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Preface

Heart failure is a condition of diminished blood pumping by the heart that causes
poor delivery of oxygen and nutrients to vital organs and the rest of the body. Heart
failure is a devastating disease with high mortality. Its incidence is expected to rise by
nearly 30% from the current 6.2 million affected people to almost 8 million by 2030 in
the United States alone. This book covers broad but important aspects of mechanical
circulatory support (MCS) with ventricular assist devices (VAD) that support patients
with advanced and end-stage heart failure.

This book, a collection of review papers from experienced and knowledgeable physi-
cians and scientists, provides an overview of the history of MCS devices, including
their development, optimization, and application to the treatment and management
of heart failure. The authors emphasize the importance of diagnosis and treatment
strategies for common risks and complications that patients encounter during MSC,
such as arrhythmias, recurrent heart failure, aortic insufficiency, and acute hyper-
tension. These complications increase morbidity and mortality in patients with
VAD. The chapter that describes the use of implanted cardioverter defibrillators in
various clinical situations related to VAD is a valuable resource for medical person-
nel in preventing sudden death and complications during MCS therapy. The book
also includes comprehensive reviews of basic, translational, and human research
focusing on cardiac remodeling and the underlying molecular, cellular, and circula-
tory mechanisms that evolve in response to ventricular unloading with MCS devices.
A chapter on assessment and management for better delivery of MCS care to local
communities, particularly those patients who live in rural and remote areas, adds
valuable information that can be adopted in many hospitals to improve the benefits
and quality of VAD care.

The editors are delighted to present Ventricular Assist Devices — Advances and Applications
in Heart Failure for a broad audience of physicians, surgeons, and scientists who work
to save the lives of patients with heart failure.

Enkhsaikhan Purevjav, MD, Ph.D., FAHA

The Heart Institute,

The University of Tennessee Health Science Center,
Memphis, Tennessee, USA

Children’s Foundation Research Institute,
Le Bonheur Children’s Hospital,
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Chapter1

A Historical Review of Mechanical
Circulatory Support

Hugo Martinez, Neely R. Alberson, Jarot ]. Guerra
and Ismael A. Salas De Armas

Abstract

Meaningful and contemporary data regarding the clinical use of mechanical
circulatory support (MCS) is founded on the work conducted in the 1950s when a
“heart-lung” machine was incorporated to provide support during surgical interven-
tions. Following this milestone, the need to support artificial circulation in patients
with heart failure initiated an investigational and legislative collaboration to imple-
ment the mission-oriented Artificial Heart Program in the United States during the
1960s. In the subsequent decades, technological discoveries have integrated a series
of mechanical systems employed as therapeutic options for short- and long-term
artificial circulation in children and adults with advanced heart failure. Since their
clinical application, MCS devices have been employed as a bridge to transplantation in
over 4000 patients globally. In recent years, the adverse effects and economic burden
of MCS have been counterbalanced by the harmonization of therapeutic protocols,
the inclusion of multidisciplinary insight, and the allowance of families and patients
to participate in shared decision making to address candidacy. In this chapter, we
provide a review of the historical aspects of MCS, a therapeutic option for overcom-
ing complexities encountered in reestablishing adequate hemodynamic states and
providing a reasonable quality of life.

Keywords: mechanical circulatory support, heart failure, historical aspects,
left ventricular assist device, destination therapy

1. Introduction

Heart failure (HF) affects approximately 6 million adults in the United States
(US) and is projected to affect over 8 million persons over the age of 18 years by the
year 2030 [1]. Of these, it is estimated that the prevalence of advanced heart failure
(American College of Cardiology/American Heart Association Stage D) ranges
between 250,000 and 300,000 individuals. Between 1988 and 2021, over 83,000
heart transplants were performed in the US. Among those patients, a ventricular
assist device (VAD) was used in over 20,000 or approximately 25% of transplanta-
tions [2]. Pediatric patients (<17 years old) comprised 31% of total transplantations,
and approximately 9% of children required a VAD as a bridge to transplantation
(BTT) [2].
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A description of noteworthy milestones in the history of cardiac surgery and
mechanical support must include the meaningful advances led by Dr. John H. Gibbon
in the 1950s. These advances laid the foundation for the use of cardiopulmonary
bypass (CPB) and circulatory assist devices to support patients with perioperative
complications and prolonged hemodynamic recovery [3, 4]. Since the early days of
mechanical circulatory support (MCS), VADs have become a standardized alternative
strategy to bridge to hemodynamic recovery, destination therapy, a bridge during
decision-making for the next steps in management, or asa BTT [5].

The first clinical use of a LVAD was reported by Liotta e al. in 1963, in a patient
with cardiac arrest the morning after aortic valve replacement. The intrathoracic
pump was still functioning 4 days postoperatively when the patient died due to brain
damage, a complication of cardiac arrest they experienced prior to LVAD implanta-
tion [6]. In 1964, The National Institutes of Health (NIH) became actively involved
in the development of mechanical assist devices with the inception of the Artificial
Heart Program [7]. By 1966, the first successful pneumatically driven paracorporeal
left ventricular assist device (LVAD) was employed by DeBakey et al. to support a
patient following cardiac surgery. The first human heart transplant was performed
by Dr. Christiaan Barnard in 1967, and shortly afterward the use of artificial ventricle
technology was initiated as a bridge to support patients until a donor heart could be
found [8-10]. Concurrently, the idea of replacing the entire organ using an “artificial
pump” came to clinical practice in 1969 by Cooley et al. who reported the first use of a
total artificial heart (TAH) as a BTT. However, this device was only able to be retained
for a few days due to adverse events such as infection, thrombosis, and hemolysis [11].

The establishment of the National Heart, Lung, and Blood Institute (NHLBI) by
the NIH in the 1970s promoted the development of implantable devices intending to
provide longer mechanical support [7]. In 1978, the first LVAD was used by Norman
etal. for nearly 6 days as a BTT [12]. The first TAH intended for permanent support
was implanted in 1984 by DeVries et al. with the patient being supported for 112 days
before succumbing to sepsis [13].

The first successful BTT case using a VAD was reported by Portner et al. in 1984
using the Novacor (Baxter Healthcare Corporation, Oakland, CA) implantable elec-
trical LVAD in a patient with ischemic end-stage heart disease [14]. By the mid-1990s,
the FDA approved multiple pulsatile devices allowing patients to recover from hemo-
dynamic compromise [15] (Figure 1). Subsequently, in the Randomized Evaluation
of Mechanical Assistance for the Treatment of Congestive Heart Failure (REMATCH)
trial, a new indication for mechanical support was explored and the trial revealed
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Important milestones in the history of mechanical circulatory support.
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that patients supported by a LVAD exhibited an 81% improvement in 2-year survival
compared to medical therapy in patients with advanced heart failure who were not
candidates for heart transplantation [5, 16]. The results of this trial led to the approval
of the HeartMate VE LVAD device for destination therapy in 2003.

As the prevalence of advanced heart failure increased over the past decades, utili-
zation of LVADs became essential to improve pre-transplant illnesses, improve quality
of life, and enhance survivorship—a phenomenon primarily driven by advances
in device design, patient characteristics, implantation techniques, and long-term
management of adverse effects [17, 18].

2. Ventricular assist devices
2.1 First generation

The earliest VADs incorporated a diaphragm and unidirectional artificial valves
to replicate the pulsatile cardiac cycle with a diastolic filling time and a systolic
emptying of the devices, mimicking that of the native heart [19]. These devices are
pumps designed to mechanically assist a failing Left Ventricle (LV) by removing
blood from the LV and returning it into the circulatory system via the aorta. While
LV dysfunction is more common, VADs can also be used to treat right ventricular
failure or both. These first-generation VADs were either pneumatically or electrically
driven, included the Thoratec HeartMate IP (“Implantable Pneumatic”), VE (“Vented
Electric”), XVE (“Extended Vented Electric”) (Abbott Laboratories, formerly
Thoratec, Pleasanton, CA), and the Berlin Heart EXCOR (Berlin Heart, Berlin,
Germany) [1]. These early devices were used to support patients as a BTT and could
be used as left-, right-, and biventricular devices (LVAD, RVAD, and BiVAD). The
first-generation devices introduced electromechanical actuation, which allowed some
to be powered by a battery worn on the waist, affording better mobility, and allowing
patients to be discharged from the hospital waiting for a new heart [20]. Anecdotally,
these first devices had several disadvantages including large size, noise emission,
infectious diseases, malfunctioning, mechanical tears, or valve degradation.

First-generation LVADs were known as volume displacement pumps and gener-
ated flow via a pulse generator [15, 21]. The goal of the first-generation LVADs was
to provide long-term circulatory support, such that these devices could be used as a
bridge to transplant [20, 22].

The HeartMate systems were housed within a titanium shell and situated beneath
the patient’s diaphragm on the left side. Within the housing, a polyurethane dia-
phragm divided the blood-contacting chamber and the chamber housing the motor.
A sintered titanium microsphere layer was applied to the titanium blood-contacting
surfaces of the pump and a fibrillar texture was on the polyurethane diaphragm.
These surface modifications allowed circulating cells to adhere and form an intima-
like tissue layer [20, 22]. The HeartMate IP (Abbott Laboratories, formerly Thoratec,
Pleasanton, CA, USA) was the first LVAD to receive FDA approval for use in patients
asa BTT in 1994. Clinical trials of the HeartMate VE began in 1992. Following the
positive outcomes from the REMATCH trial, the HeartMate VE was approved by the
FDA as destination therapy in 2003. This VAD was later updated to the HeartMate
XVE device and served as the device to which the next generation of LVAD was
compared. The Heartmate VE and XVE systems were driven by an electric motor. The
REMATCH results propelled widespread use of LVADs in the clinical setting and led
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to FDA approval of the HeartMate VE (HeartMate I) and the inclusion of other first-
generation LVADs such as the Thoratec Implantable VAD (IVAD), an intracorporeal
device, as well as the Thoratec PVAD, a paracorporeal device. Both devices provide
the option of being used as left, right, or biventricular support and are both approved
for use as BT'Ts. They were pulsatile flow devices comprising a 65-mL blood chamber
with unidirectional flow achieved by tilting disk mechanical valves [23].

The Novacor LVAS (formerly WorldHeart, Oakland, CA, and acquired by
HeartWare International, Inc., Framingham, MA) features an implanted pump/
drive unit and an external control console. The pump consisted of a polyurethane
sac bonded to dual pusher plates contained in a housing that included valve fittings.
This device became available in 1984, initially as a console-based unit, but a wearable
configuration became available in 1993. This unit was initially intended for destina-
tion therapy (DT) in the treatment of individuals with end-stage heart failure, but it
was eventually used as a BTT [24]. The first clinical implant for a bridge to transplan-
tation reportedly occurred in 1984 by Portner et al. [25]. Complications associated
with the device included cerebral vascular accidents, bleeding, and infection. This
device was discontinued by the manufacturer in 2008 with a greater focus on newer-
generation VADs.

