
© Pioneer Bioscience Publishing Company. All rights reserved. J Thorac Dis 2014;6(8):1110-1119www.jthoracdis.com

Introduction

Despite advances in medical technology and renewed interest 
in preventative health care, heart failure remains a significant 
cause of morbidity and mortality in the United States. 
Partially because of the improvements in the treatment of 
heart failure, more patients are living with advanced stage 
heart failure than ever before. By 2010, over five million 
Americans carried a diagnosis of heart failure with another 
825,000 patients receiving the diagnosis in that year alone (1).  
The standard of care for end stage heart failure patients 
remains cardiac transplantation in patients deemed to be 
appropriate candidates. However, the disparity between 
available donor hearts and recipients waiting on the cardiac 
transplant list has continued to grow. With the advent 
of durable and reliable mechanical circulatory support 
(MCS), bridge to transplant (BTT) therapy has become the 
standard of care for many patients awaiting transplant who 
develop end-stage organ dysfunction or a life threatening 
exacerbation of their existing heart failure (2-4).

Background

Early efforts at MCS focused on short term, extra corporeal 
assist devices. As technology improved throughout 
the 1990s, durable and implantable assist devices were 
introduced that revolutionized the surgical treatment of 
heart failure refractory to medical intervention. While 

cardiac transplantation remains the gold standard, the 
availability of viable options for long-term mechanical 
support in patients with advanced stage heart failure 
ushered in the current era of MCS as a bridge to cardiac 
transplantation. 

Init ial ly conceived as an alternative to cardiac 
transplantation, the benefit and viability of left ventricular 
assist devices (LVAD) as a BTT was demonstrated in the 
landmark study conducted by Frazier et al. in 1995. In this 
nonrandomized study comparing implantation of an early 
model pulsatile LVAD versus optimal medical therapy, a 55% 
reduction in pre-transplant mortality was seen with LVAD 
support and a significant improvement in 1 year post-transplant 
survival in patients supported with a pulsatile LVAD (2). In 
addition, the Randomized Evaluation of Mechanical Assistance 
for the Treatment of Congestive Heart Failure (REMATCH) 
trial demonstrated that LVAD implantation improved survival 
compared to optimal medical management in patients ineligible 
for heart transplantation (5). 

Despite promising results, the early implantable 
mechanical circulatory devices, which were of the pulsatile, 
volume displacement variety, did not have the durability 
required to provide ongoing, long-term support without 
frequent LVAD pump exchanges (5). An unacceptably high 
rate of device infection or malfunction requiring LVAD 
exchange [up to 65% by 2 years of support by one study (6)]  
limited widespread acceptance and use of this first 
generation, pulsatile LVADs. In addition, they were large, 
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limiting their use in women, adolescents, and some men. The 
development of second generation continuous flow (CF), 
rotary pump devices [Heartware VAD (HVAD) (Figure 1),  
Heartmate II (Figure 2)] that were smaller, quieter, and 
more durable allowed for longer durations of support 
and the ability to implant LVADs in underserved patient 
populations. 

In the current era, with continued improvements in 
LVAD technology, improved patient selection, and post-
operative clinical optimization, patients implanted with 
ventricular assist devices are designated as BTT, meant 

to act as a mechanical assist in the ambulatory setting as a 
bridge to cardiac transplantation, or destination therapy 
(DT), meant as a permanent solution for patients not 
deemed to be transplant candidates. While the BTT and 
DT designations allow for the categorizing of patients, 
helping standardize patient populations for outcomes 
based studies, in reality patients may crossover from one 
group to the other as their clinical condition deteriorates 
or improves, or other medical co-morbidites cause a once 
transplant-eligible patient to remain on indefinite MCS. 
In fact, the term “bridge to decision” has become common 
at many institutions, wherein a patient is implanted 
with an LVAD and the decision to for eventual cardiac 
transplantation UNOS listing is determined by their 
clinical course in the months following implantation. In 
addition, as devices have improved and experience with 
MCS become more extensive, a subset of patients have 
been found to recover myocardial function after temporary 
LVAD support (8), eventually allowing for explanation of 
the LVAD, leading these patients to be referred to as “bridge 
to recovery”. In the end, it is important to recognize that a 
patient’s initial designation as BTT or DT is not a diagnosis 
but part of an ongoing clinical assessment of the patient’s 
functional status and response to LVAD therapy.

