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Abstract
Purpose of Review The purpose of this review is to synthesize and summarize recent developments in the care of patients with
end-stage heart failure being managed with a left ventricular assist device (LVAD) as destination therapy.
Recent Findings Although the survival of patients treated with LVAD continues to improve, the rates of LVAD-associated
complication, such as right ventricular failure, bleeding complications, and major infection, remain high, and management of
these patients remains challenging.
Summary The durability and hemocompatibility of LVAD support have greatly increased in recent years as a result of new
technologies and novel management strategies. Challenges remain in the comprehensive care of patients with destination therapy
LVADs, including management of comorbidities and optimizing patient function and quality of life.

Keywords LVAD . Destination therapy . Adverse events . Long-term .Management

Introduction

Heart failure is a global pandemic and one of the lead-
ing causes of morbidity and mortality, affecting 26 mil-
lion people worldwide and 5.7 million people in the
USA [1]. It is estimated that the 5%–10% of this patient
population have severe heart failure symptoms despite
optimal medical therapies and may benefit from ad-
vanced heart failure therapies. [2]

The REMATCH [3] trial (Randomized Evaluation of
Mechanical Assistance for the Treatment of Congestive
Heart Failure) validated long-term mechanical circulatory
support with a left ventricular assist device (LVAD) as a novel
strategy in the management of patients with advanced systolic
heart failure ineligible for heart transplantation, a strategy
termed Destination Therapy (DT). Up to this point,

mechanical support platforms had been employed only
as a temporizing measure until time of cardiac trans-
plant. The results in REMATCH were dramatic: with
implantation of a first-generation pulsatile-flow LVAD
(the HeartMate XVE), patients experienced a 48% re-
duction in mortality and improved quality of life com-
pared to optimal medical therapy—the largest relative
survival benefit of any heart failure trial to date [4].
Still, 1- and 2-year survival remained poor at 52.1%
and 24.7%—far inferior to heart transplantation, partial-
ly due to mechanical breakdown of the pulsatile
technology.

In an effort to improve the durability of the devices,
continuous-flow LVAD (cf-LVAD) technologywas developed
within a decade. Continuous-flow platforms challenged fun-
damental concepts about the physiologic role of pulsatility in
end-organ perfusion, but early success in the HeartMate II
(HM2) trial [5] in 2009 led to universal adoption of the cf-
LVAD and precipitous growth of the DT strategy over the
course of the decade. In 2010, only 35% of patients were
implanted as DT compared to 65% implanted as a bridge to
transplant (BTT) or bridge to transplant candidacy (BTC). By
2017, 49% of cf-LVADs were implanted as DT. With the new
transplant allocation system established in October 2018, the
percentage of patients treated with LVAD as BTT has declined
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significantly, and it is estimated that 80–90% of the implants
in the USAwill be BTC or DT.

Since 2006, almost 20,000 patients in the USA have been
implanted with a cf-LVAD, including over 2500 implantations
in each recent year [6]. Survival of patients with the cf-LVAD
has greatly increased and continues to improve. In the most
recent INTERMACS report, including data up to 2016 from
BTT, DT, and BTC patients, 1- and 5-year survival with cf-
LVADs was 83% and 46%, respectively [6]. Yet, the use of cf-
LVADs has been plagued by a high rate of adverse events,
including stroke, device thrombosis, right heart failure, infec-
tion, and bleeding. In addition, DT patients continue to face
numerous functional limitations and quality of life stressors
that are not addressed by—or even made worse by—LVAD
implantation [7, 8]. However, a paradigm shift is underway in
the care of DT LVAD patients, and a number of technological
breakthroughs and critical clinical insights in recent years
have helped mitigate many of these challenges.

This review will focus on strategies for the long-term man-
agement of DT patients after the implantation of an LVAD. It
must be noted, however, that the first step towards long-term
patient optimization after LVAD is appropriate patient selec-
tion and LVAD timing, complex topics outside the scope of
this review. Fundamentally, however, the risk of mortality and
morbidity from medically managed heart failure must be
weighed against the risk of mortality and morbidity after
LVAD [9] and these discussions must occur in conjunction
with patients and their families with early involvement of
palliative care specialists. Risk scores including the Seattle
Heart Failure Model [10] and objective functional testing via
the 6-min walk and peak oxygen consumption can help strat-
ify the risk of heart failure mortality. This can be compared to
predicted survival after LVAD, using tools such as the Penn-
Columbia risk score that recently modeled post-LVAD surviv-
al up to 1 year [11]. Nevertheless, individualized decision-
making is key, and the rapid technological progress occurring
every year requires continued reassessment of LVAD timing
and selection criteria in order to optimize patient outcomes.