The Arrow LionHeart LVAD 2000 (Arrow International Inc., Reading, PA) was
an implantable pulsatile VAD, designed for use for DT in patients with end-stage
heart failure. The system had no percutaneous lines or connections and consisted
of a titanium blood pump with inflow and outflow assemblies, a motor, a compli-
ance chamber, and a transcutaneous energy transmission system [26]. The Clinical
Utility Baseline Study was performed to establish whether the transcutaneous
energy transmission system resulted in fewer infections than the observed during
the REMATCH trial and concluded that Lionheart recipients exhibited less sepsis
and device-related infection than the REMATCH trial group. The device, however,
was discontinued in 2005.

The Berlin Heart EXCOR VAD was developed in Berlin, Germany, by Berlin
Heart and is a pneumatically driven paracorporeal support device that can be used
to provide left, right, or biventricular support. Its size ranges from pediatric to adult
sizes. The device was first used as a BTT in 1988 [27, 28]. In 1992, the Berlin Heart
became the first commercially available pulsatile assist device for children. This
device received the CE mark in Europe in 2000 but was granted FDA approval for
pediatric use only in the USA in 2011. This device is specifically designed for infants
and children with stroke volumes of 10, 25, and 30 mL [29]. It is a pneumatic,
compressor-operated diaphragm pump with polyurethane valves. Larger pumps (50,
60, and 80 mL) are equipped with mechanical valves.

BiVADs may be useful in patients with total heart failure and support both sides of
the heart by balancing left and right pump flows. First-generation BiVADs included
Abiomed BVS5000 and AB5000 (AbioMed Inc., Danvers, MA, USA), Thoratec PVAD
and IVAD (Thoratec), Berlin Heart EXCOR (Berlin Heart, Berlin, Germany), and
Medos HIA-VAD (MEDOS Medizintechnic GmbH, Stolberg, Germany) [2].

The Abiomed BVS5000 (AbioMed) was clinically introduced in 1987 and
approved for use by the FDA in 1992. The device is an extracorporeal, dual-cham-
bered BiVAD. The advantages of this device include simplicity and low cost, making it
one of the most frequently used BiVADs worldwide [30]. The BVS5000 has two sepa-
rate pumping and filling bladders driven by a pulsatile drive console. The device has
demonstrated reasonable success in bridging patients to recovery from cardiogenic
shock; however, issues with portability and thrombus incidence present limitations
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should long-term VAD support be required [31]. The Abiomed AB5000 (AbioMed)
gained FDA approval in 2003 and is very similar to the BVS5000, as it is a pneumati-
cally driven volume displacement pump. Unlike the BVS5000, its paracorporeal
location means that this device can be used as a VAD treatment or as a replacement,
allowing the patient greater mobility [32].

The Thoratec PVAD (Thoratec) was approved by the FDA in 1995 for BTT and
in 1998 for postcardiotomy support. It is a pneumatically driven paracorporeal VAD
suited for left, right, or biventricular assistance, as well as use as a total artificial
heart. The Thoratec IVAD (Thoratec) was approved by the FDA in 2004 to sup-
port systemic and/or pulmonary circulations in left, right, or biventricular assist
configuration. This device is intracorporeal, pneumatically actuated, and pulsatile,
operating in a full-to-empty mode utilizing optical infrared sensors to detect the
end-systolic and diastolic position of the membrane providing an adequate balance
of blood flow [33].

The Medos HIA-VAD is a paracorporeal device with transparent pump chamber
sizes to be used in adult, infant, and pediatric cases. Development was initiated in
1982 at Helmholtz Institute for Biomedical Engineering in Aachen, Germany, and was
acquired by Medos Medizintechnik GmbH in 1990. It has been used since 1994 and
received the CE trademark in Europe in 1997. The system can work either at a fixed
rate or with an electrocardiogram trigger and is pneumatically actuated, providing
left, right, or biventricular support [15, 19].

The NIPRO-VAD (National Cardiovascular Center/Toyobo ventricular assist
system) is an extracorporeal pneumatically driven diaphragm pump. It was report-
edly first implanted in 1982 at the Saitama University Medical School and the Osaka
University Hospital. While the device has been used long term, up to 1264 days,
patients supported by this system have limited mobility and therefore the device has
been exchanged for second- and third-generation devices [22].

The Zeon VAD is a pneumatically driven extracorporeal pump, first implanted in
1980. The pump was used for left, right, and biventricular support as BTT in Japan.
The pump was discontinued in 2005 [22].

2.2 Second generation

Since first-generation pumps were limited by their large size, high noise
emissions, decreased patient mobility, and durability issues, research to develop
smaller, more reliable devices was initiated [15]. Some of the features that character-
ize the second-generation LVADs from the first are that they are continuous, rather
than pulsatile pumps, and that they produce axial blood motion using a rotor [34].
The second- and third-generation VADs replace or support only the ventricular
function. There is no direct attempt made to imitate the modality of the native,
ventricular function [20, 34].

The first reported device that falls in the second-generation category is the
Biomedicus Bio-Pump (Medtronic Inc., Eden Praire, MN, USA). It has been used
since the mid-1980s. Is a centrifugal pump that provides extracorporeal left and/or
right ventricular assistance for short-term bridge-to-bridge, bridge-to-recovery, and
bridge-to-transplant support [34, 35].

The HemoPump was the first implantable rotary blood pump with an extracor-
poreal drive. It required continuous infusion of a purge fluid. It was only used within
clinical trials in the USA and the first in man use was in 1988, marking the beginning
of the era of implantable, less invasive, rotary ventricular assist devices [36].
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A few years later in Europe, in 1999, the ROTAFLOW (Maquet, Hirrlingen,
Germany) was approved for pulmonary and/or ventricular support, including
cardiopulmonary bypass, or used in the framework of extracorporeal membrane
oxygenation (ECMO) procedures [34].

The first clinical use in a human of the DeBakey VAD, which later evolved to the
HeartAssist 5, was in November 1998, and this marks the beginning of a new era of
long-term second-generation LVADs. The VAD itself consists of a miniaturized axial
flow pump system, an external controller system, and a clinical data acquisition sys-
tem [37, 38]. This is the only rotary LVAD where the flow is measured directly at the
outflow prosthesis with an ultrasonic transducer, thereby producing reliable system
monitoring [38].

After a decade of pioneering work achieved with the HemoPump, the Impella
product family evolved into a platform technology. In 1999, the Impella device was
approved for use in Europe. The Impella RP (AbioMed Inc., Danvers, MA, USA) isa
minimally invasive temporary microaxial pump for the percutaneous treatment of
RV failure in pediatric or adult patients for up to 14 days. The device is exclusively
inserted percutaneously through the femoral vein and advanced in an antegrade
fashion across the pulmonary valve into the pulmonary artery under fluoroscopy. The
pump aspirates blood from the inferior vena cava and ejects it into the pulmonary
artery. This action provides forward flow in the pulmonary circulation and unload-
ing of the RV [39]. The Impella 2.5, CP, 5.0, 5.5, and LD have also been designed and
approved for use in High-Risk Percutaneous Coronary Interventions (HRPCI) and
cardiogenic shock [34].

The Impella 2.5 and CP are percutaneous microaxial circulatory support pumps.
The Impella 2.5 can deliver up to 2.5 1/min of systemic flow augmentation by pump-
ing directly from the left ventricle into the ascending aorta [40]. The Impella CP can
deliver flows up to 3.7 1/min. The Impella 2.5 and CP are used for HRPCI. The Impella
2.5 showed better results in patients undergoing HRPCI than the intra-aortic balloon
pump [41]. In addition, the Impella CP due to easy placement access through the
femoral artery, can be used in cases of acute decompensated heart failure or worsen-
ing cardiogenic shock driven by the left ventricle.

The Impella 5.0 and 5.5 are larger microaxial pumps implanted through a conduit
sutured to the axillary artery [42] or directly sutured to the aorta through a graft
either through a full sternotomy or through partial upper one in cases of small axillary
artery [43] and can provide flows, 5.0 and 5.5 I/min, respectively, like that of durable
LVADs [44]. They also promote patient mobilization and therefore give patients the
ability to participate in physical therapy. They can also be used when other smaller
microaxial pumps result in refractory hemolysis, resulting in better outcomes [45].
The Impella 5.5 can be used in cardiogenic shock as a bridge to recovery, a bridge to
transplant, a bridge to a decision, or a durable LVAD [46].

The Jarvik 2000 FlowMaker (Jarvik Heart, Inc., New York, NY) is an axial flow
LVAD that has been used in patients since the year 2000 as a bridge to recovery
(BTR), BTT, and DT. This device uses alternative outflow connections and can also
be used to support right ventricular function in humans. The pump is equipped with
five speeds that can be manually set [47]. It is one of the smallest clinically available
LVADs as well as having the longest period of left ventricular support with 9.5 years of
uninterrupted support [16].

In 2001, Thoratec introduced the most successful LVAD, with respect to implan-
tation numbers and studies, the HeartMate II VAD which was smaller and lighter
than the original HeartMate XVE [3] (Figure 2). The development was initiated in
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1991 with research collaboration between the McGowan Center of the University

of Pittsburgh and Nimbus Company [20, 34]. It was approved for use in 2005 in
Europe and the USA, the FDA approved it asa BTT device in 2008 and asa DT
device in 2010. It is an axial-flow device composed of a blood pump, percutaneous
lead, an external power source, and a system driver. The pump rotor and blood

tube are made of smooth titanium, while the stators, inlet and outlet elbows, and
intraventricular cannula are textured with titanium microsphere coatings. This
design reduced prothrombotic sites and minimized wear and tear associated with
multiple moving parts. Surfaces contacted by blood were designed with a textured
titanium lining as an antithrombotic measure. Initially, the pump was placed in the
intra-abdominal position but was then switched to a preperitoneal position where
the body of the pump can then be easily accessed for pump exchange through a left
subcostal approach [48]. From 2009 to 2017, the HeartMate 2 was the main LVAD
being implanted worldwide. Although the improvement of survival over time has led
to widespread adoption of this therapy, adverse events persist including, infection,
bleeding, and pump thrombosis [49]. The rate of pump thrombosis has been reported
as high as 10% after the first-year post-implantation, with a rate of 13% of pump
exchange secondary to pump thrombosis [50]. One cause of driveline failure in the
HeartMate II is damage to the wiring insulation of the percutaneous lead resulting in
an electrical short to ground, referred to as a short-to-shield (STS). The percutane-
ous lead has six electrical wires attached to six motor stators to power a three-phase
pump. There are three stranded primary wires and three backup wires for each of the
phases. An STS occurs when there is an inappropriate electrical connection between
one of the stranded wires and the shield, disrupting the normal flow of power [51].
A phase-to-phase short occurs when there is a loss of insulation between the three
redundant motor coils (i.e., phases) of the driveline. When present, phase-to-phase
short is particularly troublesome in that pump stoppages are likely and unpredict-
able. The manufacturer, therefore, recommended against controller exchange due

to concern over the possibility that the pump would not restart, and instead recom-
mended driveline repair, followed by surgical pump exchange should the problem
persist [52]. Currently, there are still thousands of patients supported with the
HeartMate 2 pump, Figure 2.

