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Implantable left ventricular assist devices provide circulatory
support for patients at risk of death from refractory, end-stage
heart failure. Rotary blood pumps have been designed for
increased reliability and smaller size for use in a broader
population of patients than the first-generation pulsatile de-
vices. The design concepts and principle of operation of the
HeartWare System are discussed. The HeartWare Ventricular
Assist System (HVAD) is a small centrifugal flow pump with a
displacement volume of 50 ml and an output capacity of 10
L/min. A unique wide-blade impeller is suspended by hybrid
passive magnets and hydrodynamic forces. An integrated in-
flow cannula is inserted into the left ventricle and is held in
position by an adjustable sewing ring; the pump is positioned
in the pericardial space. The 10-mm outflow graft is anasto-
mosed to the ascending aorta. External system components
include the microprocessor-based controller, a monitor, lithium-
ion battery packs, alternating current and direct current
power adapters, and a battery charger. Physiologic control
algorithms are incorporated for safe operation. Preclinical life
cycle tests have shown the HVAD to be highly reliable. This
system design offers reliability, portability, and ease of use for
ambulatory patients. ASAIO Journal 2010; 56:285-289.

O riginal design specifications for implantable left ventricular
assist devices (LVADs) required that they be functionally sim-
ilar to the native left ventricle. These specifications resulted in
the development of pulsatile devices that could provide flow
rate, stroke volume, and left ventricular dP/dT within the nor-
mal physiologic range. First-generation pulsatile devices have
improved survival rates and quality of life for thousands of heart
failure patients.”3 However, large pulsatile devices have been
associated with persistent complications, including infection,
bleeding, thromboembolism, and device failure, which limit ef-
fectiveness and use as long-term support.*~7 The large blood-
contacting surface area of these devices and external exit sites
for cannulas and drivelines also contribute to the high associ-
ated incidence of infection.-1" Pump-pocket infection is com-
monly associated with this generation of devices because of
their size and movement within the pocket. In addition, ex-
tensive surgery and cardiopulmonary bypass are required for
implantation, which contributes to morbidity.
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In the early 1990s, inventors began developing smaller,
continuous-flow devices using axial and centrifugal flow tech-
nology to reduce the complications associated with pulsatile
designs.’2 These devices are not only smaller but also contain
fewer moving parts to improve durability. To date, the new
continuous-flow LVADs have performed well in clinical trials,
and some of these devices are commercially available for
recovery, bridge to transplant, and destination therapy.'3.14
Although continuous flow technology shows great promise,
areas for improvement remain to meet safety and efficacy
demands of a large-scale primary treatment of New York Heart
Association (NYHA) class IIl or class IV heart failure patients.

HeartWare, Inc. (Miami Lakes, FL) has recently introduced
an implantable, continuous-flow mechanical circulatory sup-
port system that is designed to provide left ventricular support
for patients with end-stage heart failure. The HeartWare Sys-
tem features the small HeartWare Ventricular Assist System
(HVAD) pump that utilizes a hybrid hydromagnetic impeller
suspension system that eliminates friction, heat generation,
and component wear. The small size of the HVAD and its
integral inflow cannula allow for placement at the cardiac
apex within the pericardial space. In this article, we describe
the design and principles of operation of this system.

System Description

The HeartWare System consists of an implantable centrifu-
gal flow pump (HVAD), an external controller, and external
power sources. A wide-blade impeller with a hybrid suspen-
sion system uses passive magnetic and hydrodynamic thrust
bearings to create a contact-free rotation of the impeller. The
pump is surgically positioned in the pericardial space with the
integrated inflow cannula in the left ventricle (Figure 1). Blood
from the left ventricle enters the pump through the inflow
cannula and exits through a 10-mm outflow graft that is at-
tached to the ascending aorta. The maximum flow rate is 10
L/min. The pump is connected to external system components
by a driveline that is tunneled subcutaneously and exits the
patient’'s abdominal wall. A controller operates the pump,
regulates power, monitors system performance, and displays
alarm notifications. A carrying case for the controller may be
worn on a belt or over the shoulder. The system can be
powered by three ways: a pair of rechargeable direct current
(DCQ) lithium-ion batteries, alternating current (AC) power from
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Figure 1. The internal components of the HeartWare system
include the blood pump, a 10-mm outflow graft, and the percuta-
neous driveline. The external components, which may be worn on a
belt or carried over the shoulder, include the controller and a pair of
lithium-ion batteries.

