hearts. The device selection is of pivotal importance for
success and should be done carefully on an individual basis.

I- Ventricular assist devices
a) Paracorporeal devices

This group consisted of uni-biventricular paracorporeal/ex-
tracorporeal assist devices and total artificial hearts controlled
by an extracorporeal console. The latter will be discussed
elsewhere.

1) Short-term support devices

Apart from the centrifugal pumps such as BioMedicus
(Medtronic, Inc., Minneapolis, MN) and the Sarns/3M
Centrifugal System (Sarns/3M, Ann Arbor, MI) which can be
used for short-term transient use for postcardiotomy failure,
ECMO or bridge to bridging (BTB, i.e. for short term support
until a more sophisticated long-term device can be inserted)
purposes, a good representative of this group is the Abiomed
BVS 5000 (Abiomed Cardiovascular, Inc, Danvers, MA) device.
The first human application was in 1987 and followed by more
than 3000 implantations. This device is both FDA- and
CE-approved for postcardiotomy failure or bridging. It is often
used for transient short-term right ventricular support during
left ventricular assist with another device such as HeartMate
(Thoratec Laboratories Corp,

Pleasanton, CA) or for bridge to bridging, in today’s clinical
practice. The BVS 5000 system is actually a biventricular
support device, with both the pump chambers and control
console are paracorporeal (i.e. externally situated at the side
of the patient). It is relatively cheap and simple to insert but
generally considered for short-term-use. The drive system is
an electro-pneumatic device using synthetic valves to ensure
one-way blood flow.

2) Long-term support devices

Thoratec (Thoratec Laboratories Corp, Pleasanton, CA)
PVAD system (first human application in 1982) is another
pneumatically driven, paracorporeal uni/biventricular assist
device for possibly longer periods of support (weeks, months),
allowing for better patient mobility. It is a more sophisticated
device generally considered for long-term uni/bi ventricular
support, which is essential for bridging to transplantation.
However, it is more expensive and both implantation and
maintenance are not as simple as BVS 5000. It consists of an
externalized pneumatic pusher-plate pump positioned
subcostally and connected to a drive console. The HeartMate
IP (Thoratec Laboratories Corp, Pleasanton, CA) device is
another pneumatically-driven, univentricular and implantable
device. Based on work started in the mid-1960s, the first
clinical implantation of the HeartMate took place in 1986. The
HeartMate was the first mechanical circulatory support device
to be approved by the FDA as a bridge-to-transplant. The IP
model is the pneumatically driven implantable version but there
is also an electrically powered (vented electric -VE) version.
The bulky pump chamber is implanted intracorporeally and
connected to an extracorporeal control console (IP) or a
wearable battery and control unit (VE/XVE). Berlin Heart (Berlin
Heart GmbH, Germany) Excor (first human application in 1990)
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and Abiomed AB 5000 (first human application in 2003) systems
are newer examples of paracorporeal, pneumatically driven
uni/bi ventricular assist devices for bridging-to-transplantation
purposes. All these devices are driven and controlled by a
paracorporeal pneumatic consol of varying transportability. The
newly developed more versatile Thoratec IVAD is designed to
be an implantable and home-dischargeable biventricular assist
device indicated for postcardiotomy failure recovery and
bridge-to-transplantation.

b) Implantable (intracorporeal) systems

This includes implantable left ventricular assist devices
(LVADs) and implantable total artificial hearts (TAHs). There is
some controversy in the use of term “implantable” here, since
some of the systems presented below are only partially
implantable (i.e. the main pump chamber is intracorporeal and
connected to a wearable/portable external battery and control
unit by a driveline or cable piercing the skin) while some
others are totally implantable.

1) Left ventricular assist devices

This is a heterogeneous group consisting of devices
developed in different periods, employing different drive
mechanisms, inspired by different principles. It is best to
review them under three generation groups:

1-First generation: These are implanted, pulsatile,
electric-driven, bulky, pusher-plate displacement pumps
connected to a wearable, control and battery unit by a
driveline piercing the skin, allowing discharge to home on
support. The first FDA approved devices for permanent use
(destination therapy) are from this group. These two
well- known devices are the Novacor N1000PC (World Heart,
Inc., Oakland, CA) and HeartMate VE (Thoratec Laboratories
Corp, Pleasanton, CA) (electrically-driven version of
HeartMate) systems. They were used extensively for both
bridging and permanent purposes on an outpatient basis. The
main drawbacks of the Novacor system was anticoagulation
necessity and a relatively high incidence of thromboembolic
events (29) while infection and technical problems were more
commonly observed problems with the HeartMate system. The
blood-device interface of the HeartMate pump incorporates
titanium microspheres and the flexible diaphragm is covered
with textured polyurethane. This unique structure promotes
the formation of a pseudo-intimal layer densely attached to the
interior surface of the device, and may be responsible for the
low thromboembolic risk (less than 5%) associated with the
HeartMate despite the lack of anticoagulation (35). The
Novacor device, on the other hand has an excellent
mechanical reliability (36), however mandates strict
anticoagulation with coumadin (INR 2 to 3) and aspirin (29).
With growing experience, it is realized that the LVAD driveline
piercing the skin to connect the implanted pump to an
extracorporeal control and battery unit is problematic in many
ways, including infectious complications and technical
problems (37). To overcome such problems associated with

this driveline, a wireless transcutaneous energy transfer
system (TETS) has been developed. Many newly developing
fully implantable devices of different genres are expected to
use this new technology. The newest member of this family,
the Novacor Il (World Heart, Inc., Oakland, CA) device is an
improved version of Novacor and is still in its preclinical
development stage.