Destination Therapy Platforms in the Modern
Era

Today, three commonly used durable devices have FDA ap-
proval in the USA for DT implantation: the HM2 (Abbott Inc.,
Lake Bluff, IL), the HVAD (Medtronic Ltd., Fridley, MN),
and the HeartMate III (HM3) (Abbott Inc., Lake Bluff, IL).
The hemodynamic performance of each cf-LVAD device can
be compared via an “HQ curve,”which details the relationship
between pump flow at a given speed as a function of the
pressure difference across the pump (ΔP = Pout − Pin) [12].
Recent observational and trial data have demonstrated differ-
ences in clinical outcomes between devices, detailed below,

that are related to their underlying biomechanical operating
characteristics. Optimal patient selection for LVAD therapy
and long-term DT management requires an understanding of
these developments.

HeartMate 2

The first FDA-approved device for DT was the HM2 in
January 2010 after survival and device durability was shown
to be superior to pulsatile LVAD technology [5] and it
remained the only device with DT approval for 7 years. The
HM2 is unique among DT-approved platforms in its axial-
f l ow de s i g n , hyd r odynam i c p r o f i l e , r e qu i r e d
thoracoabdominal placement, and mechanical bearing-
supported rotor [5]. The axial-flow impeller, which functions
hydrodynamically as an Archimedes screw pushing blood
from the inlet to the outlet, exhibits a linear decline in flow
as ΔP increases [13]. Two clinical properties emerge from
this: first, axial-flow devices continue to pull volume even
when left ventricular (LV) filling pressure is reduced, such
as in hypovolemia or right ventricular (RV) dysfunction.
Under these conditions, HM2 patients are prone to suction
events, accelerated hemolysis, further impaired RV perfor-
mance, or worsened tricuspid regurgitation, though the device
attempts to overcome this by dropping the pump speed tem-
porarily when a low pulsatility index is detected. Conversely,
in high afterload states, the axial-flow pump has a favorable
response with a greater ability to maintain output—albeit less
so than the native LV [14].

In 2011 and 2012, INTERMACS surveillance detected a 6-
fold increase in the rate of pump thrombosis in HM2 recipi-
ents [15, 16], accompanied by a 7% absolute decrease in free-
dom from device exchange or death at 6 months. The exact
cause for the increase in the rate of thrombosis remains un-
clear. A root cause analysis uncovered several contributing
etiologies, including mechanical bearings that make direct
contact with the housing chamber, inadequate anticoagulation
or antiplatelet therapy, partial obstruction of the inflow cannu-
la when angled towards the free wall, and contribution from a
revised bend-relief component that was capable of generating
turbulence if fully or partially dislodged [15, 17]. The
PREVENT trial [18] later studied a multifactorial approach
tomitigate pump thrombosis in HM2 recipients that addressed
several of these underlying issues. Centers were instructed to
implant the inflow cannula parallel to the septum to minimize
obstruction, to keep pump speed above 9000 RPM, to keep
mean arterial blood pressure < 90 mmHg, and to start a hep-
arin bridge within 48 h of implantation. If no significant bleed-
ing occurred, centers were to start aspirin within 2–5 days and
to reach an INR goal of 2.0–2.5 with Coumadin within 5–
7 days after implantation. Although the study had significant
methodologic limitations—there was no control arm and
follow-up was only 6 months—only 2.9% of patients
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experienced pump thrombosis at 3 months and 4.8% at
6 months. These rates were lower than any historical controls
at the time, and most centers adopted comparable regimens as
a result. However, in the Momentum trial, which included a
control group of patients treated with HM2, the rate of pump
thrombosis among patients on HM2 support remained high at
rates of 13.9% [19].

