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Trends and Outcomes of Left Ventricular
Assist Device Therapy
JACC Focus Seminar
Anubodh S. Varshney, MD,a Ersilia M. DeFilippis, MD,b Jennifer A. Cowger, MD, MS,c Ivan Netuka, MD,d
Sean P. Pinney, MD,e Michael M. Givertz, MDa

ABSTRACT
As the prevalence of advanced heart failure continues to rise, treatment strategies for select patients include heart
transplantation or durable left ventricular assist device (LVAD) support, both of which improve quality of life and extend
survival. Recently, the HeartMate 3 has been incorporated into clinical practice, the United Network for Organ Sharing
donor heart allocation system was revised, and the management of LVAD-related complications has evolved. Contemporary LVAD recipients have greater preoperative illness severity, but survival is higher and adverse event rates are lower
compared with prior eras. This is driven by advances in device design, patient selection, surgical techniques, and longterm management. However, bleeding, infection, neurologic events, and right ventricular failure continue to limit broader
implementation of LVAD support. Ongoing efforts to optimize management of patients implanted with current devices
and parallel development of next-generation devices are likely to further improve outcomes for patients with advanced
heart failure. (J Am Coll Cardiol 2022;79:1092–1107) © 2022 by the American College of Cardiology Foundation.
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espite the development of new pharmaco-

survival for patients who are unable to wait or ineli-

therapies for heart failure with reduced

gible for HT. Recently, the HeartMate 3 (HM3)

ejection fraction (HFrEF), the prevalence

(Abbott) LVAD has been incorporated into clinical

of advanced HF, deﬁned as persistent and/or progres-

practice (Figure 1),3 the United Network for Organ

sive HF signs and symptoms despite optimal medical

Sharing (UNOS) donor heart allocation system under-

therapy, continues to rise.1 For select patients with

went substantial revision, 4 and there has been evolu-

advanced HF, treatment includes cardiac replace-

tion

ment with heart transplantation (HT) or durable left

complications. The purpose of this review is to

ventricular (LV) assist devices (LVADs). Although

discuss recent trends in LVAD implantation strategies

the number of donor hearts has increased, 2 the num-

and to highlight signiﬁcant improvements in clinical

ber of patients with advanced HF surpasses donor or-

outcomes, providing readers with a contemporary

gan availability by at least an order of magnitude.

understanding of the morbidity and mortality experi-

Akin to dialysis for end-stage kidney disease, durable

enced by patients supported by present-day LVADs

LVAD therapy should be considered for patients with

and opportunities for future advancements in the du-

advanced HFrEF to improve quality of life and extend

rable mechanical circulatory support (MCS) ﬁeld.
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management

of
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Current Trends in Durable LVAD Therapy

HIGHLIGHTS
 Durable mechanical circulatory support is
increasingly used for patients with
advanced heart failure.

BTT in 2019 (Figure 2).5 This shift has been

ABBREVIATIONS

accompanied by increasing numbers of DT

AND ACRONYMS

LVAD implantations at centers without HT
programs, with similar outcomes compared
with DT implantations performed at trans8

 Contemporary recipients of left ventricular assist devices are more severely ill
than recipients in the past, but outcomes
are better.
 Further enhancement of device design
and ancillary management of patients are
likely to further improve outcomes in the
future.

plant centers. Increasing DT LVAD implantation is likely also a consequence of U.S.
Food and Drug Administration (FDA) device
labeling for DT support, improved outcomes
after LVAD implantation, and the 2018 UNOS
donor heart allocation system revision (see
the following). Indeed, overall DT LVAD implantation rates are substantially lower in
non-North

American–based
9

ranging from 16% to 41%.

registries,

6

Patients implanted with a DT LVAD had

CONTEMPORARY LVAD RECIPIENT

lower 2-year survival compared with patients

EPIDEMIOLOGY AND OUTCOMES

implanted as BTT (70.6% vs 78.3%; P < 0.01),

AE = adverse event
AF = atrial ﬁbrillation
AR = aortic regurgitation
BTT = bridge to
transplantation

CF = continuous ﬂow
CT = computed tomography
DT = destination therapy
FDA = U.S. Food and Drug
Administration

GDMT = guideline-directed
medical therapy

GI = gastrointestinal
HF = heart failure
HFrEF = heart failure with
reduced ejection fraction

In 2019, a total of 3,198 continuous ﬂow (CF) LVADs

likely due to greater comorbidity burden and

were implanted in the United States, the highest

inclusion of patients implanted with older

annual volume in the history of the Society of

devices in the Intermacs Registry. 5 However,

Thoracic Surgeons Intermacs Registry.5 Over time,

an analysis of the MOMENTUM 3 (Multicenter

the phenotype of the LVAD recipient has changed.

Study of MagLev Technology in Patients Un-

Compared with LVAD recipients from 2010-2014, U.S.

dergoing

patients implanted from 2015-2019 had more comor-

Therapy With HeartMate 3) demonstrated

bidities and social obstacles to direct transplant can-

that HM3 recipients have similar outcomes at

didacy. Contemporary LVAD recipients increasingly

2 years, regardless of whether implantation

INTERMACS = Interagency

present in unstable states, reﬂected by increased

was performed as DT or BTT.10 These ﬁnd-

Registry for Mechanically

preoperative temporary MCS use (37% vs 26%; P <

ings, coupled with the fact that some patients

Assisted Circulatory Support

0.01). From 2015 to 2019, 52% of LVAD recipients were

implanted with DT LVAD may achieve sufﬁ-

LV = left ventricular

in some degree of cardiogenic shock at the time of

cient health improvements (eg, weight loss)

implantation. A minority (12%) had advanced New

to become transplant eligible, whereas others

York Heart Association (NYHA) functional class III HF

implanted as BTT may develop contraindica-

Mechanical

Circulatory

Support

HM3 = HeartMate 3
HRAE = hemocompatibilityrelated adverse event

HT = heart transplantation
HVAD = HeartWare Ventricular
Assist Device

INR = international normalized
ratio

LVAD = left ventricular assist
device

LVEF = left ventricular
ejection fraction

These trends are

tions to HT (eg, disabling stroke),10 imply that

mirrored in the global population of LVAD re-

distinguishing between DT and BTT in-

cipients.6 Although the increasing number of patients

dications may not be as meaningful in the

referred for LVAD therapy may be related to growing

contemporary era. Additionally, modiﬁca-

Association

clinician awareness of advanced HF, the increasing

tions to the UNOS donor heart allocation

RV = right ventricular

illness severity of these patients suggests that timing

system have negated achieving rapid HT in a

of referral to advanced HF centers may be too late.

stable LVAD patient in many U.S. regions,

Thus, evidence-based guidance for referral of pa-

leaving most BTT patients on long-term

UNOS = United Network for

tients with advanced HF to centers offering advanced

LVAD support.

