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Abstract
Ventricular assist devices are commonly utilized in the treatment of end-stage heart failure. Advances in continuous flow 
technology have improved efficiency, size, implantability, extended support, and overall patient outcomes. This has led to an 
expanded role of left ventricular assist device (LVAD) clinical use and applications. This review describes the advances and 
current state of LVAD devices and provides a future outlook for this technology. 

Introduction
Cardiac transplantation remains the gold-standard treatment 

for end-stage heart failure refractory to medical therapy. however, 
its greatest limitation has been the number of donor hearts 
available. Coupled with ever-growing patient waiting lists and 
stringent eligibility criteria, transitory therapeutic measures 
(whether as a bridge or long term) to promote survival in end-stage 
heart failure have become a highly investigated field of medicine. 
as a consequence, implantable mechanical circulatory devices 
(MCds) have emerged as a relevant option for improving survival 
in these patients. in general, patients receiving lvad implantation 
are classified based on the expected outcome and device strategy. 
the most common strategies include bridge to transplant (Btt), 
bridge to candidacy (BtC), destination therapy (dt), and bridge to 
recovery (Btr) (table 1). established in June 2006, the interagency 
registry for Mechanically assisted Circulatory support 
(interMaCs) has been acquiring data on the vast majority of 
patients with implanted MCds. to date, more than 6,000 patients 
have been entered into the database, with an annual growth 
of approximately 1,500 implants per year.1 Most importantly, 
interMaCs has provided a tremendous amount of data on the 
current state of primary device placement and outcomes. in this 
review, we describe the types of implantable pumps, most recent 
outcomes, and future outlook. 
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First-Generation LVADs
also known as volume displacement devices, the first-generation 

of implantable devices pumped blood flow via a pulse generator, 
hence the term “pulsatile pump.” the systems that highlight 
this class are the heartMate i® (thoratec Corp., Pleasanton, Ca), 
thoratec Pvad™ (thoratec Corp., Pleasanton, Ca), and novacor 
n100 (World heart, inc., oakland, Ca). inherently, first-generation 
devices had larger tissue and blood contacting surfaces as well 
as multiple moving parts (i.e., pusher plates, pneumatic/electrical 
sacs, prosthetic valves).2 the heartMate i (Figure 1) introduced 
a textured blood contacting surface, which is still being used in 
newer-generation devices to reduce thrombotic complications.3 

implantation of these first-generation devices requires a median 
sternotomy, with inflow and outflow cannulation insertions made 

Figure 1. HeartMate I (left) and HeartMate II (right). 
Reprinted with the permission of Thoratec Corporation.

Device Strategy Definition 2008 (%) 2010 (%) 2012* (%)

Bridge to transplant (Btt) Patient actively listed for a transplant. Would not survive 
without MCS. 49.6 29.2 21.0

Bridge to Candidacy (BtC)
Patient not actively listed for transplantation. Does not 
have absolute contraindication to transplant. Potential for 
recovery is unclear.

41.2 38.3 33.1

Destination therapy (Dt)
Patient is ineligible for transplant, but would not survive 
without MCS. Has absolute contraindication to transplant.

5.4 30.6 44.0

Bridge to Recovery (BtR)
Patient needs temporary support. expected recovery. no 
transplant needed.

2.1 0.8 1.0

Total Number of Implants 726 729 896

 *2012 (Jan-June, 6 months)
Table 1. Device strategy and total implants by year. Data derived from fourth and fifth INTERMACS report.1 MCS: mechanical circulatory support.
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Figure 1. HeartMate I (left) and HeartMate II (right). 
Reprinted with the permission of Thoratec Corporation.

Figure 2. Schematic drawing of implanted HeartMate II LVAD.
Reprinted with the permission of Thoratec Corporation.

at the left ventricular apex and ascending aorta, respectively. due 
to its size, the pumping chamber is located within the abdomen or 
preperitoneal space, and a single transcutaneous drive line exits 
the abdominal wall. as with all pulsatile systems, a compliance 
chamber is necessary to compensate for air displacement.4 Cardiac 
output that meets physiologic demand is standard, and they can 
be employed on a fixed or automatic setting. these devices are 
battery powered, providing 3 to 5 hours of charge.5 the native 
heart can usually provide systemic support in cases of device 
malfunction. 