HVAD

The HeartWare HVAD represented the first 3rd generation cf-
LVAD [20]. It operates via a centrifugal-flow platform,
allowing for a considerably smaller-sized pump that could
be implanted entirely within the intrapericardial space.
Centrifugal flow devices, which generate flow by “throwing”
blood tangential to their blades, modify the HQ relationship;
more significant changes in flow result from relatively small
changes inΔP across the pump. While this renders the pump
flow more susceptible to changes in afterload, it is also less
susceptible to suction events from LV underfilling and offers
more intrinsic pulsatility in coupling with the native cardiac
cycle [14, 21, 22]. The HVAD introduced a novel bearing
design that uses combined hydrodynamic and magnetic forces
to completely suspend the impeller when spinning, generating
a wider central blood channel with lower theoretical propen-
sity towards thrombus deposition. However, significant blood
trauma may still occur in the thin film of blood separating the
rotating and stationary surface [23], and von Willebrand
multimer profiles appear similar between the HVAD and the
HM2 [24]. Lastly, the HVAD was updated more recently to
include an optional periodic speed modulation feature (the
“Lavare cycle”) that allows alterations of flow within the LV,
potentially mitigating blood stasis through improved ventric-
ular washout [25, 26].When turned on, the Lavare cycle drops
the set speed by 200 rpm for 2 s then increases the pump speed
by 400 rpm (i.e., 200 rpm above the starting point) for 1 s [27],
repeating this cycle once per minute. It is thus designed for
improved LV washout rather than pulsatility, and in vitro
mock loop studies have suggested a decreased incidence of
thrombus formation in the LV or ingested by the pump [25].
These findings have not been evaluated clinically in a random-
ized trial. Lavare was approved for commercial use in the
USA in 2018, and the worldwide utilization rate was 87% in
a study from the post-approval Registry to EValuate the
HeartWare Left Ventricular Assist System (ReVOLVE). [25]

The HVAD had been in use during the early part of the
2010s as a BTT platform following results of the
ADVANCE trial, though questions remained regarding the
risk of stroke associated with the device. In 2017, results from
the ENDURANCE trial were published comparing the HVAD
to the HM2 in DT patients [28]. The primary noninferiority
endpoint of the study was a composite of survival free from
disabling stroke or device replacement at 2 years. In the

intention to treat analysis, the primary endpoint was achieved
in 55.4% of HVAD recipients and 59.1% of the HM2 recipi-
ents, a difference of 3.7% with an upper 95% confidence
bound of 12.56% that met the noninferiority threshold of
15%. Post hoc analysis in the per-protocol arms also showed
fewer HVADs with device malfunction or failure (8.8% vs
16.2%, p = 0.03), primarily from a lower incidence of pump
thrombosis. However, HVAD recipients were found to have a
higher rate of stroke (ischemic or hemorrhagic), right heart
failure, and sepsis compared to the HM2 arm [28].

In retrospective analyses of the ENDURANCE and
ADVANCE trials, it appeared that the increase in stroke was
seen primarily when mean arterial pressure (MAP) rose above
90 mmHg and most events occurred in the first 6 months after
implantation [29, 30]. This motivated the ENDURANCE
Supplemental Trial [30] in which subjects were randomly al-
located to either the HVAD plus a strict blood pressure proto-
col (≤ 85 mmHg by automated cuff or ≤ 90 by Doppler cuff)
or the HM2 with standard-of-care blood pressure manage-
ment. The primary outcome was the rate of neurologic injury
at 12 months, including stroke, transient ischemic attack, or
spinal cord injury. The trial failed to meet a prespecified non-
inferiority margin of 6% for the upper confidence limit:
HVAD recipients had a 14.7% incidence of neurologic injury
compared to 12.1% in the HM2 arm, with a 95% upper con-
fidence bound of 10.7%. Nevertheless, the rate of ischemic
stroke was reduced by 24% and rate of hemorrhagic stroke
was reduced by 50% in the strict blood pressure group.
Moreover, the device demonstrated superiority in a secondary
endpoint of 12-month freedom from death, disabling stroke,
device failure requiring exchange, explantation, or urgent
transplantation (76.1% vs 66.9%, p = 0.04), and the rate of
right heart failure in this subsequent trial was no different
between the two arms [30].

A thoracotomy approach for HVAD implantation was re-
cently studied in the LATERAL trial [31] with the expectation
that this could reduce surgical morbidity and mortality among
select patients. High survival rates were observed at 1 and
2 years (89% and 87%, respectively), noting that this study
only included patients who were BTT (74%) and BTC (26%),
limiting comparison to results from DT studies. Nevertheless,
the high survival rates in LATERAL have stimulated the pos-
sibility that this strategy could be studied in select DT patients
who do not require sternotomy for concomitant procedures
(e.g., valve surgery and moderate likelihood of RVAD) and
who have no evidence of LV thrombus.