Organ Sharing

without inotrope dependence.

5

There has also been a shift in devices used

therapies is of high priority.7

MCS = mechanical circulatory
support

NYHA = New York Heart

TAVR = transcatheter aortic
valve replacement

vWF = von Willebrand factor

for durable LVAD support. In 2015, the LVAD market
AND

was captured by the axial ﬂow HeartMate II LVAD

DEVICES. LVAD implantation as destination therapy

(Abbott), with a minority supported on the centrifugal

(DT) has conventionally been pursued in patients

ﬂow HeartWare ventricular assist device (HVAD,

who are ineligible for HT due to age, comorbidities

Medtronic). Since U.S. FDA approval of the HM3 for

(eg, ﬁxed pulmonary hypertension), or psychosocial

DT in October 2018, this device has accounted for

considerations. In contrast to earlier years, during

almost 80% of durable implants in the United States. 5

which approximately one-half of U.S. LVAD implan-

Moreover, Medtronic ceased sales of the HVAD in

tations were performed for DT and almost one-

June 2021, primarily due to a higher incidence of

quarter as bridge to transplantation (BTT), >70% of

adverse neurologic events and pump thrombosis.11

LVAD implantations were for DT, and <10% were for

Thus, until another commercial LVAD is approved,

EVOLUTION

IN

IMPLANTATION

STRATEGY
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F I G U R E 1 Technology Highlights of the HeartMate 3 LVAD

The HeartMate 3 includes multiple design features intended to improve hemocompatibility and reduce risk of adverse events. LVAD ¼ left
ventricular assist device.

the HM3 will account for all durable LVAD implants

generally highest in the early postimplant period

occurring outside of clinical trials in the United States

(#90 days), and then decline signiﬁcantly, except for

and the vast majority of LVADs implanted globally.

device-speciﬁc infections, which have a constant
incidence. Besides withdrawal of support, leading

OUTCOMES AFTER LVAD IMPLANTATION. Despite

causes of death in LVAD recipients include multi-

increasing preimplant illness severity, survival after

organ failure (16%), neurologic dysfunction (16%),

durable LVAD from 2015-2019 was higher than in prior

and HF (13%).5

eras, with 1-year survival 82.3%, 2-year survival 73.1%,

In order to contextualize the journey of an LVAD

and median survival >4.5 years (Figure 3).5 Addition-

recipient, it is important to understand outcomes of

ally,

recipients

patients with advanced HF more broadly. The

demonstrate 2-year survival of z80%, 12,13 which is

ROADMAP (Risk Assessment and Comparative Effec-

comparable to post-HT survival at that time point. In a

tiveness of Left Ventricular Assist Device and Medical

small-size European cohort, 5-year survival post-HM3

Management in Ambulatory Heart Failure Patients)

implantation was 61% (95% CI: 44%‒74%). 14 These

study

advances are likely facilitated by continued im-

non–inotrope-dependent HF patients with NYHA

provements in device technology, patient selection,

functional class IIIB/IV symptoms and compared

and medical and surgical management in the peri-

outcomes between those choosing an initial Heart-

implantation and postimplantation periods.

Mate II LVAD implantation strategy vs continued

postapproval

registries

of

HM3

prospectively

enrolled

200

ambulatory,

Though patient survival on LVAD support has

medical therapy. 15 At 2-year follow-up, LVAD re-

improved, contemporary LVAD patients still experi-

cipients had >3 times greater odds of the composite

ence adverse events (AEs), with infection and major

of survival on original therapy and improvement in

bleeding being the most common.5 In the 2020

6-minute walk distance $75 m compared with

Intermacs Registry report (which captures U.S. pa-

patients opting for medical therapy. Additionally,

tients who received an FDA-approved LVAD), at

69% of LVAD recipients improved to NYHA functional

1-year postimplantation, 41% of patients have had

class I or II, whereas just 37% of medical therapy

infection, 33% have had major bleeding (about 50% of

patients had such improvement. Actuarial survival

which is gastrointestinal [GI]), 13% have had a stroke,

was 70% for the LVAD group vs 41% for medical

and 72% have been rehospitalized. AE rates are

therapy. Although LVAD recipients did experience
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F I G U R E 2 Evolution of CF LVAD Implantation Strategy From 2010-2019

100
90
80

Percentage

70
60
50
40
30
20
10
0

2010

2011

2012

2013

2014

2015

2016

2017

2018

2019

No. of Implants 1,558

1,804

2,215

2,621

2,746

3,087

2,763

2,565

2,994

3,198

Bridge to Transplant

Bridge to Candidacy

Destination Therapy

Implantation strategy and number of implants by year for primary continuous-ﬂow LVADs in the United States (N ¼ 25,346) (STS-Intermacs data).
Destination therapy accounts for an increasing majority of LVAD implants. CF ¼ continuous ﬂow; LVAD ¼ left ventricular assist device; STS ¼ Society of
Thoracic Surgeons.