The CircuLite Synergy Micro-Pump, unlike the HemoPump and the Impella, was
approved as a long-term LVAD and was implanted for the first time in a human in
2007. This pump was mainly used as a partial support device and sits in a pacemaker-
like pocket [34].

The EVAHEART is the only implantable, centrifugal second-generation LVAD.
The first-in-human use was in 2005 and was approved in Japan in 2010. It requires
continuous insertion of cool seal fluid (purified water) [34].

The Heartmate X was announced in 2012 as an axial LVAD and leverages
HeartMate 2 core bearing technology and is still under development in the animal
stage [34]. It is a smaller pump and potentially allows for a less invasive implantation
technique and could be used for smaller patients [53].

The Thoratec PHP was approved in Europe in 2015, which was the last approval of
the second-generation LVADs, consisting of a shaft-driven axial pump with a foldable
impeller. The device is inserted through the femoral artery and advanced to the aortic
valve.

The MERA HCF-MP23 (Senki Medical Instrument Manufacturing Co. Ltd., Tokyo,
Japan) is a centrifugal pump used for short-term extracorporeal circulatory support.
The use is aimed at open heart surgery circulatory support and for bridge-to-decision
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Figure 2.
Schematic representation of the HeartMate 11 (Abbott Laboratories, Abbott Park, IL). A successful continuous-
flow pump with axial design.

use for up to 4 weeks. However, it was successfully used as an RVAD in a patient with
right heart failure post-LVAD implantation for up to 17 weeks [54].

2.3 Third generation

Third-generation LVADs are continuous-flow centrifugal pumps designed with
magnetic and/or hydrodynamic levitation of the impeller with non-contact bear-
ings and outflow directed perpendicular to the axis of rotation [15, 19, 20, 55]. Fully
magnetically levitated implantable blood pumps were proposed in patients by Olsen
and Bramm in 1986 and Moise in 1987 [55]. Currently, continuous flow LVADs
(CF-LVADs) are used in 99% of patients requiring an LVAD [30]. The development
of third-generation devices aimed to improve durability and hemocompatibility.

The two main LVADs discussed in this chapter are HeartMate III and HeartWare.
Other examples include the TandemHeart (CardiacAssist Inc., Pittsburgh, PA, USA),
Levacor (World Heart Inc., Salt Lake City, UT), and the DuraHeart (Teruma Heart,
Inc., Ann Arbor, MI).

The HeartWare HVAD (Medtronic Inc., FL, USA) was approved by the FDA for
BTT in 2012 and its implantation is completely intrapericardial; a smaller pump size
eliminates the need for an abdominal pocket [30, 55]. From 2012 to 2017 was the
pump of choice as BTT and for an additional year was the pump most commonly
implanted as destination therapy. This device has magnetic and hydrodynamic
levitation of the internal rotor and is connected directly to the heart at the base of the
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left ventricle. This device had the advantage that could be implanted without cardio-
pulmonary bypass easily due to the design of the coring knife [56]. The FDA recalled
this device and Medtronic halted distribution and sale in June 2021 due to increased
risk of neurological events and mortality associated with the internal pump, and the
ability to restart if the internal pump stops [57].

The HeartMate III (Abbott Laboratories, formerly Thoratec Corporation,
Pleasanton, CA, USA) was initially approved by the FDA for adults awaiting a heart
transplant in 2017 and approved for long-term use in 2018. Its initial development
started in 1998, using the same technology as the CentriMag, but modified to be fully
implantable [55]. The first in human use was in June 2014. This device is implanted
directly into the left ventricle and is fully magnetically levitated. It is designed to pass
an inflow cannula through the apex of the heart and is directed toward the mitral
valve to optimally drain blood from the left ventricle through the outflow graft and
into the systemic circulation. The implications of this technology are substantial. Data
from the MOMENTUM three randomized trial and subsequent publications (includ-
ing the 5-year follow-up) have demonstrated the superiority of the centrifugal-flow
LVAD to the HeartMate II with respect to survival to transplant, recovery, or LVAD
support free of debilitating stroke or reoperation [58]. The superior performance of
the HM3 at 6 months was due to 0% of the HM3 patients experiencing pump throm-
bosis, whereas 10.1% of patients with HM2 experienced pump thrombosis. Significant
differences were not appreciated when comparing HM3 and HM2 with respect to
bleeding, sepsis, driveline infection, right heart failure, arrhythmia, respiratory
failure, renal dysfunction, hepatic dysfunction, or hemolysis not associated with
pump thrombosis.

The HeartMate 6, an off-label use of two HeartMate 3 devices for biventricular
support as a total artificial heart, has been reported in a patient as a successful bridge
to transplant [59].

The Abbott CentriMag was the first available third-generation blood pump
that was fully magnetically levitated. Originally developed and commercialized by
Levitronix in 1995, the medical arm of Levitronix was then acquired by Thoratec in
2011 and Thoratec was later acquired by Abbott in January 2017 [55]. It is an extra-
corporeal centrifugal pump and is approved for use as an RVAD for up to 30 days
in patients with cardiogenic shock. The magnetic levitation and motor principles
are identical to those of the HeartMate 3, described above. Cannulation configura-
tion differs depending on the support needed, i.e., LVAD, RVAD, or BiVAD. The
CentriMag can also be used as a pump in the ECMO circuit [55].

In the US, it is approved for 6-hour acute extracorporeal circulatory support
during cardiac surgery or humanitarian use device for RVAD support in cardiogenic
shock as a result of right-sided heart failure. It is the surgical temporary ventricular
assist device of choice. In Europe, it is approved for 30 days of extracorporeal VAD
support [55].

The Levacor LVAD (WorldHeart has ceased trading) development was origi-
nally started by Medquest in 1996 and then was later acquired by WorldHeart. The
first in human use was in March 2006. It is a radial flow pump employing a hybrid
active and passive bearing to suspend a centrifugal impeller. In 2011, World Heart
discontinued efforts to commercialize this device as a result of large device size and
technical issues [60].

The Terumo DuraHeart LVAD (Terumo Corporation, Tokyo, Japan) was devel-
oped in 1991 with its first human use in January 2014. It is an implantable radial flow
pump incorporating an axial magnetic bearing providing long-term left ventricular
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assistance with a contact-free impeller suspension system. The US SUSTAIN trial (A
Study Evaluating Safety and Effectiveness of the DuraHeart Left Ventricular Assist
System in Bridge to Transplant Patients) began in 2008 but was prematurely termi-
nated in December 2011, due to slow recruitment based on the size of the device and
the difficult configuration of the inflow cannula [61].

The HeartWare MVAD (Medtronic Inc., FL, USA) is a miniaturized implantable
VAD that uses a passive maglev and hydrodynamic bearing system to levitate the rotor
once it is rotating. It was developed in 2004 with the first in human use in July 2015.
Its clinical trial was suspended 2 months later and has not been restarted [55].

The TandemHeart (CardiacAssist Inc., Pittsburgh, PA, USA) uses a paracorporeal,
continuous flow, centrifugal pump originally developed for left atrial-to-femoral
artery bypass to provide hemodynamic support during high-risk coronary interven-
tions and post-cardiotomy cardiac failure. It was first used in a human in the year
2000 The use of this device has been reported in several conditions and with a change
in cannulae configuration it can be used in acute myocardial infarction, post-LVAD
implantation, pulmonary hypertension, severe acute mitral regurgitation, and cardiac
rejections after heart transplantation [34, 62]. This device has also been successfully
used for post-myocardial infarction interventricular septum defect, allowing time for
left ventricular recovery and definitive surgical repair [63].

The Berlin Heart INCOR (Berlin Heart GmbH., Berlin, Germany) is an implant-
able VAD that has an active magnetically levitated rotor. It is implanted below the
diaphragm in an abdominal pump pocket and due to the size, it is not viewed as being
suitable for less invasive implantation methods. Despite its designs, the initial results
were undermined due to issues with the design of the inflow cannula causing high
rates of embolic complications. The first in human use was in 2002. However, recent
results with new designs have shown improved results with respect to GI bleeding and
de novo pump thrombosis [64].

The Ventracor (is no longer trading) was developed in 1997 with the first in human
use in 2003. Approximately 450 devices were implanted before the company ceased
trading in 2009 [55].

The Arrow CorAide left ventricular assist system (LVAS) (Arrow International,
Reading, PA, USA) is a continuous flow left ventricular assist device, as a bridge to
transplantation or recovery as well as destination therapy in patients with New York
Heart Association (NYHA) class IV heart failure. Its use has been limited to clini-
cal trials and was originally developed at the Cleveland Clinic. The first patient was
implanted in May 2003. It was the first third-generation magnetically levitated pump
to be included in a clinical trial [65].

3. Temporary and durable mechanical circulatory support

With the progress in comprehensive evaluation, and diagnostic and therapeutic
approaches in patients with heart failure, device selection has become the corner-
stone for improving outcomes. Guidelines in the acute and chronic management of
cardiovascular failure have incorporated importance to categorize individuals based
on the severity and acuity of the disease. Therefore, the Interagency Registry for
Mechanically Assisted Circulatory Support (INTERMACS) was founded in 2005 to
summarize the clinical outcome profiles of patients with advanced stage HF who
receive a MCS device. This classification encompasses seven progressive clinical
profiles within the NYHA class III and IV functional status. Short-term or temporary
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devices are generally recommended to provide uni- or bi-ventricular assistance to
patients with cardiogenic shock, decompensated heart failure, cardiac arrest, or
high-risk percutaneous coronary interventions. Therefore, these devices are typically
employed for bridging patients to transplantation, recovery, or bridge-to-decision.
Models of temporary support have included the intra-aortic balloon pump, the
Impella devices (AbioMed, Danvers, MA, USA), the TandemHeart (LivaNova,
London, England, UK), the Rotaflow (Maquet), the CentriMag/PediMag (Abbott),
and the veno-arterial extracorporeal membrane oxygenation. Durable devices have
been divided as previously described, first-, second-, and third-generation devices
based on the flow mechanics. Many of these devices have evolved to provide better
features such a smaller size, improved biological compatibility, and an overall reduc-
tion in costs and adversity.