HeartMate III

Continued efforts to improve cf-LVAD hemocompatibility led
to the development of the HM3. Like the HVAD, the HM3
was built around a centrifugal-flow, intrapericardial design.
The HM3, however, utilizes a novel bearing design that is
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fully magnetically levitated (i.e., MagLev technology),
resulting in even wider blood flow pathways and significantly
reduced shear stress [32] without the need for hydrodynamic
thrust. In addition, the HM3 implemented an artificial
pulsatility algorithm: every 2 s, the pump drops its speed by
2000 rpm for 0.15 s then increases the speed by 4000 rpm for
0.2 s before returning to the set speed. Such augmented
pulsatility offers several hypothetical benefits that are of inter-
est in future analyses, including increased LV washout, de-
layed onset of aortic insufficiency [33], and reduced incidence
of arteriovenous malformations (AVMs) [34]. However, the
fixed time interval of speed fluctuations is not coupled to the
native cardiac cycle [35] so the actual degree of added
pulsatility depends on both the magnitude of underlying con-
tractility and the length of the cardiac cycle.

The MOMENTUM study evaluated 2-year outcomes of
patients who were randomly allocated to either HM3 or
HM2 devices [19]. Study investigators included patients irre-
spective of clinical intent for the LVAD, arguing that the prac-
tical and physiologic distinctions between DT, BTT, BTC, and
bridge to recovery groups have become increasingly arbitrary
[36]. The primary outcome—2-year survival free of disabling
stroke or reoperation to replace or remove a malfunctioning
device—wasmet in 76.9% of HM3 patients vs 64.8% of HM2
patients (p < 0.001), and no interaction was seen between the
primary endpoint and the therapeutic intent of the device [37].
The largest driver of the primary outcome was a 14.6% abso-
lute reduction in pump thrombosis rates with the HM3.
Secondary endpoints also revealed a 9.1% absolute reduction
in the overall rate of stroke driven primarily by a reduction in
minor strokes, though rates of disabling stroke were compa-
rable in both study arms. Significantly fewer bleeding events
were also seen in the HM3 arm (43.7% vs 55%, p < 0.001) of
MOMENTUM, underscoring the developing concept of
hemocompatibility-related adverse events (HRAEs) that share
overlapping pathophysiology rather than representing oppo-
site ends of a bleeding/clotting spectrum [38, 39]. However,
while intra-pump thrombosis showed a dramatic decrease in
MOMENTUM, a later problem with outflow graft obstruction
was detected in registry surveillance at a 0.72% incidence.
This phenomenon was attributed to accumulated rotational
stress at the bend relief culminating in twisting of the outflow
graft and thrombus formation [40, 41]. In cases of low flows
occurring in HM3 patients, it is recommended to conduct a CT
angiography of the chest to rule out outflow graft twisting.

The sizable reduction in pump thrombosis events with the
HM3 has generated great interest in utilizing a reduced
anticoagulation regimen as a new strategy in HM3 recipients.
The preliminary safety and feasibility of this strategy were
evaluated in the MAGENTUM 1 study. Though non-random-
ized, among 15 HM3 patients transitioned to a low INR strat-
egy (1.5 to 1.9) 6 weeks post-implantation, no patients devel-
oped thrombotic events by 6 months. This is consistent with a

similar post hoc analysis in MOMENTUM that showed no
impact of antithrombotic regimen on stroke rates after device
implantation [42]. Among HM3 patients with an increased
bleeding risk, these data support consideration of a reduced
anticoagulation regimen. However, further randomized eval-
uation of these concepts is necessary prior to more generalized
adoption of this strategy, and the current recommendation re-
mains to continue current anticoagulation regimen with INR
goal of 2.0–3.0 and antiplatelet regimen with aspirin.

Adverse Events in cf-LVAD Recipients

Use of the cf-LVAD in DT populations has greatly improved
survival. However, numerous adverse events continue to af-
flict LVAD recipients in spite of recent technological improve-
ments [43]. Given the scarcity of donor hearts, there is a con-
tinued hope that LVADswill ultimately supplant cardiac trans-
plantation as the gold standard therapy for end-stage heart
failure [44]. That shift can take place only when medical and
technological advances further mitigate adverse LVAD events
and quality of life issues in the short and long term. Table 1
provides a summary of these adverse events, preliminary di-
agnostic steps, and management considerations.

