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In Vivo Evaluation of 
the HeartWare Centrifugal 
Ventricular Assist Device
In this study, long-term (90-day) hemocompatibility and end-organ effects of a centrifugal 
left ventricular assist device (the Heartware HVAD™) were evaluated in 6 healthy sheep. 
The device was implanted into the left ventricular apex on beating hearts. The outflow 
graft of each device was anastomosed to the descending aorta. None of the sheep re-
ceived anticoagulation or antiaggregation medication during the study.

Hematologic and biochemical tests of liver and kidney function were performed pre-
operatively (baseline) and throughout the study. Data associated with pump function 
were collected continuously until 90 ± 1 days of support, at which time the sheep were 
humanely killed, and the end-organs were examined macroscopically and histopathologi-
cally.

Hematologic and biochemical test results were within normal limits during the study 
period. There were no significant complications. Postmortem examination of the explant-
ed organs revealed no evidence of ischemia or infarction, except in 2 sheep, in which small 
foci of infarction were detected in each of their left kidneys. There was no significant de-
vice failure. In all sheep, the pump’s inflow and outflow conduits were free of thrombus.

During the 90-day study, the HeartWare HVAD showed exceptional hemocompatibility 
and reliability, both of which are crucial to the clinical success of any implantable left ven-
tricular assist device. (Tex Heart Inst J 2007;34:406-11)

mplantable left ventricular assist devices (LVADs) were developed because of the 
limitations of medical therapy and surgical interventions, and the shortage of 
donor hearts.1-7 Researchers have been working on this technology since the early 

1960s, and LVADs have become invaluable as a bridge to heart transplantation, for 
myocardial recovery, and as destination therapy.3-5,8-12

 Despite clinical success, the use of 1st-generation pulsatile LVAD systems has been 
limited by their large size and lack of reliability. In 2nd-generation LVAD systems, 
continuous axial-flow pumps have been incorporated; this improved technology al-
lows assist devices to be smaller and eliminates most moving parts. Clinical trials 
involving the newer systems have shown encouraging results,13 with lower rates of 
mechanical failure and other complications.14-19 However, the drawback of these 2nd-
generation axial-flow pumps is the potential for the mechanical bearings to wear out 
and to cause clots.20-23 Third-generation implantable LVAD designs have eliminated 
the bearings; instead, these devices suspend the impeller with magnetic or hydrody-
namic suspension systems.
 The HeartWare HVAD™ (HeartWare, Inc.; Miramar, Fla), the smallest, 3rd-gen-
eration, implantable LVAD, is a hydrodynamic centrifugal pump with a short inflow 
cannula that is integrated with the device. The cannula design and the device’s small 
size facilitate intrapericardial placement, thereby eliminating the need for a concom-
itant abdominal approach and for device pockets. In addition, the simple, “wearless” 
suspension of the impeller is designed to substantially reduce the risk of mechanical 
failure. Most LVADs require partial or total cardiopulmonary bypass support for left 
ventricular (LV) apex cannulation, which substantially increases surgical time and can 
further compromise cardiac performance in patients who have acute heart failure.4,10,20 
In contrast, assist devices such as the HeartWare HVAD can be implanted on beat-
ing hearts, which greatly shortens the surgical time and avoids the deleterious effects 
of cardiopulmonary bypass. We performed this study in order to evaluate the hemo-
compatibility and end-organ effects of the HeartWare HVAD for up to 90 days in 
an ovine model.
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Materials and Methods

