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ABSTRACT: Durable implantable left ventricular assist devices (LVADs) have been shown to improve survival and quality of life for
patients with stage D heart failure. Even though LVADs remain underused overall, the number of patients with heart failure sup-
ported with LVADs is steadily increasing. Therefore, general cardiologists will increasingly encounter these patients. In this review,
we provide an overview of the field of durable LVADs. We discuss which patients should be referred for consideration of ad-
vanced heart failure therapies. We summarize the basic principles of LVAD care, including medical and surgical considerations.
We also discuss the common complications associated with LVAD therapy, including bleeding, infections, thrombotic issues,
and neurologic events. Our goal is to provide a primer for the general cardiologist in the recognition of patients who could benefit
from LVADs and in the principles of managing patients with LVAD. Our hope is to “demystify” LVADs for the general cardiologist.
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sulting from any structural or functional impairment

of ventricular filling or ejection of blood' that affects
>6million Americans.? Stage D/advanced HF is defined
as the presence of refractory symptoms despite optimal
medical, surgical, and device therapy.® It is estimated
that #580000 individuals have stage D HF in the US.
When only guideline directed medical therapy is used,
these patients have a dismal prognosis, with 1-year sur-
vival ranging from 6% to 25%.4-8 Given its poor progno-
sis, recognition of the transition to stage D HF is critical,
as only a few treatment options are available to prolong
and improve quality of life, including palliative inotropes,
heart transplantation (HT), and left ventricular assist de-
vice (LVAD). Although ~62000 patients are eligible for
these advanced therapies yearly, roughly only 10000
receive an LVAD or an HT, leaving a large percentage of
eligible patients deprived of these life-saving therapies.”
Despite efforts to increase the donor pool, HT remains

H eart failure (HF) is a complex clinical syndrome re-

limited by the scarcity of donor hearts. However, LVAD
therapy does not share the same constraints; its un-
deruse is multifactorial and includes general unfamiliar-
ity with the technology and under-recognition of patients
with advanced HF who are eligible.

Nonetheless, with the growing number of patients
who are being implanted with durable (dischargeable)
LVADs, general cardiologists will increasingly encoun-
ter patients with these devices. The goal of this paper
is to provide general cardiologists with a broad over-
view of implanted durable LVADs.

LVAD AS THERAPY FOR ADVANCED HF

The first generation of implantable durable LVADs
were based on pulsatile flow. Subsequent techno-
logical advances led to the advent of LVADs that use
continuous flow (CF) instead of pulsatile flow, which
allowed for miniaturization, improved durability of the
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devices, and improved long-term survival. CF-LVADs
have become the standard of care for medically refrac-
tory Stage D HF as either bridge to transplant, des-
tination therapy (long term), or bridge to decision.8-'°
Between June 2006 and December 2018, nearly
25000 adult patients received a Food and Drug
Administration-approved durable mechanical circula-
tory support device, with dramatic improvements in
survival after LVAD implantation over time (Figure 1;
Table S1). In the landmark REMATCH (Randomized
Evaluation of Mechanical Assistance for the Treatment
of Congestive Heart Failure) trial, 1year survival with
the first generation pulsatile Heartmate XVE LVAD
was 52% compared with 25% in the medical therapy
group (P=0.002).* More recently, the MOMENTUM 3
(Multicenter Study of MaglLev Technology in Patients
Undergoing Mechanical Circulatory Support Therapy
With HeartMate 3) trial demonstrated that survival with
the centrifugal-flow fully magnetically levitated pump
HeartMate 3 (HM3 [Abbott Laboratories]) LVAD has
reached 79% at 2 years."

These benefits in survival have not only been shown
in clinical trials but have also been observed in real world
data. Current generation CF-LVADs have a 30-day mor-
tality of only 5% and a 1-year survival of 84%. Slightly
more than half of the patients are alive at 4years after
implant, with 29% of patients supported on mechani-
cal circulatory support and 33% having undergone HT.
In comparison, healthier ambulatory patients with ad-
vanced HF treated with medical therapy had a 53% 2-
year survival without LVAD placement or HT."?

HT waitlist mortality has also decreased over the
past decade, from 14.6 deaths per 100 waitlist-years
in 2005 to 9.7 deaths per 100 waitlist-years in 2015,
likely because of improvements in guideline directed
medical therapy, changes in organ allocation systems,
but also because of the use of CF-LVADs as a bridge
to transplant and to the aforementioned improvements
in survival on these devices. Indeed, pretransplant
mortality among LVAD supported patients dropped
from 43.2 per 100 waitlist-years in 2006 to 8.0 per 100
waitlist-years in 2016." It should be noted that follow-
ing the latest revision to the organ allocation system in
2018, the number of patients who are being bridged
to HT with a durable LVAD has dropped precipitously,
as the new system prioritizes patients on temporary
mechanical circulatory support. However, even with
this decline, >2000 LVADs are still being implanted an-
nually. Therefore, it is important for all cardiologists to
have a basic understanding of the principles of manag-
ing patients with these devices.

Importantly, durable LVADs have not only been
shown to improve survival, but they also improve qual-
ity of life for patients with HF. Patients with end-stage
HF treated with a durable LVAD have a significant
reduction in New York Heart Association functional
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class, by 2 to 3 classes, as well as significant improve-
ment in quality of life. These results were validated in
each of the Food and Drug Administration-approved
implantable LVADs.*'"14

WHO TO REFER FOR LVAD THERAPY

Despite the demonstrated benefits of LVAD therapy
in patients with advanced HF, a substantial number of
these patients are either not referred for consideration
of this therapy or are referred too late.!® This has been
attributed to the difficulty in recognition of when pa-
tients with HF have transitioned from stage C to stage
D HF, as the inexorable progression is often slow and
indolent, without a widely available biomarker to aid
the clinician in making the diagnosis.

