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Abstract
Congestive heart failure (HF) remains a serious burden in the Western World. Despite advances in
pharmacotherapy and resynchronization, many patients have progression to end-stage HF. These patients
may be candidates for heart transplant or left ventricular assist device (LVAD) therapy. Heart transplants
are limited by organ shortages and in some cases by patient comorbidities; therefore, LVAD therapy is
emerging as a strategy of bridge to transplant or as a destination therapy in patients ineligible for transplant. Patients initially ineligible for a transplant may, in certain cases, become eligible for transplant after
physiologic improvement with LVAD therapy, and a small number of patients with an LVAD may have
sufﬁcient recovery of myocardial function to allow device explantation. This clinically oriented review will
describe (1) the most frequently used pump types and aspects of the continuous-ﬂow physiology and (2)
the clinical indications for and the shift toward the use of LVADs in less sick patients with HF. Additionally, we review complications of LVAD therapy and project future directions in this ﬁeld. We referred
to the Interagency Registry for Mechanically Assisted Circulatory Support, landmark trials, and results
from recently published studies as major sources in obtaining recent outcomes, and we searched for
related published literature via PubMed. This review focuses primarily on clinical practice for primary care
physicians and non-HF cardiologists in the United States.
ª 2016 Mayo Foundation for Medical Education and Research
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eart failure (HF) remains a major
burden in terms of both morbidity
and mortality in the United States
and the Western World.1,2 Although advances
in pharmacological3-5 and resynchronization
device6 therapy have led to reverse myocardial
remodeling with symptomatic and survival
beneﬁt, many patients with HF have progression to end-stage disease. These patients have
a poor quality of life with recurrent hospitalizations and a high mortality rate.7 Therapeutic
options for these patients include cardiac transplant or left ventricular assist device (LVAD)
therapy. Although it remains the gold standard
treatment for this population, cardiac transplant is limited by organ availability, ﬁxed pulmonary vascular resistance due to prolonged
advanced HF status, and other comorbidities
in potential recipients.8 In 2001, the Randomized Evaluation of Mechanical Assistance for
the Treatment of Congestive Heart Failure
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(REMATCH) trial found that LVAD therapy is
superior to medical therapy in end-stage HF,
with a 48% reduction in death from all causes.9
Nevertheless, the most signiﬁcant improvement was due to new technology with
continuous-ﬂow (CF) pumps.10,11
For patients with advanced HF, implantation of an LVAD has emerged as a bridge to
transplant (BTT) or as destination therapy
(DT) for those who are ineligible for transplant.10,12 Left ventricular assist devices can
be a bridge to decision for patients who are
ineligible for transplant at the time of LVAD
implantation but may become eligible after
the procedure13 and may also be utilized to
promote myocardial recovery in a bridge to
recovery strategy. Clinical trials have revealed
the ability of the CF-LVAD to provide adequate
support in both the BTT and DT settings,14-18
and indeed, patients are reported to have
been supported by the HeartMate (HM) II
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Left ventricular assist device (LVAD) therapy has become an
accepted intervention for the treatment of late-stage heart
failure because of the lack of organ donors.
This review presents up-to-date information regarding indications, outcomes, complications, and future directions in the
ﬁeld of LVAD therapy.
Left ventricular assist device therapy is commonly used as a
bridge to heart transplant; however, the use of LVADs as a
destination therapy is increasing, now providing long-term
cardiac support.
Early recognition of potential LVAD candidates and optimal
timing of implantation improves clinical outcomes of LVAD
therapy.

n

A multidisciplinary approach is required to minimize complications of LVAD therapy.

n

Future research should focus on the potential of LVAD therapy
to promote cardiac recovery in selected populations.

