Journal of the American College of Cardiology
© 2013 by the American College of Cardiology Foundation
Published by Elsevier Inc.

Vol. 61, No. 12, 2013
ISSN 0735-1097/$36.00
http://dx.doi.org/10.1016/j.jacc.2012.08.1029

STATE-OF-THE-ART PAPER

Patient Selection for Ventricular Assist Devices
A Moving Target
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The number of patients with advanced heart failure that has become unresponsive to conventional medical
therapy is increasing rapidly. One of the most promising new alternatives to heart transplantation is use of
ventricular assist devices (VADs). To date, there are no guidelines for appropriate selection for use of these
devices that are approved by national societies in the field. This review addresses all of the general criteria
for clinicians to keep in mind regarding when to refer a patient for evaluation and the specific issues addressed in patient selection. The field of mechanical circulatory support has advanced significantly over the
past 10 years, resulting in rapid expansion of patients with advanced heart failure who can benefit from
implantable devices. With progress of technology, limitations associated with age, body size, and comorbidities gradually become less prohibitive. The continuing simplification of design along with continued reduction in size of the devices, plus eventual elimination of the external drive line will make the use of VADs
a superior option to heart transplant and even to medical management in many patients. We anticipate
that the patient selection process outlined in the present review will continue to shift toward less advanced
cases of heart failure. (J Am Coll Cardiol 2013;61:1209–21) © 2013 by the American College of Cardiology
Foundation

No other field in cardiology is experiencing such explosive
growth as mechanical circulatory support for advanced heart
failure (HF). As increasing numbers of patients become
refractory to optimized medical therapy, the need for
definitive treatment modalities grow. Previously, the only
proven treatment for these patients was heart transplantation. While the number of transplants has reached a plateau
at 4,500 a year worldwide and 2,200 per year in the United
States, growth in the number of recipients of long-term
ventricular assist devices (VADs) is accelerating (Fig. 1).
Estimates of potential recipients for VAD support vary
widely, confounded by liberal use of definitions like “refractory HF,” “advanced HF,” and “stage D” HF, as well as
changing indications for implantation. In some communities, the prevalence may be as low as 0.2% of the general HF
population (1), while in others, it can be 3.1% of all adults
(2). We estimate that the number of potential recipients for
VAD support ranges from 150,000 to 250,000 (Fig. 2) (3).
There are published guidelines for patient selection for
heart transplantation that are endorsed by most societies in
the field, but there is much less guidance on selection of
patients for mechanical support (4). The American Heart
Association (AHA)/American College of Cardiology
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(ACC) guidelines for 2005, for example, recommended left
VAD (LVAD) implantation as “reasonable in highly selected patients with refractory end-stage HF and an estimated 1-year mortality over 50% with medical therapy” (5).
This text is unchanged in the 2009 update (6). There is one
recent “best practice” document that includes both patient
selection and clinical management of continuous flow
LVADs (7).
There has been very little improvement in survival with
medical treatment of advanced HF, with no new drugs
shown to improve survival for over 10 years. In addition, we
seem to be unable to alter disease progression once patients
are hospitalized, as HF remains the greatest cause of
readmission, with rates averaging over 20% at 1 month and
50% at 6 months. There are some tools to estimate survival
in these patients (e.g., the Seattle Heart Failure model [8]
and the Heart Failure Survival Score [9]), but none includes
the number of hospitalizations, which is one of the most
powerful predictors of survival (Fig. 3) (10). The previous
New York Heart Association (NYHA) classification is very
subjective and inconsistent, with large interobserver variability. This problem is further compounded by whether the
patient is classified at the time of a hospital admission,
typically as NYHA class IV, or 1 month after discharge,
when they are much less symptomatic and may be considered class III. Not surprisingly, therefore, estimates for
1-year mortality in patients judged to have class IV or stage D
HF range from 15% to 35%, as NYHA class IV or stage D
HF includes those patients dependent on an inotropic agent
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in the hospital, as well as those
who are symptom limited but are
at home on oral medications
ALT ⴝ alanine
(11). In contrast to the modest
aminotransferase
absolute increases in survival
AST ⴝ aspartate
with medical therapy, even the
aminotransferase
first generation of LVAD, the
BUN ⴝ blood urea nitrogen
pulsatile HeartMate I (Thoratec
CVA ⴝ cerebrovascular
Corporation, Pleasanton, Caliaccident
fornia), demonstrated the largest
CVP ⴝ central venous
absolute improvement in survival
pressure
(24% absolute and 100% relative
HCT ⴝ hematocrit
increase compared to medical
OR ⴝ odds ratio
management) in an HF trial to
PAP ⴝ pulmonary arterial
date.
pressure
Introduction of the secondPCWP ⴝ pulmonary
generation continuous flow LVAD,
capillary wedge pressure
HeartMate II (Thoratec CorporaRAP ⴝ right atrial pressure
tion), increased survival to 68% at 1
SVI ⴝ stroke volume index
year in a clinical trial of patients as
TPG ⴝ transpulmonary
a bridge to transplantation (12),
gradient
and as has been shown in all
WU ⴝ Wood unit(s)
published trials of LVADs to
date, survival improved significantly to 85% in patients enrolled in the post-approval phase
of the trial (13) and even higher in a nontrial experience
with HeartMate II (14) (Fig. 4). Most recently, the ADVANCE (Action in Diabetes and Vascular Disease: Preterax and Diamicron MR Controlled Evaluation) trial of a
third-generation continuous flow device, the Heartware
(HeartWare, Framingham, MA), has reported 92% survival
at 6 months in a clinical trial as a bridge to transplantation
(Fig. 5). Importantly, the control arm in that study was from
the INTERMACS (Interagency Registry for Mechanically
Assisted Circulatory Support), which showed nearly identical excellent survival in centers not involved in a prospective trial.
The very significant improvement in survival with the
newer LVADs noted above is in large part because of the
enormous improvement in device durability, with similar
success now demonstrated with nearly all new continuous
flow LVADs, which have only a single moving part and
likely 10-year freedom from mechanical failure. This observation has re-emphasized that patient selection and timing
of device implantation are the major determinants of success
in the field of mechanical support for advanced HF.
Currently, VADs seem to be significantly underutilized. In a mere 10 years, design of the devices, implantation techniques, follow-up routines (15), and prognoses
have changed dramatically. As they continue to change
rapidly, so do the selection criteria for patients who can
gain years of a quality life from mechanical circulatory
support. Rapid growth in this field has exceeded the
realization of these outcomes by many practicing clinicians. This report review the specific criteria to be used to
decide when to consider referring a patient for LVAD
Abbreviations
and Acronyms
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therapy, with particular attention to those factors with
the greatest impact on survival to hospital discharge and
long term, as well as discussion of the controversy of age
limit and severity of HF.
Indications for Mechanical Circulatory Support
There are three major often overlapping indications for the
use of VADs: 1) as a bridge to transplantation for heart
transplant candidates who are either “too sick” to wait for a
donor to be identified because of severe acute, or acute-onchronic HF, or have contraindications to transplantation,
which are deemed to be transient; 2) as a lifelong support
alternative for patients deemed ineligible for a heart transplantation, so-called destination therapy; and 3) as a bridge
to myocardial recovery. A fourth term, bridge-to-a-bridge,
is used for those patients who present with severe shock or
following cardiac arrest and are supported with a temporary
support VAD to see if they become candidates for a
long-term support device.
Interestingly, the most common indication listed for
40% of all patients entered in the INTERMACS is
bridge to decision. It is used when the best long-term
option for a given patient is unclear at the time of LVAD
implantation. For example, some patients for whom the
initial intent was destination therapy may recover renal
and hepatic function or have documented significant
decrease in pulmonary hypertension and then become
transplant candidates. Conversely, some patients who
were originally listed as transplant candidates may be so
satisfied with their quality of life on mechanical circulatory support that they elect to remain on the LVAD
rather than undergo transplantation.
In part because of changes in the prioritization of transplant candidates to primarily status 1A, or the very sickest
patients, an increasing number of patients are receiving

Figure 1

Dynamics of the Heart Transplant and LVAD
Implant Numbers in the United States 2006 to 2010

While the number of transplants remains almost constant, there is accelerating
growth in LVADs. Numbers for the graph are from INTERMACS and U.S. Department of Health and Human Services, respectively. Because INTERMACS statistics started in June 2006, we doubled the number of VADs for 2006.