4. Current trends in mechanical circulatory support

It has been estimated that survival rates in patients with continuous flow devices
are 81% and 70% at 1- and 2-year post-implantation, respectively. Additionally,
survival trends showed that outcomes are more satisfactory in VADs used for BTT
than those in the DT cohorts. Nevertheless, even in the DT population, which inher-
ently possesses greater comorbidities that contraindicate them for HT, long-term
outcomes are still excellent exhibiting 68% overall survival at 2 years [66]. The
Heartmate III recently achieved ~80% in the primary composite outcome of survival
without disabling stroke or reoperation at 2 years [67]. Beyond implantation and the
perioperative risks, this difference primarily resulted from a substantial reduction
in the incidence of pump-related thromboembolic phenomena and reoperation due
to device malfunctioning. Furthermore, data suggest that proactive implantation of
VADs in patients with heart failure (INTERMACS classes 4-7) has excellent outcomes
with a survival rate in the 80-95% range 1 year after implantation. Certainly, tech-
nological advances have made a significant difference in the last decades. In addition,
at many centers, the selection of appropriate candidates for mechanical support has
been developed to incorporate multidisciplinary evaluation before implantation. The
harmonization of this approach provides meaningful benefits, as some studies have
identified numerous comorbidities that are associated with poor outcomes. Such
factors include limited life expectancy, active malignancy, multisystemic end-stage
organ dysfunction, severe infections, hematologic dyscrasias, and anatomical and
psychological components [66].

5. Conclusion

Over the last decades, there have been revolutionary developments in mechanical
support. Although patients with chronic heart failure exhibit improved survivor-
ship with the application of evidence-based medical therapies, VADs are superior to
medical therapy for improving survival among patients with advanced heart failure
with reduced ejection fraction [18]. This topic is important because estimates reveal
that over 18 million persons are diagnosed with heart failure in the United States and
Europe at present [17]. Furthermore, heart failure is far more prevalent in older age
groups, reaching 4.3% among persons aged 65-70 years in 2012, and is projected to
increase steadily, reaching 8.5% in the US by the year 2030 [17].
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For individuals with refractory heart failure requiring transplantation, it has been
estimated that a VAD is used as a bridge to transplantation in approximately 9% of
children and 25% of adult patients The shortage of donor organs and the expanding
pool of patients with heart failure have led to growing interest in mechanical circula-
tory support; fortunately, we have observed meaningful and positive trends from the
incorporation of MCS over the past five decades. We commend all those individuals
who have been at the forefront of these developments and equally acknowledge those
with behind-the-scenes contributions to this field.

As of today, this modality has been successfully expanded to employ MCS as
bridge-to-transplant, bridge-to-recuperation, or destination therapy. However,
following the withdrawal of HVAD from the global market in June of 2021, we are
currently left with a reduced armamentarium for managing patients with advanced
heart failure with reduced ejection fraction, particularly in the pediatric population.
Therefore, shifting the paradigm to advance device miniaturization, improving
surgical implantation techniques, and effectively reducing adverse events would be
of greatest value in the following decades to further advance the field of mechani-
cal circulation. An integrative alliance among technology companies, healthcare
practitioners, and researchers is paramount to promoting education, innovation, and
accessibility.
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Appendices and nomenclature

ACTION Advanced Cardiac Therapies Improving Outcomes Network
BiVAD biventricular assist device

BTR bridge to recovery

BTT bridge to transplantation

Circulatory support

CPB cardiopulmonary bypass

DT destination therapy

EUROMACS European Registry for Patients Assisted with Mechanical
FDA Food and Drug Administration

HF heart failure

HVAD HeartWare Ventricular Assist Device

INTERMACS Interagency Registry for Mechanically Assisted Circulatory
Support

LVAD left ventricular assist device

LVAS left ventricular assist system

MCS mechanical circulatory support

14



A Historical Review of Mechanical Circulatory Support
DOI: http://dx.doi.org/10.5772/intechopen.110525

MOMENTUM 3 Multicenter Study of MagLev Technology in Patients
Undergoing Mechanical Circulatory Support Therapy with
HeartMate 3

NHLBI National Hearts, Lung, and Blood Institute

NIH National Institutes of Health

RV right ventricle

RVAD right ventricular assist device

STS Society of Thoracic Surgeons

TAH total artificial heart

US SUSTAIN Trial A Study Evaluating Safety and Effectiveness of the DuraHeart
Left Ventricular Assist System in Bridge to Transplant Patients
VAD ventricular assist device
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Abstract

Most prominent functional abnormalities seen in the failing human heart are
impaired contraction and slowed rates of relaxation of cardiac cells in the face of
increased neurohormonal activation, sustained inflammation, mechanical and
volume overload, and progressive maladaptive remodeling of the myocardium.
Mechanical circulatory support devices (MCS) improve cardiac function and
outcomes of patients with end-stage heart failure, allowing to bridge to heart trans-
plantation and permitting the removal of MCS device as a bridge to recovery, in
some patients with the sufficient recovery of heart function. Numerous reports have
demonstrated favorable myocardial recovery and reverse remodeling after prolonged
ventricular unloading by MCS. Ventricular unloading by MCS leads to a decreased
concentration of peripheral natriuretic peptides in plasma, reduction in cardiac cyto-
kines, kinases, collagens, and proteins involved in hypertrophy, fibrosis, programmed
cell death, and necrosis in the heart. This chapter will summarize and review the
effects and underlying mechanisms of myocardial remodeling during prolonged MCS
in patients with end-stage heart failure. The mechanisms of myocardial recovery
are multifactorial and remain to be further explored on cellular, organ, and systems
levels.

Keywords: ventricular assist device, mechanical unloading, reverse remodeling,
myocardial recovery, mechanical circulatory support devices (MCS)

1. Introduction

Cardiovascular diseases (CVDs) were responsible for an estimated 17.8 million
deaths globally in 2017 and half of all people diagnosed with heart failure (HF) die
within 5 years of diagnosis [1]. The major cause for CVD morbidity and mortality is
HF, a complex clinical syndrome caused by many CV and other diseases that impairs
the ability of the ventricle to fill with or eject blood. The key pathophysiological
features involved in the development of HF are hypertrophy, fibrosis, apoptosis/
necrosis, microvasculature and extracellular matrix (ECM) abnormalities, and
disturbances in electrophysiologic, adrenergic, and angiotensin signaling. Currently,
heart transplantation is the gold standard treatment of patients with end-stage HF
and the current 10-year survival rates of heart transplant recipients reach 53% [2].
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During the last decades, mechanical circulatory support (MCS) devices with ven-
tricular assist devices (VAD) have improved the outcomes of patients with advanced
and end-stage HF, becoming a cornerstone therapy to bridge those patients to heart
transplantation or recovery [3-7]. The synopsis of structural and molecular changes
in the heart underlying the improved cardiac function after VAD implantation is
called “reverse cardiac remodeling” Extensive investigations have been utilized to
understand how the heart remodels to mechanical and volume unloading during MCS
in a facet of stabilized neurohormonal and inflammatory responses [8-10]. MCS
therapies lead to the improvement of HF symptoms with normalized cardiac size and
shape with simultaneous biological remodeling on gene, molecular, cellular, and tis-
sue levels [11-13]. Myocardial recovery is associated with improvements in structural,
sarcomeric, sarcolemmal, and calcium handling-associated proteins expression and
function [14-16]. Mechanical unloading has been shown to increase collagen cross-
linking and myocardial stiffness [17], alter mitochondrial and metabolic processes
[18], and promote repair and regeneration [19]. Moreover, studies focused on
understanding the roles of biomarkers of neurohormonal activation, oxidative stress,
and systemic inflammation pathways in patients with VAD support have identified

a subset of vulnerable patients with risks of developing adverse events fostering the
development of innovative applications of combined MSC and pharmacological
agents [20, 21]. As a destination therapy MSC is critical in patients with the favorable
restoration of cardiac function and this regenerative therapeutic strategy becomes a
desirable alternative to heart transplantation [22]. Herein, we review and summarize
research studies focused on understanding the roles of neurohormonal signaling,
inflammation, signal transduction, cellular and subcellular remodeling, and tran-
scriptional regulation in the failing human heart before and after MCS therapy.

2. Neurohormonal remodeling during LVAD therapy

HF is a highly complex clinical syndrome characterized by cardinal symptoms due
to structural and/or functional abnormality of the heart, resulting in elevated intra-
cardiac pressures and/or inadequate cardiac output [23]. The clinical symptoms of
HF develop and progress through prolonged dyshomeostasis in the heart in response
to various stressors, which include alterations of regulatory neurohormonal systems
associated with the release of natriuretic peptides, proinflammatory cytokines as well
as activations of the sympathetic nervous system (SNS), which in turn activates the
renin-angiotensin-aldosterone system (RAAS) [8]. Some of these alterations appear
to be reversible by VAD treatment in response to a decrease in cardiac pressure,
volume overload, and ventricular wall tension and stretch [24]. These events lead to
reduced cardiomyocyte hypertrophy, improved coronary perfusion, and decreased
chronic ischemia in the heart [25]. Therefore, mechanical unloading of the failing
heart by LVADs, coupled with neurohormonal and anti-inflammatory therapy, may
further promote reverse remodeling and recovery of myocardial function.

2.1 Natriuretic peptides
The natriuretic peptide family consists of atrial natriuretic peptide (ANP), brain

natriuretic peptide (BNP), and C-type natriuretic peptide (CNP) [26]. Under normal
conditions, ANP is produced in the atrium and BNP is synthesized primarily by the
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ventricles in response to cardiac mechanical stretch. Circulating in the plasma, ANP
and BNP play compensatory diuretic roles by decreasing salt and water retention and
inhibiting vasoconstrictor peptides. In contrast to ANP, levels of BNP are significantly
elevated in plasma of HF patients in response to chronic volume overload and BNP
concentration correlates with the status of ventricular dysfunction with high concen-
trations predicting poor long-term survival. Support with VAD in patients with end-
stage HF reduces the myocardial wall stress and thereby may change BNP levels in

the heart. Sodian et al. studied 21 patients with nonischemic cardiomyopathy on VAD
support and demonstrated a significant decrease in BNP levels in plasma after initia-
tion of MCS, reaching normal levels within the first week after VAD implantation
[27]. Especially, an early decrease of BNP in plasma was indicative of cardiac function
recovery during VAD support. The significant decrease in BNP serum concentration
after VAD support coincides with a decrease in BNP messenger RNA (mRNA) and
protein expression in the heart of patients with severe HF supported by VAD. They
also showed a decrease in BNP production not only by cardiomyocytes, but also by
endothelial cells, T cells, and macrophages infiltrating the heart [28].