Patient selection

Patient selection is critical for optimal outcomes after LVAD 
implantation. Patients being considered for MCS must 
first have all modifiable or reversible causes of heart failure 
optimally treated medically prior to surgical consideration of 
LVAD implantation. Additionally, their transplant eligibility 

Figure 1 Heartware VAD (HVAD).

Figure 2 Heartmate II [reprinted from (7)].
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should be assessed to determine type and timing of LVAD 
implantation. Generally, patients with a high one-year  
mortality from heart failure, those who are inotrope 
dependent, or those who are otherwise unable to maintain 
end-organ function and are not expected to recover without 
long term MCS should be considered for LVAD placement (9).  
New York Heart Association functional class should be 
assessed and Interagency Registry for Mechanical Assisted 
Support (INTERMACS) profiles should be determined. 
Additionally, cognitive and psychosocial testing, as 
well as family/community support networks must be 
considered when determining patient eligibility for LVAD 
implantation. In general, patients with irreversible multi-
organ dysfunction are not eligible for LVAD implantation.

Currently, optimal timing for implantation of an LVAD 
remains unclear. However, many centers believe that in 
transplant eligible patients’ early implantation, prior to 
the development of end organ dysfunction and inotrope 
dependence, improves outcomes, quality of life, and survival 
to transplant. Pre-operative risk assessment scores remain 
imperfect but have highlighted risk factors, such as pre-
existing renal dysfunction, liver dysfunction, poor nutritional 
status, and coagulopathy, which have adverse effects on 
patient outcomes post-VAD implantation (10), helping to 
identify patients who may not benefit from an LVAD. 

Contemporary results

Device selection and outcomes

Outcomes in patients supported by LVADs have continued 

to consistently improve over time with improvement in 
device design, patient selection, and post-operative care.

CF-LVADs appear to have excellent outcomes when used 
as a BTT (11) as measured by survival to transplant, cardiac 
recovery, or ongoing LVAD support at six months. In the 
contemporary era, improvements in LVAD technology and 
durability have led to an increasing use of LVAD as a BTT 
with alternative therapeutic options becoming increasingly 
obsolete. Supporting patients with intravenous inotropes in 
order to delay LVAD implantation is becoming increasingly 
rare. Improvements in survival, device durability, and 
reduced adverse events have led many centers to eliminate 
inotropic therapy as an alternative to LVADs. 

Following the US Food and Drug Administration’s 
(FDA) approval of the Thoratec Heartmate II CF-LVAD as 
a BTT in 2008, improvements in survival have continued 
to increase. One year survival from the initial 133 patients 
reported by Miller et al. in 2007 was 68% (11). By 2009, 
this number had climbed to 73% one year survival (12), and 
by 2011, the one year survival reported by INTERMACS 
from the postapproval study had climbed to 85% (13) (see 
Figure 3). Most importantly, patients with CF-LVADs were 
noted to have improved survival compared with patients 
supported by pulsatile flow devices (15). 

Another CF-LVAD that has demonstrated similar 
outcomes and improvements in quality of life metrics is the 
Heartware Ventricular Assist System. HVAD, which utilizes 
centrifugal flow technology rather than the axial flow design 
seen in the Heartmate II, is designed with an integrated 
inflow cannula meant to allow for complete intra-pericardial 
implantation. The HVAD has consistently demonstrated 
excellent survival outcomes (16,17), with the ADVANCE 
trial reporting 86% survival at one year post-implant with a 
significant improvement in functional capacity and quality 
of life (17). Compared with optimal medical therapy, the 
improvements seen in 6-minute walk times was nearly three 
times better for patients implanted with the HVAD (17,18), 
further highlighting the dramatic improvements that can be 
seen with CF-LVAD implantation in heart failure patients. 

The Jarvik 2000 is yet another example of a second 
generation, CF LVAD which utilizes axial flow, but is 
unique in that it uses a single, vanned impeller and its pump 
is positioned intraventricularly with the outflow graft most 
commonly anastomosed to the descending aorta, rather 
than the ascending aortic outflow graft commonly used 
with the Heartmate II and HVAD. This novel design allows 
for the possibility of less invasive implantation, through 
subcostal or thoracotomy incisions, and in some cases, 

Figure 3 Heartmate II survivals by era (11-14).
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without the need for cardiopulmonary bypass (19,20). 
These techniques have been reported to decrease need for 
intraoperative blood transfusions and intensive care unit 
(ICU) length of stay in patients with a prior sternotomy 
(19,21,22). Although several single-center and multi-center 
studies have indicated that the Jarvik 2000 provides safe,  
effective MCS for heart failure patients (21,23-30) which 
in some cases compared favorably with Heartmate II 
recipients (21) these studies’ authors also indicated that 
the Jarvik 2000 functions optimally as an adjunct to native 
left ventricular function, with only partial unloading of the 
ventricle. Thus, although clinical experience indicates the 
ability of the Jarvik 2000 to provide full cardiac output if 
necessary (7,23,24), its maximal clinical benefit lies in its 
ability to augment left ventricular function and preserving 
as much native function as possible, which limits its 
application in some heart failure patients being considered 
for LVAD implantation.