(Thoratec Corporation), a CF-LVAD, for more
than 5 years.17 Excellent comprehensive guides
for the management of patients with LVADs
have been published previously.19,20 This
article reviews the use of LVAD therapy in these
settings and explores future directions in this
ﬁeld.
LVAD PUMP TYPES: FROM PULSATILE- TO
CONTINUOUS-FLOW DEVICES AND BACK
TO ARTIFICIAL PULSATILITY
The LVAD systems consist of an inﬂow cannula placed in the apex of the heart, the
pump itself, and an outﬂow conduit sutured
to the aorta. A driveline is tunneled from the
pump out of the body through an exit site to
a belt controller and batteries. The HM II
(Figure 1),21 the successor to the pulsatileﬂow (PF) HM XVE, provides CF via an axial
propeller. The absence of a reservoir chamber
and 1-way valves makes the device considerably smaller than the XVE,22,23 allowing for
use in a wider range of patients, including
small adults and children.14,23
Other CF pumps utilize a magnetically levitating rotor system or hydrodynamic bearings
to decrease mechanical wear, theoretically
reducing hemolysis and the incidence of pump
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thrombosis. This group includes the HeartWare
(HeartWare Inc) device (Figure 2),24 a miniaturized centrifugal pump with a short inﬂow
cannula that enables intrapericardial placement
without pump pockets and abdominal operations that potentially can also be considered
for right ventricular (RV) failure support as an
off-label use. Studies have demonstrated successful utilization of this pump as a BTT strategy.24-29
Although a clear survival advantage with
reliable CF pumps has been documented,21
speculation has been raised regarding the physiologic impact of PF vs CF. Continuous-ﬂow
ventricular output negatively impacts nitric
oxide production,30 inﬂammatory biomarkers
(ie, tumor necrosis factor a, C-reactive protein),31 endothelial function,31-33 and, in turn,
organ microcirculation.34,35 Animal models
have revealed impaired gas exchange during
CF.36 The CF results in up-regulation of the
renin-angiotensin system, and glomerular periarteritis has been noted with CF.37 Newer generation pumps like, the HM 3 (Thoratec
Corporation), a magnetically levitated CFLVAD with artiﬁcial pulsatility, is being evaluated prospectively in the MOMENTUM 3 US
IDE Clinical Trial for DT and BTT indications.38
Thirty-day mortality was 2%, and 6-month survival was 92%, which exceeded the 88% performance goal.29
INDICATIONS, RISK FACTORS, AND
EXCLUSION CRITERIA FOR LVAD THERAPY
Advanced HF is clinically deﬁned as severe circulatory compromise requiring special care,
including heart transplant (HTx), continuous
inotropic therapy, mechanical cardiac support
(MCS), or hospice care.39 Patients who have
refractory advanced HF symptoms despite
optimal medical therapy may be considered
for LVAD therapy, either as DT or as BTT. Patients listed for HTx are potential candidates
for an LVAD as BTT. The placement of an
LVAD may be required in those with severe
symptomatic HF despite optimal medical therapy, especially if the patient’s body size and
blood type indicate that the wait for a possible
donor organ will be prolonged. The large clinical trials for LVAD therapy include patients
with New York Heart Association (NYHA)
class IV symptoms, ie, substantially decreased
exercise capacity due to cardiac limitation. The
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FIGURE 1. HeartMate II device system. From N Engl J Med, used by permission of Mayo Foundation for Medical Education and
Research. All rights reserved.21

threshold for peak oxygen consumption of less
than 14 mL/kg per minute (or <50% of expected volume) and a reduced 6-minute walk
distance of less than 300 m40 are not explicitly
required for BTT indication, but these parameters are considered in transplant evaluation.
Similarly, current recommendations for the
use of MCS do not include the hemodynamic
criteria needed for BTT (ie, decreased ejection
fraction of <25% or a cardiac index of <2.2
L/min per m2).40 Progressive cardiac cachexia
and renal and hepatic dysfunction due to

FIGURE 2. Cross-section view of the HeartWare pump. LVAD ¼ left ventricular assist
device. From From J Heart Lung Transplant, with
permission.21
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poor perfusion, pulmonary venous hypertension not responding to conventional treatment,
systemic hypotension, and unmanageable
angina not responsive to therapy or revascularization may suggest the need for LVAD support
as a BTT strategy.41,42 In speciﬁc circumstances, refractory ventricular tachycardia/
ﬁbrillation may be treated with LVAD implantation43 during failed catheter ablations or
when multiple implantable cardioverterdeﬁbrillator shocks may further worsen ventricular function44 and may cause severe
psychological distress.45 Data from our institution indicate that patients with end-stage HF
caused by restrictive and hypertrophic cardiomyopathy may beneﬁt from LVAD therapy
and have 1-year survival comparable to that
of those with ischemic or dilated cardiomyopathy treated with LVAD therapy.46 Most patients
with complex congenital heart disease are not
candidates for MCS, although careful preoperative consideration may permit successful
implantation in highly selected cases.47
Unrecognized patent foramen ovale or atrial
septal defects can contribute to hypoxemia
from right-to-left shunting after LVAD implantation and paradoxical emboli. An investigation
for the implantation of a shunt should be performed preoperatively or intraoperatively, and
repair should be performed during LVAD
implantation.40
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FIGURE 3. Kaplan-Meier estimates of survival from the as-treated analysis,
according to treatment group. The data shown are for the 192 patients who
received a left ventricular assist device (LVAD). Of the 59 patients who had
a pulsatile-ﬂow LVAD, 20 had the device replaced during the study period,
with 18 (31%) receiving a continuous-ﬂow LVAD instead of another
pulsatile-ﬂow LVAD. By 2 years, only 2 patients had a pulsatile-ﬂow LVAD,
both of whom had replacement devices. From N Engl J Med, used by
permission of Mayo Foundation for Medical Education and Research. All
rights reserved.21