Additional components include a battery charger and a
surgical tools kit. The surgical tools kit comprised a torque
wrench, an apical coring, a hex driver, a driveline cap, and a
driveline tunneler.

Implantable Components

The HVAD pump is small (displaced volume, 50 ml; weight,
145 g) and incorporates a short inflow cannula to allow for
placement at the apex of the left ventricle. The pump has three
main parts: 1) a front housing with an integrated inflow can-
nula, 2) a rear housing with a magnetic center-post, and 3) the
rotating impeller (Figure 2). Front and rear housings are hybrid
titanium-ceramic assemblies; each contains a hermetically
sealed motor stator. Dual motor stators enhance system effi-
ciency and provide power redundancy to rotate the impeller.
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Figure 2. Three main assemblies of the HVAD pump: 1) front
housing with integrated inflow cannula, 2) rear housing and center-
post, and 3) wide-blade suspended impeller. HVAD, HeartWare
ventricular assist system.

The wide-bladed impeller is designed to accommodate four
large rare-earth motor magnets, which allow for short axial
height and high motor efficiency. The impeller also contains a
separate stack of three rare-earth magnets with like poles
together as part of the impeller suspension system. A corre-
sponding magnetic stack contained within the center-post de-
velops strong repulsive magnetic forces to maintain impeller
radial support. Vertical alignment of the magnetic stack within
the center-post is shifted downward relative to the impeller
magnetic stack to develop an axial magnetic force to keep the
impeller toward the front housing. When the pump is turned
on, the impeller rotates, and lift is created by the hydrody-
namic thrust bearings pushing the impeller away from the front
housing. A fluid (blood) barrier maintains a gap between the
impeller and the front housing. A short inflow cannula (25-mm
long; 21-mm outer diameter) is fabricated of smooth titanium
and contains a silicone O-ring to ensure a seal with the sewing
ring. An apical sewing ring constructed of titanium and Dacron
polyester secures the pump inflow cannula in position with the
aid of a torque wrench. The inner portion of the metallic
sewing ring is a C-clamp that can be adjusted by turning a
screw inside the clamp to secure the base of pump’s inflow
cannula for optimal placement of the inflow cannula. The
driveline cable is composed of six individually insulated,
stranded, fatigue-resistant MP35N alloy cables each encased
within a silicon lumen with an abrasion resistant outer sheath-
ing. The driveline is 4.2 mm in diameter, and portions of the
implanted part are covered with woven Dacron polyester to
encourage tissue ingrowth at the skin exit site. The outflow
conduit is a 10-mm zero porosity gelatin-impregnated graft
(Vascutek Gelweave, Terumo Cardiovascular Systems Corpo-
ration, Ann Arbor, MI) that is encased proximally by an artic-
ulating strain relief made of plastic interlocking vertebra links
to prevent any outflow graft kinking.

External Components

The microprocessor-based controller (13.34 cm X 10.4
cm X 5.08 c¢cm) weighs 0.362 kg and is connected to the
implanted blood pump by the percutaneous driveline. The
controller operates the pump, manages power sources, moni-
tors pump function, provides diagnostic information, and
stores pump parameter data. The controller automatically
identifies the AC or DC power source, and an indicator symbol
illuminates to inform the operator which source is being used.
Two battery power indicator lights provide estimates of the
percent of total power remaining in the attached rechargeable
battery packs. An internal, nonreplaceable, rechargeable bat-
tery within the controller provides an audible alarm if all
power is lost. A two-line liquid crystal display on the controller
continuously displays the pump speed, pump flow rate, and
power consumption. During alarm conditions, the two-line
display describes the alarm condition and the actions to be
taken. The controller scroll button illuminates the display and
allows navigation between the pump parameter display and
active alarm condition. Alarm indicator lights (solid yellow,
flashing yellow, and flashing red) and audible alarms alert
users to priorities of alarm conditions. Low- and medium-
priority audible alarms can be silenced for 5 minutes; high-
priority audible alarms cannot be silenced. The controller
contains nonvolatile flash memory for up to 30 days of storage
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Figure 3. The monitor is a tablet PC with touch screen function.
The monitor is used during system initiation, during the immediate
postoperative time, and during routine checks or troubleshooting for
ambulatory patients.

of operating parameters and alarm and event information. If a
driveline fault condition is detected, the controller switches
from normal dual motor stator operation to single motor stator
operation without loss of support.