More recently, CF-LVAD outcomes have continued 
to improve as our collective experience implantation and 
post-operative care has grown (Table 1). A retrospective 
multi-center analysis comparing patients implanted with 
a Heartmate II LVAD after FDA approval in commercial 
use with the results from the clinical trial reported a 
consistent improvement in outcomes (14), with an increase 
in the percentage of patients who were either transplanted, 
explanted, or receiving ongoing LVAD support at 6 months 
and 1 year in the posttrial cohort. Similarly, recently 
reported figures from patients implanted with the HVAD 
have also shown remarkable improvements in outcomes, 
with survival now exceeding 90% at 1 year (31). In fact, 
the increased utilization of CF-LVADs, along with their 

excellent long-term outcomes, have led to a decrease in the 
number of patients transplanted in the first year, from 48% 
during the Heartmate II BTT clinical trial to only 39% 
during the post-trial period (14). In this same period, one 
year survival on the heart transplant waiting list actually 
increased despite the decreased transplantation rate. 
This indicates an increase in the number and proportion 
of patients awaiting heart transplantation after LVAD 
implantation, further highlighting the feasibility and 
reliability of extended LVAD support. 

As results in patients receiving LVADs as a BTT have 
continued to improve, even rivaling the results seen in heart 
transplant recipients (32), a national discourse has begun on 
whether to re-evaluate the current status criteria for listing 
patients implanted with a LVAD on the United Network 
for Organ Sharing (UNOS) for cardiac transplantation. 
However, an equally compelling question is how LVAD 
implantation impacts heart transplant outcomes. Previously 
reported outcomes have been conflicting with regard 
to the impact LVAD implantation has on post-cardiac 
transplantation survival (33-37). In addition, optimal 
duration of VAD support prior to cardiac transplantation 
remains unknown (38,39) with some data suggesting adverse 
post-transplant survival in patients who required prolonged 
LVAD support prior to cardiac transplant (33,35-37,40,41). 
However, more recent data suggests that post-transplant 
mortality is not adversely affected by the duration of LVAD 
support (34), even in patients who were supported for over 
one year prior to transplant. In support of this, contemporary 
results appear to suggest that BTT patients implanted with 
CF-LVADs do not have significantly different post-transplant 
survival rates or adverse outcomes (42). 

Table 1 Summary of LVAD trials demonstrating ongoing survival improvements

Author, reference Year Device Number of patients 1 year survival (%)

Rose et al. (5) 2001 Pulsatile Heartmate 68 52

Miller et al. (11) 2007 Heartmate II 133 68

Pagani et al. (12) 2009 Heartmate II 281 73

Slaughter et al. (15) 2009 Heartmate II 134 68

John et al. (14) 2011 Heartmate II 1,496 85

Starling et al. (13) 2011 Heartmate II 169 85

Aaronson et al. (17) 2012 Heartware HVAD 140 86

Slaughter et al. (31) 2013 Heartware HVAD 332 84

Strueber et al. (16) 2014 Heartware HVAD 254 85

LVAD, left ventricular assist devices; HVAD, Heartware VAD. 
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Complications

While inherent device malfunction or failure has been 
virtually eliminated in the modern era with the development 
of reliable CF devices, major adverse events continue to be 
a significant concern. Bleeding, infection, stroke, malignant 
arrhythmias, and pump thrombosis continue to be valid 
concerns requiring ongoing monitoring and vigilance. 
Perhaps surprisingly given the improvements in patient 
survival and lessons learned regarding the management of 
CF-LVAD patients in the modern era, the percentage of 
patients who required upgrading to status 1A because of an 
LVAD-related complication has not changed significantly 
since its introduction and remains at almost 30% of patients 
on LVAD support (43). 

Early concerns regarding the long-term effects of low 
systemic arterial pulsatility on end-organ dysfunction 
have largely been refuted (44). Nevertheless, the lack of 
pulsatility in CF-LVAD devices does pose some unique 
challenges in the management of patients in the clinical 
setting and may be responsible for some of the changes in 
vascular endothelial function and tone observed in patients 
supported with CF LVADs. 