Because the optimization of HF therapy
and on-time LVAD implantation can minimize
irreversible end-organ changes that negatively
affect survival,18 the role of primary care physicians and non-HF cardiologists lies in the
early recognition of HF symptoms and referral
of patients to an HF specialist. The Interagency
Registry for Mechanically Assisted Circulatory
Support (INTERMACS) proﬁles identiﬁed patients at risk for complications after MCS.
This valid score system should be considered
as a tool to assess a patient’s proﬁle to predict
complications and mortality after MCS implantation. Current INTERMACS data support
LVAD implantation in earlier functional
levels.40,44,48,49 This ﬁnding raises the importance of timely referral by primary care physicians and non-HF cardiologists. Although each
case is judged individually, the traditional
Lietz-Miller risk score, weighted from hemodynamic, hematologic, and metabolic components,
can be utilized to estimate 90-day mortality.50
Exclusion criteria for BTT patients are the
same as for cardiac transplant candidates.41,42
Patients initially excluded from transplant may
receive an LVAD as either DT or as a bridge to
930
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decision. Such cases include younger patients
who have been treated for cancer and may
require time before transplant4,37 or patients
with severe pulmonary hypertension that
could reverse after unloading the left ventricle
with an LVAD.26,27
After the success of BTT in ambulatory patients with remarkable improvement in functional status and quality of life,35 the use of
MCS for DT was investigated. The landmark
trial of DT, REMATCH conﬁrmed superior
survival rates for patients supported by the
HM XVE vs optimal medical treatment. The
48% risk reduction in mortality led to US
Food and Drug Administration (FDA)
approval of this pulsatile device for DT in
2002.9 Subsequently, the CF pump HM II
was approved by the FDA for DT in 2010
on the basis of a multicenter, randomized
study that compared the HM XVE and HM
II on the basis of almost 200 transplantineligible patients with a 2-year survival of
58% (HM II) vs 24% (HM XVE) (Figure 3).21
Destination therapy serves patients who are
ineligible for HTx primarily because of age, and
in recent years, it increasingly substitutes for
HTx because of the lack of organ donors.51
Predicted mortality at 2 years without receiving
LVAD therapy should exceed the predicted
mortality at 2 years with LVAD therapy. Age
does increase the risk for complications during
and after LVAD implantation.52 Our group has
successfully placed, and utilized, LVADs in patients more than 80 years old; nevertheless,
caution is indicated in these settings, and
some geriatric scores such as fragility indices53
can be used for the stratiﬁcation of elderly candidates. Further parameters indicating caution
in LVAD implantation for DT include active
cancers with a life expectancy less than the expected survival with an LVAD; recent intracerebral bleeding; active systemic infection and/or
bacteremia and septicemia; and coagulopathy.
Direct thrombin inhibitors have been used successfully in the postoperative management of
patients with heparin-induced thrombocytopenia.41 Because of higher bleeding risk,
extreme caution is recommended when using
direct thrombin inhibitors at the time of operation; an alternative is the utilization of plasmapheresis to lower heparin-associated antibody
titers before and during operation.54 However,
a 4-fold increased risk of reoperation for
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bleeding over standard open heart surgical
procedures remains.55 Often, poor nutrition,
hepatic congestion with abnormal coagulation,
and high venous pressures contribute to surgical bleeding risk, which is ampliﬁed by
increased age.55 Poor wound healing, increased
risk of infection, and higher risk for postoperative death is associated with cardiac cachexia
with albumin levels of less than 3.5 g/dL (to
convert to g/L, multiply by 10) and total protein concentrations of less than 6 g/dL (to
convert to g/L, multiply by 10). Nutritional issues must be addressed before implantation to
optimize outcomes.56 Although obesity increases the risk of driveline infection,57 1-year
survival of morbidly obese patients with HF
who received an LVAD as DT was not different
from 1-year survival of patients with normal
weight.58
Furthermore, patients with an LVAD could
lose weight or undergo weight management to
become acceptable candidates for transplant.
Increasing interest in including bariatric
operation before or after LVAD implantation
may reduce potential complications.59 Active
infection is a contraindication to LVAD implantation. Aggressive treatment and close
collaboration with infectious disease specialists
is required for optimal timing of implantation
because it is difﬁcult to sterilize a seeded
device with antibiotics.60 Currently, because
the HeartWare LVAD is implanted intrapericardially, body size is not limiting. This
remarkable shift in pump size from robust
pulsatile devices allows implantation of the
pump in adolescents, smaller adults, and a
signiﬁcantly higher percentage of women.60