 Animal Model. Six healthy sheep that weighed be-
tween 57 and 65 kg were used in the study. The sheep 
received humane care in compliance with the Principles 
of Laboratory Animal Care (National Society of Med-
ical Research) and the Guide for the Care and Use of 
Laboratory Animals (National Institutes of Health pub-
lication No. 85-23, revised 1996). The study protocol 
was approved by our Institutional Animal Care and Use 
Committee.
 The Device. The HeartWare HVAD is a small, wear-
less, centrifugal blood pump (Fig. 1). It has a displaced 
volume of just 45 cc, weighs 145 g, and can deliver flows 
up to 10 L/min (Fig. 2). When the device is placed, the 
short, integrated inflow cannula is inserted into the LV 
apex, and its preattached outflow graft is connected to 
the aorta. The device’s fatigue-resistant percutaneous 
driveline (cable) is 3 mm in diameter and extends from 
the pump through the skin to an external controller.
 The HVAD uses a wide-blade impeller that is de-
signed to achieve optimal performance and hemocom-
patibility, size minimization, long-term reliability, and 
overall system efficiency. The impeller—the device’s 
only moving part—is suspended in place by a proprie-
tary hybrid magnetic and hydrodynamic bearing system 
to avoid mechanical contact and wear. This design inte-
grates 2 motor stators for single-motor fault protection 
to increase reliability. In addition, the driveline (mod-
eled after pacemaker technology) contains cables from 
each stator. These features help to ensure that a partial 
driveline break will not disrupt device operation, which 
improves the durability of the system. The wearless im-
peller suspension system uses a passive magnetic bearing 
for radial stiffness. Axial magnetic preload and hydro-
dynamic thrust bearings on top of each impeller blade 
provide axial constraint. The magnetic bearing consists 
of a stack of rare-earth ring magnets, near the impeller’s 
inside diameter, that repel the magnetic force of a sim-
ilar stack of magnets inside the center post. The axial 
alignment of the center-post magnet stack is set to pro-
vide an axial force that pushes the impeller toward the 
forward housing (the assembly with the inflow cannu-
la). Physical contact between the housing and the im-
peller is prevented by a thin blood film generated by the 
hydrodynamic thrust bearings. The thrust bearings fea-
ture a shrouded design that is intended to maximize the 
blood-film thickness and improve surface washing, in 
order to reduce the risk of thrombosis.
 The HeartWare HVAD sewing ring comprises a tita-
nium frame surrounded by a polyester-covered felt ring, 
which is used to secure the inflow cannula to the myo-
cardium. The inflow cannula is secured to the sewing 
ring with a uniquely designed screw (Fig. 3).
 The external controller is a microprocessor unit that 
controls the operation of the device. The controller sends 

power and operating signals to the blood pump and 
collects information from the pump. The percutane-
ous driveline is connected to the controller, which is 
connected to 2 power sources for redundancy—either 
2 rechargeable batteries, or an AC or DC adapter and 
a rechargeable battery. An internal, nonreplaceable, re-
chargeable battery inside the controller powers an audi-
ble “No Power” alarm. A data port serves as an interface 
between the controller and the monitor.

Fig. 1  The HeartWare HVAD left ventricular assist device.

Fig. 2  The HeartWare HVAD pump flow rate as a function of 
speed and pump head pressure.