AEs, how these ﬁndings would change with the HM3

(Table 1). In the prior system, LVAD patients could be

device,

listed

which

is

associated

with

reduced

AEs

Status

1A

(the

most

urgent

status)

compared with HeartMate II,3 is unknown. Although

if experiencing

ROADMAP used an older device, its results support

complication or for a discretionary 30 days, whereas

greater consideration of LVAD therapy for patients

stable LVAD patients were listed as Status 1B. Under

with ambulatory advanced HF and high-risk features

the

(eg, intolerance of guideline-directed medical ther-

threatening ventricular arrhythmias are listed Status

apy [GDMT]). Although GDMT has altered the course

1 (most urgent), those with device failure as Status 2,

of HF progression for many, data supporting its use in

and those with other complications (eg, device

patients with advanced HFrEF are limited. More

infection) as Status 3. Stable, ambulatory LVAD pa-

studies comparing contemporary GDMT with modern

tients are listed as Status 4.

devices are needed within this group.

revised

a life-threatening device-related

system,

LVAD

patients

with

life-

LVAD patients who were listed for or received HT
through April 2020 were assigned relatively lower

LVAD USE AFTER DONOR HEART ALLOCATION

acuity statuses at listing and at time of trans-

SYSTEM REVISION. The UNOS donor heart allocation

plantation under the revised system compared with

system was revised in October 2018 in an effort to

the prior system.17 For instance, in the prior system,

reduce waitlist mortality and improve geographic

>75% of LVAD patients were Status 1A at the time of

equity of organ distribution. The revised system is

HT, whereas <25% of LVAD patients were Status 1 or 2

characterized

stratiﬁcation

at the time of HT in the revised system. Consequen-

based on illness severity, with patients managed with

tially, the proportion of patients with a durable LVAD

nondischargeable temporary MCS (eg, extracorporeal

in place at the time of HT declined signiﬁcantly from

by

increased

patient

membrane oxygenation) prioritized over stable pa-

47% in 2017 to 14% in 2020 (Figure 4). However, time

tients managed with durable LVADs. 16 In contrast to

to transplantation from ﬁnal listing status in LVAD

the prior system, which had 3 statuses (1A, 1B, and 2),

patients is shorter in the postrevision era (65 days vs

the revised system has 6 statuses (Status 1 to Status 6)

82 days), and no difference in waitlist survival has
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F I G U R E 3 Survival After LVAD Implantation, 2015-2019 vs 2010-2014

% Survival on a Device

1096

100%
90%
80%
70%
60%
50%
40%
30%
20%
10%
0%

Months after
2010-2014
Implant
12
24
36
48
60
0

3

6

2015-2019

80.5%
69.1%
58.5%
48.9%
40.9%
9

12

15

82.3%
73.1%
63.5%
55.0%
46.8%
18

21 24 27 30 33 36 39
Months After Device Implant

At risk:
10,944
14,607

42

45

48

51

54

3,981
3,219
2010-2014 (n = 10,944, Deaths = 4,415)

57

60

1,965
311
2015-2019 (n = 14,607, Deaths = 3,982)

Kaplan-Meier survival curves for primary continuous-ﬂow LVADs stratiﬁed by era (N ¼ 25,551) (STS-Intermacs data). Survival in the contemporary era
(2015-2019) is improved compared with the prior era (2010-2014). From Molina et al,5 with permission. Event ¼ death (censored at transplant or
cessation of support); P (log rank) <0.0001. Abbreviations as in Figure 2.

been detected between LVAD-supported patients

therapy. Importantly, HT outcomes are worse in pa-

before vs after the allocation system revision in the

tients who are hemodynamically unstable with mul-

UNOS Registry.

tiorgan failure. Thus, durable LVAD may be a safer

One-year post-transplant survival in LVAD patients

strategy for long-term survival in patients who are

who undergo HT appears to be lower in the revised

deteriorating on temporary MCS or who are not

system compared with the prior system (83.4% vs

receiving offers while on support durations beyond

91.7%; P < 0.001).17 These ﬁndings may be due to

FDA approval of current temporary MCS devices.

increased donor graft ischemic times (because of

Other considerations favoring durable MCS include

wider geographic sharing for Status 1 or 2 patients) or

facilitation of hospital discharge, improved patient

because LVAD-supported patients are more likely to

functional and nutritional status, and stabilization or

undergo HT in the context of device-related compli-

improvement of noncardiac organ function before HT

cations, rather than while ambulatory and stable. In

(Table 2). Another important consideration in the care

addition to the increased surgical risk associated with

pathway is total patient survival time. Survival after

redo-sternotomy, infection, pump dysfunction, and

HT is relatively ﬁxed at an average of 10-13 years and

right HF, LVAD patients have the potential to elicit

common causes of death (eg, cardiac allograft vas-

unstable cardiopulmonary hemodynamics, vascular

culopathy) are not easily mitigated. Whether total

tone, and coagulation cascades. To this end, vaso-

survival is better with a period of LVAD support fol-

plegia and bleeding are more common in HT re-

lowed by HT warrants study.

cipients supported on durable LVAD.
Most LVAD implants in the United States since the
2018 UNOS donor heart allocation system revision are

MANAGEMENT OF PATIENTS ON DURABLE
LVAD SUPPORT

utilized for patients who are not candidates for HT
(eg, due to age) or have immediate contraindications

SURGICAL APPROACH: STERNOTOMY VS THORACOTOMY.

(eg, obesity). Nevertheless, given the limited avail-

Advancements in minimally invasive cardiac surgical

ability of organs, many patients who are excellent HT

techniques have been applied to LVAD implantation,

candidates will require support with durable LVAD

facilitated by the smaller sizes of contemporary
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devices, and spurred on by the reoperative status of
many candidates. Alternative surgical approaches

T A B L E 1 Status for Patients With Durable LVAD in Prior vs Revised UNOS Donor Heart

Allocation System

may minimize extensive dissection of previous periPrior System

cardial adhesions. Although LVADs have historically
been implanted via a full median sternotomy, a
strategy of left lateral thoracotomy combined with

Status

Status

Patient on durable LVAD support with a 1
device-related complication
(ie, device infection, hemolysis,
pump thrombosis, right heart failure,
mucosal bleeding, or aortic
insufﬁciency)
OR Patient on durable LVAD support for
discretionary 30-day period

Patient on durable LVAD support with
life-threatening ventricular
arrhythmia

1B

Stable patient on LVAD support

2

Patient on durable LVAD support with
device malfunction or mechanical
failure

3

Patient on durable LVAD support with
device infection, hemolysis, pump
thrombosis, right heart failure,
mucosal bleeding, or aortic
insufﬁciency
OR Patient on dischargeable LVAD
support for discretionary 30 days