The exclusion criteria for DT are less well
deﬁned. Relevant surgical contraindications
to LVAD placement include a history of multiple previous sternotomies with extensive subsequent scaring and ﬁbrosis. In the past, aortic
regurgitation was considered a contraindication to LVAD placement; however, the aortic
valve can be closed if necessary by placing a
coaptation stitch at the central portion of the
cusps to ensure aortic valve competence.61,62
Of note, tricuspid valve repair or replacement
can also be undertaken in the setting of severe
tricuspid regurgitation at the time of LVAD
placement.63 Psychosocial evaluation is an integral part of the preimplant evaluation.
Chemical
dependencies,
previous
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nonadherence, lack of an adequate support
system, underlying mental illness, and intellectual disability could affect postoperative outcomes and should be addressed by a
psychiatrist and social worker.
The decision to proceed with LVAD implantation may be informed in respect to the
projected trajectory of life. Numerous clinical
scoring systems have been developed, but no
single parameter is a perfect predictor of HF
prognosis. The Heart Failure Survival Score,
employed in the selection of patients for cardiac transplant, and the Seattle Heart Failure
Model score, accessible as a Web-based
tool,64 are commonly used in this setting.65,66
Neither the Seattle Heart Failure Model score
nor the Heart Failure Survival Score acknowledges the effect of other illnesses. However,
comorbidities are incorporated in the scoring
system used in the EFFECT (Enhanced Feedback for Effective Cardiac Treatment) study67
and in the prognostic estimation of the CardioVascular Medicine Heart Failure index.68
These complex scoring systems are not
required for prognostication in most elderly
patients with advanced HF. Clinically, progressive cardiac cachexia, renal dysfunction,
and escalating diuretic dose requirements usually provide sufﬁcient evidence of an irreversible and ever-declining health status.69,70
Recurrent episodes of decompensation within
6 months despite optimal tolerated therapy,
the occurrence of malignant arrhythmias, the
need for frequent or continual intravenous
therapies, long-term poor quality of life, and
intractable NYHA class IV symptoms are usual
triggers for palliative care discussion.71 At the
Mayo Clinic Transplant Center in Rochester,
Minnesota, we closely cooperate with the
palliative care group for the optimization of
treatment and management of patients’ symptoms, including close discussions with family.
Strategies for improving communication and
enhancing patient-centered decisions are
actively explored in the ongoing Decision
Support Intervention for Patients and Caregivers Offered Destination Therapy Heart
Assist Device (DECIDE-LVAD) trial.24
SHIFT TO PATIENTS WITH LESS ADVANCED
HF
The number of LVAD implantations has
grown rapidly in recent years.49 The very
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good outcomes in patients receiving LVADs
who have relatively hemodynamically stable
conditions,14,20,24 often electively admitted
for the surgical procedure, have led to investigating outcomes with the use of LVADs vs
standard medical therapy for patients with
less severe HF. During the 35th annual
meeting of the International Society for Heart
& Lung Transplantation in Nice, France,
Pagani et al72 presented results from the
multicenter destination study ENDURANCE
(Prospective, Randomized, Controlled, Unblinded, Multi-Center Clinical Trial to Evaluate the HeartWare Ventricular Assist
System [VAS] for Destination Therapy of
Advanced Heart Failure), which prospectively
evaluated event-free 2-year survival of patients
with HF who had NYHA class IIIB to IV symptoms and underwent implantation of a HeartWare or an HM II device, with comparable
primary end points of 67.6% vs 60.2%,
respectively (P¼.17). However, the combined
hemorrhagic/ischemic stroke rate for the
HeartWare device was 31.1% compared with
12.7% for the HM II.72 The National Heart,
Lung, and Blood Institute has initiated the
Randomized Evaluation of VAD Intervention
Before Inotropic Therapy study (REVIVE-IT)
as a randomized trial comparing the effectiveness of the HM II to optimal medical therapy
in NYHA class III patients (INTERMACS 7)
with illness not severe enough to qualify for
transplant or permanent LVAD therapy based
on current guidelines. In addition to survival
beneﬁts, functional improvement measured
by 6-minute walk distance, and quality of
life measures (freedom from major disabling
stroke) will be evaluated.73 The 2015 annual
meeting of the International Society for Heart
& Lung Transplantation offered preliminary
results from a similar prospective, nonrandomized observational study, ROADMAP
(Randomized Olmesartan and Diabetes Microalbuminuria Prevention). That study focused
on patients in NYHA class IIIB and ambulatory
class IV (INTERMACS 4-6) and documented
higher survival at 1 year, better functional capacity, and higher quality of life in patients
who received LVAD support compared with
optimal medical therapy, although at a cost