the major disadvantages that led to continued efforts to 
improve implantable lvads included comfort/ease of use for 
patients and long-term mechanical durability of the pump. 
Furthermore, high risk of infection, thrombus formation, and 
blood trauma were significant complications that needed to be 
addressed if long-term support was to be achieved with lvad 
therapy.2-6 in general, use of these devices requires long-term oral 
anticoagulation therapy. despite these limitations, first-generation 
lvads set the stage for implantable mechanical support. the 
landmark first-generation lvad study, reMatCh, demonstrated 
a significant reduction in death and increased survival from any 
cause as compared to medical therapy alone. More specifically, 
endpoints of the study showed a 46% decrease in death from any 
cause and a 1-year survival of 52% with lvad versus 25% with 
medical therapy.7 

Second-Generation LVADS
to improve upon the limitations of their predecessors, the 

second-generation lvads required a decrease in size and fewer 
complications while improving efficiency and durability. to 
accomplish these goals, researchers focused on the development 
and principles of continuous axial flow pumps. systems that 
highlight the second-generation lvad class include the  
heartMate ii® (thoratec Corp., Pleasanton, Ca) (Figure 1), Jarvik 
2000 (Jarvik heart, inc., new york, ny), and Micromed deBakey® 
(MicroMed Cardiovascular, inc., houston, tX). 

a central skepticism of second-generation devices was whether 
“non-pulsatile/physiological” continuous blood flow could 
support long-term end-organ function. however, it has been well 
demonstrated that pulsatile blood flow primarily occurs at large/
high-pressure arteries, as compared to capillary flow, where 
pulsatile flow is markedly reduced. in fact, the average velocity 
of blood flow in capillaries is about one-thousandth of that 
found in the aorta.8 this understanding, coupled with the need 
for lvad improvement, fueled research in animal studies and 
ensuing clinical projects regarding continuous flow. the resulting 
studies were able to demonstrate successful long-term end-organ 
perfusion.9, 10 

the key mechanical element was the implementation of a 
valveless axial pump with a rotary motor as the only moving 
part in the system. More specifically, the design introduced an 
internal rotor in the axial path of flow that was suspended via 
blood-immersed bearings (i.e., the rotor is in direct contact).11 
the theoretical benefit of this design was further reduction of 
prothrombotic sites and minimization of wear and tear associated 
with multiple moving parts. efficiency was further enhanced 
with elimination of the reservoir chamber and inflow/outflow 
valves. the blood contacting surfaces were specially designed 
with textured titanium lining as an additional antithrombotic 
measure.12 

surgical implantation is similar to the first-generation model,  
with inflow/outflow cannulation tracts practically unaltered 

(Figure 2).13 the inlet cannula is placed in the left ventricle, and the 
outflow cannula is anastamosed to the aorta via a dacron graft. a 
single driveline exits the abdomen. the impeller blade is powered 
by an electromagnetic motor, which is driven by an external 
battery source similar to first-generation devices. the second-
generation lvad pump is designed to provide high-level cardiac 
output, with rotary speeds of 8,000 to a maximum of 15,000 rpm 
reported.14 

the benchmark predicted mechanical life of second-generation 
lvads is 5 years, but longer support has been well documented.15 
long-term anticoagulation is still required, with emphasis on 
individual patient needs.16, 17 in 2007, the heartMate ii Btt trial 
became another landmark study for implantable lvads, as it 
demonstrated survival rates of 75% at 6 months and 68% at 1 
year, with significantly improved quality of life and functional 
capacity.18 in 2009, this was followed by the heartMate ii dt 
trial, which showed a significant increase in survival 2 years 
post-implantation when compared to heartMate i.19 despite the 
significant improvements in design, the second-generation device 
still left many theoretical concerns. of importance were further 
enhancements of efficiency, durability, and patient outcomes. this 
may be a direct consequence of the increasing trend of lvad use 
as destination/long-term therapy. 

Third-Generation LVADS
the critical distinguishing factor between the second- and third-

generation lvads is the employment of contact versus noncontact 
bearings, respectively. the latter employs the technology known 
as magnetic levitation (MaGlev), which allows for rotation 
without friction or wear.20 the goal of this design is to further 
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Figure 3. Third-generation LVADS. (A) HeartMate III. ©Thoratec Corp. 
Reprinted with permission. (B) HeartWare HVAD. ©Heartware International.
Reprinted with permission.
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Figure 5. Schematic drawing of implanted HeartWare HVAD. 
©Heartware International. Reprinted with permission.