4

Patient on dischargeable LVAD support
without discretionary 30 days

for ascending aorta outﬂow graft anastomosis has
been adopted by some centers with promising outcomes.18 In 2019, the LATERAL (HW006 LATERAL
study, evaluated the safety and efﬁcacy of a lateral
thoracotomy approach for HVAD implantation in 144
patients across 26 North American centers. This study
demonstrated greater rates of clinical success (alive
free from disabling stroke, transplanted, or explanted
for recovery) at 6 months (88.1% vs 77.5%; P < 0.01)
and shorter hospital length of stay (18 vs 26 days; P <
0.01) with a thoracotomy approach compared with
historical sternotomy data.19 Lateral thoracotomy
approaches have also been associated with improved
short-term

survival

and

decreased

rates

Criteria

1A

upper mini-sternotomy or upper right thoracotomy

Thoracotomy [HVAD]) trial, a prospective, single-arm

Revised System

Criteria

LVAD ¼ left ventricular assist device.

of

postimplantation right ventricular (RV) failure and
perioperative transfusions compared with conventional sternotomy. 20
Successful less-invasive implantation has also

II), only 1.4% of HM3 patients in MOMENTUM 3
experienced pump thrombosis during long-term
follow-up 24 (Figure 6).

been reported for the HM3 (Figure 5). 21 The ongoing

NEUROLOGIC EVENTS. Ischemic and hemorrhagic

SWIFT (Implantation of the HeartMate 3 in Subjects

stroke remain prevalent among contemporary LVAD

With Heart Failure Using Surgical SWIFT HM3 PMS)

recipients,24 and risk is highest in the ﬁrst year after

study will evaluate outcomes of thoracotomy-based

device implantation. 25 Moreover, advanced HF pa-

HM3 implantation in a larger cohort of patients than

tients identify stroke risk as the top concern when

presented in current reports.22

questioned on willingness to consider LVAD support.26 In addition to patient-speciﬁc factors (eg,

HEMOCOMPATIBILITY-RELATED ADVERSE EVENTS.

atrial ﬁbrillation [AF], prior stroke, and diabetes),

Hemocompatibility-related adverse events (HRAEs),

several LVAD-related complications can increase

including pump thrombosis, ischemic and hemor-

ischemic

rhagic stroke, and spontaneous nonsurgical bleeding,

bleeding, antithrombotic therapy intensity is often

remain important AEs of LVAD therapy. These events

decreased, and risk of thromboembolic stroke in-

are associated with considerable resource utilization,

creases multifold.27 Infection while on LVAD support

morbidity, and mortality. HRAEs are thought to be a

confers increased risk of hemorrhagic stroke, 28

or

hemorrhagic

stroke

risk.

With

GI

result of derangements in hematologic and inﬂam-

possibly due to mycotic aneurysm formation and/or

matory pathways due to nonpulsatile blood ﬂow,23

INR lability with antibiotic administration. Hyper-

blood element damage from elevated shear stress,

tension (mean arterial pressure $90 mm Hg) has also

and adverse effects of antithrombotic therapy used to

been associated with increased stroke and pump

mitigate thromboembolic risk. With current LVADs,

thrombosis risk, especially in HVAD recipients.29

patients are typically treated with warfarin to achieve

Guidelines recommend use of pharmacologic ther-

an international normalized ratio (INR) of 2.0-3.0

apy to maintain mean arterial pressure #80 mm Hg,

and aspirin 81-325 mg daily. Notably, both patient-

although selecting a method to measure blood pres-

and device-related factors contribute to risk of

sure with CF devices is a source of debate. 30 When

HRAEs, and the complex interplay between these

pump thrombosis does occur, hemorrhagic stroke risk

factors, as well as the presence of other LVAD-related

increases, possibly due to antithrombotic ther-

complications, can precipitate HRAEs. Although

apy intensiﬁcation.

pump thrombosis rates ranged from 8%-10% at 1 year

Concomitant AF increases stroke risk in patients

for second-generation LVADs (HVAD and HeartMate

supported by the HeartMate II.31 Patients with AF had
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F I G U R E 4 Heart Transplant Listing With LVAD in the United States

P < 0.001 for trends over time

100

Allocation
Change

Number of Patients

150

50

c18
Fe
b19
Ap
r19
Ju
n1
Au 9
g19
O
ct
-1
De 9
c1
Fe 9
b2
Ap 0
r20

De

n1
Au 7
g17
O
ct
-1
De 7
c1
Fe 7
b18
Ap
r18
Ju
n1
Au 8
g18

Ju

r17

0
Ap

1098

Month/Year of Listing
Listed With LVAD
LVAD Placed After Listing
Trends in LVAD utilization in patients listed for heart transplantation in the United States before and after 2018 donor heart system allocation changes.
Over time, patients with LVAD at time of listing (blue) and placed after listing (red) have declined (P < 0.001). Reproduced with permission from Mullan
et al14 with permission. LVAD ¼ left ventricular assist device.

higher INR at the time of stroke and the month

deﬁciency related to high levels of shear stress in the

leading up to stroke, suggesting that AF confers

LVAD circuit. 35 Additionally, changes in platelet re-

stroke risk that is not fully modiﬁed by oral anti-

ceptor activity and turnover have been noted.36 Ul-

32

Additionally, women

timately, vWF deﬁciency and impaired platelet

with LVADs have higher stroke risk compared with

function with reduced pulsatility in distant organ

men. 33 Notably, HM3 is associated with a similar

beds increases the risk of bleeding, especially from

stroke risk compared with HeartMate II during the

mucosal surfaces such as the GI tract and naso-

ﬁrst 6 months postimplantation. However, beyond

pharynx. About one-third of GI bleeding events

6 months, HM3 recipients had a 77% lower stroke risk

involve arteriovenous malformations. Risk factors for

than HeartMate II recipients in a MOMENTUM 3 sec-

GI bleeding include older age, severe RV dysfunction,

ondary analysis,34 supporting the pump’s improved

chronic kidney disease, and coronary artery disease.37

coagulation in LVAD patients.