Miller and Guglin
Patient Selection for VADs

JACC Vol. 61, No. 12, 2013
March 26, 2013:1209–21

Figure 2
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Current Estimate of the Number of Advanced HF Patients

This represents approximate number of potential VAD candidates. Data from Miller (3). HF ⫽ heart failure.

LVAD therapy at the time of transplantation because of
either deterioration while on the transplant waiting list or
are in refractory HF when first evaluated (3,10,16 –18).
Data from the ISHLT (International Society for Heart and
Lung Transplantation) registry show that more than 33% of
all patients undergo transplantation with an LVAD in place
(17,18). This percentage varies greatly across the country to
as high as 75% in programs where donor availability is low.
Outcomes after transplantation are not different in those
who were “bridged” with an LVAD compared with those
who were not, and duration of mechanical support does not
seem to have an adverse impact on mortality after cardiac
transplantation (19). Most of the patients bridged with an
LVAD are, in fact, the more ideal candidates, as they are
functionally much better and, in general, have better organ

Figure 3

function and pulmonary artery pressure at the time of
transplantation.
Given the progress achieved in VAD outcomes demonstrated in controlled clinical trials, it seems obsolete to make
the preimplant determination of whether VAD for a given
patient is as bridge to transplant, recovery, or destination
and is much more prudent to establish that a patient is in
need of mechanical circulatory support, regardless of age or
overall comorbidities, and leave the question to be resolved
by both the patient and the clinicians at a later point in time
of support. We anticipate that the future direction is to
abandon rigid categories before the implantation and to
make the decision on mechanical circulatory support based
on: 1) presence of indications; and 2) absence of contraindications.

Median Survival Decreases Progressively After Each Hospitalization for HF

Hospital admissions not only decrease quality of life, but they are also associated with shorter longevity. Data from Stehlik et al. (10). HF ⫽ heart failure.
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Post-Trial Versus Trial Survival With Continuous Flow LVAD

In this case, real life appears to be better than the trial. Data from John et al. (14). LVAD ⫽ left ventricular assist device.

General Criteria for Patient Selection for
Mechanical Circulatory Support
Indications for mechanical circulatory support are generally
derived from inclusion criteria of clinical trials (Table 1). It
is indicated for patients who have symptomatic advanced
HF refractory to conventional therapy, including those who
become inotrope dependent with significantly impaired
cardiac function, with left ventricular ejection fraction typ-

Figure 5

Survival With Heartware Intrapericardial Device

Results from the ADVANCE trial (82).

ically below 25%. In ambulatory patients, functional status is
severely compromised by HF. The most widely used criteria
for proving a cardiac cause of HF and candidacy for
mechanical circulatory support or transplantation is peak
oxygen consumption (VO2) of ⬍14 ml/kg/min or ⬍50%
predicted for age, sex, and body surface area on cardiopulmonary stress test results. Although there are no specific
hemodynamic criteria for device implantation, a cardiac

Miller and Guglin
Patient Selection for VADs

JACC Vol. 61, No. 12, 2013
March 26, 2013:1209–21

1213

Criteria
Into
Destination
Clinical
TrialsClinical Trials
Table 1for Inclusion
Criteria for
Inclusion
Into Therapy
Destination
Therapy
Trial

REMATCH, 2001 (11)

Clinical scenario

HeartMate II, 2009 (12)

1. NYHA class IV for at least 90 days
despite best medical therapy or

1. NYHA class IIIB or IV for at
least 45 days despite best
medical therapy or for the
60 days before enrollment or

2. Inotrope dependence

2. Intra-aortic balloon pump for
7 days or
3. Inotrope dependence for at
least 14 days before
enrollment.

LVEF

⬍25%

⬍25%

Peak oxygen consumption

ⱕ12 ml/kg/min

ⱕ14 ml/kg/min or
⬍50% predicted

LVEF ⫽ left ventricular ejection fraction; NYHA ⫽ New York Heart Association.

index ⬍2 l/min/m2 despite inotropic agents should prompt
consideration of mechanical pump placement. Worsening
hemodynamics or increasing inotropic requirements or need
for use of vasopressors to maintain systemic blood pressure
may be more important than the absolute numbers, and
following strict hemodynamic criteria should not delay the
decision to use VADs. There are several categories of
patients developing such profound hemodynamic compromise. Most of the information about them has been derived
from the INTERMACS (20).
In 2009, 80% of patients received LVAD as bridge to
transplant, 15% as destination therapy, and 5% recovered
with subsequent VAD explantation. According to the
INTERMACS classification (Table 2), despite published
case series and results of risk score stratification showing the
worst outcomes in the sickest patients, 80% of patients were
in the two most critical levels 1 and 2, with 42% and 38%,
respectively. Only 8% of patients were stable on inotropic
therapy, and only 12% were free of inotropic support (21).
Patients with a profile of 1 or 2 have been shown to have not
only inferior survival but also much greater lengths of stay
(42 vs. 16 days) than patients who are less acutely sick (22).
Patients with cardiogenic shock such as postcardiotomy,
acute myocardial infarction, acute myocarditis, or cardiac
arrest (INTERMACS level 1 “crash and burn”) who currently have the highest mortality (over 60% even with
percutaneous or surgical revascularization) (23), may benefit
from short-term circulatory support rather than from
long-term LVAD. Several types of short-term devices are
INTERMACS
Patient Profiles
(20)Profiles (20)
Table 2 INTERMACS
Patient
Level

Definition

Description

1

Critical cardiogenic shock

“Crash and burn”

2

Progressive decline

“Sliding fast”

3

Stable but inotrope dependent

Stable but dependent

4

Recurrent advanced HF

“Frequent flyer”

5

Exertion intolerant

“Housebound”

6

Exertion limited

“Walking wounded”

7

Advanced NYHA class III

Advanced NYHA class III

HF ⫽ heart failure; NYHA ⫽ New York Heart Association.