Fig. 3  The HeartWare HVAD titanium sewing ring.
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 Anesthesia and Surgical Preparation. A standard insti-
tutional anesthesia protocol was followed. Each sheep 
was premedicated with glycopyrrolate (0.02 mg/kg) 
and xylazine (0.2–0.7 mg/kg); both drugs were admin-
istered intramuscularly. Intravenous ketamine (10–20 
mg/kg) was administered to induce anesthesia. Gener-
al anesthesia was maintained with isoflurane (1%–3%) 
in oxygen (40%–100%).
 Surgical Technique. Each sheep was placed in the right 
lateral decubitus position for a left thoracotomy and left 
neck cutdown. A lidocaine drip (2 mg/min) was initi-
ated to prevent arrhythmias, and intravenous pancuro-
nium bromide (3.7 mg) was administered as a muscle 
relaxant. A left thoracotomy was performed at the 5th 
intercostal space, and the 5th rib was removed. The left 
internal thoracic artery (LITA) was exposed. An arteri-
al pressure line was then introduced. The pump’s drive-
line and 2 flow probe lines were tunneled to exit near 
the left paraspinal area at the 8th intercostal space. The 
pericardium was incised from the apex to the pulmo-
nary artery, and the heart was suspended in a pericar-
dial cradle. A bolus of bovine heparin was administered 
(3 mg/kg).
 The descending thoracic aorta was dissected for out-
flow graft anastomosis, and a partial occlusion clamp was
applied. The pump’s 10-mm outflow graft was sewn 
end-to-side to the descending aorta with 4-0 Prolene 
sutures. The sewing ring was attached to the LV apex 
with 10 to 12 interrupted 2-0 Ethibond pledgeted su-
tures (Ethicon, Inc., a Johnson & Johnson company; 
Somerville, NJ). A cruciform incision was made on the 
beating heart. Then a conical coring knife with obtura-
tor was advanced through the ventricular sewing ring, 
the LV core was removed, and the pump was inserted 
into the LV cavity and secured. The pump was de-aired 
and started at 1,800 rpm; pump speed was increased to 
2,400 rpm as the occlusion clamp was removed from 
the outflow graft. The arterial pressure tubing line was 
transferred from the LITA to the left carotid artery for 
postoperative aortic pressure measurement. A 10-mm 
ultrasonic flow probe (Transonic Systems Inc.; Itha-
ca, NY) was attached to the outflow graft. Protamine 
was then administered to reverse the effects of heparin. 
One chest tube was inserted into the pleural cavity. 
After intercostal nerve block and placement of a pain-
prevention device (ON-Q® Soaker Catheter™, I-Flow 
Corporation; Lake Forest, Calif ), the chest cavity was 
closed with use of a standard technique.
 Postoperative Care. The sheep were taken to the inten-
sive care unit for continuous monitoring of aortic pres-
sures and pump flows, and for detection of any sign of 
distress or pain. Within 4 hours of extubation, the sheep 
were allowed to eat. None of the sheep received antico-
agulation or antiaggregation therapy during the study. 
A general physical examination to evaluate appetite, in-
fection, and neurologic status was performed daily.

 Preoperative and Postoperative Data Collection. Rou-
tine hematologic and biochemical tests were performed 
preoperatively to measure baseline levels. These tests 
were repeated daily for 2 weeks and then weekly until 
study termination. Pump operating parameters (fixed-
rate rotational speed setting and pump flow) were re-
corded continuously with the ultrasonic 10-mm flow 
probe.
 Macroscopic Postexplantation Analyses. Heparin (3 mg/
kg) was administered—just before the sheep were hu-
manely killed—in order to prevent postmortem clot 
formation in the pump. In each case, the HeartWare 
HVAD was explanted, opened, and photographed. Any 
infarcts or focal lesions in any tissue were noted during 
gross evaluation. The pump housing and impeller were 
carefully inspected for fibrin formation or thrombus. 
The inflow and outflow grafts, the aorta, and the ven-
tricle at each cannulation site were also evaluated and 
photographed.
 Histopathologic Evaluation. Routine histologic exam-
ination was performed on the heart, lungs, liver, kid-
neys, brain, spleen, and other major organs. Blocks of 
tissue were immersion-fixed in 10% neutral-buffered 
formalin with a tissue-to-volume fixative ratio of 1:10. 
After at least 72 hours of fixation (the brain requires 10 
to 14 days to ensure a constant sampling pattern), an il-
lustration of the sectioning site was made for each de-
vice. Cross-sections of the soft-tissue interface with the 
device were processed with standard paraffin. Two 5-
micron-thick sections from each of the sampled regions 
were stained with either hematoxylin-eosin or Masson 
trichrome stain.