hemocompatibility. Despite these gains, ﬁndings also

For many, endoscopic intervention is temporizing

revealed that nondisabling strokes signiﬁcantly low-

and recurrence of bleeding occurs in z25% of pa-

ered 2-year survival postimplantation. Additionally,

tients. Prevention of GI bleeding with pharmacologic

patient-related factors for stroke will continue to

therapies, including angiotensin-converting enzyme

drive neurologic events in patients on otherwise un-

inhibitors,38 octreotide, thalidomide, and digoxin, 39

complicated LVAD support. Thus, stroke continues to

has been met with mixed results. For BTT patients,

be a major focus of future device engineering and

the need for repeat transfusions can increase allo-

efforts to improve device biocompatibility.

sensitization, leading to prolonged waitlist times and

BLEEDING. Bleeding

decreased likelihood of transplantation.

complications are the most

frequent HRAEs among LVAD recipients. Outside of
the operative period, these events are largely medi-

REDUCED INTENSITY ANTITHROMBOTIC THERAPY.

ated by hematologic aberrations induced by lack of

Given the high prevalence of bleeding complications

pulsatile circulation. Patients on CF LVAD support

and lower rates of thrombotic complications observed

also develop acquired von Willebrand factor (vWF)

in

HM3-supported

patients,

investigators
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recently evaluated the safety of reduced intensity
antithrombotic therapy. Data from MOMENTUM 3

T A B L E 2 Advantages and Disadvantages of Durable LVAD Implantation as Bridge to

Transplant in the Current Era

demonstrate that aspirin 81 mg daily is noninferior to
aspirin 325 mg daily on a backdrop of therapeutic
anticoagulation (INR target 2.0-3.0).

40

These obser-

vations form the basis for the ARIES HM3 (Antiplatelet Removal and Hemocompatibility Events with
the HeartMate 3 Pump) trial, which is currently
randomizing HM3 recipients to vitamin K antagonist
with either aspirin 100 mg or placebo and comparing
survival

free

of

HRAEs

using

a

noninferiority

design.25 Additionally, the MAGENTUM 1 (Minimal
Anticoagulation

Evaluation

To

Augment

Hemo-

compatibility) study demonstrated that lower intensity anticoagulation (INR target 1.5-1.9) was safe in
15 HM3 recipients; no thrombotic events were

Advantages

Disadvantages

 Reversal of organ dysfunction, nutritional deﬁciencies, and occasionally
frailty
 Greater hospital discharge/outpatient
status at time of transplant
 Time to correct psychosocial behaviors,
increase adherence, and improve
transplant candidacy
 Improved exercise capacity, functional
status, and health-related quality of life
while awaiting transplant
 Treatment of obesity with medical or
surgical strategies
 Potential for myocardial recovery in
some patients

 Second cardiac surgery operation
required at time of eventual transplant
 Increased waiting times for transplant
under the revised UNOS donor heart
allocation system
 Stable durable LVAD patients (Status 4)
have potentially lower access to organ
offers
 Development of LVAD-related AEs (eg,
major disabling stroke) may result in
transplant ineligibility
 Increased allosensitization risk in some
patients (eg, due to blood transfusion
and/or presence of LVAD) may prolong
waiting time

AEs ¼ adverse events; LVAD ¼ left ventricular assist device; UNOS ¼ United Network for Organ Sharing.

observed at 6 months postimplantation. 41 Given that
LVAD patients have relatively low time in therapeutic
INR range, 42 home-based INR monitoring approaches
are also being evaluated in this population.43 Last,
postimplantation bridging with low molecular weight
heparin may be noninferior and associated with
shorter hospitalization compared with intravenous
unfractionated heparin.44 Future trials evaluating
such strategies may lead to important changes in
recommended antithrombotic regimens and monitoring, which could translate to reduced bleeding
rates in patients on LVAD support.
Although there have been case reports of HM3 patients discontinuing anticoagulation for >1 year
without thromboembolic events, 45 this is advisable
only

in

the

face

of

life-threatening

bleeding.

Currently, trials that assess efﬁcacy and safety of
direct-acting oral anticoagulants in the LVAD population are lacking. A small randomized trial of dabigatran vs warfarin in HVAD patients was terminated
due

to

increased

thrombotic

events

with

dabigatran.46
RV FAILURE. Although patients with severe

resuscitation are additional potential insults. Acute
(within 2 weeks) RV failure after LVAD implantation
has a reported prevalence of 10% to 40%, depending
on the deﬁnition of RV failure used and which patients are examined (Figure 6).47,48 When acute RV
mechanical support is required postimplantation, inhospital mortality approaches 50%, 49 and later-onset
RV failure is also associated with increased morbidity
and mortality. Timely insertion of temporary RV MCS
in such instances is of paramount importance, and
early experience suggests percutaneous RV assist
devices may represent a viable alternative to surgically implanted systems. 50
To guide patient selection, numerous efforts to
predict RV failure risk after LVAD implantation have
been undertaken. However, most models are derived
from single-center case series, have modest discriminatory value, and are not validated in external cohorts.51 Patients with impaired RV function before
LVAD implantation based on need for extracorporeal
membrane oxygenation or other clinical, hemody-

RV

namic, echocardiographic, or biochemical measures

dysfunction are generally not candidates for durable

are at increased risk for postoperative RV failure47

LVAD, many advanced HF patients referred for LVAD

(Table 3).

have mild or subclinical RV dysfunction, predisposing

Part of the reason for limited clinical utility of

them to severe RV failure after LVAD implantation.

these parameters is that RV function may improve

Postoperative RV failure results from several geo-

after LVAD placement due to reductions in pulmo-

metric and hemodynamic insults to the RV related to

nary capillary wedge pressure and RV afterload,

LVAD implantation. LV unloading can cause a left-

which can counterbalance adverse changes in RV

ward shift of the interventricular septum, which

geometry and preload. Recently, measures of RV

removes septal contribution to RV contractility, en-

reserve have been shown to provide incremental risk

larges RV size, and leads to spherical RV geometry.

stratiﬁcation for acute RV failure in LVAD re-

Additionally, augmented systemic cardiac output in-

cipients.52 Thus, the ability to optimize RV function

creases RV preload, further increasing right-sided

with diuretics, inotropes, and/or ultraﬁltration before

ﬁlling pressures, volumes, and wall stress. Vaso-

LVAD implantation may lessen risk of postoperative

plegia, right coronary artery ischemia, and volume

RV failure. After implantation, patients who can

Downloaded for Anonymous User (n/a) at Henry Ford Hospital / Henry Ford Health System (CS North America) from ClinicalKey.com by
Elsevier on April 19, 2022. For personal use only. No other uses without permission. Copyright ©2022. Elsevier Inc. All rights reserved.