2-Second generation: These are mainly named as “axial
flow pumps”. Employing the “Archimedes’ screw” principle,
these pumps use electrical energy to rotate an axle on which a
turbine or propeller system is mounted to propulse liquids
forwardly. A very high rotation rate makes it possible to pump
large amount of blood in accordance with the body needs.
These systems consist of a much smaller pump with fewer
moving parts and less blood-contacting surface than
pusher-plate devices. However, the system works on high
rotational speeds (38), heat is generated, hemolysis with
damage to the blood cells and thrombi may occur (39). Anemia
and platelet damage along with the activation of contact
coagulation system may ensue. All these can interfere with
device function, and cause thromboembolic complications
(40). In addition, the flow they provide is non-pulsatile (or with
the contribution from the patient’s own heart “less pulsatile”),
and this non-physiological condition, although well tolerated
by mammalian organisms after a period of adaptation (41), may
cause compromises and distorting effects in baroreceptor
activity, catecholamine release, lymphatic pump, renal cortical
blood flow, fluid shift and vascular wall structure integrity in
the early period of implantation. With the use of these devices,
myocardial oxygen consumption is reported to decrease by
20% and coronary perfusion pressure is expected to increase.
Since there is no one-way valve mechanism employed on
these devices, any device malfunction leads to develop the
equivalent of wide-open aortic insufficiency. Among these
devices are the HeartMate Il (formerly Nimbus) (Thoratec
Laboratories Corp, Pleasanton, CA), Micromed DeBakey VAD
(MicroMed Cardiovascular, Inc Houston, Texas), Berlin Heart
INCOR (Berlin Heart GmbH, Germany) and Jarvik 2000
FlowMaker (Jarvik Heart, Inc., New York, NY) systems,
weighing between 53 and 176 g rams.

DeBakey VAD: This axial flow pump was developed by Drs.
Michael E. DeBakey and George P. Noon with the collabora-
tion of NASA engineers in 1988 (conceptual work) and licensed
in 1996 with the first clinical application in 1998. Since then it is
used extensively mainly in Europe, with a longest assist period
over 500 days. It is also the first successful long-term left ven-
tricular assist device implanted in Turkey in 2001 at Yiiksek Ihti-
sas Hospital of Turkey. Initially three devices were implanted in
this clinic and two were successfully bridged to transplanta-
tion; one is still alive. In this group a relatively new device,
Impella (Abiomed Cardiovascular, Inc, Danvers, MA) is notable
for its minimally invasive, catheter-based cardiac assist device
versions (LP 2.5 and LP 5 models) designed to unload the left
ventricle with subsequent reduction of myocardial workload
and oxygen consumption while increasing cardiac output,
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coronary and end-organ perfusion. There are also surgically
inserted versions to assist left ventricular (LD model) and right
ventricular (RD model) functions. The miniaturized HeartWare
MVAD (HeartWare, Inc., Massachusetts) is currently the
smallest axial flow pump and is still in its preclinical
development stage.

3-Third generation: These are mainly implantable
centrifugal pumps developed for long-term use. Many devices
in this group are newly developed or in development stage.
Examples from this heterogeneous group are the DuraHeart
(Terumo Heart, Inc., Michigan), VentrAssist (Ventracor,
Australia), CorAide (Arrow International, Pennsylvania),
HeartWare HVAD (HeartWare, Inc., Massachusetts) and
Levacor (World Heart, Inc., Oakland, CA) systems. These
pumps all use centrifugal energy to propulse blood but they
somehow differ from each other in many aspects such as their
implantation characteristics, dimensions, interrelation
between the moving parts, working principles and
device-blood interface. They have been subjected to vigorous
animal, preclinical and clinical testing.

Il - Total artificial hearts

The special indications for the use of these types of devices
were summarized above (the indications for total artificial
heart implantation). The implantation of these devices needs
total cardiectomy, therefore, device explantation for any
reason without impending heart transplantation is a problem.
Initially two systems were granted by the Institute, namely the
THI/Abiomed and Penn State/3M programs. The Sincardia
CardioWest total artificial heart (CardioWest Technologies,
Inc, Tucson, AZ) is developed from Jarvik 7-100, which was
implanted to Barney Clark and was used in the early 1980s. It is
the first FDA-approved device in its genre. It is a pneumatically
driven (linked to an extracorporeal console), orthotopically
implanted, biventricular, device that has been used extensively
and successfully for bridging patients to transplantation in the
past (23, 25, 42-44). In the US Food and Drug Administration
Investigational Device Exemption study conducted in five US
centers from 1993 to 2002 (23), hemodynamics were
immediately improved by CardioWest TAH implantation. The
mean support time was 79.1 days, and 79% of the implanted
patients survived to transplantation. Survival to 1 year after
transplantation was 85.9% (45). Strict anticoagulation is
mandatory and the mobilization and rehabilitation of the patient
is limited due to the external console. The Abiomed ABIOCOR
(Abiomed Cardiovascular, Inc, Danvers,MA) is a newly
developed completely self-contained heart replacement
device. The system includes an intrathoracic pump,
implantable battery, internal electronics and a wearable
external battery pack delivering energy via abovementioned
TETS unit. A centrifugal pump moves the hydraulic fluid
between each ventricle component providing alternate left
ventricular and right ventricular pulsatile flow. An atrial
balance chamber makes adjustments for left and right atrial