The monitor is a touch screen, tablet computer that displays
system performance information and allows for adjustment of
system operating parameters (Figure 3). The monitor is intended
for use during initial setup at implant, through an immediate
postoperative period when changes in pump parameters are ex-
pected, and for ambulatory support when collecting operating
parameter data or troubleshooting. The monitor is powered by
an AC outlet, whereas an internal battery provides power for
up to 2 hours during patient transport. An operator can select
from four different display options (“screens”). A “clinical
screen” displays operating parameters, power, and flow wave-
forms. The clinical screen is the “home screen” and is used
when pump adjustments are not required. A “trend screen”
provides a graphical display of pump operating parameters
over varying time intervals. An “alarm screen” provides details
of alarm conditions (e.g., an alarm log, the alarm condition
time, and pump parameters during alarm). The “system

Secondary Flow Path

Primary Flow Path

screen” is password protected and is used to change system
operating parameters that are stored in the controller (e.g.,
pump speed setting, alarm limits, blood viscosity setting, and
suction detection).

The system requires connection to two power sources at all
times: two battery packs or one battery pack and either an AC
or DC power adapter. When patients are not ambulatory, the
AC power adapter can provide power from an electrical wall
outlet (110-250 V). When patients are ambulatory or are being
transported, a pair of rechargeable lithium-ion battery packs
can provide power to the system. A DC power adapter can
provide power from a 12-V DC outlet such as an automobile
power outlet.

Each of the lithium-ion batteries (9.8 cm X 8.9 cm X 4.5 cm)
weighs 0.47 kg. Depending on operating parameters, two
batteries can power the system for up to 12 hours. Batteries are
recharged in a battery charger unit with four receptacles,
ensuring that at least two charged batteries are always avail-
able for use. The low-battery alarm on the controller alerts the
user when a battery needs to be replaced and charged. A
light-emitting diode indicator on the batteries displays the
percentage of charge remaining on a battery. Batteries drain
sequentially, allowing for battery change without interrupting
pump operation.

Principles of Operation

The rotating impeller forces blood through the pump by
using hydrodynamic and centrifugal forces. The net effect of
impeller rotation is increased blood pressure and flow from the
inlet to the outlet. Energy to rotate the impeller is provided
through electromagnetic coupling between permanent motor
magnets enclosed within the impeller and the motor stators
located in front and rear pump housings. Each motor stator
consists of six copper wire coils that are sequentially charged
by electrical current, creating an electromagnetic force that
rotates the impeller. These electromagnets have the effect of
dragging the motor magnets (and impeller) around an axis of
rotation at an adjustable speed ranging from 1,800 to 4,000
RPM. The amount of blood flow through the pump at a con-
stant impeller rotational speed is determined by the differential
pressure across the pump. The difference between preload (left
ventricular pressure) and afterload (aortic pressure) is the most

Figure 4. Computational fluid dynamics anal-
ysis used to characterize flow patterns in the
pump. Primary and secondary flow pathways are
indicated by arrows. The tertiary pathway on top
of the impeller is not shown.
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Figure 5. Flow-pressure (HQ) curve for the pump at a constant
blood viscosity of 2.5 cP during the entire range of operating
speeds. This HQ curve is used to estimate blood flow.

important hemodynamic parameter affecting blood flow
through the pump.

Computational fluid dynamics (CFD) analysis was per-
formed to characterize the global and local flow conditions
within the pump. Computational fluid dynamics analysis dem-
onstrated three flow paths (Figure 4). The primary flow path is
through the inflow cannula and into four impeller flow chan-
nels after which blood is collected in the housing and exits the
pump through the outflow graft. The secondary flow path starts
under the impeller and goes upward through the annular gap
between the impeller and the center-post and then re-enters
the primary flow path. The tertiary flow path starts at the
impeller slots and leads to the hydrodynamic thrust bearings at
the top of impeller where blood re-enters the primary flow path
and exits the pump outlet.