1100

Varshney et al

JACC VOL. 79, NO. 11, 2022
MARCH 22, 2022:1092–1107

Current Trends in Durable LVAD Therapy

implantation with partial central or full valve closure,

F I G U R E 5 Thoracotomy-Based LVAD Implantation Approach

or replacement with a bioprosthetic valve. 58 Adjustment of LVAD speed postimplantation to allow for
intermittent aortic valve opening may be preventive.
Predictors of worsening AR in the Intermacs Registry included older age, female sex, smaller body
mass index, and mild AR preimplantation. 57 In patients who develop AR refractory to medical therapy,
redo-sternotomy for surgical replacement is technically challenging and associated with considerable
operative risk. Therefore, transcatheter aortic valve
replacement (TAVR) has recently been evaluated.
Although studies have been limited in size and singlecenter, early results indicate that TAVR is feasible in
carefully selected patients with symptomatic AR,
albeit with risk of complications (eg, access site
bleeding, prosthesis migration).59 Development of
TAVR prostheses speciﬁcally designed for treatment
of AR in mildly calciﬁed valves (as frequently
encountered post-LVAD) and future investigations
with larger cohorts are needed to improve post-TAVR
outcomes in LVAD recipients.

Upper right thoracotomy and left anterolateral thoracotomy-based HeartMate 3 LVAD

DEVICE-RELATED INFECTION. Patients on durable

implantation. Less invasive surgical approaches are increasingly adopted and may be

LVAD support can experience LVAD-speciﬁc in-

associated with improved postoperative outcomes. LVAD ¼ left ventricular assist device.

fections (involving LVAD driveline, pocket, cannula,
or pump), LVAD-related infections (infections that
can occur in patients without a device but are more
common in LVAD recipients, such as mediastinitis or
achieve

hemodynamic

optimization

with

ramp

testing experience decreased hospitalization rates,
driven by decreased HF admissions.

53

Pulmonary

endocarditis), or non-LVAD infections (pneumonia or
urinary tract infection). 60 In aggregate, infections account for the most frequent AE class in LVAD re-

vasodilator use, including milrinone, inhaled nitric

cipients (Figure 6), and most arise from the driveline. 30

oxide, or epoprostenol, is associated with reductions

Risk factors for infection include older age, diabetes,

in mean pulmonary arterial pressure and may facili-

chronic kidney disease, obesity, and prolonged LVAD

tate weaning from RV support devices and/or ino-

support.60 The most common causative organisms

Whether chronic pulmonary

include skin ﬂora (eg, Staphylococcus aureus or

vasodilator use improves symptoms, reduces risk of

coagulase-negative staphylococci); less common or-

tropes postoperatively.

54

late-onset RV failure, prevents thrombotic AEs,

55

or

ganisms include Pseudomonas spp., fungal, and poly-

facilitates eventual HT listing requires additional

microbial sources. 61 LVAD infections are diagnosed via

investigation.56

driveline-site cultures and blood cultures. Additionally, ultrasound, contrast-enhanced computed to-

AORTIC REGURGITATION. At least moderate aortic

mography (CT), and 18F-ﬂuorodeoxyglucose positron

regurgitation (AR) develops in approximately 10%-

emission tomography-CT are typically used to eval-

15% of patients during the ﬁrst year after LVAD im-

uate the extent of infection. 62

increased

Treatment of LVAD infection is based on severity

morbidity and mortality.57 AR develops because of

and causative organism. Typically, patients with su-

reduced

plantation,

and

is

associated

with

subsequent

perﬁcial infections receive 7 to 10 days of oral anti-

commissural fusion and high proximal aortic after-

biotics with close clinical monitoring. Those with

load causing increased transvalvular pressure gradi-

bacteremia or abscess require extended duration

ents. AR leads to ineffective LVAD output, with

antibiotic therapy, with surgical-assisted or vacuum-

development of recurrent left and right HF over time.

assisted

Guidelines recommend surgical correction of pre-

indicated for management of abscesses or deeper

existing moderate or severe AR at the time of LVAD

infection. Gram-negative infections related to water

aortic

valve

opening

with

drainage

and

driveline
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F I G U R E 6 Adverse Event Rates After Durable LVAD Implantation

Pump Thrombosis
Stroke
GI Bleeding
Driveline Infection
Right Heart Failure
Renal Dysfunction
Respiratory Failure
0

0.05

0.1

0.15
0.2
0.25
0.3
0.35
Events Per Patient-Year
MOMENTUM CAP
MOMENTUM Pivotal
Intermacs Late

0.4

Contemporary rates of adverse events in durable LVAD recipients. Shown are events per patient-year in the MOMENTUM 3 Pivotal (Multicenter Study of
MagLev Technology in Patients Undergoing Mechanical Circulatory Support Therapy With HeartMate 3) and CAP studies13 and Intermacs late (>90 days
postoperative) analysis.5 See references for event deﬁnitions. CAP ¼ continued access protocol; GI ¼ gastrointestinal; other abbreviations as in Figure 2.

contamination of the surgical site are particularly

grade <2), pharmacologic therapy to promote reverse

hard to cure. In patients with persistent bacteremia or

remodeling (lisinopril 20 mg twice daily, carvedilol

recurrent infection despite appropriate antibiotic

50 mg twice daily, spironolactone 25 mg daily, and

and/or surgical therapy, complete device removal or

losartan 150 mg daily), and regular assessment of

replacement may be required. Unfortunately, infec-

native cardiac function via echocardiography and

tion recurrence rates following device exchange are

invasive hemodynamics. Enrolled patients had non-

high. For patients bridging to transplant, increase in

ischemic cardiomyopathy, were young (mean age 35

urgency status (Table 1) may shorten waitlist time and

years), and had HF duration <2 years on average, all

avoid need for surgery. Notably, although severe

of which are associated with increased odds of

post-transplantation infections are more common in
patients with preoperative LVAD infection, post-