pressures (16, 46, 47). Strict anticoagulation and antiplatelet
treatment are mandatory. In 2001, ABIOCOR saw its first
clinical application (47) and the FDA approved it for
commercial approval under a Humanitarian Device Exemption
in September, 2006. A new generation, smaller and durable
model, AbioCor Il is reported to be under development using
ABIOMED and Penn State experiences.

lll- External compression devices

It is not a new idea to support heart by external
compression similar to the external cardiac massage during
resuscitation (48). Among the main advantages is using natural
interface between blood and pump (i.e. the patients own
heart), obviating the use of anticoagulants while presumably
reducing thromboembolic complications and blood-borne
infections. External compression devices work by compressing
the failing heart from its epicardial surface. The Anstadt cup in
1965 was a cardiac massage device used for cardiac arrest.
Newer devices use a cuff or cup with an internal inflatable
diaphragm, an electrocardiogram sensing trigger system and a
driver console. The compression force generated by the
device adds to the ventricular pressure generated by the
native, contracting myocardium at the expense of some loss in
diastolic compliance. This means higher filling pressures are
needed to obtain the same preload (49, 50). Companies such as
Cardio Technologies (Cardio Technologies , Inc., Pine Brook,
NJ) and Abiomed (Heart Booster) (Abiomed Cardiovascular,
Inc, Danvers, MA) have compression device development
programs. Successful support for up to one week was
reported in the previous animal studies (51). The insertion and
weaning-off are expected to be easy and can be done without
cardiopulmonary bypass. The device may also incorporate a
weaning system using variable compression strength.
Potential problems after prolonged use include rhythm
disturbances and myocardial injury, ecchymosis and scarring
caused by contusion and/or coronary compression (52). Among
the cardiac assist concepts using external compression
principle, the latissimus dorsi dynamic cardiomyoplasty is
notable for using compressive force generated by patient’s
own, trained and synchronized skeletal muscle (53). In
accordance with the results of many other centers, our
institution’s experience also demonstrated limited clinical
success in a selected patient population (54-56). Currently,
modifications of dynamic cardiomyoplasty using artificial
muscle are under investigation (57).

Device implantation

Regardless of their generation, many LVAD systems use a
left ventricle apical-connected inflow and an ascending
aorta-connected a graft outflow. Total artificial hearts are
orthotopically inserted. Depending on the device characteris-
tics, the implantation can be under aortic cross-clamping,
cardioplegic arrest, on cardiopulmonary bypass with the heart
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beating, or without using extracorporeal circulation (off-pump).
Bulky devices such as the first generation LVADs and total
artificial hearts needs accurate sizing before implantation and
there are three-dimensional computed tomography
reconstruction models such as The Abiofit system developed
for this purpose.

Device explantation

Except for a transplantation chance, the explantation of a
LVAD may become mandatory due to-for example-device
infection. There are anecdotal reports or observations
demonstrating a sustained native left ventricular function
adequate to support the circulation after the explantation. This
may point out some recoverability in the left ventricular
functions. However, in the long-term follow-up, many such
patients died suddenly (even after 6 to 9 months), most
probably due to fatal arrhythmias generated from the
distended ventricle. On the other hand, patients surviving
2 years after the explantation were also reported. The LVAD
application is thought to provide the failing heart with a resting
period in which some recovery and reverse remodeling are
possible. However, following the explantation, this healing
process may stop and even be reversed (58). In addition, it is
reported that the incidence of myocardial recovery after left
ventricular assist device implantation in patients with chronic
heart failure is low (59).

LVAD physiology

With total unloading the left ventricle, LVAD is added to the
circulation in a serial manner. However, if there is some left
ventricular reserve or residual volume in the left ventricle to
open the aortic valve to generate a pulse, then the LVAD pump
works in parallel with the native left ventricle. Therefore, both
the device and the ventricle can pump blood into the
ascending aorta. However, except during exercise, the aortic
valve usually does not open. During the exercise, veins
contract and venous return to the heart increases, causing an
increase in common end-diastolic volume and the aortic valve
opens indicating some contribution from the native ventricle.
All LVADs are preload-dependent. Therefore, the combined
output (LVAD+ventricle) can never exceed the output of right
ventricle. Left ventricular assist devices need uncompromised
filling from the right ventricle (ideally more than 3 It/min./m?2
BSA). Therefore, especially during the first few days to weeks,
any ischemia or sustained arrhythmia such as ventricular
fibrillation should be avoided. After a few weeks, with the
subsequent decrease in pulmonary vascular resistance, a loss
in the right ventricular contribution mimicking a Fontan-type
condition can be better tolerated.