Multiple classification systems have been developed
to assess the functional capacity and prognosis of pa-
tients with HF. The original and most used classification,
is the New York Heart Association class, which char-
acterizes patients based on their exercise capacity and
symptom burden. This system was limited by its sub-
jectivity, its inability to guide HF therapy, and the fact
that patients could both improve and decline in status.
Given these shortcomings, the American College of
Cardiology/American Heart Association released a stag-
ing system in 2001 that placed emphasis on antecedent
risk factors and progressive stages of disease similar
to the approach commonly used in cancer staging.'®
Most recently, the Interagency Registry for Mechanically
Assisted Circulatory Support (INTERMACS) classifica-
tion was developed to provide a more granular classi-
fication of the severity of HF in patients with advanced
New York Heart Association class lll or IV symptoms."”
In patients defined as advanced by any of these classi-
fication systems, cardiopulmonary exercise testing can
be performed for further risk stratification. In cardiopul-
monary exercise testing, analysis of gas exchange is
performed at rest, during exercise, and during recovery
which allows measurements of oxygen uptake (VO,),
carbon dioxide output (VCO,), ventilation, and the slope
of ventilation/VCO,."®

As per the International Society for Heart and Lung
Transplantation guidelines,'® patients not on beta
blockade with a peak VO, of <14mL/kg per minute®®
or those on beta blockade with a peak VO, of <12mL/
kg per minute?! should be referred for evaluation for
advanced therapies. Additionally, in select populations,
metrics including predicted VO2 <50% and ventilation/
VCO, slope of >35 should also merit evaluation for HT.
Unfortunately, this test is not widely available, and most
physicians and health care providers are not familiar
with it.

Helpful hints of progression towards stage D HF in-
clude a gradual decrease in exercise tolerance (which
often goes unnoticed by the patient because of the



Chaudhry et al

LVADs for the General Cardiologist

A 100
INTERMACS
- 9% MOMENTUM
2
- ADVANCE
_‘2' 80
: O
3 HeartMate Il BTT
LZ ]
-
o
o
% 60
-
50
1998 2005 2007 2008 2010 2013 2014
Year of Study Onset
Patients HeartMate XVE HeartMate Il HeartWare VAD HeartMate 3
@or @or ® ot @®or
O srBYITC BTTBTTIC O sTIBYTIC
B
100
90 MOMENTUM
2
.‘z' 80
<4
@ 10
H . HeartMate Il ENDURANCE —ENDURANCE
3 DT-cont'd supplemental
>: 60 HeartMate I DT
i @)
50 @ REMATCH
1998 2005 2007 2008 2010 2013 2014
Year of Study Onset
Figure 1. Trends in the rate of 1-year survival across clinical study groups over time.

A and B, Display the 1-year survival rates for patients enrolled in large studies of left ventricular
assist devices. A, Patients implanted as bridge-to-transplant or bridge-to-transplant-candidacy (both
represented as open circles). B, Patients implanted as destination therapy (solid circles). Data are
shown according to the respective start dates of each study. Each circle is color coded for each type of
implanted device with purple for HeartMate XVE, maroon for HeartMate Il, green for HeartWare, and blue
for HeartMate 3. The study is labeled on the figure and data are listed in Table S1. The area of each circle
represents the sample size in each group (reference sizes are shown in the key). BTC indicates bridge to
candidacy; BTT, bridge to transplant; BTTC, bridge to transplant candidacy; DT, destination therapy; and

VAD, ventricular assist device.

slow progression), requirement for down titration of
previously tolerated doses of neurohormonal antago-
nist medications, persistence of symptoms in spite of
adequate goal directed medical therapy +/- cardiac
resynchronization therapy, recurrent decompensation
or hospitalizations, requirement for escalating doses
of diuretics, severe left ventricular (LV) dilation (LV
>7cm), young age with no evidence of improvement
on guideline directed medical therapy, or early signs
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of end-organ damage (worsening kidney function or
liver function) (Table). Patients with any of these char-
acteristics should be referred to an HF specialist for co-
management of their HF as well as for consideration of
advanced therapies including HT and LVAD placement.

Beyond assessment of volume status, we strongly
encourage physicians to evaluate their patients with
HF for early symptoms and signs of disease progres-
sion during each clinical encounter. They should refer
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Table. Triggers for Patient With Heart Failure Referral to a
Specialist/Program*

1. New onset HF (regardless of EF) for evaluation of etiology, guideline-
directed prescription of recommended therapies, and assistance in
disease management.

2. Chronic HF with high-risk features, such as development of 1 or
more of the following risk factors:

o Need for chronic IV inotropes

. Persistent New York Heart Association functional class lll-IV
symptoms or congestion or profound fatigue

o Systolic blood pressure <90mmHg or symptomatic
hypotension

3 Creatinine >1.8mg/dL or BUN >43mg/dL

. Onset of atrial fibrillation or ventricular arrhythmias or repetitive
implantable cardioverter defibrillator shocks

. Two or more emergency department visits or hospitalizations
for worsening HF in prior 12months

. Inability to tolerate optimal dose beta blockers and/or ACEI/
ARB/ARNI and or aldosterone antagonists.

o Clinical deterioration as indicated by worsening edema
requiring high dose diuretics, rising biomarkers (BNP,
NT-proBNP), worsened cardiopulmonary exercise testing,
decompensated hemodynamics, end-organ dysfunction, or
evidence of progressive remodeling on imaging.

o High mortality risk using validated risk model for further
assessment and consideration of advanced therapies.