T A B L E 3 Evidence of Impaired RV Function Before LVAD Implant

transplantation survival does not appear to be
affected.63 Given that most infections arise from the
driveline site, meticulous driveline care by hospital

Measures

Clinical

Need for ECMO or biventricular temporary MCS
Need for renal replacement therapy
Need for mechanical ventilation

Hemodynamic

Elevated CVP
CVP to PCWP ratio >0.63
Pulmonary artery pulsatility index <2.0

Echocardiographic

Moderate or severe RV dysfunction
Increased RV to LV diameter ratio
Severe tricuspid regurgitation

Biochemical

Increased INR or decreased platelet count
Increased NT-proBNP level
Transaminitis or hyperbilirubinemia
Acute (or acute on chronic) kidney injury

staff and home caregivers is of paramount importance
to prevent infection.
MYOCARDIAL RECOVERY AND DEVICE EXPLANTATION.

In patients on LVAD support, hemodynamic unloading can promote reverse cardiac remodeling and
improved LV function, and pump explantation occurs
in w3% of patients by 3 years after implantation in
routine care.64 Recently, the multicenter, prospective
RESTAGE-HF (Remission from Stage D Heart Failure)
study 65 reported LVAD explantation in 50% of patients within 18 months when treated with optimized
mechanical unloading (to achieve LV end-diastolic
dimension

<6

cm

and

mitral

CVP ¼ central venous pressure; ECMO ¼ extracorporeal membrane oxygenation;
INR ¼ international normalized ratio; LV ¼ left ventricular; LVAD ¼ left ventricular
assist device; MCS ¼ mechanical circulatory support; PCWP ¼ pulmonary capillary
wedge pressure; NT-proBNP ¼ N-terminal pro–B-type natriuretic peptide;
RV ¼ right ventricular.

regurgitation
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F I G U R E 7 LVAD Explantation for Myocardial Recovery

Patient characteristics and recovery protocol associated with durable LVAD explantation for myocardial recovery and explantation rates achieved in STS-Intermacs
compared with RESTAGE-HF (Remission from Stage D Heart Failure). Optimized mechanical unloading and pharmacotherapy was associated with improved rates of
myocardial recovery in selected patients. BUN ¼ blood urea nitrogen; CMP ¼ cardiomyopathy; HF ¼ heart failure; LVEDD ¼ left ventricular end-diastolic diameter;
PASP ¼ pulmonary artery systolic pressure; other abbreviations as in Figure 2.

explantation 64,66 (Figure 7). After explantation, more

Overall, these results challenge the notion that

than three-quarters of patients were alive free from

recovery after LVAD implantation is a rare event and

HT or LVAD replacement. Another study found that

advance the concept that LVAD support may be uti-

reverse cardiac remodeling with LVAD support occurs

lized to facilitate high doses of reverse remodeling

on a spectrum, with some patients experiencing full

pharmacotherapies.

recovery (LV ejection fraction [LVEF] $40% and LV

assessment of myocardial recovery before explanta-

Importantly,

standardized

end-diastolic diameter <6 cm) and a greater propor-

tion has been demonstrated to be safe and accurate,69

tion

improvement

though weaning protocols vary by center. Further-

by $5% with LVEF <40%).67 Patients who had either

more, the optimal antithrombotic regimen after de-

response were more likely to be on GDMT for HFrEF

vice explantation is not yet deﬁned, and patients are

compared with patients who had no myocardial re-

continued on pre-explant regimens for variable du-

covery. Moreover, an Intermacs analysis demon-

rations. 70 Future investigations regarding recovery in

strated

with

partial

that

recovery

continued

use

(LVEF

neurohormonal

LVAD recipients should focus on incorporation of

antagonists is associated with improved outcomes,

of

contemporary HF therapies including sacubitril-

including survival, in LVAD patients. 68 In the Euro-

valsartan, SGLT2 inhibitors, vericiguat, and biolog-

pean Registry for Patients with Mechanical Circula-

ical therapies (eg, stem cells).71 Additionally, whether

tory Support, 1.4% of cases with myocardial recovery

alternate imaging modalities that assess coronary

resulted in successful LVAD explantation, with

blood ﬂow and/or myocardial perfusion, such as

freedom from death, HT, LVAD reimplantation, or HF

technetium-99m sestamibi single-photon emission

relapse of 88% at 2 years.66

CT

and

nuclear

123I-meta-iodobenzylguanidine
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scintigraphy, provide additive value in predicting
myocardial recovery requires study. Last, the optimal

T A B L E 4 Novel LVAD Design Elements and Anticipated Beneﬁts

Design Elements

mechanical unloading strategy to promote recovery
with the HM3 and best surgical explant techniques

Anticipated Beneﬁts

 Decreased derangements in hematologic
and inﬂammatory pathways leading to less
HRAEs
 Allosensitization mitigation
 Low-intensity or alternative
antithrombotic strategies possible

Biocompatible surface materials

need to be deﬁned.

PATIENT-CENTERED OUTCOMES AND ROLE
OF SHARED DECISION-MAKING
When contemplating LVAD implantation, the potential for prolonged survival and improved quality of
life must be carefully weighed against risks of AEs
and burdens placed on patients and caregivers.
Because patients are often critically ill and caregivers

Fully internalized systems (via wireless energy  Freedom from external power cables
transfer with an implantable battery)
allowing extended untethered device
operation
 Driveline infection elimination
 Increased patient quality of life
 Decreased caregiver burden
Adaptive ﬂow autoregulation (via integrated
pressure sensors and advanced support
titration algorithms)

 Superior pump wash-out leading to fewer
HRAEs
 Increased patient exercise capacity and
quality of life
 Optimized right and left ventricular
interactions

Fully pulsatile valveless miniaturized pumps
(via high-frequency oscillating discoidal
membrane propelling blood ﬂow)

