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INTRODUCTION

Artificial hearts are broadly defined as devices that either
supplement or replace the native (natural) heart. These
devices can be classified into two groups: ventricular assist
devices and total artificial hearts. This article will define
the clinical need, review the native heart anatomy and
function, describe design considerations for ventricular
assist devices and total artificial hearts, review selected
designs, and recommend areas for future development.

CLINICAL NEED

Cardiovascular disease accounted for 38% of all deaths
(almost 1.4 million people) in the United States in 2002
(1). Coronary heart disease (53%) represented the majority
of these deaths, followed by stroke (18%), and congestive
heart failure (6%). Almost 4.9 million Americans suffer
from congestive heart failure, with � 550,000 new cases
diagnosed each year. Over 80% of men and 70% of women
with congestive heart failure under the age of 65 will die
within 8 years. In people diagnosed with congestive heart
failure, sudden cardiac death occurs at six to nine times the
rate of the general population.

One treatment for congestive heart failure is heart
transplantation. It is estimated that 40,000 Americans
could benefit from a heart transplant each year (1,2).
However, only �2100 donor hearts were available each
year from 1999 to 2004. The number of donor hearts
dropped during this period, from a high of 2316 in 1999
to 1939 in 2004. Over 3300 patients were on the waiting list
for a donor heart at any time during this period, with >65%
of these patients on the waiting list for >1 year. From 1998 to
2004, �630 patients died each year waiting for transplant.

These numbers clearly demonstrate the clinical need for
ventricular assist devices and total artificial hearts that
support the patient until transplant (bridge to transplant)
or permanently assist or replace the natural heart (desti-
nation therapy).

HEART, ARTIFICIAL 449

Encyclopedia of Medical Devices and Instrumentation, Second Edition, edited by John G. Webster
Copyright # 2006 John Wiley & Sons, Inc.



NATIVE HEART ANATOMY AND FUNCTION

The anatomy of the native (or natural) heart is shown in
Fig. 1. The heart is composed of two pumps (right and left
side) that work simultaneously. The right pump delivers
blood to the pulmonary circulation (the lungs) while the left
pump delivers blood to the systemic circulation (the body).
Each pump consists of an atrium and ventricle that make
up the heart’s four distinct chambers: right atrium, right
ventricle, left atrium, and left ventricle. The atria act as
priming chambers for the ventricles. The ventricles pump
blood out of the heart to either the pulmonary or systemic
circulation. Heart valves located between each atrium and
ventricle and at the outlet of each ventricle maintain flow
direction during pulsatile flow.

Blood from the systemic circulation enters the right
atrium through the superior vena cava (from the head
and upper extremities) and inferior vena cava (from the
trunk and lower extremities). The blood is then pumped to
the right ventricle, which pumps blood to the pulmonary
circulation via the pulmonary arteries. Oxygenated blood
returns to the left atrium heart from the lungs via the
pulmonary vein and is then pumped to the left ventricle.
The left ventricle pumps blood to the systemic circulation
via the aorta.

Table 1 lists the nominal pressures and flows in the
native heart (3). A ventricular assist device or total arti-
ficial heart must be able to generate these pressures and
flows in order to meet the needs of the recipient.

DESIGN CONSDIRATIONS FOR VENTRICULAR ASSIST
DEVICES AND TOTAL ARTIFICIAL HEARTS

Several design considerations must be taken into account
when developing a ventricular assist device or total
artificial heart. These considerations are detailed
below:

1. Size of the Intended Patient: The size of the patient
will determine the amount of blood flow required to
adequately support the patient. This then deter-
mines the size of the ventricular assist device or total
artificial heart. For example, a total artificial heart
designed for adults would most likely be too large to
be implanted within small children. A larger ventri-
cular assist device may be placed externally, while a
smaller ventricular assist device could be placed
within the native heart. In addition, the size of the
patient may dictate the location of some of the com-
ponents. For example, the power sources may be
located either internally (in the abdominal cavity)
or externally depending on the size and type of the
power source.