ACElindicates angiotensin-converting enzyme inhibitors; ARB, angiotensin
receptor blockers; ARNI, angiotensin receptor-neprilysin inhibitor; BNP, B-
type natriuretic peptide; BUN, blood urea nitrogen; EF, ejection fraction; HF,
heart failure; ICD, implantable cardioverter defibrillator; LVEF, left ventricular
ejection fraction; NT-proBNP, N-terminal pro-B-type natriuretic peptide; and
NYHA, New York Heart Association.

*Adapted from 2017 ACC Expert Consensus Decision Pathway for
Optimization of Heart Failure Treatment.®!

patients with confirmed or suspected HF progression
to an HF specialist and need not worry that a referral
may be “inappropriate” or “too early”.

For many of these patients, HF specialists will initi-
ate an evaluation into candidacy for advanced HF ther-
apies. This is usually a multidisciplinary assessment
that includes a comprehensive and detailed medical,
surgical, and psychosocial evaluation. Often there are
medical or psychosocial barriers to HT or LVADs that
are uncovered or identified during this evaluation. Early
referral allows time to devise interventions that eliminate
or mitigate these obstacles, so that the patients’ eligi-
bility for these lifesaving therapies is not compromised.

BASIC PRINCIPLES OF LVAD CARE

Each LVAD consists of an inflow cannula, implantable
pump, and an outflow graft, which are not visible to the
patient, and external parts including the driveline exit-
ing the abdominal wall, the controller, and an energy
source (Figure 2). The controller is a smartphone-sized
“‘computer” that gives the patient and provider basic
diagnostics and can trigger alarms in certain clinical
situations or pump issues. The energy source is con-
nected to the controller and comes from either a set of
batteries that provide up to 17 hours of uninterrupted
power, or from an alternating current power source.
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There are 3 important parameters to know in CF-
LVADs: speed, power, and flow. The speed of the
LVAD is the only one that can be manually adjusted. It
is selected by the LVAD clinician and is device specific,
with normal ranges of 8600-9800RPM for the axial
flow HeartMate Il (HMII) LVAD, 2400-3200RPM for the
HeartWare device, and 5000-6200RPM for the HM3
pump, which is the only Food and Drug Administration-
approved LVAD that is currently being manufactured.
Speed is originally set in the operating room at the time
of device implantation and is specifically adjusted with
the goal of optimizing cardiac output and LV unload-
ing without impairing right ventricular function. Ideally,
the optimal speed will ensure minimal mitral regurgi-
tation, an intermittently opening aortic valve (every 3
to 4 beats), and a midline interventricular septum.??
Echocardiograms are performed on a periodic basis in
both the inpatient and outpatient settings to re-assess
the optimal speed for the patient over time. Additionally,
right heart catheterizations may be used to optimize
a patient’s LVAD speed based on hemodynamic data
and have been associated with higher rates of speed
changes, medication adjustments, and trends towards
decreased adverse events.?® The power of the de-
vice is directly measured, and the flow is calculated
based on the power and LVAD speed, and hematocrit
in certain devices (HeartWare, HM3). Some devices
(HeartWare) also provide waveforms, which reflect
the instantaneous flow through the pump and may be
helpful in assessing a patient’s volume status, after-
load, right ventricular function, and heart rhythm.*

ALARMS

Alarms appear on a patient’s controller to allow for the
early recognition of potential adverse events or device
malfunction. The causes of these alarms and their
evaluations vary by pump type. While this section is
not an exhaustive guide, it will focus on the most clini-
cally relevant alarms.

HEARTWARE

Alarms on this device are broken into 3 categories: high
priority, medium priority, and low priority. These can be
distinguished based on the alarm color and tone.
There are 3 high priority alarms, all of which require
immediate attention: ventricular assist device (VAD)
stoppage, controller failure, and critical battery. VAD
stoppage may occur because of multiple reasons and
is most commonly related to an issue with the driveline
or the controller. Based on the cause of the LVAD stop-
page, the patient may be instructed to reconnect their
driveline or to change their controller. In the setting of
a controller failure or critical battery, the patient would
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External Components:

« Driveline exiting the abdominal wall

patient and provider basic diagnostics and can trigger
alarms in certain clinical situations or pump issues

« Energy source: connected to the controller and comes
from either a set of batteries that provide upto 17 h
of uninterrupted power, or from an AC power source

= Controller: a smartphone-sized “computer” that gives the

Internal Components
Not Visible to the Patient:

* Inflow cannula
« Implantable pump

* Outflow graft
(1) HeartPump (3) Controller
(2) Driveline (4) Batteries

Key Parameters in CF-LVADs
« Speed (only adjustabie parameter)
Normal ranges:
- HMII: 8600-9800rpm
- HeartWare device: 2400-3200rpm
- HM3: 5000-6200rpm
* Power (consumption measured by device)
« Flow (estimated based on power and other variables)

Figure 2. Components of contemporary left ventricular assist devices.

This figure summarizes key internal and external components of contemporary left ventricular assist devices.
(1) Blood flows from the left ventricle to the inflow cannula (not shown but inserted into the left ventricular
apex) through the pump and into the outflow graft to the aorta; (2) the driveline extends from the pump and out
through the abdominal wall to the (3) external controller; (4) the main energy source for the pump is external
batteries or an AC power source (not shown). AC indicates alternating Current; CV-LVADs, continuous flow
left ventricular assist device; HMII, HeartMate II; HM3, HeartMate 3; and rpm, rotations per minute.

be advised to change their controller or replace their
battery.