currently available (24 –26). Fortunately, there has been
some reduction in the severity of HF and overall comorbidities of patients now being selected for mechanical
circulatory support, as confirmed in recent reports from
the INTERMACS, particularly for indication for destination therapy (17).
Specific criteria for candidate selection for long-term
mechanical support. It is generally agreed that patients
considered for long-term circulatory support should fulfill
the clinical, functional, and hemodynamic criteria for transplant recipient selection. Patients with advanced systolic
HF, severely reduced left ventricular systolic function,
functional limitations caused by HF, and frequent hospital
admissions related to HF are appropriate candidates. However, the indications can be expanded, as reflected in the
following sections. Many limitations that would preclude a
potential transplant recipient from getting the donor organ
can be lifted because no donor heart is needed. Unlike the
case of heart transplantation, when the physician must apply
ethical considerations and answer the question of the
appropriateness of the organ allocation, the decision process
for VAD implantation is more medical and social. Additionally, the severity of pulmonary hypertension, which
would be prohibitive for cardiac transplantation, is not a
contraindication for the VAD.
Absolute contraindications include systemic illness with a
life expectancy of less than 2 years or malignancy within 5
years, irreversible renal or hepatic dysfunction, severe obstructive pulmonary disease, or other systemic disease with
multiorgan involvement (27). However, LVAD may be an
acceptable option for a patient with recent cancer, which
might theoretically be cured but who is unable to survive
the 5-year disease-free interval typically required for
heart transplantation. Similarly, active infection with
human immunodeficiency virus or advanced end-organ
function such as a serum creatinine concentration of 3.0
mg/dl may not preclude patients from LVAD implantation (28). The overall evaluation process is summarized in
Figure 6.
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Algorithm for Selection of LVAD Candidates

Risk Scores
Over time, a large number of variables have been identified,
largely by univariate analysis, to be associated with increased
mortality in patients with HF. However, no one variable can
be used to select candidates for mechanical circulatory
support. As mechanical pumps become more and more
acceptable for less sick HF patients, it is important to
consider not only hemodynamic instability but also other
features of HF, which limit longevity and compromise
quality of life. Several composite risk scores have been
developed, which can help stratify patients and predict
survival for outpatients, such as the Seattle Heart Failure
Risk Score and the Heart Failure Survival Score mentioned
earlier. Both score systems have limitations but have been
shown to give fairly reasonable estimates of 1-year survival.
The Seattle Heart Failure Model, although developed with
less sick HF patients, appears to be working better than
other scores for mortality prediction before and after VAD
implantation (29). Some authors advocate using this score as
a virtual control group, predicting the “would be” outcomes if patients were treated medically. The model was
also able to predict shorter duration of hospital stay and
more favorable hospital course in LVAD recipients (30).
The Seattle Heart Failure Model has been selected for
use in the REVIVE-IT (Randomized Evaluation of
VAD InterVEntion before Inotropic Therapy) trial, and
one of the stated goals of that study was to improve risk
stratification by adding variables not included in these
two models, such as the number of hospitalization for HF
and renal function.
More recently, a risk score has been developed to assess
perioperative risk of dying prior to hospital discharge after

LVAD implantation. This Lietz-Miller score was developed from a large registry of destination therapy patients
who received implants of a pulsatile device after U.S. Food
and Drug Administration (FDA) approval for commercial
use. Use of this score was able to identify those who are at
a relatively low risk versus those with a prohibitive risk of
dying based on standard laboratory and clinical variables.
The major new observations from that study were to
point out the importance of nutritional status before a
major surgical procedure in patients with advanced HF
and the added risk of patients with platelet counts below
148,000 or internation normalized ratio ⬎1.2. The score
was validated with a small follow-up study but did not
perform as well in a series of over 600 patients who
underwent use of continuous flow pumps as bridge to
transplantation (31).
Pulmonary Hypertension
From a hemodynamic standpoint, the most serious contraindication for cardiac transplantation is severe fixed pulmonary hypertension, defined as pulmonary artery systolic
pressure ⬎60 mm Hg, mean transpulmonary gradient ⬎15
mm Hg, or pulmonary vascular resistance ⬎6 Wood units,
which are unresponsive to treatment with various agents
alone or in combination. These criteria are correlated with a
very high risk for transplantation because of the high
likelihood of right ventricular (RV) failure after surgery,
which is the second leading cause of death in the first month
after transplant. However, pulmonary hypertension is not a
contraindication to LVAD placement unless there is severe
RV failure pre-LVAD, especially if caused by nonischemic
or idiopathic cardiomyopathy. It appears that LVAD place-
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ment represents the best tool for reversal of “fixed” or
unresponsive pulmonary hypertension. The complete LV
unloading achieved by LVAD support cannot be matched
by any medical therapy, and often pulmonary pressure and
pulmonary vascular resistance normalize after a variable
period of time, often as short as 2 to 3 months. The process
may be facilitated by use of sildenafil (32).

Right Ventricular Failure
RV failure after LVAD is associated with higher mortality,
greater risk of bleeding and/or reoperation, longer hospitalizations, and a higher rate of renal insufficiency (33–35). As
noted above, absolute pulmonary pressure or resistance are
not important criteria for selection of a patient for an
LVAD, but the presence of RV failure pre-LVAD as
defined by right atrial pressure of other sophisticated measurements such as tricuspid annular plane systolic excursion
(TAPSE) or RV stroke work index. Most patients in
cardiogenic shock or advanced HF refractory to medical
therapy evaluated for mechanical circulatory support can
be managed with only left ventricular support, LVAD.
However, the risk of RV failure after LVAD occurs in up
to 20% of patients, especially those with nonischemic
causes where both ventricles are often equally impaired.
In some cases, biventricular support is indicated. In
general, LV unloading is beneficial for RV (36). However, in the early postimplantation period, acute increase
in venous return and changing LV geometry can compromise the RV. The rate of post-LVAD RV failure decreased
compared with early experience but is still substantial at 5%
to 13% (34,35).
It is remarkable that unlike in heart transplantation,
pulmonary hypertension and high pulmonary vascular resistance do not predict post-LVAD RV failure. To the
contrary, lower pulmonary arterial pressure, reflecting poor
RV contractility, is a documented risk factor.
Multiple attempts have been made to predict RV failure
before LVAD implantation in order to plan biventricular
support when needed. Several studies identified multiple
risk factors for postimplantation RV failure (33,37– 44), and
more than half of the risk factors are related to RV
dysfunction, such as renal and hepatic insufficiency secondary to congestion, elevated pressure in the right atrium
decreased RV stroke work index, and decreased RV contractility by echocardiography (Table 3).
In a small group of patients, Deswarte et al. (45) reported
that an increase in TAPSE by 40% and/or an increase in
pulmonary artery systolic pressure over 30% with low-dose
dobutamine infusion ruled out post-LVAD RV failure with
100% specificity and sensitivity. It appears, therefore, that
the clinical syndrome of RV dysfunction before the implant
is the most powerful predictor of RV failure after LVAD
implantation.
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Renal and Hepatic Dysfunction
Many patients with advanced HF have mild to moderate
abnormalities of renal function. The serum creatinine concentration may often exceed 2 mg/dl and creatinine clearance below 50 ml/min, which both have been shown to
adversely impact survival after transplantation (46). While
renal dysfunction related to systemic congestion or impaired
renal perfusion secondary to HF may improve with diuresis
or inotropic agents, underlying intrinsic renal disease may
represent significant comorbidity. If cardiac insufficiency is
the primary cause of renal dysfunction it improves after the
LVAD implant or transplant (47,48). In patients with
baseline glomerular filtration rate of 41.7 ⫾ 11.5 ml/min, it
increased to 62.7 ⫾ 25.0 ml/min after 6 months of LVAD
support (49).
If intrinsic renal disease is suspected, patients should
undergo further workup with 24-h urine collection for
protein excretion and creatinine clearance, renal ultrasonography for kidney size, and possibly evaluation of the renovascular system. Standard urinalysis will exclude most parenchymal diseases. Although some centers consider severe
renal impairment with glomerular filtration rate ⬍30 ml/
min a relative contraindication to LVAD, this approach
may be too conservative and result in exclusion of many
candidates with high potential to recover. Being on chronic
hemodialysis remains a contraindication for long-term
VADs as there are few if any dialysis centers that accept
patients with an LVAD. Besides, risk of infection is already
increased in LVAD patients, and the necessity to establish
and maintain dialysis access further increases the danger.
Peritoneal dialysis might be safer (50); however most
programs will not consider implanting a long-term pump
into a patient whose renal function is so profoundly compromised that chronic dialysis is needed.
Transaminase levels more than twice their normal value
with or without elevated bilirubin, and associated coagulation abnormalities may reflect right HF or passive congestion; however, primary liver disease, in particular cirrhosis,
needs to be excluded, which sometimes requires a liver
biopsy.
Bleeding risk. Bleeding has been one of the most common
complications since the introduction of LVAD therapy,
with a 4-fold increased risk of reoperation for bleeding over
standard open heart surgery (51). This is caused by multiple
factors including abnormal coagulation at time of surgery,
often because of preoperative use of warfarin and/or antiplatelet agents or hepatic congestion, poor nutrition, high
venous pressures, and adhesions frequently occurring in
patients with previous sternotomy. There is now an important second phase of the risk of bleeding that develops
beginning 1 month after implant, which may occur in up to
25% of patients. Increasing age seems to be most correlated
with increased risk of bleeding. The most common site of
bleeding is in the upper gastrointestinal tract (52–54) and is
typically caused by or associated with development of
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Risk
Factors
for RV
Failure
LVAD Implantation
Table
3 Risk
Factors
forAfter
RV Failure
After LVAD Implantation
Risk Factors for Post-VAD RV Failure