2. Pump Performance: A ventricular assist device or
total artificial heart can be used to support or
replace the native heart. Each of these support
modes requires a different cardiac output. For
example, a ventricular assist device can provide
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Figure 1. Anatomy of the Native
Heart. The heart is composed of
two pumps (right and left side) that
work simultaneously. The right
pump delivers blood to the pulmon-
ary circulation (the lungs), while the
left pump delivers blood to the sys-
temic circulation (the body). Each
pump consists of an atrium and ven-
tricle. [Reprinted with permission from
Gerard J. Tortora and Bryan H.
Derrickson, Principles of Anatomy
and Physiology, 11th ed., Hoboken
(NJ): John Wiley & Sons; 2006.]

Table 1. Nominal Pressures and Flows in the Native (Natural) Heart

Pressures
Left ventricle 120 mmHg (16.0 kPa) peak systolic normal (into aorta)

10 mmHg (1.33 kPa) mean diastolic (from left atrium)
Right ventricle 25 mmHg (3.33 kPa) peak systolic (into pulmonary artery)

5 mmHg (0.667 kPa) mean diastolic (from right atrium)
Flows
Normal healthy adult at rest: 5 L�min�1

Maximum flow: 25 L�min�1



either a portion of the blood flow required by the
patient (partial support) or the entire blood flow
(total support). In addition, the decision must be
made whether to include a controller that will either
passively or actively vary the cardiac output of the
ventricular assist device or total artificial heart
based on the patient demand.

3. Reliability: The National Institutes of Health (NIH)
proposed a reliability goal for ventricular assist
devices and total artificial hearts of 80% for a 2 year
operation with an 80% confidence level before an
artificial heart can begin clinical trials. However,
the desired reliability may need to be more demand-
ing for long-term clinical use, such as 95% reliability
with 95% confidence for a 5 year operation. The
design and components of ventricular assist devices
and total artificial hearts must be carefully selected
to achieve this reliability goal.

4. Quality of Life: The patient’s quality of life can have
a significant impact on the design of a ventricular
assist device or total artificial heart. It is important
to clearly define what constitutes an acceptable
quality of life. For example, if a patient desires to
be ambulatory following the implantation of a ven-
tricular assist device or total artificial heart, the
power supply must be easily transportable. The
environment of the patient (home, work, car, etc.)
should also be considered to insure proper function
in these different environments. The patient should
be able to monitor basic pump operation without the
need for a physician or other trained medical per-
sonnel. The ventricular assist device or total artifi-
cial heart should be designed to clearly provide
information through displays and provide alarms
to warn the patient of potentially dangerous situa-
tions, such as a battery that is running low on
power.

VENTRICULAR ASSIST DEVICES

A ventricular assist device (VAD) is designed to assist or
replace the function of either the left or right ventricle.
These devices are intended to provide either temporary
support until a donor heart has been located or the native
heart has recovered function, or as a permanent device.

As shown in Table 1, the left ventricle pumps against a
higher pressure system than the right ventricle. Therefore,
the left ventricle is typically more in need of assistance.
Consequently, left ventricular assist devices (LVADs) are
more prevalent than right ventricular assist devices
(RVADs).

Ventricular assist devices can generate either pulsatile
or continuous (nonpulsatile) flow.

Pulsatile

Pulsatile flow ventricular assist devices are composed of
a single ventricle that mimics the native ventricle. The
ventricle is placed either outside the patient’s body or within
the abdominal cavity. There are two types of pulsatile flow
ventricular assist devices: pneumatic and electric.

Pneumatic Ventricular Assist Devices. Figure 2 shows a
pneumatic ventricular assist device that was originally devel-
oped by the Pennsylvania State University and later pur-
chased by Thoratec Corporation (Pleasanton, CA) (4). The
ventricle contains a flexible blood sac made of segmented
polyurethane that is housed within a rigid polysulfone case.
This blood sac is extremely smooth to prevent the formation
of clots (or thrombi). Mechanical heart valves are located in
the inlet and outlet positions of the ventricle to control flow
direction. Air pulses that are generated by an external drive
unit are used to periodically compress the flexible blood sac.
An automatic control system varies the cardiac output by
adjusting the heart rate and the time for ventricular filling in
response to an increase in filling pressure.