Medium priority alarms include high watts, low flow
alarms, and controller faults. Potential etiologies of a
high watt alarm include pump thrombosis, high flow,
or an LVAD electrical fault. Basic evaluation for this
alarm should include blood work to assess International
Normalized Ratio (INR) and markers of hemolysis as well
as an echocardiogram. Low flows may be attributable
to suction events, increased afterload (hypertension), im-
paired VAD filing (tamponade, hypovolemia, right heart
failure (RHF), ventricular arrhythmias, or inflow/outflow
graft obstruction/kinking). Physical examination, ECG,
echocardiogram, as well as a potential contrast en-
hanced high-resolution cardiac computed tomography
may aid in diagnosing the cause of the low flow alarms.?®

HMII AND HM3

Alarms in patients with these devices include mes-
sages and active symbols on their controller screen.
Alarms are broken down into 2 categories: hazard
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and advisory notices. Hazard alarms require immedi-
ate clinical attention and include pump off, low flow,
driveline disconnect, double power disconnect, and
critical battery.?® The management and work up of
these alarms are similar to the HeartWare device as
described above.

It is important that all patients (and their caregivers)
receive extensive training on alarms, how to best ad-
dress them, and when to contact the LVAD team. In
general, non-LVAD trained cardiologists are unlikely to
be familiar with LVAD alarms. Therefore, when faced
with an LVAD alarm, we recommend that they contact
the LVAD team. All programs should have an on-call
person who will be able to assist in troubleshooting,
resolving, and or planning the next steps required to
best help the patient.

IMPLANTATION PROCEDURE

The most common surgical approach to LVAD implan-
tation is through a median sternotomy, using cardio-
pulmonary bypass without a cross clamp of the aorta.
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Computed tomography of the chest is often used as a
“roadmap” for reoperative and complex anatomic plan-
ning. Recently, less invasive approaches including left
thoracotomy access with partial sternotomy or limited
right anterior thoracotomy have gained interest, as they
may make chest re-entry easier and safer in patients
with previous sternotomies and those who are being
implanted as bridge to transplantation. Early, nonran-
domized data suggest that these minimally invasive
techniques are safe,?"?8 cost effective,?® and may im-
prove length of stay.?® A clinical study evaluating the
effects of access techniques other than full median
sternotomy and their impact on postimplant length of
stay is currently underway.*°

VALVULAR DISEASE

Aortic insufficiency of mild or greater significance re-
quires concomitant correction during LVAD place-
ment,®" otherwise it would create a “closed-circulatory
loop” between the pump, aortic valve, left ventricle
and pump again® (Figure 3). Options to correct in-
clude: oversewing the aortic valve with Park’s stitch or
modified Park’s stitch, closure of the ventriculo-aortic
junction with a surgical patch, or valve replacement.
Patients who have a previously placed mechanical
valve should undergo replacement with a bioprosthetic
valve®® because of higher rates of thromboembolic
events in mechanical valves secondary to blood sta-
sis around the valve and intermittent valve opening.3*
It is important to note that patients who have under-
gone oversewing of the aortic valve or patch closure

LVADs for the General Cardiologist

are completely dependent on their LVAD for cardiac
output and are at risk for sudden death in the setting of
LVAD dysfunction.

Mitral valve stenosis of moderate or greater sever-
ity should be corrected with a bioprosthetic valve.3!
Hemodynamically significant tricuspid regurgitation
(>moderate) has been shown to result in a longer re-
quirement for inotropic support, higher rate of right
ventricular assist device use, longer hospital stays,3®
and decreased survival.®® Unfortunately, most studies
that have examined the benefit of concomitant tricus-
pid valve repair have failed to demonstrate a survival
benefit.36-%8 However, despite this, the guidelines rec-
ommend that >moderate tricuspid regurgitation should
be repaired at the time of LVAD implantation (Class lla,
Level of Evidence: C).%!

ANTICOAGULATION AND
ANTIPLATELET THERAPY

Because of the interaction of blood along the surface
of the LVAD, with a resultant development of thrombus,
all patients require anticoagulation with coumadin and
aspirin. Once perioperative bleeding and coagulopathy
subside, anticoagulation therapy with warfarin is usu-
ally initiated, with an INR goal of 2.0 to 3.0. International
Society for Heart and Lung Transplantation guidelines
recommend intravenous unfractionated heparin bridg-
ing within 48 hours after LVAD implantation. The rec-
ommended dose of aspirin is 325mg for patients with
an HMII or HeartWare device, and 81 mg for an HM3
device.

A

a

LVAD

'

Figure 3.
insufficiency.

Ineffective blood flow in patients with a left ventricular assist device and aortic

A, Displays the ineffective (circular) flow of blood in patients with a left ventricular assist device and aortic
insufficiency. Blood is flowing primarily from the left ventricular apex to the pump, to the aorta, back
through the incompetent aortic valve, and back to the left ventricular apex and pump without flowing to
the periphery. B, Displays the normal flow of blood in patients with a left ventricular assist device and no
aortic insufficiency. LA indicates left atrium; LV, left ventricle; LVAD, left ventricular assist device; RA, right

atrium; and RV, right ventricle.

J Am Heart Assoc. 2022;11:e027251. DOI: 10.1161/JAHA.122.027251
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However, it is important to remember that the an-
ticoagulation regimen of an individual patient may be
adjusted based on their personal history and their risk
of bleeding versus clotting. This may result in some
patients being on reduced or no anticoagulation.