ANP and BNP also exert local antihypertrophic, antifibrotic, and lusitropic effects
in the heart via their interactions with guanylyl cyclase-A receptor (CG-AR) [29].
Comparative analysis of cardiac ANP and BNP mRNAs expression in patients with
HF revealed normalization of ANE, BNB and the NP-metabolizing NPR-C receptor
after VAD support, while GC-AR mRNA expression levels remained intact, suggest-
ing that reverse remodeling is associated with the local protective effects of ANP
and BNP.

In chronic HF, expression of ANP and BNP serves as clinical markers of cardiac
hypertrophy, decompensation, hypertension, and myocardial infarction. Acute
coronary syndromes are linked with the expression of chromogranin A (CgA),
CD56/NCAM (neural cell adhesion molecule), and endothelin-1 (ET-1) [30, 31].
Investigation of 33 paired myocardial and plasma samples demonstrated significantly
increased ANP, BNP, and CgA in congestive HF (CHF) patients before LVAD sup-
port, and all of these indicators were significantly decreased by VAD support [32].
Concentrations of plasma ANP and BNP also depend on different types of devices
and durations of MCS. The time courses of ANP and BNP concentration have been
studied in patients supported by Thoratec (8 patients), TCI Heartmate (6 patients),
Novacor (7 patients), and Lionheart (3 patients) by Milting et. al [33]. All patients
supported with Novacor, and some patients supported by TCI Heartmate, showed
a steady decrease in plasma BNP levels, reaching normal ranges at 30 to 50 days.

In contrast, only few patients supported by Thoratec or Lionheart reached normal
BNP plasma values during the entire duration of support, suggesting recognition of
different time points in ANP and BNP decrease among various types of devices when
weaning from MCS in patients without heart transplant is suggested.

In pediatric cohort, it has been demonstrated that BNP and N-terminal pro-BNP
(NT-proBNP) were modified differently by MCS compared to adults, showing an
increase up to 1 day after VAD implant with a subsequent decrease to the pre-VAD
levels in one month. Another pediatric study found levels of BNP and NT-pro-BNP
correlated with severity and unfavorable outcomes of acute decompensated HF and
an incremental increase of those peptides within 48 hours of admission predicted the
need for MCS [34]. Short-term VAD support in children with severe HF significantly
decreased BNP levels in plasma from pre-VAD to post-VAD and reduced markers of
apoptosis [35].
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2.2 Renin angiotensin aldosterone system

Reduced blood supply causes renal hypoperfusion and stimulation of SNS and
RAAS [36]. The key molecule that mediates RAAS activation is angiotensin II (Ang
II), a potent vasoconstrictor. In early stages of HF, RAAS activation functions as a
compensatory mechanism to increase cardiac output. However, with the HF progres-
sion, RAAS activation plays a detrimental role in myocardial ischemia, hypertrophy,
and arrhythmia [37]. In end-stage HF, G-protein-coupled receptors (GPCRs) of
RAAS, such as Ang receptors, AT1R and AT2R, are downregulated, while angioten-
sin-converting enzymes (ACE and ACE2), GPCR kinase (GRK), and B-arrestin are
upregulated [38]. Following VAD support, a significant downregulation of Ang],
ACE2, GRK, and p-arrestin has been documented, while AT2R, JNK, and p38 were
upregulated, indicating divergent and incomplete molecular reverse remodeling.
Combined MCS with neurohormonal blockade drug therapy (NHBDT) improved
survival and reduced adverse cardiac events in HF [39]. For example, ACE inhibition
(ACEI) during VAD support was linked with decreased Ang II, cardiac collagen con-
tent, and myocardial stiffness [17, 40], demonstrating the pathophysiological benefits
of combined therapy compared with VAD support alone. The ISHLT Mechanically
Assisted Circulatory Support (IMACS) registry suggested positive effects for ACEI
and angiotensin II receptor blockers (ARBs) therapy in adult HF patients with VAD
implantation [41]. Among patients treated with an ACEI/ARB, significantly lower risk
of cardiovascular death, gastrointestinal bleeding, and levels of creatinine has been
demonstrated compared to those in patients treated with mineralocorticoid receptor
antagonist (MRA).

3. Inflammation and cytokines
3.1 Tumor necrosis factor-alpha

Reports on inflammatory profiles in HF patients and LVAD recipients have
recently been comprehensively summarized by Radley ez al. [42]. Tumor necrosis
factor-alpha (TNF-a) is a protein expressed in the myocardium that stimulates car-
diac growth and cell death [43, 44]. High levels of TNF-a are found in patients with
severe HF [45]. Expression of TNF-a mRNA and protein were both elevated in the
heart and serum of VAD candidates with severe HF [46]. Moreover, interleukin 1 beta
(IL-1p), IL-6, procaspase-9, and active caspase-9 were increased in the heart of those
deteriorating patients who required VAD support. Torre-Amione et al. reported that
prolonged MCS results in significant reductions in intracardiac TNF-a, with a greater
reduction in myocardial TNF-a in VAD-treated patients with recovered cardiac func-
tion versus those who required cardiac transplantation [43].

3.2 Metallothionein

Metallothionein (MT) is a highly conserved cytokine-inducible protein whose role
is the detoxification of heavy metals through the regulation of their metabolism [47].
High metal affinity to cadmium (Cd) of MT in renal tissue plays a major role in the
kinetics and balance between CdMT and non-bound Cd, which is highly neurotoxic
[48]. A study of heart transplant patients by Baba et al. demonstrated that MT expres-
sion correlated with IL-6 elevation in blood vessels and a decrease in plasma IL-2 [49].

26



Myocardial Remodeling with Ventricular Assist Devices
DOI: http://dx.doi.org/10.5772/intechopen.110814

Moreover, MT expression was associated with lower fractional shortening, increase
in LV end-systolic diameter, and lower mean arterial pressure in the absence of
rejection in transplant patients, implicating the role of MT in cellular stress response.
Further immunohistochemical studies by the same group demonstrated a decrease
of MT-positive cardiomyocytes and vessels in the subendocardial and subepicardial
regions of the myocardium in 17 HF patients during prolonged VAD compared to
pre-VAD state [50]. In addition, ventricular unloading leads to regression of cellular
hypertrophy and a reversal of MT expression in the failing heart, suggesting the
remodeling process with reduction of MT expression is due to diminished wall stress
and improved blood supply. The authors also observed that MT reactivity was sub-
stantially lower in the hearts of patients supported longer than 88 days as compared to
patients supported less than 88 days [50].

3.3 C-reactive protein and interleukins

C-reactive protein (CRP) is a protein that is produced in response to the release
of pro-inflammatory cytokines when the body is in an inflammatory condition
[51]. Patients with end-stage HF have almost 8-fold higher levels of circulating CRP
(cCRP) in serum compared to normal references [52]. Batra et al. studied pre- and
post-implant VAD patients and found that one-third of post-VAD patients have
persistently high CRP levels. They concluded that high CRP levels are linked with
high mortality risk and a higher possibility of having a stroke during VAD support.
Longer VAD therapy (60 days after implantation) resulted in a 50% reduction of CRP
levels compared to pre-VAD values, suggesting improved inflammatory status over
time [53].

Interleukins (IL) are a group of small molecules and peptides secreted by a wide
variety of body cells or cytokines that function in cellular signaling and commu-
nication. Serum levels of members of IL-1 family cytokines, IL-1p and IL-33, are
highly elevated in HF and remained elevated after MCS [54]. Increased expression
of IL-1f and correlated patterns of IL-1 receptors indicate enhanced IL-1p signaling
in MCS patients, while expression of IL-33 correlates with CRP plasma levels in HF,
but not in patients on MCS. Suppression of tumorigenicity 2 (ST2) is a receptor
of IL-33 and coupling of IL-33 with its ST2 receptor (IL-33/ST2) triggers danger-
associated cellular responses playing a pivotal role in tissue repair in many organs
[55]. In the heart, IL-33 is expressed by activated cardiac fibroblasts and cardio-
myocytes during cardiac stretch and then is released into the extracellular matrix
(ECM), promoting cell survival by blocking pro-fibrotic intracellular signaling
[56, 57]. A significant decrease in soluble ST2 (sST2) levels was observed in end-
stage HF patients after VAD implantation, suggesting a lessening of fibrosis and
inflammation [58]. Levels of other cytokines, including IL-6 and IL-8, were also
linked to the severity of clinical course in end-stage HF patients and correlated with
outcome after VAD implantation [59]. A significant correlation of those cytokines
was also found with ET-1 and relaxin (RLX)-2, the vasoactive mediators involved
in neurohormonal system responses in VAD-supported HF patients [60]. Elevated
levels of galectin-3 (GAL-3) were associated with the severity of HF and dynamic
changes in GAL-3 levels predicted post-VAD survival [61]. Although unloading with
continuous-flow LVAD results in a decrease of GAL-3 levels early post-implant,
GAL-3 levels become elevated after 6 months of VAD implantation [61, 62], sug-
gesting that levels of GAL-3 may represent a higher risk of death in HF patients with
long-term VAD support.
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4. Myocardial remodeling during VAD support

The myocardium consists of cardiomyocytes, composing nearly 56% of the adult
heart, fibroblasts (27%), endothelial cells (7%), smooth muscle cells (10%), and vari-
ous immune cells that transiently reside in the ECM [63]. These cell types are impor-
tant in preserving normal cardiac function and morphology. The cells interact with
each other using reciprocally secreted auto and paracrine factors, secretion of which
is regulated by numerous molecules-messengers involving integrins, ET-1, BMPs,
PECAM-1, VE-cadherin, VEGF, and TGFp [64, 65]. Engineered heart tissue (EHT),
created in vitro by seeding decellularized porcine myocardial sections with primary
cardiomyocytes and fibroblasts isolated from neonatal rat ventricular myocardium or
with cardiomyocytes derived from human induced pluripotent stem cells (hiPSC), is
anovel platform to study cardiac remodeling [66]. Characterization of EHTs demon-
strated gradual normalization of stress-free tissue length after mechanical unloading
and suggested that actomyosin contraction in cardiomyocytes and activity of fibro-
blasts may play crucial roles in reverse remodeling after mechanical unloading.