The device is placed outside the patient on the patient’s
abdomen (paracorporeal). The device can be used to assist a
single ventricle, or simultaneously with an additional device
that assists the both ventricles, as shown in Fig. 3. For the
LVAD configuration (right pump in Fig. 3), the inlet cannula
is inserted into the apex of the left ventricle and connected to
the inlet port of the ventricular assist device. The outflow
cannula is attached between the outflow port of the ven-
tricular assist device and the ascending aorta. For the
RVAD configuration (left pump in Fig. 3), the inlet cannula
is connected to the right atrium and the outlet cannula to
the main pulmonary artery. For both types of configura-
tions, the inflow and outflow cannulae pass through the skin
below the rib cage. Over 2850 implants have occurred
worldwide with the longest duration of 566 days (5). An
implantable version of this pump (with a titanium pump
casing) was approved by the FDA in August of 2004 (6).
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Figure 2. Penn State/Thoratec Pneumatic Ventricular Assist
Device. The ventricle contains a flexible blood sac made of segmented
polyurethane that is housed within a rigid polysulfone case. Mechan-
ical heart valves are located in the inlet and outlet positions of the
ventricle to control flow direction. Air pulses that are generated by
an external drive unit are used to periodically compress the flexible
blood sac. (Reprinted with permission from Thoratec Corporation.)



Another type of pneumatic ventricular assist device is
the Thoratec HeartMate IP (intraperitoneal). The Heart-
Mate IP is an implantable blood pump that is connected to
an external drive unit via a percutaenous air drive line (7).
The interior of this device is shown in Fig. 4. A unique
feature of this device is the use of a textured blood surface
in the ventricle that promotes the formation of a cell layer.
The cell layer is believed to decrease thrombus formation
because the layer mimics the blood contacting surface of a
blood vessel. Bioprosthetic heart valves are used to reg-
ulate the direction of flow. The HeartMate IP has been
implanted in >1300 patients worldwide with the longest
duration of 805 days.

Two other types of pneumatic devices include the
BVS5000 and AB5000 (both made by ABIOMED, Danvers,
MA). Both devices are intended to provide cardiac support
as a bridge to transplant or until the native heart recovers.
The BVS5000, illustrated in Fig. 5, is an external dual-
chamber device that can provide support to one or both
ventricles as a bridge to transplant (8). The chambers
utilize polyurethane valves to regulate the flow direction.
More than 6000 implants have been performed worldwide
(9). The AB5000 is a pneumatically driven, paracorporeal
device that is similar to a single ventricle of the AbioCor
total artificial heart (described in a later section) (10). This
device was approved by the FDA in October of 2003 as has
been used in > 88 patients. The average duration of sup-
port is 15 days with the longest duration of 149 days.

Additional types of pneumatic devices include the Berlin
Heart Excor (Berlin Heart AG, Berlin, Germany), the

MEDOS/HIA (Aachen, Germany), and the Toyobo Heart
(National Cardiovascular Center, Osaka, Japan). The Ber-
lin Heart Excor is available in a range of sizes (10–80 mL
stroke volume) with either tilting disk or polyurethane
valves, and has been implanted in > 500 patients (11).
The MEDOS/HIA system is also available in a range of
sizes and has been implanted in > 200 patients (12). The
Toyobo LVAS has been implanted in > 120 patients (13).

ELECTRIC VENTRICULAR ASSIST DEVICES

Electric ventricular assist devices mainly differ from their
pneumatic counterparts in their source of power. Electric
ventricular assist devices are typically placed within the
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Figure 4. Interior of Thoratec HeartMate IP Pneumatic Ventri-
cular Assist Device. A unique feature of this device is the use of a
textured blood surface in the ventricle that promotes the formation
of a cell layer. The cell layer is believed to decrease thrombus forma-
tion because the layer mimics the blood contacting surface of a blood
vessel. (Reprinted with permission from Thoratec Corporation.)