The decrease in pulse pressure observed in CF-LVADs 
is primarily related to augmentation of diastolic blood 
flow. Due to the continuous unloading of the left ventricle 
with CF-LVADs, increased blood flow during diastole 
leads to an increase in diastolic blood pressure. Pump 
speed settings must be carefully monitored and adjusted 
to provide the appropriate unloading of the left ventricle. 
Pump speed settings that are high may result in collapse of 
the left ventricle, leading to a “suck-down” effect on the 
ventricle, causing obstruction of the inflow cannula and, 
potentially, malignant ventricular arrhythmias. In addition, 
continuous unloading of the left ventricle can potentially 
lead to decreased aortic valve opening and increased trans-
aortic pressure gradients. Aortic insufficiency has been 
observed in patients requiring a prolonged duration of 
support, with increased frequency and severity reported 
when the aortic valve remains closed for prolonged periods 
(45-48). 

The lack of pulsatility in CF devices also appears to 
cause histologic changes in the endothelium. Disruption 
of the renin-angiotensin system, altered responses to 
vasopressors, and medial arterial wall thickening with 
changes in the smooth muscle and elastin content have all 
been demonstrated as consequences of decreased pulsatility 
(49-52). These changes may be responsible for the reported 

increase in hemodynamic compromise observed in patients 
on prolonged CF device support, as demonstrated by an 
increase in the required dose and duration of press or 
support after cardiac transplantation (53). 

Additionally, gastrointestinal bleeding [occurring in 
up to 40% of CF LVAD patients (54)] appears to be at 
least partially caused by the lack of pulsatility, thought 
to be responsible for the formation of angiodysplasias 
and arteriovenous malformations. First reported in 2005 
by Letsou et al. (55), the association of gastrointestinal 
bleeding with CF-LVADs remains a concern. Further study 
to determine the etiology of this phenomenon led some 
observant investigators to notice a similarity to a physiologic 
state observed in patients with aortic stenosis (56). Aortic 
stenosis patients, who also exhibit a narrow pulse pressure 
similar to that seen in patients on CF-LVAD support, are 
thought to develop an “acquired von Willebrand disease” 
leading to gastrointestinal bleeding episodes (57). The 
finding that has garnered the most attention is the loss 
of large von Willebrand factor (vWF) multimers, much 
like Heyde syndrome as described in patients with critical 
aortic stenosis (58). Veyradier et al. (59) noted a high rate 
of von Willebrand disease in non-VAD patients with 
bleeding angiodysplasia and proposed that this deficiency 
was particularly pertinent at the very high shear conditions 
related to these malformations. In sharp contrast to heart 
transplant recipients, Geisen et al. (60) first reported loss of 
large vWF multimers in patients supported with Heartmate 
II and pulsatile VADs despite amounts of vWF antigen that 
were comparable to that seen in heart transplant recipients. 
Taken together, the evidence of acquired von Willebrand 
disease in the CF-VAD population is compelling and likely 
a key contributor to the pathophysiology of gastrointestinal 
bleeding. However, the fact that not all CF-VAD patients 
experience bleeding complications implies that other factors 
are also critical.

Finally, infectious complications continue to be an 
important risk factor for long-term survival (61). In fact, a 
recent UNOS analysis found that device-related infectious 
complications led to decreased post-transplant mortality (62).  
Therefore, prevention strategies, including patient 
education and aggressive, early treatment of driveline 
infections, are paramount. As trauma to the percutaneous 
lead exit site may be a potential cause of many device-
related infections, preventative stabilization of the lead is an 
important prevention strategy to minimize post-operative 
infectious risk. 
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Future directions

When the clinical trials with CF LVADs began just over a 
decade ago, there was concern over the uncertainty of the 
long-term effects of arterial blood flow with low pulsatility (63).  
However, the large amount of cumulative experience with 
CF-VADS indicates that long-term support does not carry 
detrimental effects on organ function (44). Although it 
appears that the reliability issues of the past have been largely 
addressed with the newer CF-LVADs, some adverse events 
continue to limit the overall effectiveness of the technology. 
Although infection rates have decreased with the smaller 
LVADs now being implanted, infection continues to be an 
important risk factor for long-term survival (62). Aggressive 
strategies for prevention and treatment of infection need 
to be refined. Because antibiotic-resistant organisms are 
the frequent source of many device-related infections (61), 
preventative measures are likely to have the greatest impact 
on infection rates. For long durations, a totally implantable 
LVAD with a transcutaneous energy transmission system 
may offer the best option for preventing infection (64).