4.1 Cardiac fibroblasts and fibrosis

Cardiac fibrosis in the failing heart is a final product of a series of biomechanical,
molecular, and cellular changes that causes an imbalanced increase in ECM produc-
tion and decreased ECM degradation [67]. The resultant increase in ECM deposi-
tion is accompanied by inflammatory and fibrotic scar formation in the interstitial
and perivascular areas of the myocardium, interfering with the normal array of
cardiomyocytes along with the disturbing supply of oxygen and nutrients to the
myocardium. Moreover, cardiac fibrosis triggers further pathological remodeling
and functional decline of the heart [68]. According to Tseng et al., an increase
in inflammation and fibrosis in the failing heart was associated with an increase
in sST2 levels [58]. Synthesis and degradation of collagens I and III are highly
regulated processes in human cardiac ECM. Collagen I is a major collagen compo-
nent establishing the myocyte-collagen matrix, while collagen III contributes to
elasticity, and changes in content may influence LV stiffness and size [69]. In HF,
predominantly increased accumulation of collagens I and III in ECM results in
cardiomyocyte injury, cardiac fibrosis, and the release of collagen-derived peptides
into circulation [70]. Bruckner et al. recorded a significant decrease in intracar-
diac TNF-a, collagen I (by 66%), and collagen III (62%) in post-VAD myocardial
samples of 18 patients compared to their pre-VAD levels [71]. They also found
a decrease in cardiomyocyte size by 26% at post-VAD, demonstrating favorable
reverse remodeling in cardiac hypertrophy.

Insulin-like growth factor I (IGF-1), released preferentially from cardiac fibro-
blasts, functions to negatively regulate atrophy and apoptosis, and stimulate cardiac
repair by interacting with stromal cell-derived factor (SDF) [19]. SDF induces IGF-1
expression in cardiac myocytes in vitro. Patients with VAD support combined with
p2-AR agonist clenbuterol have shown elevated IGF-1 mRNA at the time of VAD
explantation relative to the time of LVAD implantation [72].

4.2 Extracellular matrix remodeling

Matrix metalloproteinases (MMPs) degrade the ECM, while tissue inhibitors of
MMPs (TIMPs) prevent the ECM degradation during repair process of damaged
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tissues and cells. There are four variants of TIMPs that selectively inhibit different
types of MMPs [73]. Typically, TIMP1 and MMP1 are increased in patients with dete-
riorating HF [74]. The increased ratio of MMP-1 to TIMP-1 in DCM has been shown
to be almost normalized after LVAD, favoring decreased collagen degradation [17].
Felkin et al. found that high myocardial MMP1 and MMPS8 expression is associated
with high collagen content and increased IL-6 and IL-1f expression in HF patients
requiring VAD support [75]. After VAD support, expression of MMP-2 mRNA and
active MMP-2 protein has been shown to be significantly increased compared to
pre-VAD (P < 0.01), which was associated with a reduction of collagen IV content

in the cardiomyocyte basement membrane. Furthermore, this was associated with a
decrease in the thickness of cardiomyocyte membrane as revealed by electron micros-
copy [76]. MCS support increases collagen cross-linking and the ratio of collagen I to
IIT in the heart as a result of decreased tissue MMP-1-to-TIMP-1 ratio and increased
myocardial Ang I and II levels that stimulate ECM synthesis [17]. Therapy with ACEI
drugs decreased Ang II levels and myocardial collagen content, resulting in enhanced
myocardial recovery during VAD support [40]. In elderly patients with end-stage HF,
VAD therapy is associated with decreased collagen turnover and cross-linking and
increased tissue Ang II, whereas combined VAD and ACEI therapy normalizes LV
end-diastolic pressure-volume relationships [77].

4.3 Endothelial and vasculature remodeling

A gene ontology (GO) analysis implicated endothelial to mesenchymal transi-
tion (EndoMT) and vice versa (MEndoT) pathways in human end-stage HF based
on dual expressed VE-Cadherin endothelial and FSP-1 mesenchymal markers [78].
Gene expression analysis of 19 paired pre-VAD and post-VAD human heart samples
by Hall et al. revealed differential expression of neuropilin-1, FGF9, Sproutyl, SDF1,
and endomucin, the genes involved in the regulation of vascular networks [79]. In
addition, a significant downregulation of GATA-4 binding protein, a critical mediator
of myocyte hypertrophy, was observed in these heart samples following mechanical
unloading. Drakos et al. observed an increased density of endothelial cells by 33%
and decreased microvascular lumen area (36%) in post-VAD vs pre-VAD myocardial
samples of patients with chronic HF (n = 15). This was associated with the activation
of endothelial cells evidenced by ultrastructural and immunohistochemical analysis
[80]. In agreement with these findings, a significant increase in interstitial and total
collagen content without structural changes in cardiomyocytes was suggestive of
increased fibrosis accompanied by regression of cardiomyocyte hypertrophy.

4.4 Reversal of cardiac hypertrophy

The myocardium is typically subjected to three types of mechanical loading during
every heartbeat, including cyclic stretch, static stretch, and shear stress, generated
by blood flow and an increase in chamber volume and pressure. Cardiomyocytes are
sensitive to mechanical stress, which is transduced to molecular transduction signal-
ing by biomechanical sensors. Comparative analysis of cardiomyocyte size in pre- and
post-VAD patients demonstrated a decrease of 26% (33.1 + 1.32 to 24.4 + 1.64 pm,
P < 0.001) in all patients studied [71]. Long-term VAD support resulted in a 28%
reduction in myocyte volume, 20% reduction in cell length, 20% reduction in cell
width, and 32% reduction in cell length-to-thickness ratio [81]. Another study exam-
ined the effects of continuous-flow VAD on cardiomyocyte size and demonstrated
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that cardiomyocyte cross-sectional area decreased after VAD, but not beyond that

of normal donor hearts [82]. Electron microscopy, cardiac glycogen content, and
echocardiographic assessment also did not suggest myocardial atrophy in post-VAD
patients. Consistent with these findings, no upregulation of pro-atrophic genes and
proteins of the ubiquitin-proteasome system (UPS) and no t-tubule pathologies have
been demonstrated.

Myostatin (also called gdf-8) is a potent inhibitor of skeletal muscle growth from
the TGF-p family and is secreted by cardiac muscle and adipocytes in response to
pathological stress, such as myocardial infarction or obesity [83]. Myostatin has been
shown to mediate the regression of cellular hypertrophy after unloading with LVAD
support [84]. The nuclear factor (NF)-«B superfamily of transcription factors carries
out broad functions by regulating immune cell maturation, cell survival, and inflam-
mation in many cell types [85]. In the heart, NF-kB is shown to be cardioprotective
during acute injury, however, prolonged activation of NF-kB enhances the release of
TNF-a, IL-1, and IL-6 cytokines, triggering chronic inflammation, hypertrophy, and
cell death [86, 87]. After VAD support, the NF-kB DNA-binding activity decreases in
failing human hearts and this process has been associated with a decrease in cardio-
myocyte diameter [88].

Several kinases such as mitogen-activated protein kinase (MAPK or MEK), ERK
(extracellularly regulated kinase), AKT (protein kinase B, PKB), GSK-3b (glycogen
synthase kinase-3 beta), JNK (c-Jun NH2-terminal kinase) and p38 are involved in the
development of cardiac hypertrophy via kinase-mediated signal transduction path-
ways [89]. After VAD support, significantly decreased activities of ERKs and AKT
were seen in failing hearts, while the activity of GSK-3p was increased [90]. These
changes were associated with a decrease in TUNEL-positivity and myocyte diameter.
The disparity in the regulation of MAPK activity with a concomitant decrease in ERK
and JNK1/2 activities and an increase in p38 activity after VAD support has been also
reported [91].

Osteopontin (OPN) is a pleiotropic extracellular signal-regulated bone sialopro-
tein. Expression and activity of OPN are increased in myocardial tissues in accor-
dance with the severity of HF [92]. Levels of OPN mRNA in heart biopsy specimens
decreased significantly after VAD support, while OPN protein remained intact [93].
Moreover, VAD support induced a decrease of OPN levels in the plasma of some
patients with VAD support, whereas OPN plasma levels were reduced significantly in
all patients after a heart transplant.

4.5 Cardiomyocyte apoptosis

While MCS improves the survival of end-stage HF patients by reversing many
biological processes activated during progression of HF, the reports on modulation
of apoptotic cell death in response to VAD remain controversial. Prescimone et al.
found a significant increase of Bax (pro-apoptotic), Bcl-2 (pro-apoptotic), and Hsp72
(antiapoptotic) molecules and a mild increase in cardiac caspase (Casp)-3 activity
in post-VAD hearts compared to pre-VAD, suggesting involvement of mitochondria
in apoptotic signaling [94]. The authors also found an increase in Casp-1 after VAD
implant in HF patients and lack of apoptotic nuclei [95]. Conversely, Francis et al.
found Bcl-2 being downregulated after VAD implant [96]. Another study found no
significant differences in Bcl-2, while autophagy markers such as beclin-1, autophagy-
related gene 5 (Atg5), and microtubule-associated protein-1 light chain-3 (LC3)
were all significantly decreased in response to unloading [97]. Moreover, Bedi et al.
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observed a highly variable expression of Fas among patients who had undergone MSC
therapy [98]. Fas, also called Apo-1 or CD95, is a membrane receptor recognizing
Fasligand (Fas-L) and Fas/Fas-L coupling initiates an apoptotic cell death through
the activation of caspase cascade in the heart [99]. Although apoptotic DNA frag-
mentation was attenuated in the myocardium, expression of antiapoptotic Bcl-XL

and FasExo6Del/Fas genes was dependent on the duration of MCS [100]. Overall, no
significant differences in number of TUNEL-positive cells between pre- and post-
VAD samples have been reported by several groups [96, 97, 101, 102].

Abnormal Ca** cycling in HF triggers activation of UPS with an increase of
binding immunoglobulin protein (BiP), eukaryotic initiation factor (eIF2a), and
X-box binding protein 1 (XBP1) [103]. MCS support significantly decreases the
levels of BiP and XBP1 and phosphorylation of eIF2a [104]. Moreover, a decrease
in apoptosis observed during short-term VAD support has been associated with a
decrease in phosphorylation of SMAD2 (mothers against decapentaplegic homolog
2), however, a long-term VAD support increased apoptosis and fibrosis in the heart
via enhanced SMAD?2 signaling and increased phosphorylation of HDAC4 (histone
deacetylase 4) [101].