Figure 4. HeartWare HVAD design and flow patterns. (A) HVAD assembly: 
inflow cannula within front housing, magnetic center-post, and rotating 
impeller. (B) Primary and secondary flow paths. The primary flow path 
enters via the inflow cannula and into four impeller flow channels that point 
flow centrifugally (black arrows). Blood collects in the housing assembly 
and exits via the outflow graft. The secondary flow path starts under the 
impeller at the center post, which creates an axial flow (black arrows) and 
re-enters the primary flow path. 
Image reproduced with permission from Larose JA, Tamez D, Ashenuga M, Reyes 
C. Design concepts and principle of operation of the HeartWare ventricular assist 
system. ASAIO J. 2010 Jul-Aug;56(4):285-9.38

minimize prothrombotic sites while enhancing efficiency and 
durability. the devices that highlight the latest generation include 
duraheart™ (terumo heart, inc., ann arbor, Mi), heartWare 
hvad® (heartWare international, inc., Framingham Ma), incor® 
(Berlin heart, inc., Berlin, Germany), levacor® (World heart inc., 
salt lake City, ut), and heartMate iii (thoratec Corp., Pleasanton, 
Ca) (Figure 3). 

third-generation lvads remain classified as continuous-flow 
pumps but can be broadly differentiated as follows: 1) centrifugal 
versus axial flow pumps, and 2) magnetically levitated impeller 
+/- hydrodynamic support (Figure 4).21 also known as radial flow 
pumps, centrifugal pumps afford certain advantages that include 
lower rotational speeds, higher efficiency, and further enhanced 
anatomic design. For example, the levacor achieves physiologic 
cardiac output at a rotational speed of 2,000 rpm.22 this is a 
significant difference when compared to Micromed deBakey, 
which requires almost quadruple the rate (9,500 ± 600 rpm) to 
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achieve similar outputs.23 the incor is the only third-generation 
axial pump under active clinical investigation, with the remaining 
pumps listed as centrifugal. in terms of levitation, the duraheart 
employs a dual hydrodynamic and magnetic system for levitation 
compared to the levacor, which is completely magnetically 
levitated. unique to the heartWare (Fda approval november 2012) 
is that implantation is completely intrapericardial (Figure 5). this 
is attributed to the smaller pump size (Figure 3) and is significant 
because the need for an abdominal pocket is eliminated.24 

in terms of survival, reports demonstrate expected success with 
third-generation devices. For example, one european single-center 
study reported very promising long-term outcomes in 68 patients 
implanted with the duraheart. overall survival at 3, 6, 12, and 
24 months was 87%, 81%, 77%, and 61%, respectively.25 another 
more recent study of 34 patients implanted with the heartWare 
lvad demonstrated an overall mortality rate of 24% and overall 
cumulative survival of 56% at 2 years.26 table 2 illustrates the 
currently active second- and third-generation devices. 

Current State
as mentioned, the interMaCs registry provides a wealth 

of information on the current state of lvads actively implanted 
throughout the world. since commencing in June 2006, more than 
6,000 patients have been entered, and 145 institutions are actively 
participating in the registry. the most recent publication, the Fifth 
interMaCs annual report, demonstrated notable changes in 
the culture of lvad employment.1 there was a significant increase 
in lvad placement after the heartMate ii Btt trial, which 
has resulted in a virtual replacement of pulsatile pumps with 
continuous pumps (Figure 6). this cultural change was reflected in 
2010 when nearly 99% of lvads placed were continuous. 

there also has been a noted change in risk factor analysis and 
decision regarding when to place an lvad. to understand this 
notion, one must understand the interMaCs risk levels, which 
range from 1−7. in general, levels 1−5 fall under new york heart 
association (nyha) functional class iv, with level 1 classifying 
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the worst state, cardiogenic shock. levels 6−7 are patients in the 
advanced nyha class iii subset and can be viewed as relatively 
lower risk. the latest trends demonstrate a significant shift towards 
lvad use as dt and in patients in higher (less compromised) 
interMaCs brackets. From most to least common, the device 
strategies that are currently being employed are dt (44%), BtC 
(30%), Btt (21%), and Btr (1%). 

in terms of risk factors for death post-implantation, cardiogenic 
shock and development of right heart failure (rhF) requiring 
biventricular support were among the most significant noted. the 
latter factor was depicted as “a major challenge and thrust” for 
future investigations. in fact, multiple studies have documented 

this complication, with rhF onset occurring in 10−40% of patients 
implanted with an lvad.27-30 additionally, parameters such as age, 
blood urea nitrogen, pulmonary hypertension, and pulsatile lvad 
were all significant risk factors for death (P <0.05). despite these 
risk factors, the overall expected survival rate is currently 81% at  
1 year and nearly 70% at 2 years.   

Future Progress
as outcomes improve with advances in pump technology, 

minimizing long-term morbidities will likely become the focus 
and challenge of future lvad design. some experts propose that 
the optimal lvad, especially for use in dt, is one that is durable, 
biocompatible, and totally implantable (i.e., no transcutaneous 
machinery).31 Perhaps the most attainable upgrade will be the 
elimination of the driveline as a measure to reduce infection. 