Interventricular dependence: The right ventricle physically
sits on the septum and a high-pressure chamber (left ventricle)
and uses them as an anchorage. The LVADs, by effectively
unloading the left ventricle, deprive the right ventricle from this

physical support, causing interventricular septum to bulge
leftward. This may worsen right ventricular dysfunction. On the
other hand, left ventricular unloading causes some 15%
decrease in pulmonary vascular resistance (pulmonary artery
pressure may decrease by 30-40%) and venous return to the
right ventricle increases. In addition, coronary perfusion to
right ventricle improves. The sum of all these complex
interactions determines the adequacy of LVAD filling.

Following assist device insertion, histological parameters
such as myocyte damage regresses (60), reverse remodeling
begins (61), and neurohormone levels decrease (62). Plasma
volume decreases and excess fluid is extracted due to
improvement in renal perfusion (63). The right and left atrial
pressures drop and consequently, plasma rennin activity,
aldosterone and vasopressin levels decline. Persistent high
plasma renin activity is a poor prognostic sign and mortality
predictor (63). Any incompetence of the aortic valve may cause
a fatal condition creating a vicious-circle circulation
(a variable part of the LVAD output repeatedly returns to the left
ventricle to fill the LVAD again) and should be avoided at all cost,
sometimes by oversewing the incompetent aortic valve. The
device stopping in axial flow pumps also cause a
potentially fatal condition mimicking massive aortic insufficiency.

Initial reports demonstrated very limited substantial
increase in total body oxygen consumption (64) and modest
improvements in exercise tolerance despite increased oxygen
delivery and improved circulation provided by LVAD. This was
attributed to chronic irreversible peripheral (for example
intrinsic skeletal muscle and vasculature) changes (65, 66).
However, newer reports are controversial, some demonstrat-
ing a good increase in oxygen uptake kinetics (67) total body
oxygen consumption in LVAD recipients (68). In a recent study
by Simon et al. (68), heart failure patients supported with a
pneumatic LVAD are found to have better exercise tolerance
than those receiving an electric LVAD. It is concluded that
patients on LVAD support have better exercise tolerance than
BiVAD-supported patients and it is thought that this highlights
the importance of right ventricular function to exercise
tolerance in heart failure patients (68).

LVAD immunobiology

More or less similar to cardiopulmonary bypass, any
implanted mechanical assist device can trigger humoral and
immunological cascades in the organism and puts the body in
a procoagulant, proinflammatory, fibrinolytic and prothrombotic
state (69). This is partly responsible for profuse bleeding
complications shortly after LVAD insertion. The patients
assisted by an LVAD are in a state of partial disseminated
intravascular coagulation (DIC). Macrophage procoagulant
activity is increased and many cascades and proinflammatory
substances, including cytokines are activated (70). Anti-HLA
antibodies are developed rapidly. While their level is
approximately 4% in a patient with congestive heart failure,
following LVAD insertion their level may increase to 47%. Panel
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reactive antibody formation may jeopardize the success of a
future transplantation (71). Anti-phospholipid antibodies also
increase to a level about 43%, with a hiphasic peak in
coagulation cascade. The first peak is due to device
implantation while the second is caused by immunocompetent
cell lines colonizing the pseudointima lining the inside of the
device. This surface, therefore starts to release substances
sourced from dendritic components (Von Willebrand Factor,
TM,CD34) and monocytic lines (CD68, CD14), that are
selectively adhered to fibrin surface. Substances such as
CD68, CD14, interleukin (IL)-1pB, 1L-2,6,8, tumor necrosis factor
(TNF)o, tissue factor (TF), intercellular adhesion molecule
(ICAM), vascular cell adhesion molecule (VCAM), E-selectin,
CD2, 3, 25, are also released. On the other hand, in a
susceptible patient population, the interaction between
T-lymphocytes (CD2, 3, 25) and immunocompetent LVAD lining
cells may cause B-cell (CD20) hyperactivity and autoimmunity.
A sustained regression in CD4 T-lymphocyte population occurs
due to apoptosis (72, 73). LVAD lining immunocompetent cells,
or LVAD unloading of the failing heart may also contribute to
the changes in nuclear transcription factor-KB (NF-KB) (74).
Acetylsalicylic acid given 80 mg daily may prevent the
activation of this factor and some other substances, inhibits
CD68 macrophage activation, VCAM-1 expression, and
untoward interactions between T and B-cells. Macrophage
procoagulant activation is also inhibited and the formation of
panel reactive antibodies is limited, which in turn greatly
increases the success of a future transplantation.

A more recent study on TNFa, C3a, C5a, IL-6, and neutrophil
elastase measurements in LVAD recipients revealed that IL-6
and Cba levels were increased significantly more in patients
following implantation of an axial flow pump (MicroMed
DeBakey) compared to the pulsatile Novacor device (75).