BLOOD PRESSURE

Current automated blood pressure (BP) cuff technolo-
gies rely on peripheral pulsatility to measure BP. As pa-
tients with LVADs typically have a narrow arterial pulse
pressure, their palpable pulse may be absent or inter-
mittent, which may result in the inability of automated
cuffs to register a BP.* In this situation, a Doppler de-
vice is used to assess BP by evaluating the pressure at
which the Doppler sound returns during cuff deflation.
This pressure has been shown to correspond to the
mean arterial pressure (MAP). In contrast, in patients
who do not have an LVAD or in those who have an
LVAD but have a palpable pulse, the pressure at which
the Doppler sound returns during cuff deflation corre-
sponds to the systolic BP (Figure 4).

It is recommended that the MAP in patients with
durable LVADs be maintained in the range between 75
and 85mmHg. Data from clinical trials have demon-
strated that hypertension (MAP >90) is associated with
an increase in both stroke*®4! and pump thrombo-
sis*%4? in some (but not all) devices. Additionally, ex-
tremes of both low BP (MAP <75) and hypertension
(MAP >100) have been associated with increased mor-
tality in both the HMIl and HeartWare devices.*?

ARRHYTHMIAS

Both atrial and ventricular arrhythmias are common in
patients receiving LVADs secondary to pre-existing ab-
normal myocardial substrate, reverse remodeling, and
alterations in the electrical conduction system post-
LVAD placement. Pre-existing atrial arrhythmias are
present in up to 54%* of patients undergoing LVAD
placement, with new onset atrial fibrillation developing
in up to 32%%° of patients.

A history of ventricular arrhythmia (VA) is present in
60% of patients undergoing LVAD placement with 37%
developing new onset VA following LVAD placement.*®
Potential mechanisms for the VA include: underlying
cardiomyopathy, scar around the LVAD inflow can-
nula, suction events (because of LV underfilling or high
pump speed), or changes in the QT interval second-
ary to LV unloading.*” The treatment of VA in patients
with LVAD is based on the underlying mechanism. In
patients with underlying cardiomyopathy or scar, first
line therapies consist of antiarrhythmic drugs, followed
by options including ventricular tachycardia ablation or
stellate ganglion block in refractory cases.
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CARDIOPULMONARY
RESUSCITATION

The determination of whether a patient supported by an
LVAD requires cardiopulmonary resuscitation is difficult
as many of these patients do not have a palpable pulse.
The first step in this evaluation is to auscultate the chest
to see if there is an appreciable VAD hum, followed by
an assessment of end organ perfusion. In patients with-
out a VAD hum, or with signs of impaired perfusion, both
the driveline and controller should be interrogated to en-
sure they are appropriately connected and that flows are
maintained. In patients with persistent low-flows as well
as evidence of end organ dysfunction, such as significant
hypotension (MAP <50), or a end-tidal carbon dioxide
tension (PetCO,, value of <20mmHg, routine advanced
cardiovascular life support and basic life support pro-
tocols should be followed.*®4° The risk of dislodging an
LVAD or displacing a cannula/pump during chest com-
pressions is only a theoretical one, and current guidelines
still recommend CPR in the patients who need it.#8
Many patients with LVADs can tolerate ventricular ar-
rhythmias for prolonged periods of time secondary to the
development of a Fontan-like circulation which occurs
because of an extreme reduction in pulmonary vascu-
lar resistance. In patients with hemodynamic instability,
cardioversion and defibrillation are not contraindicated
and may be performed without disconnection of the
LVAD.*® For patients with refractory arrhythmias despite
defibrillation, Veno-Arterial Extracorporeal Membrane
Oxygenation (VA-Ecmo) can be considered.

CAREGIVER RESPONSIBILITIES AND
BURDEN

Patients with LVADs usually require caregivers to sup-
port them during the recovery process and to provide
long-term assistance in case of device malfunction
and overall patient care. Caregiver involvement varies
significantly and depends on a patient’s preoperative
functional status and level of independence. These
caregivers actively participate in preoperative and
postoperative education and are crucial components
of the overall therapeutic success for this population.
At many centers, patients without caregivers may not
be considered for LVAD therapy as lack of social sup-
port has been associated with worse outcomes.®°

ROLE OF VAD COORDINATORS

Like many other aspects of treating patients with cardio-
vascular diseases, patients with LVAD require a multidis-
ciplinary approach, with collaboration between multiple
services. A unique role belongs to the VAD coordinators
who ensure close communication between patients and



Chaudhry et al

LVADs for the General Cardiologist

The value obtained via this method is representative
of the opening pressure — it is close to an MAP when
the aortic valve is closed and blood flow is primarily
through the LVAD (top panel) and it is close to a
systolic pressure when the aortic valve is opening
and flow is through both the native heart and the
LVAD (bottom panel)

-

To determine if pulsatility is
present, palpate if a radial pulse
can be appreciated

2 Place the BP cuff over the forearm

3 Place ultrasound gel on the wrist at
the location of the radial artery

4 Use the Doppler to locate the pulse
and inflate the cuff to >20mmHg
above the disappearance of the
Doppler sound

5 Slowly deflate the cuff and record
the number where the Doppler
sound returns

* Asimilar method can be used for
the brachial pulse in the antecubital
fossa and by inflating the cuff on
the upper arm.

Figure 4. Method to obtain blood pressure in patients with left ventricular assist devices.
BP indicates blood pressure; LVAD, left ventricular assist device; and MAP, mean arterial pressure.

all involved parties, have significant expertise in device
management, and provide continuity of care. Their spe-
cific roles and assignments may vary among programs,
but any successful LVAD center depends on a strong
and cohesive group of coordinators.

PALLIATION AND END OF LIFE

The use of palliative care specialists can help reduce
suffering, improve symptoms, and set realistic expec-
tations that concur with the patient and their beliefs.
Patients with HF often face major treatment decisions
over time and should be provided with an adequate
support structure to help evaluate the benefits and
burdens of each treatment option.