Fisrt Author, Year (Ref. #)

n

No. of RV
Failures (%)

40

17 (42.5)

Factors Related to
Pre-Operative RV Dysfunction

Factors Unrelated to
Pre-Operative RV Dysfunction

Pulsatile LVADs
Kormos et al., 1996 (78)
Novacor

1. Greater need for inotropic agents

1. Lower mixed venous oxygen saturation

2. Lower RVEF/inotropic need ratio

2. Pulmonary edema

3. None of the patients with RVEF ⬎20%
developed RV failure

3. Poor mental status
4. Fever without infection

4. Higher creatinine
Fukamachi et al., 1999 (38)
HeartMate I

Kavarana et al. 2002 (39)

100

69

21 (30.4)

HeartMate I
Ochiai et al., 2002 (40)

1. Younger age
2. Female
3. Smaller patients
4. Myocarditis

1. Higher bilirubin

1. Intra-operative bleeding

2. Trend toward lower preoperative RV stroke
work index
245

189 HeartMate I (77%) and 56
Novacor (23%)

Dang et al., 2006 (33)

1. Lower pre-operative mean pulmonary arterial
pressure
2. Lower RV stroke work index
3. Elevated aspartate aminotransferase

108

42 (38.9)

HeartMate I

1. Non-ischemic cause

1. Female

2. Preoperative circulatory support
3. Low mean and diastolic pulmonary arterial
pressure
4. Low RV stroke work
5. Low RV stroke work index

2. Small body surface area

1. Elevated intra-operative central venous
pressure

1. Female

2. Intra-operative lower systolic and mean blood
pressure
3. Lower intra-operative pulmonary arterial
pressure

Santambrogio, et al., 2006 (44)
Novacor

48

8 (16)

197

68 (35)

1. Higher aspartate aminotransferase
2. Higher alanine aminotransferase. Higher blood
urea nitrogen
3. Higher blood urea nitrogen
4. Higher creatinine
5. Lower pulmonary arterial pressure

1. Pre-operative mechanical ventilation

Pulsatile and continuous flow
LVADs
Matthews et al., 2008 (42)

Fitzpatrick et al., 2008 (79)
Mixed devices

1. Vasopressor requirement (OR: 4.8)
2. Aspartate aminotransferase ⱖ80 IU/l
(OR: 3.2)
3. Bilirubin ⱖ2.0 mg/dl
4. Creatinine ⱖ2.3 mg/dl (OR: 5.56)
5. Need for hemodialysis (OR: 9.9)
6. Severe RV systolic dysfunction (OR: 2.2)
7. Blood urea nitrogen ⱖ48 mg/dl (OR: 2.1)
8. Bilirubin ⱖ2.0 mg/dl (OR: 3.6)
9. Pulmonary artery systolic pressure
⬍50 mm Hg
10. RV stroke work index ⬍450 mm Hg ⫻ ml/m2
(OR: 2.3)
11. Severe tricuspid regurgitation (OR: 1.3)

Mixed devices

266

1. Severe RV dysfunction. (OR: 5.0)
2. Low RV stroke work index
RV stroke work index ⬍0.25 mm Hg ⫻ l/m2
(OR: 5.1)
3. Higher central venous pressure
4. Lower pulmonary arterial pressure
5. Creatinine ⬎1.9 mg/dl (OR: 4.8)

1. Cardiac arrest preoperatively (OR: 2)
2. Smaller body surface area
3. History of cerebrovascular accident
4. Need for ventilatory support (OR: 3.2)
5. Temporary mechanical LV bridge
before LVAD (OR: 3)
6. Absence of a prior sternotomy
7. Intravenous anti-arrhythmic agents
(OR: 2.6)
8. White blood cells ⱖ12.2 k/mm3
(OR: 2.71)
9. Platelet count ⱕ 120 k/mm3
(OR: 3.4)
10. Albumin ⱕ 3.0 g/dl (OR: 1.9)
1. Mechanical ventilation
2. Previous cardiac surgery (OR: 4.5)
3. Cardiac index ⬍2.2 l/min/m2
(OR: 5.7)
4. Intra-aortic balloon pump
5. Pre-operative circulatory support
6. Female
7. Smaller body surface area
8. Systolic blood pressure ⬍96 mm Hg
(OR: 2.9)
9. Lower mixed venous saturation
Continued on the next page
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Continued
Table 3
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Continued
Risk Factors for Post-VAD RV Failure

First Author, Year (Ref. #)

n

Dracos et al., 2010 (37)
Mixed Thoratec and
Novacor devices

175

No. of RV
Failures (%)

Factors Related to
Pre-Operative RV Dysfunction
1. Higher bilirubin
2. Higher right atrial pressure

Factors Unrelated to
Pre-Operative RV Dysfunction
1. Pre-operative intra-aortic balloon
counterpulsation (OR: 3.9)
2. Pre-operative intubation
3. Lower platelets
4. Lower cholesterol
5. Smaller left ventricular size
6. Increased pulmonary vascular
resistance: 2. 8–4.2 Wood units
(OR: 3.0) ⬎4.3 Wood units (OR: 4.1)
7. Destination therapy (OR: 3.3)

Continuous flow LVADs
Kormos et al., 2010 (80)
HeartMate II

Baumwol et al.,
2011 (81)
Heartware

484

40

65 (13)

1.Central venous pressure ⬎15 mm Hg (OR: 2.1)
2. Central venous pressure/pulmonary capillary
wedge pressure ⬎0.63 (OR: 2.5)
3. RV stroke work index ⬍300 (OR: 2.9)
4. Blood urea nitrogen ⬎39 mg/dl (OR: 1.7)
5. Aspartate aminotransferase ⬎49 mg/dl
(OR: 1.7)