Perioperative patient care and problems

Bleeding: Both surgical and hematological causes and
activated cascades described in the LVAD immunobiology
section result in an increased oozing or active hemorrhage in
the peri-implant period. In addition, preoperative liver
compromise due to congestive heart failure may cause these
patients to bleed profusely. In principle, all surgical bleeding
sources, even the minor ones should be eliminated as much as
possible before the chest closure. Bleeding will cause more
bleeding due to dilution of coagulation factors (post
transfusion coagulopathy) and release of cytokines and other
substances. Even in the absence of blood donor shortage,
bleeding means more transfusion, which ultimately increases
pulmonary vascular resistance due to released vasoactive
substances, right ventricle overload. This eventually means the
failure of LVAD due to suboptimal filling. Aggressive
transfusion also increases the formation of panel reactive
antibodies, which substantially increase the risk of a future
transplantation. To decrease the contact with donor-specific
antigen, the blood should be filtered before being transfused.

Hypotension: Apart from hypovolemia or right ventricular
dysfunction-related hypotension, a profound vasodilatation
refractory to conventional vasopressors such as dopamine, may
develop following device insertion and usually lasts for 24-36
hours. The main characteristics include a mean arterial pressure
below 70 mmHg in the presence of a cardiac index over 2.5
L/min./m2, therefore it has similarities with septic shock, such as
decreased vascular tonus. The exact mechanism of this
phenomenon remains unknown but vasopressin deficiency, IL-1-
dependent nitric oxide production, anti-natriuretic peptid, ATP-
dependent K* channel activation with cGMP increase are among
the possible explanations. Apart from usually being useless, many
routinely-used vasopressors have untoward effects such as
end-organ hypoperfusion, arrhythmias and tachyphylaxis
development. If the patient is not responding to reasonable
amounts of volume infusion, low doses of arginine vasopressin
(0.04U/minute) is very efficient to restore vascular tonus (76).

Atrial fibrillation: Compromises right ventricle functions
which in turn causes suboptimal LVAD filling. Anti arrhythmic
drugs are used.

Ventricular arrhythmias: These compromise LVAD filling by
abolishing effective right ventricular contractions. This
complication may be well-tolerated a few weeks after the
implantation, however in the early post-implant period may be
fatal (see in the “LVAD physiology” section). Therefore, any
sustained ventricular arrhythmia developed in the early
postoperative period should be aggressively treated. There are
reports of combined LVAD and cardioverter-defibrillator implan-
tations in patients with retractable ventricular arrhythmias (77).

Antimicrobial prophylaxis: Strong anti-fungal and
anti-staphylococcal prophylaxis is essential. An example is the
“vancomycin+aztreonam+fluconazole” triple combination.
Should any fungal infection develop, amphotericin often
becomes necessary. The driveline exit port is a potential
source of infection (37), therefore should be observed closely.
In the early postoperative period, it is treated with
chlorhexidine, and following wound healing, silverdine-
containing ointments may be used for this purpose. All
intravascular catheters and lines should be withdrawn as soon
as possible. Infection following LVAD insertion is observed in
about 30-50%, carrying some 20-70% mortality. In addition, a
persistent infection may preclude future transplantation
opportunity in approximately 20% of infected LVAD recipients.
Vegetations lodged on LVAD prosthetic valves may also cause
thromboembolism. The most frequently responsible
microorganisms are Staphylococcus epidermidis and Candida
albicans, causing a bacteriemia/fungemia manifesting one
month after the implantation, a condition that mandates device
explantation and a subsequent high-risk transplantation (78).

Low cardiac output: In about 90% of the cases, the reason
is right ventricular failure, usually related to profuse hleeding
with subsequent massive transfusion, right ventricular
ischemia, or ventricular arrhythmias, etc. The patient should
leave the operation room without volume deficiency. Any
arrhythmia should be promptly terminated. Hypothermia
increases bleeding and pulmonary vascular resistance,
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therefore, should be avoided. Early extubation improves the
right ventricular dynamics by restoring autonomic
compensation mechanisms, and therefore, is desired.

Sudden LVAD filling compromise: Cannula obstructions
and kinked lines may impair device functions. The
inflow cannula obstruction can be seen on bedside
echocardiography with a distended left ventricle. In the
long-term follow-up, the possible causes include prosthetic
inflow valve thrombosis or infection, suction of ventricular wall
into the device, right ventricular dysfunction, kinked lines, etc.

Persistent hypoxia: A patent foramen ovale may be the
cause and can be detected on echocardiography. Pulmonary
causes should be excluded. The ECMO is not proven beneficial
in such conditions.

Thrombocytopenia: Platelet number decreases rapidly in
the first hours/days due to aggregation and adherence to the
device interior surface.

Abdominal discomfort: It occurs frequently with the
older-type bulky devices positioned intraabdominally or
preperitoneally. Frequent but small meals are given.
Sometimes abdominal pain and discomfort may be the early
sign of a developing infection in the LVAD pocket.