Figure 5. ABIOMED BVS 5000 Pneumatic Ventricular Assist
Device. The BVS5000 is an external dual-chamber device that can
provide support to one or both ventricles as a bridge to transplant
(8). The chambers utilize polyurethane valves to regulate the flow
direction. (Reprinted with permission from ABIOMED, Inc.)

Figure 3. Implant Location of Penn State/Thoratec Pneumatic
Ventricular Assist Device in the RVAD (left) and LVAD (right)
Configuration. For the LVAD configuration, the inlet cannula is
inserted into the apex of the left ventricle and connected to the
inlet port of the ventricular assist device. The outflow cannula is
attached between the outflow port of the ventricular assist device
and the ascending aorta. For the RVAD configuration, the inlet
cannula is connected to the right atrium and the outlet cannula to
the main pulmonary artery. For both types of configurations, the
inflow and outflow cannulae pass through the skin below the
rib cage. (Reprinted with permission from The Cleveland Clinic
Foundation.)



abdominal cavity. The inlet cannula is inserted into the
apex of the native left ventricle and connected to the inlet
port of the device. The outlet cannula is attached between
the outflow port of the device and the ascending aorta via
an end-to-side anastomosis. These types of devices can be
used as either bridge-to-transplant or as permanent
implants (destination therapy).

Figure 6 illustrates an electric ventricular assist device
(LionHeart) developed by the Pennsylvania State Univer-
sity in conjunction with Arrow International (Reading, PA)
(14). The blood pump assembly utilizes a rollerscrew
energy converter with a pusher plate. The motion of the
pusher plate compresses the blood sac and ejects blood from
the ventricle. Mechanical heart valves are used to control
the direction of flow into and out of the pump. Energy
passes from the external power coil to the subcutaneous
(internal) coil by inductive coupling via the transcutaneous
energy transmission system (TETS). The controller and
internal battery supply are also implanted in the abdomen.
The internal battery permits operation without the exter-
nal power coil for� 20 min. Air displaced by the blood pump
housing enters the polyurethane compliance chamber.
Because the air in the compliance chamber can slowly
diffuse across the wall of the compliance chamber, the
air in the chamber is periodically replenished via the
subcutaneous access port. The LionHeart is intended to
be used as destination therapy. This device was approved
for use in Europe in 2003.

Another type of electric ventricular assist devices is the
Novacor LVAS (left ventricular assist system), produced by
WorldHeart Corporation (Ottawa, ON). The Novacor
LVAS, illustrated in Fig. 7, contains a polyurethane blood
sac that is compressed between dual pusher plates (15).
The pusher plates are actuated by a solenoid that is coupled
to the plates via springs. Bioprosthetic heart valves are
utilized to control the direction of flow. A percutaneous
power line connects the pump to an external battery pack
and controller. The Novacor LVAS has been implanted in

over 1500 patients worldwide. The longest implant dura-
tion is > 6 years. No deaths have been attributed to device
failure with only 1.4% of the devices needing replacement.
The Novacor LVAS is approved as a bridge-to-transplant in
the United States and Europe and is in clinical trials for
destination therapy in the United States.

The HeartMate XVE (illustrated in Fig. 8) is a deriva-
tive to the HeartMate IP (7). The HeartMate XVE uses an
electric motor and pusher plate system to pump blood. A
percutaneous power line is used to connect the pump to an
external battery pack and controller. The HeartMate VE
(an earlier version of the XVE) and XVE have been
implanted in > 2800 patients worldwide with the longest
duration of 1854 days. The HeartMate SNAP-VE was
recently approved by the FDA as destination therapy.

The Randomized Evaluation of Mechanical Assistance
for the Treatment of Congestive Heart Failure (REMATCH)
study examined the clinical utility of ventricular assist
devices (16). Patients with end-stage heart failure who were
ineligible for cardiac transplantation were split into two
groups. The first group (n¼ 68) received the HeartMate VE
LVAS while the second group (n¼ 61) received optimal
medical management. The results showed a reduction of
48% in the risk of death from any cause in the LVAD group
versus the medical-therapy group (p¼ 0.001). The 1 year
survival was 52% for the VAD group and 25% for the
medical-therapy group (p¼ 0.002). The 2 year survival
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Figure 6. Penn State/Arrow Electric Ventricular Assist Device
(LionHeart). The blood pump assembly utilizes a rollerscrew
energy converter with a pusher plate. The motion of the pusher
plate compresses the blood sac and ejects blood from the ventricle.
Mechanical heart valves are used to control the direction of flow
into and out of the pump. Energy passes from the external power
coil to the subcutaneous (internal) coil by inductive coupling
via the transcutaneous energy transmission system (TETS). (Rep-
rinted with permission from Arrow International.)