LVAD therapy is one of the advanced HF therapy
modalities and its presence (or lack of) should not af-
fect decisions about quality and quantity of life.

RECOVERY

Registries have demonstrated a recovery rate, defined
as an increase in gjection fraction to allow for pump re-
moval, in 1% to 2%°" of patients implanted with LVADs,
which was felt to be secondary to reverse remodeling
attributable to LVAD unloading and/or recovery of
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underlying cardiac dysfunction. In the Remission from
Stage D Heart Failure (RESTAGE-HF) trial, protocolized
adjustment of LVAD speeds and aggressive goal di-
rected medical therapy optimization was found to be
successful in achieving recovery in a select group of
patients with nonischemic cardiomyopathy.5?

COMPLICATIONS OF LVADS
Bleeding

Bleeding is one of the most common adverse events
in the early («90days) postoperative period follow-
ing LVAD implantation and is a frequent complication
in the late period (=90days), with nearly one third of
patients experiencing a major bleeding episode by 1
year.5® While the predominance of early bleeding is re-
lated to complications of the surgical intervention itself,
late bleeding is most commonly secondary to gastro-
intestinal bleeding (GIB) which accounts for nearly 60%
of all LVAD associated bleeding.>® Although bleeding
has not been shown to affect mortality, it does have a
significant effect on morbidity and is one of the most
common causes of re-admissions.5#5% Additionally,
the requirement of frequent blood transfusions may in-
crease a patient’s sensitization to antibodies, making
future heart transplantation increasingly difficult.
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Because of varying technologies and device hemo-
compatibility, the rates of GIB differ based on device
type, ranging from 12% to 25% in the first year after
device implant.®® Risk factors associated with an in-
creased risk of GIB include post LVAD implant infection,
prior GIB, elevated INR, lower platelet count, elevated
right atrial pressure, low body mass index, female sex,
and destination therapy indication for implantation.5”:58

Multiple hypotheses have been proposed to ex-
plain the pathophysiology of GIB in patients with LVAD
including:

1. Requirement of both antiplatelet and anticoagulation
therapies (aspirin and coumadin)

2. An acquired Von Willebrand syndrome that is
attributable to CF physiology

3. The development of angiodysplasias during CF-
LVAD support

4. Angiogenesis related signaling cascade

However, it is more likely that each of these mecha-
nisms are part of a larger, multihit theory.>°

Arteriovenous malformations and angiodysplasias
in the upper gastrointestinal tract and small bowel are
the most common source of gastrointestinal bleed and
represent up to 60% of bleeds in LVADs.®° Diagnostic
strategies at the time of an acute GIB usually consist
of endoscopic evaluation, but they may need to be es-
calated in some cases to video capsule study, tagged
red blood cell scans or angiography. Therapeutic
strategies are either procedural or pharmacologic.
Procedurally based strategies during an acute LVAD
GIB include cauterization, arterial embolization, and, in
extreme cases, surgical intervention. Pharmacologic
options during an acute event include cessation of
antiplatelet therapy and/or anticoagulation as well as
possible reversal with agents such as vitamin K, fresh
frozen plasma, or Prothrombin complex concentrate.

Multiple pharmacologic therapies have been ex-
amined for their benefits as both primary and sec-
ondary prevention agents of GIB. Omega 3 fatty acids
have been shown to significantly decrease the rates
of gastrointestinal bleeds, number of blood product
transfusions, days in the hospital, and gastrointesti-
nal procedures in patients with LVAD which is thought
to be mediated through its anti-inflammatory prop-
erties.®' Octreotide, a somatostatin analogue, has
been extensively studied as a secondary prevention
agent, and has been shown to decrease the fre-
quency of GIB®? secondary to increased splanchnic
vasoconstriction, enhancement of platelet aggrega-
tion, and inhibition of gastrointestinal angiogenesis.®®
Patients on digoxin were also found to have fewer
GIB from angiodysplasias attributed to suppression
of neoangiogenesis.®
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In patients with recurrent gastrointestinal bleeds who
have failed other measures, strategies such as holding
or decreasing antiplatelet therapy dosing or pursuing
lower INR goals are often entertained as possible op-
tions. However, these strategies should be considered
with caution based on device type. While decreasing
antiplatelet dosing may decrease GIB, it has also been
shown to increase the rate of both ischemic and hem-
orrhagic strokes in patients with HeartWare devices.*!
Evaluation of the cessation of antiplatelet therapy in the
HM3 device is currently underway,®® and small studies
have reported no difference in stroke rates in these de-
vices at lower INR goals (1.5-1.9).5°

Infection
Although LVADs are internal, the driveline exits the ab-
dominal wall, and this external portion is a large source
of infection. Major infection is the most common ad-
verse event among patients with LVAD in the STS
INTERMACS Database. Forty percent of patients sup-
ported by an axial flow device, 43% with a CF-Hybrid
levitation device, and 33% with a CF-Full magnetic levi-
tation device experience a major infection during the
first year of follow-up after LVAD implantation.®® The
incidence of infection is highest in the early postimplant
period, but the risk of infection persists during the en-
tire duration of device support.6”%8 Infections in patients
supported by an LVAD may be characterized as VAD-
specific, VAD-related, or non-VAD infections.®® Most
VAD-specific infections are localized to the driveling,
but these infections may also affect the LVAD pump,
cannula, or pocket. VAD-related infections include en-
docarditis, bloodstream infections, and mediastinitis
from sternal wound or pocket infection. Common non-
VAD infections include pneumonia, urinary tract infec-
tion, cholecystitis, and clostridium difficile infection.
Risk factors for infections in patients with LVAD in-
clude obesity, diabetes, poor nutritional status, female
sex, previous cardiac surgery, INTERMACS Profile 1
status, and longer hospitalization before LVAD implan-
tation.”®"3 Staphylococcus aureus is the most common
organism implicated in driveline infections, followed
by enteric Gram-negative bacteria, Pseudomonas
aeruginosa, and coagulase negative staphylococci.”®
Poorly controlled driveline infections can lead to pump
pocket infection, sepsis, and death. During long-term
follow-up in the INTERMACS Database, infection was
the third most common cause of death in patients with
LVAD.* Infections in patients with LVAD have also been
associated with a higher risk of both pump thrombosis
and stroke, with hemorrhagic strokes more common
than ischemic strokes.®8 Activation of the inflammatory
system in the setting of infection may lead to stimu-
lation of the coagulation system, mycotic aneurysms,
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increased vascular fragility, and hemorrhagic conver-
sion of septic emboli.