Patented in 1994, the technology known as transcutaneous 
energy transfer (tet) allows energy to be noninvasively 
transmitted inside the body.32 the fundamental mechanism of 
energy formation is an induction-heating (ih) system, which 
creates an electromagnetic charge between two sets of coils located 
inside and outside the body.33 Certain low-energy requiring 
devices, such as pacemakers and defibrillators, have already 
incorporated this technology. however, reports of electromagnetic 
interference with household devices have been documented.34 
this interference ultimately results in device dysfunction and is 
a factor that has limited its commercial use in high-risk devices 
such as the lvad. thus, further investigations are warranted to 
improve upon these limitations. interestingly, there are two third-
generation lvads, abioCor® (abiomed, inc., danvers, Ma) and 
lionheart® (arrow international inc., research triangle Park, nC), 
under clinical investigation that employ tet technology and have 
demonstrated tet reliability at 1 and 2 years.31 

as described, dt is on the rise as a device strategy and has the 
highest potential benefit in older patients with end-stage heart 
failure. Currently, the majority of these patients are medically 
managed. the prospective trials revive-it and roadMaP 
are well underway and are designed to investigate the benefits 
of a more “aggressive” lvad implant strategy in these patients 
compared to medical management. revive-it is a randomized 
controlled trial to evaluate dt employing the heartWare hvad 
versus optimal medical management (oMM) in nyha iiib/iv 
patients who have not needed ionotropic support.35 roadMaP is 
a multicenter nonrandomized observational trial of outcomes with 
heartMate ii versus oMM as dt in patients with interMaCs 
4−7 profiles.36 the primary objective of these studies is to show 
that strategic placement of implantable mechanical support 
before onset of higher risk heart failure can improve survival and 
functional status in moderate to severe heart failure patients. 

as the use of lvads increases, physicians must be prepared to 
readily assess and manage complications associated with these 
devices. of importance, thrombotic events and right heart failure 
are serious potential complications of lvad, and task forces are 
developing guidelines for managing complications in the post-
implantation period.37 thus, we can expect more refined and 
timely interventions, both pharmaceutical and mechanical, in the 
years to come. 

Conclusion
implantable lvads have revolutionized the treatment of late-

stage heart failure. they are the result of more than 60 years of 
research and investigation. Prospective studies in the last 10 years 
have consistently demonstrated the significant improvement in 

Figure 6. Distribution of LVADs placed from 2006–2011. Data derived from 
4th INTERMACS report.1

Table 2. Second- and Third-Generation LVADs. 
AX: axial flow; BTT: bridge to transplant; C: clinical; CE: European approved; DT: 
destination therapy; FDA: Food and Drug Administration; HDE: humanitarian device 
exemption; HF: heart failure; IA: intra-abdominal; IDE: investigational device exemption; 
IP: intrapericardial; ML: magnetically levitated; ML+: mixed ML with hydrodynamics; RA: 
radial flow.

Device
Specs (grams, 

flow, placement, 
levitation)

Unique Features

thoratec 
HeartMate II 375, AX, IA most widely studied  

> 200 publications

Jarvik 2000 85, AX, IP documented survival  
7.5 years

Micromed 
DeBakey 5 93, AX, IP direct flow measurement

terumo  
Dura-Heart 540, RA, IA, ML hydrodynamic backup 

system

HeartWare HVAD 145, RA, IP, ML+ uni/biventricular capabilities 
smallest design

Berlin Heart Incor 200, AX, IP, ML only 3rd generation AX 
>500 implants

Levacor VAD 440, RA, IA, ML complete magnetic  
suspension

thoratec 
HeartMate III

500, RA, IA, ML
artificial pulse generator,  
sensorless flow estimator
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clinical status that can be achieved with strategic employment of 
lvad therapy. Moreover, the durability and efficiency of these 
devices has allowed dt to become a viable option for patients 
who are not candidates for transplantation. at the moment, 
continuous-flow lvad therapy has become the standard when 
implantation is warranted. its success has opened the door for 
multiple devices to become Fda approved and for exponential 
growth in total implantations per year. there is a large market 
for potential candidates with a focus on providing safe, effective, 
and long-term care to a high-risk population. understanding 
the patient population from a logistical level and employing 
preimplantation measures will decrease complications and 
further improve efficiency, cost, reliability, and durability of the 
devices. in conclusion, innovations in implantable heart devices 
have allowed the technology to become relevant and clinically 
applicable, offering an effective long-term therapeutic option for 
the management of patients with late-stage cardiac disease. 
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