Figure 7. WorldHeart Novacor Electric Ventricular Assist Device.
The Novacor contains a polyurethane blood sac that is compressed
between dual pusher plates. The pusher plates are actuated by a sol-
enoid that is coupled to the plates via springs. A percutaneous power
line connects the pump to an external battery pack and controller.
(Reprinted with permission from World Health Corporation, Inc.)



was 23% for the VAD group and 8% for the medical-therapy
group (p¼ 0.09). Finally, the median survival was 408 days
for the VAD group and 150 days for the medical-therapy
group. This study clearly showed the clinical utility of
ventricular assist devices.

Continuous Flow

Continuous flow ventricular assist devices deliver nonpul-
satile flow. Consequently, they do not require heart valves
to regulate the direction of blood flow. Continuous flow
ventricular assist devices are classified as either centrifu-
gal flow or axial flow pumps based on the direction of the
flow as it passes through the pump. These types of pumps
are implanted in a similar fashion as their pulsatile coun-
terparts.

Continuous flow assist devices have several potential
advantages over pulsatile systems. First, these devices are
typically smaller than their pulsatile counterparts and can
be used in smaller patients (such as small adults and
children). In addition, these pumps have fewer moving
parts and are simpler devices than pulsatile systems.
These types of devices typically require less energy to
operate than the pulsatile pumps.

However, continuous flow pumps have several potential
disadvantages. The main disadvantage is that the long-
term effects of continuous flow in patients are unknown.
Some studies suggest that continuous flow results in lower
tissue perfusion (17,18). In addition, these types of devices
typically have higher fluid stresses than their pulsatile
counterparts, potentially exposing blood components to
stress levels that may damage or destroy the cells. How-
ever, due to the short residence time of the blood compo-

nents within these pumps, the potential for damage or
destruction is reduced (19). Finally, feedback control
mechanisms for altering pump speed and flow in response
to patient demand are complex and unproven.

Centrifugal Flow Ventricular Assist Device. In a centri-
fugal flow ventricular assist device, the direction of the
outlet port is orthogonal (at a right angle) to the direction of
the inlet port. Blood flowing into a centrifugal pump moves
onto a spinning impeller. This causes the blood to be
propelled away from the impeller due to centrifugal forces.
The blood is then channeled to the outlet port by a circular
casing (known as the volute) around the impeller. Finally,
the blood is discharged through the outlet at a higher
pressure than the inlet pressure.

The impeller typically consists of various numbers and
geometric configurations of blades, cones, or disks. Typical
motor speeds (or rotation rates) for centrifugal flow pumps
range vary from 1500 to 5000 rpm (revolutions per minute).
This results in flow rates of 2–10 L�min�1. Many centrifu-
gal flow pumps utilize electromagnetic impellers that do
not make any contact with the interior of the pump when
the impeller is spinning. The inlet and outlet ports are
connected to the native ventricle and the aorta, respec-
tively, as described previously for pulsatile electric ventri-
cular assist devices.

A major drawback with centrifugal flow pumps is that
they are outlet pressure sensitive and may not produce flow
if the outflow pressure (the pressure that the pump is
working against) becomes greater than the outlet pressure.
When this happens, the impeller will continue to spin
without producing any flow. In order for the pump to
produce flow, either the outflow pressure must be reduced
or the impeller speed must be increased (to increase the
outlet pressure).