of increased composite adverse events risk.74
Another pilot screening trial, the MedaMACS
(Medical Arm of Mechanically Assisted
932
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Circulatory Support) study, should leverage
the power of observation research to guide
patient-centered decisions about mechanical
circulatory support.75
LVAD AS BTT
Heart transplant remains an optimal treatment
in advanced chronic HF. Recipients of HTx
have a higher survival rate and report a better
quality of life despite advances in mechanical
support devices.76 Studies have reported 1year survival rates of 90% and 10-year survival
rates of 60% after HTx. Studies also have found
that 95% of HTx recipients remain symptom
free with minimal activity limitations,41 and
50% of patients survive beyond 11 years.76
The advent of CF-LVADs and improved LVADs
likely resulted in closing this gap.41,76,77 The
aim of BTT is to successfully bridge patients
with end-stage HF to HTx.
Trials have found that LVAD support is a
successful BTT therapy. The use of LVADs as
BTT has nearly tripled, from 8.4% in the early
1990s to 22.8% in 2005, and the 1-year survival on the HTx waiting list has improved
from 49.5% to 69%.15 A recent post-FDA
approval study evaluating the HM II for BTT
in the United States reported that 79% of
281 patients had received a transplant, recovered cardiac function and underwent device
explantation, or remained on LVAD support
at 18 months.18 The overall survival rate
with CF-LVAD support was 82% at 6 months,
73% at 1 year, and 72% at 18 months. Of the
157 patients who underwent HTx, the posttransplant survival rate was 96% at 30 days
and 86% at 1 year. Additionally, NYHA class,
exercise capacity, and quality of life improved
with LVAD support.
Baseline creatinine value predicts survival
with LVADs (Figure 4), but the device implant
itself improves end-organ function, potentially
enhancing survival and improving transplant
outcomes50,78,79 as deﬁned by Lietz et al,
“end-organ function as a determinant of success with the LVAD.”50 Indeed, end-organ
function has been noted to be improved for
up to 15 months in retrospective studies,80
and anecdotal reports indicate that patients
with LVAD support can have preservation of
end-organ function for more than 5 years.17
Inotropic therapy remains an alternative
option to support patients while waiting for
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LVAD AS DT
An exciting development is the potential to utilize LVAD support for extended periods of time
in patients not eligible for HTx. The HM II DT
trial was designed to compare survival between
the HM II and the HM XVE.85 The results were
reported in 2009 and documented improved
survival at 2 years with the HM II, which was
subsequently approved for DT.24,85 The Table
presents the actual survival results of 247 DT
patients reported by Jorde et al51 in 2014.
It should also be noted that the DT strategy
raises issues regarding the potential discontinuation of LVAD support. This discussion of when
Mayo Clin Proc. n July 2016;91(7):927-940
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transplant, and controversy remains regarding
when to use LVAD or inotropic therapy. A
previous single-center study evaluated the
1-year posttransplant survival rate in patients
bridged with milrinone and in those initially
bridged with milrinone and subsequently
requiring LVAD support.81 The second group,
which was by deﬁnition more compromised,
had a longer waiting time and decreased survival. Furthermore, a report by Sasaki et al82
suggests that 5-year outcomes posttransplant
are similar between subjects bridged with
LVAD or inotropic therapy. A recent study
indicated that although posttransplant survival
may be slightly better than with inotropic therapy alone, the worst outcomes were observed
among patients who underwent LVAD implantation after initial inotropic therapy
failed.83 In addition, survival to transplant
was better with LVAD support. The LVAD
group had higher immunosensitization, likely
related to higher rates of blood transfusion,
than the inotrope-supported group. Interestingly, the LVAD group, for unclear reasons,
had less chronic rejection than the inotropesupported group. No difference was noted
between groups in acute rejection, posttransplant infection, or revascularization rates.83
Review of the INTERMACS database suggests
78% survival with transplant, ongoing LVAD
support, or recovery at 6 months post-LVAD
implant.84 These data in aggregate suggest
that LVAD can be utilized successfully as a
BTT strategy. Our institution favors LVAD
support as BTT in patients with long projected
wait times, a history of severe ventricular arrhythmias, substantial hemodynamic compromise, and end-organ dysfunction.
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FIGURE 4. Thirty-day survival for patients with baseline creatinine clearance
(CrCl) of 50 mL/min per 1.73 m2 or less (to convert to mL/s per m2,
multiply by 0.0167), stratiﬁed by recovery after left ventricular assist device
implantation. Patients whose CrCl recovered to more than 50 mL/min per
1.73 m2 had higher 30-day postimplant survival. From Ann Thorac Surg,78
with permission.