 Physiologic pulsatililty restoration leading
to fewer HRAEs
 Favorable long-term effects on vascular
and end-organ properties
 Enhanced hemocompatibility due
to diminished shear stress
 Aortic regurgitation mitigation

play a crucial role in long-term management, the
decision to proceed with LVAD implantation is especially challenging.72 Given the information asymmetry between clinicians (regarding LVAD beneﬁts and
hurdles) and patients and caregivers (regarding individual priorities and values), shared decision-making
frameworks have been developed to facilitate higherquality decision-making.
The DECIDE-LVAD (Multicenter Trial of a Shared
Decision Support Intervention for Patients and their
Caregivers Offered Destination Therapy for End-Stage
Heart Failure) recently evaluated the effectiveness of
clinician education paired with pamphlet- and videobased decision aids for patients and caregivers

Physiologic blood ﬂow-path co-pumping (via  Aortic regurgitation mitigation
synchronized aortic transvalvular blood
 RV function protection due to stabilized
stream enhancement)
septal geometry
 Lower power consumption given synergistic effect with native left ventricular
performance
 Potential for increased chances
of myocardial recovery
HRAE ¼ hemocompatibility-related adverse event; other abbreviations as in Table 3.

considering LVAD therapy.73 A total of 248 patients
were enrolled across 6 U.S. centers; patient knowledge and concordance between stated values and

contraindication

patient-reported treatment choice at 1 month were

augmented support systems, including mental health

modestly

improved

in

the

intervention

to

durable

MCS.

However,

group

and addiction medicine resources, should be offered

compared with control. The intervention did not

to patients and/or their caregivers if risks are

improve concordance between stated values and

identiﬁed.

treatment received at 6 months, and the rate of LVAD
implantation was considerably lower in the inter-

KNOWLEDGE GAPS

vention group (54%) compared with control (80%).
Given feasible integration of DECIDE-LVAD decision

Several aspects of LVAD management with current

aids into standard LVAD evaluation processes at

devices require additional investigation. Infectious

participating

albeit

complications are exceedingly frequent and better

modest, effects it had on decision quality, this inter-

strategies for infection prevention are needed. In

vention is being disseminated systematically to all

patients at higher risk for driveline infection (eg,

U.S. LVAD programs. 74

diabetes), whether local or systemic antibiotic pro-

centers
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and

the

beneﬁcial,

Another important aspect of shared decision-

phylaxis provides net clinical beneﬁt should be

making pertains to assessment and provision of

established. Fully implantable LVADs, which do not

adequate psychosocial support for LVAD patients and

require percutaneous drivelines, are under develop-

their caregivers. Patients with psychosocial risk fac-

ment76 and will likely lead to signiﬁcantly less device-

tors (eg, limited supports, substance use disorder)

speciﬁc infections. Bleeding events remain the most

have increased risk of adverse outcomes after LVAD

frequent HRAE, and efforts to identify the optimal

implantation and are less likely to undergo HT. 75

antithrombotic regimen in HM3 recipients are awai-

Importantly, the presence of psychosocial risk fac-

ted. Future device designs that decrease vWF multi-

tors is not associated with increased post-LVAD

mer destabilization and RV failure or enhance

mortality, and thus should not be an absolute

pulsatility may further reduce bleeding risk.
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C E NT R A L IL L U ST R A T I O N Recent Trends in Left Ventricular Assist Device Implantation Strategies, Outcomes, and
Management

Varshney AS, et al. J Am Coll Cardiol. 2022;79(11):1092–1107.

Recent changes in device approval, transplant policy, and understanding of adverse events has resulted in important changes in LVAD recipient epidemiology, survival,
and adverse event management. AE ¼ adverse event; BTT ¼ bridge to transplant; DT ¼ destination therapy; FDA ¼ U.S. Food and Drug Administration; HF ¼ heart
failure; HT ¼ heart transplantation; LVAD ¼ left ventricular assist device; RV ¼ right ventricular; TAVR ¼ transcatheter aortic valve replacement; TMCS ¼ temporary
mechanical circulatory support; UNOS ¼ United Network for Organ Sharing. *Mehra et al13; †Starling et al.15

Whether using an implantable pulmonary artery

FUTURE DIRECTIONS

pressure sensor (CardioMEMS, Abbott) to optimize
unloading and readily detect complications is advan-

Although there has been tremendous progress in

tageous is an important area of investigation and the

LVAD therapy due to advancements in device design,

focus of the INTELLECT 2 (Investigation to Optimize

surgical techniques, and longitudinal care, device-

Hemodynamic Management of Left Ventricular Assist

related AEs limit wider implementation among

Devices Using the CardioMEMS) clinical trial.77 This

advanced HF patients. Furthermore, widespread

approach may facilitate titration of HFrEF drug ther-

acknowledgement of the beneﬁts of LVAD therapy vs

apies (which could increase the likelihood of myocar-

medical therapy alone for advanced HF is lacking.

dial recovery in some), pulmonary vasodilators (which

Because HM3 is now the only commercially available

could promote transplant candidacy in some), and

durable LVAD, there is concern that MCS device

tailored support with exercise. Additionally, virtual

innovation could stagnate. However, multiple next-

care approaches for LVAD patients are feasible and

generation devices with advantageous design ele-

associated with high patient satisfaction in initial

ments are under development (Table 4).

studies78 ; these strategies should be evaluated more
rigorously in comparative multicenter trials. Last,

CONCLUSIONS

though thoracotomy-based implantation techniques
are gaining adoption with currently available pumps,

Though HFrEF pharmacotherapy has improved in

even less-invasive implantation (eg, off-pump or

recent years, the burden of advanced HF continues to

transcatheter) may be possible with future devices as

rise. In the contemporary era, LVAD outcomes are

device sizes continue to decrease. For patients with

equivalent to HT at 2 years and average LVAD sur-

less-advanced HF, the role of partial LV support re-

vival is expected to surpass 5 years in patients on

mains unproven, although animal models and proof-

durable HM3 support. Despite these gains, there are

of-concept studies are encouraging.

numerous opportunities for improvement through
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optimized medical care and next-generation device
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development to move the ﬁeld forward. The ultimate

on an advisory board for Abbott; has received speaker fees from

goal is to offer device therapy that is comparable to
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HT

in

the

long

term
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