Pump Thrombosis

Though device hemocompatibility is improving, pump throm-
bosis remains a significant adverse outcome in cf-LVAD re-
cipients. High awareness is essential for early diagnosis of this
severe complication. Nevertheless, early medical intervention
for moderately elevated LDH levels (2.5 to 3.2 times the upper
limit of normal) may increase the likelihood of successful
resolution of hemolysis without the need for surgical interven-
tion [45, 46]. Thus, early thrombosis detection is critically
important in all LVAD platforms, yet accurate and timely di-
agnosis can be challenging. Clinical manifestations varywide-
ly. Patients will classically manifest with worsening heart fail-
ure, a new thromboembolic event, or typical changes in pump
parameters, but they may also present asymptomatically [47].
In general, biomarkers of hemolysis (LDH, plasma free hemo-
globin) and device interrogation (flows, power and pulsatility
index for HM2 or HM3, and power by log file analysis for
HVAD) should be combined with clinical symptoms to im-
prove diagnostic sensitivity and specificity [48–50].

Treatment of pump thrombosis varies according to the
pump. Although few patients may improve with
unfractionated heparin alone, the improvement is usually tem-
porary and associated with high recurrence rate and increased
risk of stroke. HVAD patients with typical log files may ben-
efit from treatment with thrombolytic therapy. In all HM2
patients and in HVAD patients not responding to thromboly-
sis, pump exchange is the treatment of choice [51, 52]. In all
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patients with pump thrombosis, goals of care should be re-
addressed.

Gastrointestinal Bleeding

A significant number of cf-LVAD patients (up to 60%)
experience gastrointestinal (GI) bleeding throughout the
course of their support with the device [53, 54].
Although some patients have preoperative GI bleeding
issues that carry forward after LVAD, a majority of pa-
tients develop bleeding as a de novo issue [55, 56]. In
part, prior anatomical substrates for bleeding may sim-
ply be unmasked after cf-LVAD implantation via blood
trauma leading to decreased platelet count or function
and von Willebrand deficiency [53]. However, AVM
formation may also be induced via stimulation of pro-
angiogenic factors that are induced by the rheology of
non-pulsatile blood flow in the distal tissues. Moreover,
most LVAD patients are on chronic anticoagulation and

antiplatelet therapies that further increase the risk of
bleeding.

Given the high prevalence of this complication and its
effect on quality of life, a number of novel therapeutic
strategies have been evaluated with varying success to
prevent recurrent GI bleeding. In two recent observational
studies, the use of either angiotensin receptor blockade
(ARB) or angiotensin-converting enzyme (ACE) inhibitor
therapy was associated with reduced AVM-related GI
bleeding in LVAD recipients [57, 58]. The proposed
mechanism is associated with the reduction of angiogen-
esis related to transforming growth factor (TGF)-β and
angiopoietin-2 pathway activation. Other retrospective
studies have shown some beneficial effect for treatment
with digoxin [59] and omega-3 [60] in the prevention of
GI bleeding. LVAD speed adjustments, octreotide, thalid-
omide, and estrogen therapy have also all been utilized in
case series to reduce the incidence of GI bleeding in pa-
tients with recurrent bleeding [60–62]. However, these
therapies may increase the risk of pump thrombosis.

Table 1 Considerations for prevention, diagnosis, and management of LVAD adverse events and comorbidities

Adverse event Management considerations

Pump thrombosis

Prevention18 Aspirin: 81–325 mg, 2 to 5 days after implantation

Anticoagulation: Heparin bridge or LMWH as chest tube output decreases, 1–2 days post-op goal APTT 40–45, increase to
60–80 if no bleeding; INR goal 2.0–2.5 with Coumadin, 5–7 days post-op.

Treatment Early diagnosis with any worsening heart failure, thrombotic event, unexplained pump changes

Increase in LDH level, increase in plasma free hemoglobin, device/log file analysis. Consider CTA to assess outflow cannula in
HM3.

HVAD—thrombolysis attempt if patient stable with low bleeding risk

HM2 and in some HVAD patients—pump exchange, readdress goals of care

Stroke

Hemorrhagic Discontinuation or reversal of anticoagulation; MAP < 90 mmHg; neurosurgical evaluation

Ischemic Neurology consultation, consider thrombectomy/thrombolysis

Determine etiology. Consider pump, outflow, LV, or atrial appendage thrombus if embolic. MAP < 90 mmHg.

Gastrointestinal
bleeding

Consider discontinuation of anticoagulation or antiplatelet therapy if severe or recurrent; reversal of anticoagulation in life
threatening bleeding.

Consider GI evaluation, including upper or lower endoscopy, video capsule next. There is decreased utility of repeated scopes
with frequent recurrent bleeds

Consider adding ACEi/ARB if absent; possible use of octreotide**, thalidomide**, estrogen** (**limited data to support it)

Driveline infection Prevention—repeat patient and caregiver teaching.
Frequent skin examinations; possible ultrasound/CT imaging; blood and tissue cultures
Infectious Disease consultation; Consider suppressive antibiotics if recurrent. In severe cases consider pump exchange.