to discontinue LVAD support has been controversial. Members of our group, in collaboration
with colleagues in the palliative medicine ﬁeld,
have proposed parameters for the appropriateness of discontinuation of LVAD support and
to ensure that patients receiving LVADs as DT
are aware of palliative options as an alternative
to device implant.86
LVAD AS A BRIDGE TO DECISION
An LVAD can be used as a bridge to decision
in patients initially unsuitable for transplant
listing. These patients may have improvement
in certain physiologic parameters such as pulmonary hypertension after LVAD implant or
gain enough malignancy-free time to be
considered for transplant. Interestingly, one
study reported that among patients not
deemed to be suitable transplant candidates
by standard listing criteria, LVAD therapy as
a DT strategy has better outcomes than utilization of extended listing criteria.87
COMPLICATIONS RELATED TO LVAD
THERAPY
Gastrointestinal Tract Bleeding
Recently, there have been reports of an
increased rate of nonsurgical bleeding among

http://dx.doi.org/10.1016/j.mayocp.2016.05.002

933

MAYO CLINIC PROCEEDINGS

TABLE. Kaplan-Meier Survival for the Destination
Therapy Population of the HeartMate II LVAD
Based on the INTERMACS Proﬁle
INTERMACS
proﬁle

Survival
at 1 year

Survival
at 2 years

1-3 (n¼184)
4-7 (n¼63)

72%3%
82%5%

60%4%
69%6%

INTERMACS ¼ Interagency Registry for Mechanically Assisted
Circulatory Support; LVAD ¼ left ventricular assist device.
Data from J Am Coll Cardiol.51