Optimal driveline management is also important
for the prevention of infections. Practices vary among
institutions but typically include dressings that are
changed under sterile conditions every 1 to 3days and
anchoring devices can help stabilize the driveline and
reduce trauma at the exit site. Some institutions also
recommend restriction of showering throughout the
lifespan of the LVAD.

Driveline infections involving cellulitis and drain-
age may be treated with oral antibiotics.”® Treatments
for continued infection with increasing drainage and
tunneling along the driveline include intravenous
antibiotics and surgical debridement to expose the
tunnel and scrub the driveline with disinfectants.
Replacement of the LVAD with rerouting of the drive-
line may be considered but is associated with the risk
of surgery and extension of infection to other areas.”™
Pump pocket infections are treated with parenteral
antibiotics, surgical debridement, and continuous irri-
gation or vacuum-assisted drainage. In some cases,
complete pump exchange, pump explant, and HT
may be considered.

Despite preventive measures, the burden of infec-
tious complications in patients with LVAD is consider-
able given that the LVAD is a foreign object, and all
commonly used durable LVADs rely on a driveline ex-
iting the body to connect to a power source. Fully im-
plantable LVADs are currently under development, and
it is hoped that they will be associated with a lower inci-
dence of infections in patients with LVAD in the future.

THROMBOEMBOLIC EVENTS

Pump Thrombosis

LVAD thrombotic events are decreasing over time
because of innovations in LVAD pump design. In the
ENDURANCE trial comparing the HeartWare to HMII
in patients ineligible for transplant, LVAD exchange
because of pump thrombosis seemed to be less
frequent with the HeartWare than the HMII, occur-
ring in 19 patients (6.4%) versus 16 patients (10.7%)
(P=0.12).%° In the MOMENTUM 3 trial comparing the
HM3 to the HMII in patients with advanced HF, the in-
cidence of suspected or confirmed LVAD thrombosis
at 2years was significantly lower with the HM3 than
the HMII device, occurring in 7 patients (1.4%) versus
70 patients (13.9%), (P<0.001)."" These improvements
are attributable to the fact that, when compared with
the HeartWare and HMII devices, the HM3 has wider
gaps for blood flow through the LVAD, less friction dur-
ing movement attributable to the absence of bearings,
and more intrinsic pulsatility, which leads to less shear
stress and stasis of blood.”
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Treatment for suspected LVAD thrombosis may in-
clude increased antithrombotic and antiplatelet ther-
apies. If these are not sufficient, then other potential
therapies include early LVAD exchange, LVAD explan-
tation (in case of significant myocardial recovery), or
consideration of urgent HT (in eligible candidates).
While thrombolytics were previously used in patients
with the HeartWare device, their use has fallen out
of favor because of limited success and high rates of
bleeding complications including hemorrhagic cere-
brovascular accident. For centrifugal LVADs, device
replacement can be performed through a less inva-
sive anterior thoracotomy for HeartWare devices and
a subcostal approach for HMII devices.”®

Neurologic Events

Neurologic events remain the most feared morbidity
associated with LVADs because of their deleterious im-
pact on functional capacity and quality of life. Ischemic
and hemorrhagic strokes occur after LVAD implanta-
tion with an incidence ranging from 5% to 30%, vary-
ing by device type.>'557781 Stroke adversely affects
survival,®® and hemorrhagic stroke is associated with
a higher mortality than ischemic stroke. Furthermore,
the neurologic sequelae could also compromise a pa-
tient’s candidacy for HT.

Risk factors for stroke vary by device type and in-
clude age,®® presence of infections,®* antiplatelet and
anticoagulant therapies,*' and elevated BP.4'8% Many
ischemic strokes are thought to be thromboembolic
in origin, though underlying intracranial or extracra-
nial atherosclerotic disease may also contribute.
Hemorrhagic strokes are thought to be related to any
of the following: (1) elevated BP in the setting of antico-
agulation, (2) high-velocity intracranial flow, or (3) hem-
orrhagic conversion from thromboembolic strokes.*!

There are no standardized protocols for the man-
agement of neurologic events in patients with LVADs.
A head computed tomography should be obtained as
soon as a stroke is suspected to determine whether the
cerebrovascular accident is ischemic or hemorrhagic in
nature. In case of a hemorrhagic event, prompt neuro-
surgical consultation should be considered, whereas in
case of an ischemic event, decisions would need to be
made about the antiplatelet and anticoagulant therapies.