Right heart failure Consider if LV/pump is underfilled (e.g., low PI or variability), unexplained edema, kidney dysfunction, or congestive
hepatopathy in the setting of elevated right filling pressures.

Right heart catheterization and echocardiography to aid diagnosis; assess contribution from
tricuspid regurgitation

Treat underlying pulmonary hypertension; diuresis; consider IV inotropes, possible digoxin; RVAD if severe

Hypertension MAP goal < 90; ACEi/ARB, hydralazine and low dose beta-blockers first line
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Right Heart Failure

Following LVAD implantation, up to 40% of patients develop
early or acute right heart failure [63], which may affect the
short- and long-term survival. Pre-existing RV dysfunction
co-occurs in most patients with chronic LV dysfunction and
is a risk factor for postoperative mortality [11, 64, 65], yet the
LVAD itself seems to unmask or exacerbate RV dysfunction.
For decades, this was understood as a phenomenon that oc-
curred early after LVAD. More recent reports have also de-
scribed a “late right heart failure” phenotype occurring weeks
to months after LVAD, with risk factors that are less well
understood [66–68].

The underlying causal mechanisms for the development of
right heart failure are likely multi-factorial. It is unclear why
RV function unravels after LVAD, even as pulmonary artery
impedance decreases from LV decongestion [69]. Some theo-
ries relate it at least in part to unfavorable changes in RV
geometry: tethering and leftward shift of the interventricular
septum leading to decreased RV systolic efficiency and tricus-
pid annulus distortion leading to worsening tricuspid regurgi-
tation. Coupled to this is an increased venous return [70] and a
deleterious loss of pericardial restraint seen in multiple types
of cardiac surgery [71]. Moreover, load-independent toxicity
to the RV also occurs that is not ameliorated by titration of
LVAD speed, volume status, or pulmonary vascular resis-
tance. Prediction of right heart failure in a number of risk
scores derived from preoperative variables has had limited
success [72, 73], though a recent single-center study has
shown that the use of preoperative RV strain imaging may
serve as a reliable prediction tool of this complication [74].

Survival and quality of life are worse among patients with
right heart failure [75], and outcomes remain poor even when
adverse RV hemodynamics are targeted with inotropes, pul-
monary vasodilators, diuretics, and mechanical right ventric-
ular support [76]. Durable biventricular support for severe
right heart failure can be implemented with the addition of a
temporary or durable right ventricular assist device (RVAD).
Unplanned/late RVAD support appears less well tolerated than
planned support at the time of LVAD insertion [77, 78], al-
though these observations are challenged by potential selec-
tion bias and confounding by indication. Temporary percuta-
neous RVADs have been used to support hemodynamic re-
covery of the RV [79–81], but no survival benefit has been
demonstrated in a randomized trial. Further studies are needed
to allow better understanding of the pathophysiology and pre-
cipitants of right heart failure with LVAD.

Device-Related Infections

The risk of infection among LVAD recipients remains a major
concern. Up to 50% of LVAD patients will experience an
infectious complication [82], which constitute the third

leading cause for LVAD readmission and are associated with
a higher mortality rate and risk of stroke [83, 84]. The
International Society for Heart and Lung Transplantation
(ISHLT) identified three primary categories of infection in
LVAD recipients: (1) VAD-specific infections such as drive-
line (DLI) or pump pocket infections, (2) VAD-related infec-
tions such as sternal-wound infections or bloodstream infec-
tions, and (3) non-VAD infections such as cholecystitis or
urinary tract infections. The clinical presentation of VAD in-
fections may be nonspecific and misleading, with symptoms
such as lethargy, fatigue, or anorexia, with or without fever or
elevated white blood count. Treatment and suppression of
infections depend on the category of infection, its location
and extent, and the involved pathogen and should be managed
in consultation with infectious disease specialists.