13 (32.5)

1. More severe tricuspid regurgitation

1. Ventilatory support (OR: 5.7)
2. Hematocrit ⱕ 31% OR (2.3)
3. More blood transfusions
4. White blood cells ⬎10.4 ⫻ 103/ml
(OR: 2.2)

LVAD ⫽ left ventricular assist device; OR ⫽ odds ratio; RV ⫽ right ventricle; VAD ⫽ ventricular assist device.

arterial-venous malformations, primarily located in the
stomach or early portions of the small bowel. This seems to
be a unique sequela of continuous flow physiology, as it was
not seen with the first generation of pulsatile flow devices.
Patients with prior history of gastrointestinal bleeding
should have upper and lower endoscopy before LVAD.
Recent attention has been directed at the uniform reduction
in multimers of von Willebrand factor in the serum in
response to nonpulsatile flow as one possible explanation for
the increased bleeding associated with continuous flow
VADs (55,56). Presence of bleeding diathesis may be a
serious contraindication to LVAD unless coagulopathy is
caused by reversible hepatic dysfunction. Low platelet count
before implantation also predicts poor outcomes. Sometimes, presence of heparin-induced thrombocytopenia antibody needs to be excluded.
Patient Size Considerations
Implantation of LVADs was previously restricted to patients with a body surface area ⬎1.5 m2, but the continuous
flow LVADs, which are one-seventh the size of pulsatile
devices, have been shown to be safely used in patients as low
as 1.3 m2 (12), which has allowed these nonpulsatile VADS
to be used in a significantly higher percentage of women
and smaller adults and adolescents. The Heartware
LVAD, which is implanted intrapericardially, practically
does not have body size limitations. This is in contrast to
heart transplantation where most programs limit donors
to ⫾ 15% of the weight of the recipient.
There are many groups that have been underserved by
LVAD therapy including women, due primarily to the large
size of the first-generation pulsatile LVADs. The percent-

age of women in recent LVAD trials of the much smaller
continuous flow pumps has increased from 8% to 25%, with
comparable results to males.
Obesity. There are conflicting data about the influence of
obesity on transplant outcomes. Obesity may be associated
with increased morbidity, complications such as infection,
and poor perioperative survival and difficulty identifying an
appropriately sized donor heart. The 5-year mortality can
double in obese patients compared with normal-weight
patients (57,58). In many centers, body mass index ⬎35
kg/m2 is a relative contraindication for cardiac transplantation. Such patients are encouraged to lose weight before
listing. On the other hand, the same degree of obesity
may not be a contraindication to LVAD implantation.
One-year survival of morbidly obese HF patients who
receive LVAD as destination treatment was not different
from patients with normal weight (59). In a recent report,
although infections occur more frequently in the overweight, primarily because of drivelines, which rest within
skin folds (60). In some cases, patients with LVAD
manage to lose so much weight that they became acceptable candidates and were successfully transplanted (61).
There is increasing interest in before or after LVAD
bariatric surgery to improve weight loss and reduce
potential complications. Overall, it appears that at least
mid-term outcomes are comparable across the whole
spectrum of body mass index (62).
Cachexia. The patient with cardiac cachexia marked by
poor nutrition status and low albumin and total protein
concentrations (⬍3.5 mg/dl and 6 mg/dl, respectively) is at
a high risk for postoperative death as well as complications,
infection, and poor wound healing. Prealbumin and total
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cholesterol are even more sensitive markers of nutritional
status and should be evaluated in all candidates for LVAD
therapy. Nutritional issues have to be addressed before the
implant to optimize outcomes (63).
Age. One of the most controversial issues in the field of
patient selection for advanced HF is age. Many transplant
programs are reluctant to list “elderly” candidates. The
cutoff age varies but is typically between 65 and 71 years of
age. In contrast, there is no absolute age cutoff for LVADs,
and older patients may have easier access to mechanical
pumps than to donor organs. While some authors are
relatively pessimistic, reporting low 1-year survival in
patients over 65 years of age (64), others report excellent
outcomes. In a study of 30 patients over 70 years of age,
Adamson et al. (65) demonstrated survival and length of
stay that were no different from that in younger patients,
with good functional recovery and quality of life. Thus,
age should no longer be considered a limitation to LVAD
therapy, but older patients should be more closely evaluated for potential age-related diseases, such as malignancy. Some geriatric scores like fragility indices (66)
might be helpful for additional stratification of elderly
candidates.
Psychosocial evaluation. Like current recommendations
for transplantation, all VAD candidates should undergo
evaluation by a trained mental health professional and social
workers in order to ensure that they are able to receive
adequate postoperative care and medications before the
decision is made to proceed with the surgery. Psychosocial
criteria that may predict a poor postoperative outcome
include previous noncompliance, chemical dependencies
(alcohol and drugs), lack of an adequate support system,
personality disorder, underlying mental illness, organic
brain disorders, or mental retardation. Intellectual function is a difficult assessment in these patients, who often
have very reduced cardiac output pre-LVAD and may
demonstrate improved cognitive function post-LVAD.
Most programs include some type of intellectual testing
before accepting a patient for LVAD placement to
minimize the risk of catastrophic problems such as
removing both batteries at one time or not recognizing
alarms on the device controller.
Structural Cardiac Diseases
Severe aortic regurgitation needs to be corrected simultaneously with LVAD placement to avoid a “closed loop”
circulation between LV and ascending aorta. In most cases,
a bioprosthetic valve is placed; sometimes aortic valve is
completely closed surgically, which makes the patient very
sensitive to any LVAD malfunction because they become
totally dependent on the mechanical pump (67). Mitral
valve surgery is necessary only in the presence of significant
mitral stenosis compromising LV filling. Intracardiac shunts
are typically closed at the time of VAD implantation.
Pre-existing mechanical or biological prosthetic valves, mi-
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tral or aortic, usually do not cause complications during
LVAD implantation (68,69). It may be worth mentioning
that in case of aortic valve insufficiency already in the
presence of LVAD, transcatheter aortic valve replacement is
a possibility (70). The growing population of adult patients
with congenital heart disease with RV failure is another pool
of potential candidates for VADs (71).
Infection
Active infection is a contraindication to VADs. Patients
with such infection should be aggressively treated in collaboration with infectious diseases specialists. Bacterial infections are especially dangerous because if the VAD is seeded,
it is almost impossible to sterilize with antibiotics. On the
other hand, controlled viral infections such as human
immunodeficiency virus infection may not be a contraindication to VADs (72).
Moving to Patients With
Less Severe Heart Failure
There is now a clear and rapidly escalating trend nationally
for patients to undergo LVAD implantation as a totally
elective operation, with an increasing percentage being
admitted from home for a scheduled surgery. This
approach has multiple advantages including reduced nosocomial infection, generally better condition of the patient, having been at home rather than in an intensive
care unit for rest and nutrition, and overall functional
capacity. Boyle et al. (22) demonstrated that patients
with a less severe INTERMACS grade of HF at the time
of LVAD implantation have not only better survival but
also significantly shorter hospital lengths of stay than
those with more severe HF or shock at the time of
implantation. Most importantly, there is a clear trend to
offer mechanical circulatory support to less-severe HF
patients.
Until recently, mechanical circulatory support was
reserved for patients with profound shock and refractory
HF. However, the number of implantations is rapidly
growing. The very good outcomes now reported in
several clinical trials with continuous flow LVADs in
nonshock patients (7,12,73,74) has led to equipoise about
the presumed equality of outcomes with the use LVADs
versus standard medical therapy as a therapeutic option
for patients with less severe HF. Following recommendations of an expert panel, the National Heart, Lung, and
Blood Institute has initiated the Randomized Evaluation
of VAD InterVEntion before Inotropic Therapy study,
which is a randomized trial comparing LVAD to optimal
medical therapy. This trial will hopefully more clearly
define the risk factors association with mortality in
today’s management of HF. The expected survival in the
LVAD cohort is predicted to be 75% to 80% at 1 year and
70% at 2 years. If this trial proves that LVAD therapy can
provide not only superior survival, but also significantly
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better functional improvement and quality of life, it will
lead to the largest increase in LVAD therapy ever. The
MEDAMACS (Medical Arm of Mechanically Assisted
Circulatory Support) pilot screening trial will also shed
some light on the outcomes in patients with advanced HF
and help identify the next group of candidates who will
likely benefit from earlier VAD implantation.
Impact of New Devices
Development of new devices can once again change
dramatically the whole process of patient selection, shifting it toward more stable and benign and less advanced
stages of the disease. Additionally, smaller and simpler
devices may reduce surgical complications and lower the
threshold for referral of patients for VADs. Recent
recommendation of the FDA advisory panel to approve
centrifugal HeartWare has paved the road to its approval
for commercial use in the near future. Smaller size and
intrapericardial location may help adoption of this pump,
provided that clinical outcomes are not inferior to the
currently used HeartMate II.
Another model being tested is a miniaturized LVAD
requiring only minimal surgery, which will potentially
expand indications to earlier stages of HF and increase the
market of candidates. It is implanted through the left
ventricular apex with a distal cannula in the ascending aorta.
This LVAD does not require sternotomy, device pocket,
cardiopulmonary bypass, ventricular coring, and construction of an outflow graft anastomosis (75).
Another concept that can potentially revolutionize the
approach to VAD candidate selection is partial circulation
support. The Synergy Pocket micro-pump device (CircuLite, Inc., Saddle Brook, New Jersey) has the inflow cannula
in the left atrium and the outflow in the right subclavian
artery. It provides blood flow of 3 l/min. It has already
demonstrated significant and steady improvement of many
hemodynamic parameters (76,77). This device is implanted
off pump via a mini-thoracotomy and placed like a pacemaker in a right subclavicular subcutaneous pocket (like a
pacemaker).
However, the real change in selection of a patient for
LVAD or heart transplant will occur when eventually the
problem of transcutaneous energy supply is solved and the “Achilles heel” of all currently available devices, namely the driveline
going through the skin and posing continuous risk for
infection, disappears.