Hemodialysis: Preimplant renal function impairment may
dictate the liberal and early use of hemodialysis (CVVHF or
CAVH) in assist device recipients (79) with or without using a
right ventricle-supporting device.

Hypertension: Any hypertensive tendency masked by the
existing heart failure may become manifest with the establish-
ment of near normal output supplied by the LVAD. Usually a
pure vasodilator is preferred in the management. Beta-
blocking agents or calcium antagonists are often avoided.

Thromboembolism and stroke: The incidence greatly varies
with the type of the device. The HeartMate device enjoys a
relatively low incidence of thromboembolic events (2-4%/per
patient year) despite no anticoagulation due to its specially
designed interior surface (35). However, stroke incidences may
exceed 25-50% in other devices (29). Microembolizations and
subclinical neurological events need further long-term
neurocognitive tests and detailed studies (80).

Right ventricular failure: Clinically overt right ventricular
failure becomes manifest in 20% of the LVAD recipients. The
possible causes have been previously discussed. Briefly, the
underlying cardiomyopathy, air embolism, prolonged right
ventricular distention, poor myocardial protection, damage to
the present coronary grafts, right ventricular ischemia due to
coronary artery disease, total unloading of left ventricle with
LVAD (impaired ventricular interdependence; see above),
chest closure at the termination of the operation (this may
reduce output by 300 ml), and above all, bleeding and
subsequent transfusion in association with vasoactive
substance release (C5a, Thromboxane A2) are among the
major causes. Regardless of cause, the diagnosis of right
ventricular failure should not be delayed. A central venous
pressure exceeding 20 mmHg, giant v-waves, a left atrial
pressure less than 10 mmHg, a cardiac index less than 1.8

[t/min/m? BSA, a distended right ventricle, septal shift and
massive tricuspid regurgitation at bedside echocardiography,
support the diagnosis. Inhaled nitric oxide may help resolve
any pulmonary resistance related compromise (81). Regardless
of a cause, approximately 10% of the cases need some sort of
right ventricular mechanical support (RVAD). A relatively
simple and efficient way to decompress the right ventricle is to
create a controlled, centrifugal pump-driven peripheral
veno-arterial shunt without an oxygenator in the circuit. At
relatively low flow rates of 1-1.25 L/min., this peripheral
(jugular vein to femoral artery) right-to-left shunt,
decompresses right ventricle, improves systemic cardiac
output at tolerable oxygen saturations. It is usually used for
6-12 hours and does not require systemic heparinization. Due
to peripherally located inflow and outflow cannulation,
oxygen-rich blood from the native left ventricle mainly goes
toward brain and kidneys. This peripheral shunt is also
reported to have both physiologic and technical advantages
over a central shunt (82). The last resort in severe, retractable
right ventricle failure is to insert a right ventricular assist
device (RVAD). Once the use of a RVAD is deemed
unavoidable, there should be no further delay. The early
insertion of a RVAD, may improve survival about 55% in this
mortal situation. The right ventricle is usually supported for
about 5 days. The chest is often left open, and heparin is not
given until the chest drainage subsides. The addition of
a hemodialysis device to the RVAD circuit is often
beneficial in these circumstances (79). The ABIOMED BVS
5000, or sometimes short-term centrifugal pumps such as
BIOMEDICUS are used for right ventricular assistance.

Mechanical complications: Device malfunction, inflow
conduit rupture and lead break are mechanical complications.
These may fatally end, therefore prompt replacement of the
problematic component or the whole device becomes
mandatory (83).

Rehabilitation of the assist device patient

Early and progressive ambulation and return to daily life is
essential for any patient undergoing an assist device insertion
(84). Itis important to encourage patients to control activities of
daily living. The attainment of effective circulatory support
provides an opportunity for aggressive physical rehabilitation,
which is of paramount importance in converting the wasted
and bed-bound end-stage heart failure patient into an
ambulating reconditioned heart transplant candidate (85). The
rehabilitation begins in the first postoperative day in the
intensive care unit. There are certain stages of the
rehabilitation process:

Stage-1: The Goal: To avoid complications of being
bed-bound. The Tool: Chest and pulmonary exercises, Range of
motion exercises (ROM), positioning, sitting on a chair. The
Period: As soon as hemodynamic stability is accomplished
(days 2-7). The Place: The Intensive Care Unit (the average ICU
stay is about 8+5 days).
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Stage-2: The Goal: To decrease dependency on others in
daily activities. The Tool: Ambulation. The Period: Between the
first and second postoperative weeks. The Place: The
postoperative ward.

Stage-3: The Goal: To gain condition and physical fitness.
The Tool: Treadmill and bicycle exercises. The Period: After the
second postoperative week, until sternal union is completed
(6-8 weeks). The Place: The exercise saloon.

Stage-4: The Goal: To gain strength; increasing muscle
tonus, power and mass. The optimization of nutrition before a
future transplantation. The Tool: Resistance exercises. The
Period: After the completion of sternal union (from the 6% or 8th
weeks). The Place: The fitness saloon.