Experience from the clinical trials and post-trial studies 
with CF pumps have yielded several additional lessons about 
patient selection, perioperative management, operative 
technique, and long-term management of these patients. 
Looking forward, there are several areas of potential 
progress in our efforts to reduce the risks of bleeding and 
thrombosis in patients with contemporary CF-VADs. The 
availability of oral direct thrombin inhibitors is one such 
opportunity. Preliminary studies in other populations have 
suggested an acceptable and potentially improved safety 
profile compared with vitamin K antagonists (65), but the 
higher risk of bleeding in CF-VAD patients coupled with 
the difficulty of prompt reversal of these agents must be 
carefully considered. Finally, noninvasive analytics such 
as acoustic signature analysis may provide an opportunity 
to diagnose pump thrombosis earlier in the course of 
development (66), when aggressive anticoagulation may be 
sufficient to prevent progression and the need for surgical 
pump exchange.

Future generation devices close to clinical trials include 
Thoratec’s HeartMate III and Heartware’s MVAD Pump. 
The Heartmate III is a CF centrifugal pump that is 
magnetically levitated pump that may have a more favorable 
blood pump contact profile (67). In addition to increased 
miniaturization compared to the HM II, the HM III 
features improved flow dynamics which may limit shear 
forces compared to current CF-LVADs (68). The MVAD 

pump is a continuous axial flow pump, approximately one-
third the size of the HVAD Pump. The MVAD Pump 
is based on the same proprietary “contactless” impeller 
suspension technology used in the HVAD Pump, with its 
single moving part held in place through a combination of 
passive-magnetic and hydrodynamic forces. The MVAD 
Pump is designed to support a wide range of flows to enable 
both full and partial support capability. 

Conclusions

CF-LVAD has become the therapeutic standard for 
management of advanced heart failure in patients awaiting 
heart transplantation with excellent outcomes reported 
which continue to improve over time. Initial pulsatile 
flow LVADs had significant device related complications 
and device failure, limiting its widespread acceptance. 
The significant early mortality risk [up to 30% in the first 
three weeks (69)] led to a UNOS cardiac allocation policy 
allowing for 1A status for thirty days following LVAD 
implantation, and permanent 1B status thereafter. However, 
with improvements in LVAD outcomes, as well data that 
suggested increased mortality in LVAD-bridged transplant 
patients receiving transplants within 1 month after pulsatile 
LVAD implant (38,39,69), the policy was modified in 2002 
to allow for thirty days of 1A status at any timepoint after 
LVAD implantation at the physician’s discretion (69,70). In 
the contemporary era, outcomes have improved to the point 
that patients supported with CF-LVADs as a BTT have 
similar mortality risk as patients listed as status 2 and may 
even have improved survival (43). 

Complications related to LVAD implantation have 
improved as well, but remain a significant cause for 
concern. While non-device related adverse events from 
CF-LVADs appear to occur at lower rates than in their 
pulsatile counterparts (12), the risk is hardly eliminated and 
complications specific to CF-LVADs are now being seen. 
It appears the highest risk for complications occurs peri-
operatively, with a rapid decrease within two months after 
LVAD implantation (43). 

Our institution’s experience with CF-LVAD compare 
favorably to those reported at other centers (71). Similar 
to results published from other groups nationally, we 
have observed significant improvements in baseline 
hemodynamics (42) and excellent survival outcomes, both 
in patients receiving ongoing LVAD support as well as after 
cardiac transplant (42,71). In addition, while gastrointestinal 
bleeding remains a concern in patients implanted with  
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CF-LVADs at our institution, very few devices have required 
replacement due to device thrombosis, malfunction, or 
infection and no mechanical failures have been reported (71). 
As our center’s experience approaches 300 patients implanted 
with the Heartmate II LVAD, the reliability, durability, and 
improvements in survival and quality of life in heart failure 
patients implanted with CF-LVADs, have provided us with 
a viable surgical strategy for the growing number of patients 
awaiting heart transplantation. 

The increased acceptance and utilization of CF-LVADs 
will likely lead to continued improvement in patient 
outcomes through increased clinical experience and 
device design. Although LVAD-related complications 
requiring status 1A listing continues to occur at a high rate, 
contemporary results for BTT patients on LVAD support 
may lead to revision of the current UNOS allocation 
policy regarding cardiac transplantation to assure the 
most equitable and appropriate priority for listing of heart 
transplant eligible patients. 
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