CF-LVAD recipients, with a gastrointestinal
(GI) tract bleeding rate of 63 per 100
patient-years compared with the very low
rate of 6.8 per 100 patient-years in PF-LVAD
recipients.88 In light of this report, determining the potential causes and risk factors
for the development of bleeding complications
is essential to improve overall outcomes as
well as the quality of life of LVAD recipients.
One explanation for the high GI tract
bleeding rate among CF-LVAD recipients is a
proposed theory of acquired von Willebrand
syndrome (AvWS) secondary to mechanical
damage within the pump. It is believed that the
rotating components of CF-LVADs may cause
von Willebrand factor (vWF) deformity and subsequent cleavage of the high-molecular-weight
multimers into smaller ones that are cleared
from the bloodstream, resulting in the loss or
reduction of the large vWF multimers that are
essential for promoting platelets. The result is
that previously asymptomatic patients with GI
tract and nasal angiodysplasias would have
impaired platelet-mediated hemostasis, leading
to more bleeding.89 Reporting on a cohort of
37 CF-LVAD recipients, Crow et al89 noted
that although all patients had development of
AvWS after LVAD implantation, not all of them
had bleeding complications. The patients with
bleeding had signiﬁcantly higher levels of vWF
antigen, ristocetin cofactor, and collagenbinding capacity measured before LVAD
implantation as well as 30 days postimplant.
These ﬁndings suggest that AvWS alone is not
sufﬁcient for development of bleeding complications after CF-LVAD implantation and that
high-molecular-weight vWF multimer levels
are not the only predictive marker for this
complication.89
Other factors contributing to bleeding may
be the anticoagulant use in CF-LVAD recipients
934
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(patients in whom PF-LVADs were implanted
did not receive warfarin because of conﬂicting
data), degree of inﬂammatory response,90 presence of angiodysplasia, and possibly blood
group type.89 At our centers, we use warfarin
as an anticoagulant, with an international
normalized ratio (INR) goal range of 2.0 to
3.0, along with antiplatelet therapy and aspirin
at 81 to 325 mg/d as proposed by recent guidelines.19 We have also reported our experience
with successful management of patients with
GI tract bleeding without the use of warfarin.91
The effects of next-generation antiplatelet and
anticoagulation medications (thienopyridines,
factor Xa, and direct thrombin inhibitors)
have not been studied in the LVAD population,
and thus their effect on bleeding complications
in this population remains undeﬁned and may
be an area for future investigations.
Pump Thrombosis
Despite the recommended therapy of a combination of antiplatelet and anticoagulation therapy in CF-LVAD recipients, there was a 6-fold
increase in the rates of reported pump thrombosis in 2011-2012, and the freedom from
pump exchange or death from thrombosis
decreased from 99% at 6 months in 20082009 to 94% in 2012.73 Starling et al92 reported a 12.2% incidence of conﬁrmed or
suspected pump thrombosis in a multicenter
cohort of 837 patients. Considerable controversy exists regarding the most reliable
methods for the detection of pump thrombus;
clinical signs of hemolysis are often the early
indicators of pump thrombus, particularly if
associated with increased pump power utilization.93 Echocardiography has proven useful in
detecting pump thrombosis, particularly with
associated reduction in diastolic ﬂow velocity
across the cannula and increased systolic to
diastolic ﬂow velocity ratio.94,95 Cardiovascular
computed tomography may be more reliable,
with reported sensitivity of 85% and speciﬁcity
approaching 100%.96 Several risk factors for
pump thrombosis have been identiﬁed: recent
implantation, marked elevation of lactate dehydrogenase level at 1 month postimplant, young
age, declining renal function, large stature, and
less severe ventricular dysfunction.73 One
possible explanation for the increased rate of
pump thrombosis may be inadequate antiplatelet or anticoagulation therapy. Indeed,
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many patients with pump thrombosis have
subtherapeutic INR levels or take a low dose
of aspirin because of either poor adherence
or concern about bleeding complications.
Another possible explanation for thrombosis
could be reduced blood ﬂow across the pump
caused by lower pump speed, aortic regurgitation, arrhythmias, kinking of the inﬂow graft,
and hypovolemia. The increased rate of thrombosis has signiﬁcant consequences on patient
outcomes, with higher mortality in those undergoing pump exchange for thrombosis along with
a greater incidence of neurologic-related and
infection-related morbidity in survivors of
pump exchanges.73 Clinically suspected pump
thrombosis may be managed medically with
intravenous anticoagulation therapy, thrombolytic agents, and antiplatelet therapy or surgically
with pump replacement or explantation or
urgent HTx for eligible patients.92 Stulak and
Maltais97 reported a peak in the incidence of
pump thrombosis in 2012 with a signiﬁcant
decrease in 2013, suggesting a possible association with adoption of less intense anticoagulation
strategies (INR, 1.5-2.0) beginning in 2009 for
HM II LVADs. Currently presented preliminary
analysis of 90-day outcomes data from the prospective PREVENT (Prevention of HeartMate II
Pump Thrombosis) study revealed an incidence
of 1% for conﬁrmed and 2% for suspected
thrombosis in patients with a median INR of
2.2 (goal INR, 2.0-2.5) with rapid initiation of
warfarin and aspirin therapy. Overall KaplanMeier survival was 93%.98 Although pump
thrombosis remains uncommon, further studies
are needed to improve prevention, identiﬁcation,
and treatment for this potentially catastrophic
complication of durable CF-LVAD.
Right-Sided HF After LVAD Implantation
Dysfunction of the RV remains a challenge
after LVAD implantation. Risk factors for RV
dysfunction after LVAD implantation include
preoperative markers of end-organ dysfunction, including renal or hepatic dysfunction
and anemia, in addition to echocardiographic
parameters of RV dysfunction, elevated ﬁlling