Stage-5: The Goal: To gain self-confidence, returning to
daily life, social and psychological adaptation. The Tool: Daily
activities, walking, bicycle riding, dancing. The Period: After
discharge and sternal union (heavy activities are not
recommended for 3 months). The Place: At home, daily
environment (shower caps and holsters are provided, jumping
and diving are not allowed).

The criteria for terminating a physical therapy session
include any subjective intolerance, a significant drop of assist
device flow, hypotension associated with fainting, dizziness, or
diaphoresis, severe, intolerable dyspnea, a saturation less than
90% on supplemental oxygen, significant chest pain or
discomfort, extreme fatigue, request of patient to stop (86).

Cost of assist device applications

With the increasing clinical use and success of left
ventricular assist devices, there is a growing need to assess
the cost efficacy of the devices to determine the value of this
treatment modality. Due to the amazing differences in
cost-determining variables such as the device type, different
pricing for countries or institutions, length of hospital stays,
rehospitalization rates, complication profiles, care costs, it is
nearly impossible to determine constant price for device
applications. However, there are still attempts to determine an
average cost of the procedure and to compare it to those of
other treatment modalities. In a study by DiGiorgi et al. (87)
from the United States, left ventricular assist device
implantation has been found to be associated with longer
length of stay and higher cost for initial hospitalization
compared with orthotopic heart transplantation. In this report,
total actual hospital costs after LVAD insertion averaged
197.957+77.291 U.S. dollars and the assist device patients are
found to have higher re-admission rates compared with
orthotopic heart transplantation but similar costs and length of
stay. Itis concluded that reimbursements for LVAD therapy are
relatively low, resulting in significant lost revenue and, if LVAD
therapy is to become a viable alternative, improvements in both
cost-effectiveness and reimbursement will be necessary (87).

Long-term results and quality of life
There are many studies attempting to analyze long-term

clinical success of assist device applications in terms of survival,
hemodynamic and clinical parameters and quality of life indices.

Again, there are many variables, such as device type (pulsatile
LVADs, axial flow pumps, total artificial hearts), observation
duration (long- or short- term) and initial indication of device use
(BTR; BTT; DT), making any comparison difficult. The most
important long term study is the REMATCH (Randomized
Evaluation of Mechanical Assistance for the Treatment of
Congestive Heart Failure) study (12), indicating a reduction of
48% in the death risk by any cause in the group that received
LVADs as compared with the medical-therapy. The rates of
survival at one year were 52% in the device group and 25% in the
medical-therapy group (p=0.002), and the rates at two years
were 23% and 8% (p=0.09), respectively. Despite the substantial
survival benefit, the morbidity and mortality associated with the
use of the LVAD were considerable. In particular, infection,
bleeding and mechanical failure of the device were major fac-
tors in the two-year survival rate of only 23 percent. Investigators
found that malnutrition was a problem in these patients, which
predisposed them to infection and other complications.

Mechanical, histological, and biochemical improvements
have been described in patients after LVAD support.
Explantation of the LVADs without heart transplantation has
been described in selected patients who received this therapy
as a bridge to transplantation. A prospective multicenter study
attempted to identify potential explantation candidates by the
use of exercise testing (59). Significant myocardial recovery
after LVAD therapy in patients with end-stage congestive heart
failure occurred in a small percentage of patients in this study.
In another study assessing hemodynamic parameters such as
left ventricular indices, cardiac function improved significantly
after device implantation, but although cellular recovery and
improvement in ventricular function are observed, the degree
of clinical recovery was found to be insufficient for device
explantation in most patients with chronic heart failure (66).
Many of similar studies were done on patients with
first-generation pulsatile devices such as HeartMate but other
reports concerning with axial flow pumps are also available. In
the study of Siegenthaler et al. (40), it is concluded that
continuous flow blood pumps provided symptomatic relief of
severe heart failure with high quality of life, with an event-free
survival reaching 4 years.

There are also studies analyzing quality of life in LVAD
recipients. In a longitudinal, multi-site study compares quality
of life outcomes of patients listed for heart transplantation that
required a LVAD. The assessment was made at 3 months after
implantation of an LVAD vs. 3 months after heart transplan-
tation. Patients were significantly more satisfied with their
lives overall and with their health and functioning at 3 months
after heart transplantation as compared with 3 months after
LVAD implantation. Mobility, self-care ability, physical ability
and overall functional ability improved from 3 months after
LVAD implant to 3 months after heart transplant. There was
significantly less symptom distress after LVAD implant as
compared with after heart transplant for the neurological,
dermatologic and physical sub-scales. Work/school/financial
stress was significantly lower after heart transplant vs. after
LVAD implant. In contrast, 2 other areas of stress were
significantly lower after LVAD implant vs. after heart transplant:
self-care stress and hospital/clinic-related stress (88).
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In another recent study, longer term quality of life outcome
in patients who have had a LVAD for bridge to recovery
explanted due to myocardial recovery (BTR: an average of
3.6+1.9 years since LVAD removal) was assessed and
compared to bridge-to-transplant (BTT: an average of 3.3+2.3
years since transplantation) and transplanted (Tx: an average
of 3.8+0.6 years since transplantation) patients (89). Quality of
life Short Form-36 (SF-36) questionnaires were significantly
better in the BTR group compared with the BTT and Tx groups.
Analysis of the two main dimensions and the total SF-36 score
between the three groups showed that: 1) physical health
dimension tended to be better in BTR vs. BTT and Tx groups
(p>0.05); 2i) mental health dimension was better in both BTR
and BTT groups compared with the Tx group (p<0.05); and 3)
total SF-36 score was significantly higher in the BTR and BTT
groups compared with the Tx group. It is concluded that the
BTR patients appear to have better quality of life than both
BTT and Tx patients. In addition, BTT patients seem to have a
better quality of life compared with Tx patients, suggesting that
placement of ventricular assist devices could improve the
physiologic outcome for transplanted patients (89).