The Bio-Pump (Medtronic BioMedicus, Inc., Minneapo-
lis, MN), shown in Fig. 9, is an extracorporeal, centrifugal
flow pump that was originally developed for cardiopulmon-
ary bypass (20). It has been used to provide support for one
or both ventricles as a bridge to transplant for short periods
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Figure 9. Medtronic BioMedicus Bio-Pump Centrifugal Flow
Ventricular Assist Device. The Bio-Pump is an extracorporeal,
centrifugal flow pump that was originally developed for cardio-
pulmonary bypass. It has been used to provide support for one
or both ventricles as a bridge to transplant for short periods.
(Reprinted with permission from Medtronic, Inc.)

Figure 8. Thoratec HeartMate XVE Electric Ventricular Assist
Device. The HeartMate XVE uses an electric motor and pusher
plate system to pump blood. A percutaneous power line is used to
connect the pump to an external battery pack and controller.
(Reprinted with permission from Thoratec Corporation.)



(5 days or less). The pump consists of an acrylic pump head
with inlet port and outlet ports placed at right angles to
each other. The impeller consists of a stack of parallel cones
within a conical acrylic housing. A single magnetic drive
unit is coupled with a magnet in the impeller. The pump is
driven by an external motor and power console. Two dif-
ferent sizes are available to provide support for both adults
and children. Recipients of the Bio-Pump have had mixed
results (21). The Sarns/3M Centrifugal system (Terumo,
Ann Arbor, MI) is another centrifugal pump that is used
primarily for cardiopulmonary bypass (22).

The HeartMate III (Thoratec), shown in Fig. 10, is a
centrifugal pump that features a magnetically levitated
impeller (23,24). The entire pump is fabricated from tita-
nium. The interior of the pump uses the same type of
textured blood contacting surfaces utilized in the Heart-
Mate VE. In addition, the HeartMate III incorporates a
TETS that permits it to be fully implantable as a perma-
nent device for destination therapy. The controller is
designed to respond automatically to the patient’s needs
and to permit both pulsatile and continuous flow. This
pump is currently under development. Other centrifugal
pumps that utilize a magnetically levitated impeller
include the HeartQuest (MedQuest, Salt Lake City, UT)
(25) and the Duraheart (Terumo) (26). The Duraheart was
first implanted in 2004.

Two centrifugal flow pumps utilize hydrodynamic
forces, rather than magnetic levitation, to suspend the
impeller: the CorAide (Arrow International) (27) and the
VentrAssist (Ventrcor Limited, Chatswood, Australia)
(28). The CorAide (shown in Fig. 11) began clinical trials
in Europe in 2003 (29), while the VentrAssist (shown in
Fig. 12) began clinical trials in Europe in 2004 (30).

Axial Flow Ventricular Assist Devices. An axial flow
ventricular assist device is also composed of an impeller
spinning in a stationary housing. However, the blood that
flows into and out of the device travels in the same direction

as the axis of rotation of the impeller. The impeller trans-
fers energy to the blood by the propelling, or lifting, action
of the vanes on the blood. Stators (stationary flow straigh-
teners) stabilize the blood flow as it enters and exits the
impeller. Magnets are embedded within the impeller and
are coupled with a rotating magnetic field on the housing.
The pumps are typically constructed of titanium.

Axial flow pumps run at speeds of 10,000–20,000 rpm,
generating flow rates of up to 10 L�min�1. These high motor
speeds are not expected to cause excessive hemolysis
(damage to blood components) because of the limited expo-
sure of blood within the axial flow pump (19). Like cen-
trifugal pumps, axial flow pumps are also outlet pressure
sensitive and may not produce flow in cases when the
outflow pressure exceeds the outlet pressure. Mechanical
bearings are typically used to support the impeller within
the stator.
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Figure 10. Thoratec HeartMate III Centrifugal Flow Ventricular
Assist Device. The HeartMate III is a centrifugal pump that
features a magnetically levitated impeller. (Reprinted with per-
mission from Thoratec Corporation.)

Figure 11. Arrow CorAide Centrifugal Flow Ventricular Assist
Device. The CorAide utilizes a hydrodynamic bearing, rather than
magnetic levitation, to suspend the impeller. (Reprinted with per-
mission from Arrow International, Inc.)