2.

3.
4.
5.

6.

7.
8.
9.
10.

11.
12.
13.

14.
15.

16.
17.

Reprint requests and correspondence: Dr. Leslie Miller, Department of Cardiovascular Sciences, University of South Florida, 2
Tampa General Circle, 5075, Tampa, Florida 33606. E-mail:
lmiller5@health.usf.edu.

18.

REFERENCES

19.

1. Ammar KA, Jacobsen SJ, Mahoney DW, et al. Prevalence and
prognostic significance of heart failure stages: application of the

1219

American College of Cardiology/American Heart Association heart
failure staging criteria in the community. Circulation
2007;115:1563–70.
Zannad F, Briancon S, Juilliere Y, et al. Incidence, clinical and
etiologic features, and outcomes of advanced chronic heart failure: the
EPICAL study. Epidemiologie de l’Insuffisance Cardiaque Avancee
en Lorraine. J Am Coll Cardiol 1999;33:734 – 42.
Miller LW. Left ventricular assist devices are underutilized. Circulation 2011;123:1552– 8; discussion 1558.
Hertz MI, Boucek MM, Edwards LB, et al. The ISHLT transplant
registry: moving forward. J Heart Lung Transplant 2006;25:1179 – 85.
Hunt SA, Abraham WT, Chin MH, et al. ACC/AHA 2005 guideline
update for the diagnosis and management of chronic heart failure in
the adult: a report of the American College of Cardiology/American
Heart Association Task Force on Practice Guidelines (Writing Committee to Update the 2001 Guidelines for the Evaluation and Management of Heart Failure): developed in collaboration with the
American College of Chest Physicians and the International Society
for Heart and Lung Transplantation: endorsed by the Heart Rhythm
Society. J Am Coll Cardiol 2005;46:e1– 82.
Hunt SA, Abraham WT, Chin MH, et al. 2009 Focused update
incorporated into the ACC/AHA 2005 guidelines for the diagnosis
and management of heart failure in adults: a report of the American
College of Cardiology Foundation/American Heart Association Task
Force on Practice Guidelines developed in collaboration with the
International Society for Heart and Lung Transplantation. J Am Coll
Cardiol 2009;53:e1– e90.
Slaughter MS, Pagani FD, Rogers JG, et al. Clinical management of
continuous-flow left ventricular assist devices in advanced heart failure.
J Heart Lung Transplant 2010;29:S1–39.
Tuzun E, Roberts K, Cohn WE, et al. In vivo evaluation of the
HeartWare centrifugal ventricular assist device. Tex Heart Inst J
2007;34:406 –11.
Wood C, Maiorana A, Larbalestier R, Lovett M, Green G, O’Driscoll
G. First successful bridge to myocardial recovery with a HeartWare
HVAD. J Heart Lung Transplant 2008;27:695–7.
Stehlik J, Edwards LB, Kucheryavaya AY, et al. The registry of the
International Society for Heart and Lung Transplantation: twentyseventh official adult heart transplant report—2010. J Heart Lung
Transplant 2010;29:1089 –103.
Rose EA, Gelijns AC, Moskowitz AJ, et al. Long-term use of a left
ventricular assist device for end-stage heart failure. N Engl J Med
2001;345:1435– 43.
Slaughter MS, Rogers JG, Milano CA, et al. Advanced heart failure
treated with continuous-flow left ventricular assist device. N Engl
J Med 2009;361:2241–51.
Starling RC, Naka Y, Boyle AJ, et al. Results of the post-U.S. Food
and Drug Administration-approval study with a continuous flow left
ventricular assist device as a bridge to heart transplantation: a prospective study using the INTERMACS (Interagency Registry for Mechanically Assisted Circulatory Support). J Am Coll Cardiol 2011;57:
1890 – 8.
John R, Naka Y, Smedira NG, et al. Continuous flow left ventricular
assist device outcomes in commercial use compared with the prior
clinical trial. Ann Thorac Surg 2011;92:1406 –13; discussion 1413.
Pamboukian SV, Tallaj JA, Brown RN, et al. Improvement in 2-year
survival for ventricular assist device patients after implementation of
an intensive surveillance protocol. J Heart Lung Transplant 2011;30:
879 – 87.
Terracciano CM, Miller LW, Yacoub MH. Contemporary use of
ventricular assist devices. Annu Rev Med 2010;61:255–70.
Taylor DO, Edwards LB, Boucek MM, et al. Registry of the
International Society for Heart and Lung Transplantation: twentyfourth official adult heart transplant report–2007. J Heart Lung
Transplant 2007;26:769 – 81.
Nativi JN, Drakos SG, Kucheryavaya AY, et al. Changing outcomes in
patients bridged to heart transplantation with continuous- versus
pulsatile-flow ventricular assist devices: an analysis of the registry of
the International Society for Heart and Lung Transplantation. J Heart
Lung Transplant 2011;30:854 – 61.
John R, Pagani FD, Naka Y, et al. Post-cardiac transplant survival
after support with a continuous-flow left ventricular assist device:
impact of duration of left ventricular assist device support and other
variables. J Thorac Cardiovasc Surg 2010;140:174 – 81.