Head pressure (H) and flow (Q) curve correlates the amount
of blood flow that can be generated by the pump at any
rotation per minute (RPM) across a wide range of pressures
(Figure 5). As with all rotary blood pumps, higher flow rates are
achieved with lower pressure differentials across the pump. A
higher preload and lower afterload will result in higher flow
rates at any given impeller speed. Actual flow through a pump

Instantaneous
Flow Estimation
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will vary with changes in pressure generated by the ventricle’s
systolic and diastolic cycles. As the differential pressure
changes, motor current also changes.

A current-flow (IQ) curve is used to estimate instantaneous
and average flow through the pump. Estimated flow is com-
puted with values for pump speed and motor current. The
default blood viscosity setting is 2.7 cP, and the adjustable
range is 2.2—-4.3 cP, which is adjusted by the operator accord-
ing the patients’ measured hematocrit. Viscosity and motor
stator configuration (dual or single stator mode) determines the
active 1Q curve used to calculate estimated flow. Speed and
current are exponentially averaged. Exponentially averaged
speed is used to determine the closest reference speeds. Ref-
erence speeds and the exponentially averaged current are used
to determine the current and flow values from the active 1Q
curve. Average and bounding reference speeds, average and
bounding current, and flow values are used in a 3-point inter-
polation formula to estimate flow. Blood viscosity is dependent
on many factors, including shear stress, patient hydration and
diet, and hematocrit. These factors may change with time for
any given patient. Therefore, flow estimation is based on the
electrical current, impeller RPM, and a fixed viscosity value.
The operator can adjust the viscosity value based on the
patient’s hematocrit.

The suction detection algorithm monitors the estimated flow
waveforms for a sudden decrease in instantaneous flow (Figure
6). The algorithm establishes a baseline estimated flow by
continuously averaging the minimum estimated flow, which is
then recalculated every 2 seconds. Proper function of the
suction detection function requires that there is a period of
normal operation to establish the baseline value. If the baseline
value is not properly established, the suction event alarm will
not function. In addition, the baseline instantaneous flow rate
must exceed 1.8 L/min. The suction trigger value is established
at 40% below the estimated flow baseline, and an alarm results
when the baseline flow exceeds this limit for 10 seconds.
When the suction detection trigger point is reached and an
alarm occurs, this flow trigger value is used with an offset value
to establish the suction clear limit. The alarm is cleared when
the estimated flow baseline exceeds the suction clear limit for
20 seconds. The suction detection function is enabled by the
operator and will be disabled whenever there is a change in

-
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Figure 6. Graphical representation of the suction detection algorithm for the pump.
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the set pump speed or a change in the viscosity input value.
The operator must re-enable the suction detection alarm.

A cyclic controlled speed change function (Lavare Cycle)
allows for changes in left ventricular filling and flow rate
through the LVAD once per minute during a 3-second cycle.
The amount of impeller rotational speed change is fixed at 200
RPM, which is adequate to allow some increase of ventricular
volume but is not low enough to cause left ventricular disten-
sion and low cardiac output. The impeller rotational speed
decreases below the set speed by 200 RPM for 2 seconds, then
increases 400 RPM (200 RPM above the set speed) for 1
second, and then returns to the set point. The cyclic controlled
speed change will only operate between 2000 and 3800 RPM
with low and high limits of speed change at 1800 and 4000
RPM, respectively.

The changes in ventricular volume and pump flow during the
cyclic controlled speed change are intended to decrease potential
areas of blood stasis. This feature is controlled by the clinician
and is used when patients are hemodynamically stable.

Comments

The HeartWare system has evolved with design concepts
that are intended to provide safe, long-term left ventricular
support in a wide range of patient sizes. The pump impeller
design accommodates large magnets and a passive impeller
suspension system, allowing contact-free operation and small
size. The small size of the pump along with an integrated
inflow cannula and novel sewing ring has enabled placement
of the pump in the pericardial space. Intrapericardial place-
ment of the pump may help to reduce postimplant complica-
tions. The external components are designed to allow mobility
and to be easily operated by patients.
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