Results

 Animals. All 6 sheep reached the study endpoint of 
90 ± 1 days of support with the HeartWare HVAD 
system. Postoperatively, they recovered from anesthesia 
without complications and were extubated within the 
first 3 hours. None of the sheep developed anorexia, in-
fection, or neurologic disorders.
 Device. No notable device-related problems occurred 
after device implantation. Average pump data values ± 
SD for all 6 sheep included an average combined rpm 
of 2,836 ± 50, average flows of 3.83 ± 0.6 L/min, and 
average power consumption of 4.5 ± 0.5 watts.
 Clinical Chemistry and Hematologic Data. Values at 
baseline and at postoperative days 1, 30, 60, and 90 
are shown in Table I. All sheep had white blood cell 
(WBC) counts within normal ranges during the study, 
except for 1 sheep that had an increased WBC count 
during the immediate postoperative period; this sheep’s 
WBC returned to normal within 5 days of surgery. 
Expected decreases in red blood cells and hematocrit 
were noted; however, on average, these values increased 
again and remained stable throughout the study. The 
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remaining hematologic values were within normal lim-
its for all sheep throughout the study, as were the coag-
ulation profiles. Clinical biochemistry values indicated 
normal liver and renal function; these values remained 
unremarkable throughout the study. Both lactate dehy-
drogenase and plasma-free hemoglobin levels increased 
transiently in 1 sheep after surgery, but these levels re-
turned to normal ranges approximately 14 days after de-
vice implantation.
 Macroscopic and Histologic Examination. Necropsy of 
2 animals’ explanted organs revealed mild-to-moderate 
fibrosis in the renal cortex; the remaining sheep showed 
minimal changes. One sheep had scattered intramyo-
cardial fibrosis. Notably, the renal and myocardial find-
ings revealed no active component in this animal and 
were indicative of a remote event during the periopera-
tive or early postoperative period, or both.
 Gross examination of the pump inflow conduits 
from all sheep showed nothing remarkable; however, 

1 pump had thromboembolic fragments adjacent to the 
impeller housing. The thromboemboli appeared to have 
been dislodged from the adjacent myocardium (poster-
oseptal region) and not from the pump itself. Histo-
logic analysis revealed that the thrombi consisted of 
spindle-shaped cells, macrophages, and loose connective 
tissue, which suggested the endocardium as the origi-
nal point of attachment. The pump interiors were com-
pletely free of thrombus, and the impeller surface from 
5 sheep showed no evidence of mural thrombosis (Fig. 
4). Gross examination of the outflow grafts yielded no 
unusual results.

Discussion

The HeartWare HVAD system demonstrated appro-
priate blood-handling characteristics and reliability 
in the ovine model for 90 days. In most 2nd-genera-
tion LVADs, heat generation on the bearings is known 

TABLE I. Mean Preoperative and Postoperative Hematologic and Biochemical Data

 Preoperative Day 1 Day 30 Day 60 Day 90

Hematologic Data (mean ± SD)     

 White blood cells × 103/mm3 7.2 ± 3.1 15.3 ± 22.3 7.0 ± 1.6 5.2 ± 1.3 4.6 ± 0.8

 Red blood cells × 106/mm3 10.6 ± 1.6 8.8 ± 1.3 10.1 ± 1.0 10.6 ± 1.3 11.1 ± 1.1

 Hemoglobin, g/dL  11.5 ± 1.1 9.0 ± 1.9 10.7 ± 1.2 11.5 ± 1.5 11.9 ± 1.1

 Hematocrit, %  32.0 ± 2.6 26.4 ± 5.1 30.5 ± 3.6 32.5 ± 3.5 32.9 ± 2.7

 Platelets × 1,000/mm3 427.8 ± 97.1 264.3 ± 54.1 335.3 ± 152.0 314.7 ± 64.0 331.5 ± 112.2

 Prothrombin time, sec 13.9 ± 0.9 16.2 ± 0.8 14.1 ± 0.9 14.0 ± 0.9 14.6 ± 0.8

 International normalized ratio 1.5 ± 0.2 2.1 ± 0.2 1.5 ± 0.2 1.5 ± 0.2 1.6 ± 0.2

 Partial thromboplastin time, sec 26. 8 ± 6.2 36.4 ± 6.1 27.8 ± 4.4 27.5 ± 2.8 28.0 ± 3.5

 Fibrinogen, mg/dL  401.0 ± 105.9 253.2 ± 54.8 234.8 ± 136.5 221.5 ± 115.0 252.5 ± 157.7

 Plasma hemoglobin, mg/dL 5.4 ± 2.2 5.1 ± 5.3 11.9 ± 11.3 4.4 ± 2.0 2.3 ± 2.0

Biochemical Data (mean ± SD)     

 Serum urea nitrogen, mg/dL 17.7 ± 3.3 13.5 ± 5.6 17.7 ± 4.5 22.3 ± 6.0 21.7 ± 4.2