4.6 Cardiomyocyte regeneration

Diploid cardiomyocytes that are abundant in animal heart have a substantial
capacity for cardiac repair and regeneration [105]. In human failing heart, polyploidy
of cardiomyocytes is often observed as a precondition of heart hypertrophy [106],
suggesting that cardiomyocyte polyploidization in HF may be associated with regen-
eration [107]. A study by Wohlschlaeger et al. demonstrated a marked reduction in
the size of cardiomyocyte nuclei and in ratios between number of nuclei and cardiac
myocytes after implantation of VAD [108]. They also reported a significant decrease
in DNA content and reduction of polyploid cardiomyocytes in 23 myocardial samples
studied after VAD, suggesting a decline in protein synthesis. On the contrary, an
increase in the number of diploid cardiomyocytes was seen by other groups in post-
VAD samples [108]. The decrease in polyploidy and increase in diploidy in response
to MCS suggested an abundance of diploid cardiomyocytes going through cell cycle
progression with the completion of mitosis or increase in stem cells. Prolonged MCS
unloading increased the number of cardiomyocytes positive for phosphorylated
histone H3 and Aurora B and this was associated with a decrease in cardiomyocyte
size and mitochondrial content [109].

4.7 Transcriptional changes during VAD therapy

Accumulating evidence shows that the changes in transcriptome and metabolome
profiles associated with HF persist in the reverse-remodeled myocardium despite
apparent normalization on organ and cellular levels [110]. To identify transcriptional
adaptations in failing and VAD-supported hearts, a comprehensive transcription
analysis was performed in 199 human myocardial samples from nonfailing, fail-
ing, and VAD-supported human hearts. Although over 3088 transcripts exhibited
alterations in HF samples, the number of differentially expressed genes (DEGs) with
greater than or equal to a 2-fold difference was insignificant between HF and post-
VAD samples, suggesting that many HF-associated transcriptional changes may have
a limited role in regulating cardiac structure and function [111]. Significant elevation
in myocardial arginine/glycine amidinotransferase (AGAT) expression is observed in
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HF patients and myocardial AGAT is one of the DEGs that had a significant decrease
during recovery [112]. In HF patients recovering after combination therapy, levels
of AGAT mRNA decreased by 4.3-fold [P < 0.001] and 2.7-fold [P < 0.005] in VAD
combined and VAD alone groups compared to donors, respectively, and AGAT levels
returned to normal after recovery. These data highlighted the involvement of elevated
local creatine synthesis specific to HF and its reversal during recovery. The genetic
response of pediatric myocardium to MCS is distinct with approximately 40% of
DEGs compared to adult hearts with VAD support, highlighting the importance of
understanding features of reverse remodeling specific to pediatric myocardium to
improve clinical strategies and LVAD management in children [113].

In long-term analysis of gene expression, data of patients studied for an aver-
age of 3.8 years post-explant revealed a significant association of integrin signaling
and its downstream EPAC2 (exchange protein activated by cyclic-AMP2) during
recovery of ventricular function by combined LVAD and clenbuterol therapy [20].
Downregulation of EPAC2 that regulates calcium involving cAMP pathway was
associated with improvements in cardiac contractility and metabolism [114].

4.8 miRNAs in response to LVAD therapy

MicroRNAs (miRNAs) are small, endogenous noncoding RNAs that regulate
posttranscriptional processes by repressing the translation of targeted protein-coding
genes via binding to the 3’ UTRs of mRNAs [115]. Therefore, cardiac miRNAs and
circulating miRNAs (c-miRNAs) are promising biomarkers for HF diagnosis and
prognosis [116]. Comprehensive microarray profiling of miRNAs and mRNAs,
comparing myocardial specimens from adults with end stage HF with VAD and
nonfailing hearts, showed upregulation of 28 miRNAs with almost normalization of
miRNA profiles by VAD treatment [117]. Cardiac miRNAs have also been compared
in 13 HF children at pre-VAD and at the moment of heart transplant (post-VAD) by
next-generation sequencing [118]. The investigators found hsa-miR-199b-5p, hsa-
miR-19a-3p, and hsa-miR-1246 being differentially expressed at post-VAD compared
to that at pre-VAD. The candidate targets of those differentially expressed miRNAs
were sarcomeric troponins showing significantly higher post-VAD when compared
with pre-VAD values, suggesting that miRNAs can be therapeutically targeted to
improve heart function in pediatric HF. Levels of nine c-miRNAs were downregulated
and four c-miRNAs were upregulated in the post-VAD samples vs pre-VAD levels
[119]. In particular, the c-miR-409-3p has been shown to regulate coagulation factor 7
(F7) and F2, suggesting a role of c-miRNA-409-3p in thrombotic events during MCS.

4.9 Beta-adrenergic receptor remodeling

Myocardial beta-adrenergic receptor (B-AR) signaling is severely diminished in
failing heart due to increase in phosphorylation of agonist-occupied p-ARs by GRK2
[120, 121]. In chronic HF, VAD support leads to the restoration of cardiac f-AR signal-
ing via the reduction of myocardial GRK2 expression and activity [122]. Unloading
with VAD normalizes the ability of cardiac muscle to respond to SNS stimulation,
reversing the downregulation of $-ARs [123]. Both types of devices, continuous-flow
and pulsatile, decreased the expression and activity of GRK2 and normalized neuro-
hormonal homeostasis disturbed with HF [124]. In pediatric HF, VAD treatment also
resulted in the recovery of total f-AR and f;-AR expressions and reversal of several
pathologic processes in the heart [125].

32



Myocardial Remodeling with Ventricular Assist Devices
DOI: http://dx.doi.org/10.5772/intechopen.110814

4.10 Cyclic guanosine monophosphate

Cyclic guanosine monophosphate (cGMP) is a cyclic nucleotide derived from GTP
(guanosine triphosphate) that acts as a second messenger for activation of intracel-
lular protein kinases in response to the binding of membrane-impermeable hormones
to the cell membrane [126]. The important components of cGMP signaling include
cGMP-dependent protein kinase G (PKG), ANP, BNP, natriuretic peptide receptor A
and C (NPR-A and NPR-C, respectively), neprilysin, NOS3, soluble guanylyl cyclase
(sGC), and PDES5 [127]. The cGMP-PKG cascade can decrease the level of calcium and
alter the expression of glycoprotein IIb/IIla. Both fluctuations impact the aggregation
of platelets within the body [128]. cGMP levels were found to be higher in patients
with implanted VAD compared to healthy individuals. According to Grosman-Rimon
et al., cGMP was associated with an elevated risk of gastrointestinal (GI) bleeding
during LVAD support [128]. The researchers presume that the association between
elevated GI bleeding and higher cGMP levels could be due to platelet abnormalities.
The study also found significant alterations of the cGMP-PKG pathway (downregula-
tion of ANP, NPR-C, and cGMP) in patients with dilated cardiomyopathy after VAD
implant, while the duration of VAD support negatively correlated with expression
differences of PKG I, PDES, and sGC in patients with ischemic cardiomyopathy.

5. Cardiomyocyte intracellular remodeling
5.1 Remodeling of cytoskeletal and sarcomeric proteins

Cytoskeletal proteins are essential for the structure and function of the cardiac
myocyte. Stetson et al. reported ventricular unloading in humans dynamically
changes not only myocardial TNF-q, total collagen, and myocyte size, but also
remodels the expression of structural proteins [129]. To understand if myocardial
recovery was associated with changes in sarcomeric, nonsarcomeric, and membrane-
associated proteins, microarray analysis has been performed on the paired HF
samples before and after VAD [16]. Significant increase of lamin A/C, spectrin and
integrins (a5 and p5), and decrease of integrins 1, p6, and o7 has been observed at
VAD explantation compared to pre-LVAD. Expression of sarcomeric proteins such as
p-actin, a-tropomyosin, actinin-al, and filamin A increased, while troponin T3 and
actinin-o2 decreased. Vinculin expression decreased 4.1-fold in the recovered group.
Despite decreased cardiomyocyte size post-VAD, severe structural damage in cardio-
myocytes persisted with partial improvement in the expression of actin, tropomyosin,
troponin C, troponin T, and titin [130]. In pediatric HF, MCS increased the expression
of structural proteins, including dystrophin and actin [35]. Furthermore, expression
of genes involved in calcium homeostasis, cell differentiation, and growth, including
CNNA1, CDK2B, CSF2, E2F1, EGR1, and EGR2, were normalized after VAD therapy,
suggesting an active reverse remodeling process after MCS in pediatric HF.

5.2 Dystrophin remodeling

Dystrophin is a rod-shaped protein encoded by the DMD gene located on the X
chromosome, the largest gene of 2.4 megabases (Mb) in the human genome [131].
Dystrophin connects the actin and cytoskeleton of muscle fibers to the myocyte mem-
brane at its N-terminus. At the C-terminus, it connects the sarcolemmal complex known
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as the dystrophin-associated protein complex (DAPC) to the ECM, providing structural
support for myocytes. Mutations in DMD cause Duchenne and Becker muscular dys-
trophies [132, 133]. Mutations in genes encoding cytoskeletal and sarcolemmal proteins
provide the genetic basis for dilation and contractile dysfunction via “final common
pathway.” Abnormalities in DMD such as mutations in the N-terminus of dystrophin or
in the cardiac-specific promoter, preferentially affecting cardiac function are associated
with X-linked cardiomyopathy [134]. Vatta et al. investigated the integrity and response
of dystrophin in end-stage dilated or ischemic cardiomyopathy HF patients to VAD
therapy and identified disruption of N-terminal dystrophin in 18 HF patients studied
[135]. This disruption was shown to be reversible in four patients after VAD support.

5.3 Remodeling in calcium cycling

Regulation of Ca®* cycling is a versatile signaling process that regulates cellular
homeostasis in different cell types, including cardiac myocytes [136]. Reduced rates
of relaxation and impaired contractile reserve are the major abnormalities seen in
the failing heart as a result of disturbances in Ca’* transients [137]. The proteins that
regulate cardiomyocyte Ca** cycling include sarcoplasmic reticulum (SR) Ca** ATPase
(SERCA), ryanodine receptor 2 (RyR2), phospholamban (PLB), and the sarcolemmal
Na*/Ca* exchanger (NCX) [138-140]. Chaudhary et al. demonstrated that improve-
ment in cardiac function during LVAD support was associated with a favorable balance
between SERCA and NCX, resulting from the isolated decrease in NCX without an
increase in SERCA [141]. Reverse remodeling of SERCA?2a expression has been shown
to be completed by about 20 days of VAD support, while hearts supported by VAD for
longer than 40 days have significantly increased relative collagen content [142]. Post-
VAD recovery increased SR calcium content and shortened action potential duration
due to rapid inactivation in L-type Ca2+ current [15]. Short-term VAD support recov-
ered post-rest potentiation (PRP) response to a level close to that in nonfailing hearts,
but recovery of impaired SR Ca”* cycling was dependent on duration MCS [143].
Chronic unloading with recovery of contractile function demonstrated upregulation of
SERCA2a, RyR2, and NCX genes after MCS [144]. Recovery of rate-dependent con-
tractility in failing human hearts during early VAD support was associated with faster
decay of Ca™ transients, while long-term MCS triggered abnormal Ca®* cycling [101,
143]. Moreover, long-term MCS resulted in significantly increased SMAD2 activity
with downstream phosphorylation of Ca**/calmodulin-dependent protein kinase type-
II8 (CaMKII8), myocyte enhancer factor 2 (MEF2), and myostatin. Improvements
in the Ca®* handling also depended on the severity of myocardial fibrosis, and ECM
pathologies and excessive fibrosis limited the ability to recover [13].