1220

Miller and Guglin
Patient Selection for VADs

20. Stevenson LW, Pagani FD, Young JB, et al. INTERMACS profiles
of advanced heart failure: the current picture. J Heart Lung Transplant
2009;28:535– 41.
21. Holman WL, Pae WE, Teutenberg JJ, et al. INTERMACS: interval
analysis of registry data. J Am Coll Surg 2009;208:755– 61; discussion
761–2.
22. Boyle AJ, Ascheim DD, Russo MJ, et al. Clinical outcomes for
continuous-flow left ventricular assist device patients stratified by
pre-operative INTERMACS classification. J Heart Lung Transplant
2011;30:402–7.
23. Hochman JS, Sleeper LA, White HD, et al. One-year survival
following early revascularization for cardiogenic shock. JAMA 2001;
285:190 –2.
24. John R, Liao K, Lietz K, et al. Experience with the Levitronix
CentriMag circulatory support system as a bridge to decision in
patients with refractory acute cardiogenic shock and multisystem organ
failure. J Thorac Cardiovasc Surg 2007;134:351– 8.
25. Patane F, Grassi R, Zucchetti MC, et al. The use of Impella Recover
in the treatment of post-infarction ventricular septal defect: a new case
report. Int J Cardiol 2010;144:313–5.
26. Hertz MI, Aurora P, Boucek MM, et al. Registry of the International
Society for Heart and Lung Transplantation: introduction to the 2007
annual reports–100,000 transplants and going strong. J Heart Lung
Transplant 2007;26:763– 8.
27. Mancini D, Lietz K. Selection of cardiac transplantation candidates in
2010. Circulation 2010;122:173– 83.
28. Sims DB, Uriel N, Gonzalez-Costello J, et al. Human immunodeficiency virus infection and left ventricular assist devices: a case series.
J Heart Lung Transplant 2011;30:1060 – 4.
29. Schaffer JM, Allen JG, Weiss ES, et al. Evaluation of risk indices in
continuous-flow left ventricular assist device patients. Ann Thorac
Surg 2009;88:1889 –96.
30. Ketchum ES, Moorman AJ, Fishbein DP, et al. Predictive value of the
Seattle heart failure model in patients undergoing left ventricular assist
device placement. J Heart Lung Transplant 2010;29:1021–5.
31. Teuteberg JJ, Ewald GA, Adamson RM, et al. Risk assessment for
continuous flow left ventricular assist devices: does the destination
therapy risk score work? An analysis of over 1,000 patients. J Am Coll
Cardiol 2013;60:44 –51.
32. Tedford RJ, Hemnes AR, Russell SD, et al. PDE5A inhibitor
treatment of persistent pulmonary hypertension after mechanical
circulatory support. Circ Heart Fail 2008;1:213–9.
33. Dang NC, Topkara VK, Mercando M, et al. Right heart failure after
left ventricular assist device implantation in patients with chronic
congestive heart failure. J Heart Lung Transplant 2006;25:1– 6.
34. Kormos RL, Teuteberg JJ, Pagani FD, et al. Right ventricular failure
in patients with the HeartMate II continuous-flow left ventricular
assist device: incidence, risk factors, and effect on outcomes. J Thorac
Cardiovasc Surg 2010;139:1316 –24.
35. Kukucka M, Potapov E, Stepanenko A, et al. Acute impact of left
ventricular unloading by left ventricular assist device on the right
ventricle geometry and function: effect of nitric oxide inhalation.
J Thorac Cardiovasc Surg 2011;141:1009 –14.
36. Lee S, Kamdar F, Madlon-Kay R, et al. Effects of the HeartMate II
continuous-flow left ventricular assist device on right ventricular
function. J Heart Lung Transplant 2010;29:209 –15.
37. Drakos SG, Janicki L, Horne BD, et al. Risk factors predictive of right
ventricular failure after left ventricular assist device implantation. Am J
Cardiol 2010;105:1030 –5.
38. Fukamachi K, McCarthy PM, Smedira NG, Vargo RL, Starling RC,
Young JB. Preoperative risk factors for right ventricular failure after
implantable left ventricular assist device insertion. Ann Thorac Surg
1999;68:2181– 4.
39. Kavarana MN, Pessin-Minsley MS, Urtecho J, et al. Right ventricular
dysfunction and organ failure in left ventricular assist device recipients:
a continuing problem. Ann Thorac Surg 2002;73:745–50.
40. Ochiai Y, McCarthy PM, Smedira NG, et al. Predictors of severe right
ventricular failure after implantable left ventricular assist device insertion: analysis of 245 patients. Circulation 2002;106:I198 –202.
41. Nakatani S, Thomas JD, Savage RM, Vargo RL, Smedira NG,
McCarthy PM. Prediction of right ventricular dysfunction after left
ventricular assist device implantation. Circulation 1996;94:II216 –21.
42. Matthews JC, Koelling TM, Pagani FD, Aaronson KD. The right
ventricular failure risk score a pre-operative tool for assessing the risk

JACC Vol. 61, No. 12, 2013
March 26, 2013:1209–21

43.

44.
45.
46.

47.

48.

49.
50.
51.
52.

53.
54.

55.
56.
57.

58.
59.
60.
61.

62.

63.