 Glucose, mg/dL 69.7 ± 5.3 76.5 ± 22.8 69.7 ± 5.2 68.0 ± 8.2 65.0 ± 7.0

 Creatinine, mg/dL 1.0 ± 0.1 1.1 ± 0.2 1.0 ± 0.2 0.9 ± 0.1 0.9 ± 0.1

 SGPT (ALT), IU/L 13.7 ± 2.9 36.8 ± 6.0 11.3 ± 1.5 13.3 ± 3.2 15.0 ± 3.6

 Albumin, g/dL 2.8 ± 0.2 2.0 ± 0.1 2.4 ± 0.2 2.8 ± 0.3 2.9 ± 0. 1

 SGOT (AST), IU/L 161.7 ± 90.3 404.2 ± 95.7 82.8 ± 26.9 131.2 ± 78.6 159.5 ± 96.9

 Direct bilirubin, mg/dL 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.1 0.1 ± 0.1

 Total bilirubin, mg/dL 0.2 ± 0.1 0.1 ± 0.1 0.1 ± 0.1 0.2 ± 0.0 0.2 ± 0.1

 GGT, U/L 101.5 ± 40.1 60.3 ± 21.2 79.5 ± 10.3 64.0 ± 8.9 76.7 ± 35.8

 Lactate dehydrogenase, IU/L 510.5 ± 185.4 1,016.5 ± 265.9 417.8 ± 71.9 436.5 ± 132.3 468.0 ± 146.2

GGT = gamma-glutamyl transpeptidase; SGOT (AST) = serum glutamic-oxaloacetic transaminase (aspartate aminotransferase); 
SGPT (ALT) = serum glutamic-pyruvic transaminase (alanine aminotransferase)
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to denaturize proteins and can lead to thromboembo-
lism and hemolysis.8,24-28 Therefore, patients who receive 
these pumps require anticoagulation, which may lead to 
bleeding complications.24-28 Anticoagulation or antiag-
gregation medication was not used in our study; never-
theless, the inside surfaces of the HeartWare pumps 
remained completely free of thrombus. Only 1 pump 
contained fragments of thromboemboli adjacent to the 
impeller housing, and the origin of the thromboemboli 
was found to be the adjacent myocardium rather than 
the pump. In this particular sheep, the pump inlet had 
deviated toward the posterior wall of the left ventricle, 
which impaired endocardial integrity and may have re-
sulted in the thrombus formation. In the future, low-
dose or no-anticoagulation therapy after HeartWare 
HVAD implantation may be considered as a treatment 
option to decrease bleeding complications caused by anti-
coagulation use.
 In many cases, hemolysis after LVAD implantation can 
be problematic and can threaten clinical success. How-
ever, the smaller size, short inlet cannula, and hydrau-
lic, bearingless impeller mechanism of the HeartWare 
HVAD reduce the risk of hemolysis and thrombogenic-
ity.29-32 In our study, none of the sheep had notable hemo-
lysis during the 90-day follow-up period.
 Insufficient perfusion or thromboembolic damage to 
end-organs significantly influences survival in LVAD 
patients, whose end-organs are already compromised 
from their end-stage heart failure.8 In our study of the 
HeartWare HVAD in a healthy ovine model, the bio-

chemical test results for the 90-day period showed no 
notable impairment of renal and hepatic function. In 
addition, no histologic changes were observed in major 
end-organs.
 Finally, most LVADs require partial or total cardio-
pulmonary bypass support for LV apex cannulation, 
which increases the surgical time and risk and can fur-
ther compromise ventricular function in patients who 
have acute heart failure.4,10,20 In our study, all HeartWare 
pumps were implanted with the heart beating. Use of 
this technique shortened the surgical time and prevent-
ed the deleterious effects of cardiopulmonary bypass, as 
noted in recent publications from our institution.33,34

 In summary, in our ovine model, the HeartWare 
HVAD system demonstrated excellent blood-han-
dling characteristics and reliability for 90 days, both of 
which are crucial to the clinical success of any implant-
able LVAD.
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