Figure 12. Ventracor VentrAssist Centrifugal Flow Ventricular
Assist Device. The VentrAssist utilizes a hydrodynamic bearing,
rather than magnetic levitation, to suspend the impeller. (Rep-
rinted with permission from Ventracor, Inc.)



Figure 13 shows the MicroMed Debakey VAD (Micro-
Med Technology, Houston, TX) axial flow pump. This
device operates from 7500 to 12,000 rpm and can provide
flows up to 10 L�min�1 (31). The flow curves, speed, current
and power are displayed in a bedside monitor unit. A pump
motor cable along with the flow probe wire exit transcu-
taneously from the implanted device and connect to the
external controller and power unit. The pump speed is
varied manually to meet the needs of the patient. The
pump can be actuated by two 12 V dc batteries for 4–6
h. This device was approved in Europe in 2001 (32). Clinical
trials in the United States began in 2000. Over 280 patients
have received the MicroMed Debakey VAD as of January
2005 worldwide. Although this device was originally
approved as a bridge to transplant, clinical trials are
underway to use the device for destination therapy.

Figure 14 shows the HeartMate II (Thoratec) axial flow
ventricular assist device. The rotating impeller is sur-
rounded by a static pump housing with an integral motor
(33). The pump’s speed can be controlled either manually or
by an automatic controller that relies on an algorithm
based on pump speed, the pulsatility of the native heart,
and motor current. The HeartMate II is designed to operate
between 6000 and 15,000 rpm and deliver as much as 10
L�min�1. The initial version of this device is powered
through a percutaneous small-diameter electrical cable
connected to the system’s external electrical controller. A
fully implantable system utilizing a TETS is under devel-
opment. The first implant HeartMate II implant occurred
in 2000 (34). Clinical trials in Europe and the United States
are ongoing. This device is intended for both bridge to
transplant and destination therapy.

Figure 15 illustrates the Jarvik 2000 (Jarvik Heart,
New York). The Jarvik 2000 is intraventricular axial flow
pump. The impeller is a neodymium–iron–boron magnet,
which is housed inside a welded titanium shell and sup-
ported by ceramic bearings (35). A small, percutaneous
cable delivers power to the impeller. All of the blood-
contacting surfaces are made of highly polished titanium.
The normal operating range for the control system is 8000–
12,000 rpm, which generates an average pump flow rate of
5 L�min�1. The pump is placed within the left ventricle with

a sewing cuff sutured to the ventricle, eliminating the need
for an inflow cannula. Over 100 patients have received the
Jarvik 2000 as a bridge to transplant or destination
therapy, with the longest implant duration of > 4 years
(36).
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Figure 13. MicroMedDebakeyAxialFlowVentricularAssistDevice.
The MicroMed is connected to an external controller and power unit.
The pump speed is varied manually to meet the needs of the patient.
(Reprinted with permission from Micromed Technology, Inc.)

Figure 14. Thoratec HeartMate II Axial Flow Ventricular Assist
Device.Therotating impeller issurroundedbyastaticpumphousing
with an integral motor. The pump’s speed can be controlled either
manually or by an automatic controller that relies on an algorithm
based on pump speed, the pulsatility of the native heart, and motor
current. (Reprinted with permission from Thoratec Corporation.)

Figure 15. Jarvik2000AxialFlowVentricularAssistDevice.Unlike
most other axial flow devices, the Jarvik 2000 is intraventricular axial
flow pump. The impeller is a neodymium-iron-boron magnet, which is
housed inside a welded titanium shell and supported by ceramic
bearings. (Reprinted with permission from Jarvik Heart, Inc.)



TOTAL ARTIFICIAL HEARTS

The total artificial heart (TAH) is designed to support both
the pulmonary and systemic circulatory systems by repla-
cing the native heart. Two types of artificial hearts have
been developed: pneumatic and electric.

Pneumatic Total Artificial Heart

A pneumatic total artificial heart is composed of two ven-
tricles that replace the native left and right ventricle. Each
ventricle is of similar design to the Penn State/Thoratec
pneumatic ventricular assist device (as described in a
previous section) (4). Both ventricles are implanted within
the chest. The air pulses are delivered to the ventricles via
percutaneous drivelines. An automatic control system var-
ies cardiac output by adjusting the heart rate and the time
for ventricular filling in response to an increase in filling
pressure.