of right ventricular failure in left ventricular assist device candidates.
J Am Coll Cardiol 2008;51:2163–72.
Kormos RL, Teuteberg JJ, Pagani FD, et al. Right ventricular failure
in patients with the HeartMate II continuous-flow left ventricular
assist device: incidence, risk factors, and effect on outcomes. J Thorac
Cardiovasc Surg 2010;139:1316 –24.
Santambrogio L, Bianchi T, Fuardo M, et al. Right ventricular failure
after left ventricular assist device insertion: preoperative risk factors.
Interact Cardiovasc Thorac Surg 2006;5:379 – 82.
Deswarte G, Kirsch M, Lesault PF, Trochu JN, Damy T. Right
ventricular reserve and outcome after continuous-flow left ventricular
assist device implantation. J Heart Lung Transplant 2010;29:1196 – 8.
Bourge RC, Naftel DC, Costanzo-Nordin MR, et al. Pretransplantation risk factors for death after heart transplantation: a multiinstitutional study. The Transplant Cardiologists Research Database Group.
J Heart Lung Transplant 1993;12:549 – 62.
Russell SD, Rogers JG, Milano CA, et al. Renal and hepatic function
improve in advanced heart failure patients during continuous-flow
support with the HeartMate II left ventricular assist device. Circulation 2009;120:2352–7.
Kamdar F, Boyle A, Liao K, Colvin-adams M, Joyce L, John R.
Effects of centrifugal, axial, and pulsatile left ventricular assist device
support on end-organ function in heart failure patients. J Heart Lung
Transplant 2009;28:352–9.
Sandner SE, Zimpfer D, Zrunek P, et al. Renal function and outcome
after continuous flow left ventricular assist device implantation. Ann
Thorac Surg 2009;87:1072– 8.
Thomas BA, Logar CM, Anderson AE. Renal replacement therapy in
congestive heart failure requiring left ventricular assist device augmentation. Perit Dial Int 2012;32:386 –92.
Schaffer JM, Arnaoutakis GJ, Allen JG, et al. Bleeding complications
and blood product utilization with left ventricular assist device implantation. Ann Thorac Surg 2011;91:740 –7; discussion 747–9.
Demirozu ZT, Radovancevic R, Hochman LF, et al. Arteriovenous
malformation and gastrointestinal bleeding in patients with the HeartMate II left ventricular assist device. J Heart Lung Transplant
2011;30:849 –53.
Frazier OH. Unforeseen consequences of therapy with continuousflow pumps. Circ Heart Fail 2010;3:647–9.
Letsou GV, Shah N, Gregoric ID, Myers TJ, Delgado R, Frazier OH.
Gastrointestinal bleeding from arteriovenous malformations in patients supported by the Jarvik 2000 axial-flow left ventricular assist
device. J Heart Lung Transplant 2005;24:105–9.
Crow S, John R, Boyle A, et al. Gastrointestinal bleeding rates in
recipients of nonpulsatile and pulsatile left ventricular assist devices.
J Thorac Cardiovasc Surg 2009;137:208 –15.
Vincentelli A, Susen S, Le Tourneau T, et al. Acquired von Willebrand syndrome in aortic stenosis. N Engl J Med 2003;349:343–9.
Grady KL, White-Williams C, Naftel D, et al. Are preoperative
obesity and cachexia risk factors for post heart transplant morbidity
and mortality: a multi-institutional study of preoperative weightheight indices. Cardiac Transplant Research Database (CTRD)
Group. J Heart Lung Transplant 1999;18:750 – 63.
Lietz K, John R, Burke EA, et al. Pretransplant cachexia and morbid
obesity are predictors of increased mortality after heart transplantation.
Transplantation 2001;72:277– 83.
Coyle LA, Ising MS, Gallagher C, et al. Destination therapy: one-year
outcomes in patients with a body mass index greater than 30. Artif
Organs 2010;34:93–7.
Zahr F, Genovese E, Mathier M, et al. Obese patients and mechanical
circulatory support: weight loss, adverse events, and outcomes. Ann
Thorac Surg 2011;92:1420 – 6.
Dhesi P, Simsir SA, Daneshvar D, Rafique A, Phan A, Schwarz ER.
Left ventricular assist device as “bridge to weight loss” prior to
transplantation in obese patients with advanced heart failure. Ann
Transplant 2011;16:5–13.
Brewer RJ, Lanfear DE, Sai-Sudhakar CB, et al. Extremes of body
mass index do not impact mid-term survival after continuous-flow left
ventricular assist device implantation. J Heart Lung Transplant 2012;
31:167–72.
Holdy K, Dembitsky W, Eaton LL, et al. Nutrition assessment and
management of left ventricular assist device patients. J Heart Lung
Transplant 2005;24:1690 – 6.

JACC Vol. 61, No. 12, 2013
March 26, 2013:1209–21
64. Stepanenko A, Potapov EV, Jurmann B, et al. Outcomes of elective versus
emergent permanent mechanical circulatory support in the elderly: a
single-center experience. J Heart Lung Transplant 2010;29:61–5.
65. Adamson RM, Stahovich M, Chillcott S, et al. Clinical strategies and
outcomes in advanced heart failure patients older than 70 years of age
receiving the HeartMate II left ventricular assist device: a community
hospital experience. J Am Coll Cardiol 2011;57:2487–95.
66. Altimir S, Lupon J, Gonzalez B, et al. Sex and age differences in fragility
in a heart failure population. Eur J Heart Fail 2005;7:798 – 802.
67. Park SJ, Liao KK, Segurola R, Madhu KP, Miller LW. Management
of aortic insufficiency in patients with left ventricular assist devices: a
simple coaptation stitch method (Park’s stitch). J Thorac Cardiovasc
Surg 2004;127:264 – 6.
68. Schweiger M, Stepanenko A, Vierecke J, et al. Preexisting mitral valve
prosthesis in patients undergoing left ventricular assist device implantation. Artif Organs 2012;36:49 –53.
69. Mokashi SA, Schmitto JD, Lee LS, et al. Ventricular assist device in
patients with prosthetic heart valves. Artif Organs 2010;34:1030 – 4.
70. D’Ancona G, Pasic M, Buz S, et al. TAVI for pure aortic valve
insufficiency in a patient with a left ventricular assist device. Ann
Thorac Surg 2012;93:e89 –91.
71. George RS, Birks EJ, Radley-Smith RC, Khaghani A, Yacoub M.
Bridge to transplantation with a left ventricular assist device for
systemic ventricular failure after Mustard procedure. Ann Thorac Surg
2007;83:306 – 8.
72. Mehmood S, Blais D, Martin S, Sai-Sudhakar C. Heartmate XVE
destination therapy for end-stage heart failure in a patient with human
immunodeficiency virus. Interact Cardiovasc Thorac Surg 2009;9:909–10.
73. Pagani FD, Miller LW, Russell SD, et al. Extended mechanical
circulatory support with a continuous-flow rotary left ventricular assist
device. J Am Coll Cardiol 2009;54:312–21.

Miller and Guglin
Patient Selection for VADs

1221

74. Slaughter MS, Tsui SS, El-Banayosy A, et al. Results of a multicenter
clinical trial with the Thoratec implantable ventricular assist device.
J Thorac Cardiovasc Surg 2007;133:1573– 80.
75. Slaughter MS, Giridharan GA, Tamez D, et al. Transapical miniaturized ventricular assist device: design and initial testing. J Thorac
Cardiovasc Surg 2011;142:668 –74.
76. Meyns B, Klotz S, Simon A, et al. Proof of concept: hemodynamic
response to long-term partial ventricular support with the synergy
pocket micro-pump. J Am Coll Cardiol 2009;54:79 – 86.
77. Meyns BP, Simon A, Klotz S, et al. Clinical benefits of partial
circulatory support in New York Heart Association class IIIB and early
class IV patients. Eur J Cardiothorac Surg 2011;39:693– 8.
78. Kormos RL, Gasior TA, Kawai A, et al. Transplant candidate’s clinical
status rather than right ventricular function defines need for univentricular versus biventricular support. J Thorac Cardiovasc Surg 1996;
111:773– 82; discussion 782–3.
79. Fitzpatrick JR, 3rd, Frederick JR, Hsu VM, et al. Risk score derived from
pre-operative data analysis predicts the need for biventricular mechanical
circulatory support. J Heart Lung Transplant 2008;27:1286 –92.
80. Kormos RL, Teuteberg JJ, Pagani FD, et al. Right ventricular failure
in patients with the HeartMate II continuous-flow left ventricular
assist device: incidence, risk factors, and effect on outcomes. J Thorac
Cardiovasc Surg 2010;139:1316 –24.
81. Baumwol J, Macdonald PS, Keogh AM, et al. Right heart failure and
“failure to thrive” after left ventricular assist device: clinical predictors
and outcomes. J Heart Lung Transplant 2011;30:888 –95.
82. Aaronson KD, Slaughter MS, Miller LW, et al. Use of an intrapericardial, continuous-flow, centrifugal pump in patients awaiting heart
transplantation. Circulation 2012;125:3191–200.
Key Words: criteria y heart failure y LVAD y selection.