DLIs are the most common type of VAD-related infection.
As prosthetic material exits the skin, it becomes a conduit for
the entry of bacteria and an ideal environment for the forma-
tion of bacterial biofilms. Superficial DLI manifests with ery-
thematous or purulent skin changes, thus regular inspection of
the site must occur with dressing removal. Assessing the in-
volvement of deeper structures remains challenging, as imag-
ing modalities such as CT are subject to significant artifacts
and ultrasound sensitivity for small fluid pockets are limited
[85–87]. Use of 18F-fluorodeoxyglucose PET/CT has been
shown to improve sensitivity and specificity of DLI diagnosis
in select patients [88]. Treatment decisions are patient-specific
and currently lack comprehensive guidelines. Oral
doxycycline-based regimens have had success in treating ear-
ly localized infection [87], but the possibility of more wide-
spread or polymicrobial infection requiring admission for
broad-spectrum intravenous antibiotics should be entertained
early in order to minimize the progression to intractable DLI
requiring device exchange. Suppressive antibiotics for recur-
rent infection should also be considered [89].

Valvular Regurgitation

Amajor obstacle to the success of long-term LVAD support is
the ability of the native heart and cardiac valves to withstand
changes in hemodynamic load that are introduced with LVAD
therapy. The response of each cardiac valve to LVAD implan-
tation varies in the acute postoperative setting and can evolve
over time. In general, aortic insufficiency (AI) and tricuspid
regurgitation (TR) with greater than moderate severity usually
require correction at the time of LVAD implantation, whereas
functional mitral regurgitation (MR) is likely to improve with-
out correction and correction has not been associated with
improved outcomes [90]. Primary or severe functional MR
is the exception, as significant residual MR that fails to im-
prove with LVAD implantation is associated with refractory
pulmonary arterial hypertension, worse RV function, and
shorter time to first hospitalization and death [91].
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Untreated significant AI, in particular, is a contraindication
to LVAD implantation as it creates a continuous channel of
regurgitant blood flow that impedes LVAD efficiency and car-
diac output [92]. The aortic valve can be safely corrected
during the LVAD implantation with bioprosthetic valve re-
placement, leaflet repair, or oversewing of the valve [93].
Postoperatively, de novo or progressive AI can also develop
over months to years. Early cases may be influenced by pre-
operative leaflet trauma from temporary percutaneous LVADs
[94]. Later cases may be influenced by permanent closure of
the aortic valve due to excessive LV unloading, which is as-
sociated with a greater prevalence of de novo AI when com-
pared to intermittent or complete opening.

Improving Quality of Life

Quality of life (QOL) with an LVAD remains critically impor-
tant, particularly as DT LVAD patients are living longer with
fewer episodes of device malfunction. For many patients,
merely extending life without improving QOL may not be
desirable [7]. Beyond the obvious impact of adverse events
and frequent hospitalizations, issues related to quality of life in
LVAD patients generally fall into two categories: (1) impaired
functional status and exercise capacity and (2) psychosocial
distress. There are several ways that providers can and should
engage each of these categories in order to improve patient
QOL.

First, although the LVAD improves cardiac output soon
after implantation, several studies have shown that peak oxy-
gen consumption (i.e., peak VO2) remains diminished. In
many patients, peakVO2 after LVADmay be no different than
preoperative peak VO2 [95, 96]. The reasons for continued
exercise impairment are multifactorial, related to a variety of
cardiac and non-cardiac parameters: blood volume, heart rate,
chronotropic response, cardiac pacing modality, aortic stiff-
ness, concurrent medications, vascular tone, skeletal muscle
function, right heart function, valvular dysfunction, poor left
ventricular reserve, and differences in the H-Q curve of differ-
ent LVAD platforms [97–103]. Given the multifactorial etiol-
ogy of impaired exercise and functional capacity, referral to
cardiac rehabilitation should be universally implemented fol-
lowing LVAD implantation—the benefit of which has been
shown in a number of observational studies [104]. Secondly,
because pump speed remains fixed between clinical encoun-
ters, all patients should undergo periodic ramped speed opti-
mization to ensure the LV is optimally—but not excessively—
unloaded. Traditionally, echocardiography has been used to
adjust LVAD speed to achieve proper unloading in the HM2,
but recent pilot data have stimulated interest in the possible
added benefit of hemodynamic speed optimization [105].

Second, psychosocial distress is common among LVAD
patients, and many patients report that life with an LVAD

did not meet their pre-implantation expectations [106].
Although many factors contribute to this distress, patients
and their caregivers benefit from the inclusion of psycholog-
ical, social, and palliative care services as part of the interdis-
ciplinary team before and after LVAD implantation. In the
VAD Decision Aid (VADDA) trial, the utility of a paper-
based shared-decision aid prior to LVAD was associated with
greater satisfaction with life after LVAD [107], and a
multimodality tool is being studied in the DECIDE-LVAD
trial [108]. After LVAD, patients reported an improved quality
of life when clinicians were able to hold ongoing open con-
versations about goals of care with realistic expectations [7].
This process improves patient autonomy and more aptly clar-
ifies patients’ goals of care regarding critical end-of-life
decisions.