While innovations in LVAD pump design have re-
duced the rates of LVAD thrombotic and thrombo-
embolic events, additional data are necessary to
understand best medical practices for prevention. The
ENDURANCE Supplemental Trial demonstrated that
stringent control of BP in patients supported by the
HeartWare LVAD, with frequent monitoring to maintain
an MAP target of <85mmHg, was associated with a
lower risk of stroke compared with the cohort of the
ENDURANCE trial without strict BP parameters.'
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Whether antiplatelet agents are still required to reduce
the risk of thrombotic and thromboembolic events in
the era of fully magnetically levitated centrifugal-flow
LVADs is unclear.

Right Heart Failure

RHF is a common cause of morbidity and mortality in
patients following LVAD placement. Although the exact
incidence is not known attributable to changing diag-
nostic criteria, it is thought to occur in up to 53% of pa-
tients.® Multiple different models have been proposed
to best predict patients who would develop RHF; how-
ever, the ability to identify these patients pre-LVAD im-
plantation remains a challenge.888

According to the latest INTERMACS definition, RHF
can be divided into 3 phases: early acute, early post
implant, or late stages. Early acute RHF is defined as
the requirement for implantation of a temporary or du-
rable right VAD at the time of LVAD implantation. Early
post-implant RHF is defined as the need to implant a
temporary/durable right VAD within 30days of LVAD
implant, failure to wean from inotropic, vasopressor, or
inhaled NO support within 14 days of LVAD placement,
or the need to initiate these therapies within 30days of
device implant and for a duration of at least 14 days.
Approximately 5% of patients receiving an LVAD require
right VAD therapy and an additional 10% to 15% require
prolonged inotropes.?® Late RHF is defined as the need
for a right VAD >30days after LVAD implantation, or
hospitalizations occurring >30days postdevice implant
with associated clinical exam findings or hemodynamic
parameters consistent with RHF, and which require IV
diuresis or inotropic support for at least 72hours.

Late RHF has been associated with higher incidences
of rehospitalizations, gastrointestinal bleed, stroke, in-
fection, and worsening quality of life.88 Therapies for this
condition are limited and include escalating diuretics,
inotropes, and transplant in eligible patients.88%°

Role of the General Cardiologist

General cardiologists have a pivotal role in the long-
term management of patients with LVAD. Routine BP
measurements on every office visit are recommended
to decrease the risk of stroke and intracranial bleed-
ing. While adjustments of BP medications should be
made in conjunction with the primary LVAD team, pre-
ferred agents are afterload reducing medications such
as angiotensin-converting enzyme inhibitors, angioten-
sin receptor blockers, angiotensin receptor-neprilysin
inhibitors, and hydralazine. The role of beta blockers
in patients with LVAD is highly debated and their use
should be based on individual patient characteristics.
Patients who may benefit from their use include those
undergoing evaluation for recovery/LVAD explantation
as well as those with atrial or ventricular arrhythmias.
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However, caution should be used in patients with right
ventricular failure as beta blockers could lead to acute
decompensation.

Since the LVAD does not provide support to the
right ventricle, many patients suffer varying degrees of
right ventricular failure and require close follow-up for
volume status as well as sodium and volume restric-
tions. It is highly recommended to assess the volume
status on every office visit and to discuss possible ad-
justments of the diuretic dose with the primary LVAD
team. In some cases, additional testing such as echo-
cardiography or right heart catheterization may be
useful to help guide therapy.

Patients who have implantable cardioverter defibril-
lator should undergo device interrogation periodically
or in the case of new or concerning symptoms. The
presence of ventricular arrhythmias, their frequency,
and their duration are important to recognize and
address.

Finally, awareness of the unique physiology of pa-
tients with LVADs and the complications associated
with these devices as outlined in this paper are essen-
tial for general cardiologists, since patients frequently
approach them first with their initial symptoms. Early
recognition of these complications allows treatments
to be instituted which improve the clinical outcomes of
this patient population.

CONCLUSIONS

Although the number of LVADs implanted per year
continues to increase, many patients who could ben-
efit from these devices are not offered this therapy
because they are not referred to an advanced HF pro-
gram in a timely manner, despite the proven beneficial
impact on both survival and quality of life. This gap in
therapy is secondary to unfamiliarity with device tech-
nology and difficulty in recognizing patients who pro-
gress to stage D HF.

As duration of support continues to increase, these
devices will become increasingly common, so general
cardiologists will be encountering more of these pa-
tients in their practice.

We hope that this primer will allow general cardiol-
ogists to become more comfortable with LVADs and
more familiar with the principles of managing patients
supported with an LVAD.
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Table S1. Data for Figure 1 on Trends in the Rate of 1-year Survival Across Clinical Study
Groups Over Time.

Clinical Trial or Study Implant Device(s) 1-Year
Study Name Onset Strategy Survival
REMATCH Trial* | 1998 DT HeartMate 52%
XVE
HeartMate Il BTT 230
Trial and continued- 2005 BTT HeartMate |1 0
access protocol%3
HeartMate |11 DT HeartMate 11 HMII: 68%
Trial® 2005 DT vs XVE XVE: 55%
HeartMate Il DT . 770
Trial continued- 2007 DT HeartMate 11 HMIL: 73%
access protocol’®
INTERMACS 2008 BTT | HeartMate Il 85%
study
ADVANCE Trial HeartWare
and continued-access 2008 BTT 84%
79.95 VAD
protocol ™
ENDURANCE HeartWare |\ \\/AD: 750
Trials® 2010 DT VAD HMII: 78%
HeartMate |1 '
ENDURANCE 2013 o7 Hef/r;\’[\gare HVAD: 83%
Supplemental Trial** HMII: 82&

HeartMate |1




MOMENTUM
354.96,97,

2014

BTT/BTC
and DT

HMII
HM 3

HMII
BTT/BTC:
88%
HM3
BTT/BTC:
92%
HMII DT:
82%
HM3 DT:
84%
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