Pneumatic total artificial hearts are currently used as a
bridge to transplant. Several different pneumatic artificial
hearts have been used clinically around the world. The only
pneumatic TAH approved as a bridge to transplant in the
United States is the CardioWest (SynCardia, Tucson, AZ)
TAH, illustrated in Fig. 16 (37). The CardioWest (with a
stroke volume of 70 mL) is based on the Jarvik-7, which has
a stroke volume of 100 mL. A study of 81 recipients of the
CardioWest revealed a survival rate to transplant of 79%
and a 1 year survival rate of 70%.

Pneumatic total artificial hearts have also been used as
a permanent replacement device. The Jarvik-7 pneumatic
TAH was permanently implanted in five patients (38).

Although the longest survivor lived for 620 days, all five
patients had hematologic, thromboembolic, and infectious
complications. The pneumatic artificial heart is no longer
considered for permanent use because of infections asso-
ciated with the percutaneous pneumatic drive lines and
quality of life issues related to the bulky external pneu-
matic drive units.

Electric Total Artificial Heart

The electric TAH is completely implantable and is designed
for permanent use. The Penn State/3M Electric TAH is
shown in Fig. 17. The artificial heart is composed of two
blood pumps that are of similar design to the Penn State/
Arrow electric ventricular assist device (39). However, the
electric TAH uses a single implantable energy converter
that alternately drives each ventricle. The implantable
controller adjusts the heart rate in response to ventricular
filling and maintains left–right balance. The design for this
system was completed in 1990 and was the first to incor-
porate the controller, transcutaneous energy transmission
system (TETS), telemetry, and internal power (via
rechargeable batteries) into a completely implantable sys-
tem. The Penn State electric TAH has been successfully
implanted in animals for >1 year without thromboembolic
complications. In 2000, ABIOMED acquired the rights to
the Penn State/3M Electric TAH.

The ABIOMED AbioCor TAH, illustrated in Fig. 18,
uses an electrohydraulic energy converter to alternately
compress each blood sac (40,41). In addition, the AbioCor
uses polymer valves to control flow into and out of each
ventricle. The AbioCor is currently undergoing clinical
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Figure 16. SynCardia CardioWest Pneumatic Total Artificial
Heart. The CardioWest is based on the Jarvik-7 and is the only
pneumatic TAH approved as a bridge to transplant in the United
States. (Reprinted with permission from SynCardia Systems, Inc.)

Figure 17. Penn State/3M Electric Total Artificial Heart. This
artificial heart is composed of two blood pumps that are of similar
design to the Penn State/Arrow electric ventricular assist device.
However, the electric TAH uses a single implantable energy con-
verter that alternately drives each ventricle.



trials in the United States. Fourteen critically ill patients
(with an 80% chance of surviving < 30 days) have been
implanted. Two patients were discharged from the hospital
(one to home), with one patient surviving for >1 year. The
causes of death were typically end organ failure and
strokes. One pump membrane wore out at 512 days. Smal-
ler, improved totally implantable artificial hearts are cur-
rently under development.

FUTURE DIRECTIONS OF RESEARCH

The ventricular assist devices and total artificial hearts
presented in this article successfully provide viable cardiac
support by either assisting or replacing the native heart.
However, there are several areas for future research on
artificial hearts. These include the following: Power
sources to permit longer intervals between battery
changes; Improved control schemes for both pulsatile
and nonpulsatile devices that enhance the response of
the cardiac assist device to meet physiologic demands;
Decrease thromboembolic events associated by modifying
the device geometry and/or blood-contacting materials;
Determine the long-term effects of continuous, nonpulsa-
tile flow; Decrease incidence of infection by the elimination
of all percutaneous lines and creating smaller implantable
electronic components; Reduced pump sizes to fit smaller
adults, children, and infants; Increased reliability for 5 or
more years to 95% (with a 95% confidence level).

Significant progress has been made in the last 20 years.
One can only imagine what the next 20 years will
bring!
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