Additional Management Considerations

Management of DT LVAD patients requires multidisciplinary
coordination between cardiologists, surgeons, intensivists, an-
esthesiologists, nurses, VAD coordinators, palliative care spe-
cialists, emergency physicians, consultants, social workers,
physical therapists, perfusionists, nutritionists, and financial
coordinators [109]. To succeed, programs must have a core
of dedicated physician leaders with training and experience in
mechanical circulatory support, including advanced heart fail-
ure and transplant cardiologists and cardiothoracic surgeons.
Provider certifications for these specialties are required
through the American Board of Internal Medicine and the
American Board of Thoracic Surgery after 6 to 8 years of
respective postgraduate subspecialty training, and longitudi-
nal continuing education specific to LVADs is necessary given
the rapidity of discovery and technological improvements in
the field. Program certification is required through the Center
for Medicare and Medicaid Services (CMS) and the Joint
Commission. CMS requires programs to implant a minimum
of 10 VADs or total artificial hearts over a 3-year period to
qualify for reimbursement, although greater than 20 implan-
tations per year may be associated with improved risk-
adjusted survival and length of stay [110, 111].

Successful programs must also engage patients and their
caregivers as active participants in their healthcare. However,
the sheer complexity of homecare regimens is often over-
whelming for patients in spite of numerous formal training
sessions, which can result in poor compliance and increased
rates of adverse outcomes. Creative solutions to better em-
power patients are being evaluated in several clinical trials,
including video simulations that teach self-management
[112] or smartphone applications that prompt daily tasks while
tracking inputs like vital signs and VAD parameters [113].
Telemedicine with video conferencing may help patients bet-
ter troubleshoot some problems at home, reducing the total
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number of clinic visits or hospitalizations. Lastly, various
strategies for remote monitoring could be beneficial, including
the use of implantable pulmonary artery sensors currently be-
ing evaluated in the Intellect 2 trial using the CardioMEMS™
device.

Future Directions

Several improvements are desired in LVAD platforms that
would address current limitations in the long-term care of
LVAD patients and will improve both quality life and survival.
First, a fully implanted device would address ongoing vulner-
abilities with the driveline to infections and trauma. The pri-
mary limitation of this is device power, which at present re-
quires an externalized driveline. However, wireless power
systems are on the horizon and there was a recent first-in-
human demonstration of a Jarvik 2000 pump (Jarvik Heart,
Inc., New York, NY) that was fully implanted in a patient in
Kazakhstan using wireless coplanar energy transfer [114].
Second, activity-responsive devices are desired. Rate-
responsive pacemakers have existed for decades, but pump
technology requires more nuanced interaction with the pump
that can be adapted to multiple physiologic situations. Lastly,
significant improvements in biventricular support are needed.
Compared to LVAD support alone, significant challenges re-
main with biventricular support platforms that have thus far
limited more widespread use [115].

Conclusions

Mechanical support options for the DT patient have under-
gone tremendous strides since the initial implantation of
pulsatile-flow pumps at the turn of the century. The evidence
that cf-LVADs improve device durability and survival of DT
patients is clear, and landmark improvements in pump out-
comes recently established in the ENDURANCE and
MOMENTUM trials with the HVAD and HM3 have greatly
advanced the field. Following these technological improve-
ments, there has been a revival of interest in several funda-
mental physiologic questions: what role does augmented
pulsatility play in end-organ function [116], RV performance,
or reverse remodeling of the left ventricle? Can
anticoagulation targets be safely lowered in order to improve
bleeding events? What role do neurohormonal therapies play
in the long-term outcomes and likelihood of cardiac recovery
when combined with cf-LVADLVoffloading? The answers to
these questions will be both conceptually interesting and of
great importance to patient care.

As patients live longer on mechanical support platforms,
providers must never lose focus of the patient experience.
LVAD-related adverse events continue to limit the full

potential of these devices. Moreover, patients living with an
LVAD have many more concerns than are represented in pri-
mary or secondary outcomes in major trials. Quality of life
and functional status, though improved with LVADs, remain
limited and prevent a wider expansion of DTLVADuse earlier
in the care of patients with advanced heart failure. New plat-
forms must be developed that can be fully internalized and
that allow greater responsiveness to exercise or other changing
physiologic demands, and strategies that lead to recovery of
underlying cardiac function should continue to be pursued
among all patients implanted with these devices.
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