pressures, and need for intra-aortic balloon
pump support preoperatively.50,99,100 Nevertheless, LVAD therapy may improve RV hemodynamics and pulmonary hypertension, and
younger patients can receive successful longterm LVAD therapy along with proper medical
Mayo Clin Proc. n July 2016;91(7):927-940
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management to support the RV; thus, in experienced centers, RV dysfunction should not
be considered an absolute contraindication
to LVAD implantation.101-103 It must be
acknowledged that RV failure remains a major
source of morbidity and mortality in the LVAD
setting, and recent studies conﬁrm that RV
failure predicts poorer outcomes with LVAD
therapy.101-103 Although these patients have
a poor prognosis and it is unlikely that they
would do well with inotropic therapy alone,
it remains to be demonstrated whether
LVAD therapy can impact long-term outcomes
among recipients with RV dysfunction.101-103
In patients with severe biventricular failure, total artiﬁcial heart therapy has emerged as a
modality for BTT.104
LVAD AS A BRIDGE TO RECOVERY
Left ventricular assist device therapy as a
bridge to recovery remains a controversial
topic. A working group on LVAD recovery
found that although there is evidence that
LVADs lead to echocardiographic and cellular
improvement, there is little evidence to suggest that clinical recovery occurs in a meaningful proportion of patients.105 The Hareﬁeld
group, however, has reported sustained recovery with both PF and CF devices.106,107 These
studies followed aggressive protocols of titration with HF medications, pump weaning parameters, and utilization of the b-agonist
growth-promoting agent clenbuterol to treat
myocardial atrophy caused during LVAD
support.106 Clenbuterol, used to induce insulinlike growth factor 1 gene expression to
stimulate physiologic hypertrophy in cultured
cardiomyocytes in vitro, and possibly in vivo,
has been reported to contribute to sustained
myocardial recovery.108 This remains an
exciting area of ongoing investigation.
FUTURE DIRECTIONS
Although recent developments in LVAD technology have improved survival and quality of
life among LVAD recipients, challenges remain.
Studies are ongoing to develop strategies to
make smaller and more durable devices, to
diminish thrombosis, and to minimize surgical
complication rates. A miniaturized LVAD
requiring remarkably reduced surgical intervention might have the potential to extend
the indications for earlier stages of HF. This
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device does not require sternotomy, ventricular
coring, or cardiopulmonary bypass.109 A novel
approach combining support of circulation
with minimalistic surgery is presented by the
Synergy Pocket Micro-pump device (CircuLite,
Inc). Like a pacemaker, this device is placed
through minithoracotomy in a right subclavicular subcutaneous pocket. The device provides
blood ﬂow of up to 3 L/min with the inﬂow
cannula in the left atrium and the outﬂow cannula in the right subclavian artery. This support
device has been proven to provide signiﬁcant
and steady improvement of many hemodynamic parameters.110,111 Patients eagerly await
technology that will allow for completely
implantable devices.112 Research continues to
evaluate methods of providing variable ﬂow
in the LVAD setting and to develop automated
modulation of ﬂow with increased demand, as
in exercise.113
Cell therapy strategies may create opportunities to advance cardiac recovery programs in
the future.114 Organized by the Cardiothoracic
Surgical Trials Network in collaboration with
the National Heart, Lung, and Blood Institute,
prospective interventional trials investigating
the safety and efﬁcacy of injecting mesenchymal precursor cells (MPCs) into the heart
during the LVAD implantation have been introduced. In 2014, Ascheim et al115 reported a
study of 30 patients randomized 2:1 to receive
an intramyocardial injection of 25 million
MPCs vs placebo during the LVAD implantation procedure. At 90 days after implant,
successful temporary weaning (deﬁned as a
transient reduction in pump speed) was
achieved in 50% of the patients who received
MPCs and in 20% of the control patients,
although at 12 months, 30% of the MPC
patients and 40% of the control patients were
successfully temporarily weaned from LVAD
support (P¼.69). This preliminary trial proved
intramyocardial injection of MPCs to be safe
and revealed a potential for efﬁcacy.115 A second phase of the trial, primarily focused on
functional status deﬁned by the number of
temporary weans from LVAD support tolerated
over the 6 months postrandomization, has
recently opened enrollment. A successful
wean is considered the ability to tolerate temporary weaning from LVAD support for 30
minutes without sustained symptoms of worsening HF.116,117
936
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As noted previously, LVADs can be used in
situations of refractory ventricular tachycardia/
ﬁbrillation and have the potential to substantially maintain circulation for certain periods
of time.43-45 It was reported that stem cells
that derived cardiomyocytes could also mitigate ventricular tachycardia if they were transplanted in slow conduction areas of reentrant
circuits.7,118-120 These data support the safety
of combining MCS and stem cell technology,
which might potentially further reduce the
risk of fatal arrhythmia.118 Thus, the ﬁeld of
LVAD therapy in particular, and mechanical
assist support in general, remains an area of
promising multidisciplinary collaboration in
the foreseeable future.
CONCLUSION
Left ventricular assist device support has revolutionized advanced HF treatment as a very
effective BTT therapy and most recently as a
DT strategy, with newer devices allowing
long-term treatment. Exciting areas of ongoing
investigation include myocardial recovery with
LVADs and transitioning patients not initially
deemed to be transplant candidates to transplant eligibility with LVAD therapy. Although
multiple challenges and complications remain,
these therapies provide exciting opportunities
for ongoing clinical and basic research in the
LVAD ﬁeld.
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