In another study by a European center, the differences in
quality of life and psychological adjustment for current LVAD
patients, were assessed in a sample consisting of patients who
have been transplanted a LVAD and patients in whom the
device has been explanted. Although there were no significant
differences between the three groups, there was a trend for
the LVAD patients to have higher levels of anxiety and
depression and a lower quality of life compared with
transplanted or explanted patients (90). It was concluded that
psychological assessment and interventions to reduce
psychological morbidity and improve quality of life would be
important in these patients, particularly in view of the
increasing numbers of LVADs being implanted and the
possibility of their use for long-term "destination” therapy.

Recovery in the organ functions

Mechanical device support improves hemodynamics and
end-organ perfusion in critically ill patients. This may stop,
even reverse the damaging effects of end-stage heart disease
on the organs and allows for recovery of the organ functions
(91). This beneficial effect may be partly responsible for better
results after transplantation in LVAD recipients in comparison
to those undergoing transplantation without prior bridging with
mechanical assist devices (92). It often takes at least 4-5
weeks for hepatic and renal functions to recover after assist
device insertion. This implies that a relatively prolonged
support is necessary for organ recovery (93).

Mechanical circulatory support device database
of the International Society for Heart and
Lung Transplantation

During its first 3 years, this database has collected data on
more than 655 device implants from 60 centers around the

world, roughly 67% of them in the USA (2). According to the
“Mechanical Circulatory Support Device Database of the
International Society for Heart and Lung Transplantation: Third
Annual Report-2005”, among the 655 patients, the device used
in the majority of patients was the isolated LVAD. Of the 542
LVADs placed, nearly 90% were long-term pulsatile flow
devices. Despite an evolving interest in mechanical
circulatory support as permanent destination therapy for
advanced heart failure, nearly 80% of devices were placed
with the intent of bridging to transplantation, whereas only
about 12% were placed as destination devices.

Overall survival: The actuarial survival during device
support was 83% at 1 month and 50% at 1 year. The death risk
was highest during the first month after implantation. The major
causes of perioperative death were multi-organ failure and
bleeding complications. The need for biventricular support and
older patient age were the major risk factors for early mortality.

Long-term follow-up according to indication groups:
Infection continued to be the major complication limiting
outcomes in the first year.

Bridge to transplantation: Here the recipient age
influenced the success of bridging significantly. It was
observed that, in patients older than 50 years of age,
approximately 50% of patients received a heart transplant by 1
year, but nearly 40% died during VAD support. On the other
hand, for patients <30 years of age, bridging has been
extremely successful. Nearly 75% of these patients were
transplanted by 1 year and only 13% died while on ventricular
assist device support.

Bridge to recovery: The number of patients who have been
successfully weaned from device support has remained small.
Only 35 such patients were identified in the database,
representing about 5% of the overall experience. A higher
proportion of these patients received biventricular support
compared with the overall VAD population. The vast majority of
patients who underwent device explantation had been
supported for <3 months.

Destination therapy: Destination therapy is receiving
intense scrutiny as the experience evolves around the world.
Seventy-eight such patients were identified in the registry. The
vast majority are triaged to destination therapy because of
advanced age or severe co-morbidities, which make them
poorly suited for transplantation. As expected, most of these
patients received pulsatile LVADs. Among the entire cohort of
destination patients, the actual survival was 65% at 6 months
and 34% at 1 year. Older age remained a major risk factor for
mortality. Among patients <65 years of age at the time of
destination therapy, the actual survival at 1 year was 41% vs.
26% for those over the age of 65 years.

Conclusion

Since the commencement of the artificial-heart program at
the National Institutes of Health in 1964, many circulatory-
support devices have been developed for short-term use in
patients with end-stage heart failure. In 1994, the Food and
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Drug Administration approved pneumatically driven left
ventricular assist devices as a bridge to transplantation, and
self-contained, vented electric devices were approved for this
purpose in 1998. Bridge to transplantation is particularly
successful in younger adults, successful bridging occurring in
nearly 75% of cases. When devices are placed for bridging to
recovery, device explantation is possible in about 45% of
patients. The use of mechanical support devices for
destination therapy is still under vigorous investigation but this
type of use still represents only 12% of cases. One-year sur-
vival among destination patients is 34%, but improves to 40%
for those patients younger than 65 years of age. Nevertheless,
VADs will be a major topic of interest in the following decades.
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