5.4 Mitochondria and metabolism remodeling

Unloading with VAD has been shown to contribute to reverse remodeling of
mitochondria and recovery of energy metabolism of the failing heart. In healthy adult
hearts, the generation of ATP as a source of energy relies on the oxidation of fatty acids,
glucose and lactate in mitochondria, and fatty acid oxidation provides the majority (>
70%) of total ATP [145]. The balance between lactate production and consumption by
lactate dehydrogenase (LDH) that converts it to pyruvate, which is then transported by
mitochondrial pyruvate carrier (MPC) into the mitochondrial tricarboxylic acid (TCA)
cycle is important in producing plentiful ATP. The MPC expression is lower in patients
with HF compared to those of non-failing cohorts [146]. Thus, the failing heart runs
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increased glycolysis and decreased fatty acid oxidation for ATP production and the pro-
portion of glucose oxidation to fatty acid oxidation depends on the severity of HF [147].
The generation of ATP is disturbed in HF with an increased glycolytic pyruvate-derived
lactate and a simultaneous decrease in lactate utilization [148]. In addition, the opening
of mitochondrial permeability transition pore (mPTP) in HF disrupts the mitochondrial
membrane potential and disturbs oxidative phosphorylation pathways for ATP produc-
tion, causing mitochondrial swelling and inducing apoptotic and necrotic cell death.

MCS improves systemic and cardiac metabolism via improvements in fatty acid
oxidation, insulin resistance, and reductions in myocardial lipotoxicity through
improved activation of the insulin/PI3K/AKT signaling cascade [149]. Significant
decrease in long-chain acylcarnitines levels was consistent with improved fatty acid
oxidation and utilization during long-term VAD support [150]. Diakos et al. reported
induction of glycolysis through TCA without a subsequent increase in pyruvate
oxidation in post-VAD patients [148], which may be attributed to the poor post-VAD
recovery of mitochondrial oxidative capacity. Recently, the same group reported the
beneficial cardioprotective effects of induced glycolysis as a result of an increase in
rate-limiting enzymes of the pentose-phosphate pathway and 1-carbon metabolism
in post-VAD patients [151]. All these have been associated with significantly reduced
reactive oxygen species (ROS) and improved mitochondrial density [151, 152]. These
metabolic improvements enhanced the glycosylation of a-dystroglycan, which main-
tains integrity between cytoskeleton and ECM [18]. Moreover, using high-resolution
respirometry, a reduction in mitochondrial ROS up to 40% [153] and increased MPC1
abundance and glucose and glucose-6-phosphate levels, particularly, in mechanically
unloaded hearts of ischemic HF patients has been demonstrated [154].

Levels of Ca®* in the mitochondrial matrix regulate the activity of kinases and
phosphatases involved in ATP production and mitochondrial quality control [155,
156]. In HF, the opening of mPTP not only disrupts the mitochondrial membrane
potential but also reduces Ca”* uptake, alters pH, and induces inflammation, leading
to necrosis and death of cardiac myocytes [157]. Impaired mitochondrial Ca** uptake
is the result of reduced Ca®* release from SR and stimulates Ca** —sensitive dehydro-
genases of the Krebs cycle [158].

About 20% of the total lipid composition on the mitochondrial inner membrane
is constituted by cardiolipin and loss of cardiolipin and tetralinoleoyl-cardiolipin in
HF is linked to excessive ROS production and cardiomyocyte apoptosis [159]. During
mechanical unloading with LVAD, cardiolipin arrangement normalizes, which in
turn, improves mitochondrial coupling [160]. Cellular proteases, such as cathepsins,
are involved in the progression of HF. Parallel activation of cathepsins and their
inhibitors was observed after VAD support. The expression of cathepsins and their
inhibitors was significantly higher in pre-VAD compared to the heart transplant group
and VAD induced a further increase in the cathepsin system. Significant positive cor-
relations were observed between cardiac expression of cathepsins and their inhibitors
as well as inflammatory cytokines [59, 161].

5.5 Cardiomyocyte signal transduction pathways and signaling
5.5.1 Mitogen-activated protein kinases
There are several cell signal-transduction pathways regulated in the heart in direct

response to changes in mechanical loading and stress. The family of MAPKs, such as
ERKs, p38, and JNK1/2, are well-characterized signal-transduction pathways [162].
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These kinases are involved in the regulation of cell growth, cardiac hypertrophy,

and cell death [163, 164]. They are upregulated in patients with HF secondary to
ischemic heart disease and cardiomyopathy [165, 166]. The ERKs activity regulates
adaptive hypertrophy and prevention of cell death during the early phase of chronic
pressure overload in response to stimulation of GPCRs and integrin activation [167].
Mechanical unloading with VAD support resulted in differential regulation of MAPK
activity with a significant decrease in the activity of p44/42 ERK and JNK1/2 along
with a subsequent increase in p38 activity after LVAD support [91]. The authors
explained a decrease in ERK activity is likely due to its decreased phosphorylation at
p44/42, while a combination of decreased phosphorylation and expression of JNK1/2
is responsible for decreased JNK1/2 activity in VAD-supported hearts. Activation of
AKT regulates cardiac physiological hypertrophy, glucose metabolism, cell death, and
angiogenesis [168]. In failing human hearts, a high grade of kinase phosphorylation in
all 3 MAPKs and AKT have been observed [166]. After VAD support, ERKs and AKT
activities were dramatically decreased in failing hearts, while GSK-3p activities were
increased [89].

6. Conclusions

Neurohormonal imbalance, inflammation, apoptosis, and abnormal inter and
intracellular signaling and remodeling on molecular and genetic levels are critical
processes contributing to adverse events in HF patients. This chapter providesa
comprehensive overview of reverse remodeling on neurohormonal, myocardial, and
cardiomyocyte intracellular levels in response to MCS in patients with HF. Knowledge
about molecular mechanisms of underlying effects of VAD support aid to understand
the adverse effects of myocardial unloading and deterioration of patients undergo-
ing VAD therapy. While cardiac reverse remodeling has been correlated with clinical
recovery in most post-VAD patients, many of those patients have deteriorated back
to the original HF phenotype after LVAD explantation, suggesting the importance
of considering a higher degree of myocardial recovery that may persist after device
removal [169]. We found a significantly lower number of pediatric reports on clinical
and pathological features of reverse remodeling compared to adult HF patients under-
going VAD support. Hence, there is a need for research on pediatric patients with
VAD support, so we can better understand features of reverse remodeling specific to
pediatric myocardium.
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Abstract

Ventricular assist device therapy has emerged as an important approach in the
management of advanced heart failure. Atrial and ventricular arrhythmias are
commonly encountered in patients with heart failure. Patients requiring ventricular
assist devices are at an increased risk of arrhythmia, which may cause symptoms
and significant complications. There is recent focus on the prevalence and impact of
atrial and ventricular arrhythmias in patients with durable ventricular assist devices.
Ventricular arrhythmias in particular have been associated with significant symptoms
and worse clinical outcomes. The goal of this chapter is to outline approaches to
arrhythmia management in pediatric patients with ventricular assist devices.

Keywords: ventricular arrhythmia, ventricular assist device,
supraventricular arrhythmia, mechanical support, pediatric, management

1. Introduction

Heart failure in children is a growing global public health concern. In the United
States, approximately 14,000 children are hospitalized for heart failure annually [1].
Symptoms of heart failure may include poor feeding, poor growth, and exercise intoler-
ance. Heart failure in pediatric patients has various etiologies including failing physiol-
ogy in congenital heart disease, inflammatory disease such as myocarditis, arrhythmia,
post chemotherapy exposure, primary cardiomyopathy, and cardiac transplant rejec-
tion. Patients with congenital heart disease are at increased risk for developing heart
failure secondary to chronic volume overload, elevated atrial and ventricular pressure,
inadequate myocardial perfusion, and persistent ventricular dysfunction following
surgical intervention. It has been reported that approximately 70% of hospital admis-
sions for pediatric heart failure involve patients with congenital heart disease [1]. The
risk for heart failure in congenital heart disease increases with age, with nearly 25% of
adult congenital heart disease patients experiencing heart failure by the age of 30 years
[2]. The Fontan palliation has been associated with high risk of developing heart failure
with independent predictors of single morphological right ventricle, higher right atrial
pressure, and evidence of protein-losing enteropathy [3].
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Heart failure in children is associated with high morbidity and mortality with
20-fold increased risk of death during hospitalization [4, 5]. Noncardiac complica-
tions may include sepsis, renal failure, and respiratory failure. Studies have demon-
strated that factors associated with increased risk of hospital mortality include acute
renal failure and hepatic injury [1]. Early intervention with appropriate medical
therapy is important in the management of acute heart failure. In cases where conven-
tional therapies are not sufficient, mechanical circulatory support may be necessary.

Ventricular assist device (VAD) therapy has emerged as an important tool in the
management of severe and refractory heart failure. An increasing number of patients
are supported by a VAD, improving survival of patients whether used as destina-
tion therapy, bridge to transplantation, or bridge to cardiac function recovery. Over
25,000 VADs have been implanted in the United States [6] and the number of devices
implanted in pediatric patients has increased over the years [7-9]. Cardiomyopathy,
congenital heart disease, and myocarditis are the most frequently encountered under-
lying conditions in pediatric heart failure patients requiring VAD therapy [10, 11].

As there is increased risk for atrial and ventricular tachyarrhythmias in patients with
heart failure, it is not uncommon to encounter these arrhythmias following VAD
implantation.

2. Ventricular assist devices

Mechanical circulatory support has become increasingly common in the management
of heart failure. The initial objective of VAD therapy was a temporary form of
mechanical circulatory support as a bridge to cardiac transplantation. Improved sur-
vival with VADs and deficient donor organ supply has since resulted in increased use
as destination therapy. In modern practice, VADs are often used as chronic therapy or
permanent circulatory support.

Device selection and timing of initiating VAD support are vital in optimizing
cardiac function recovery and chance for survival. Anatomic variations second-
ary to congenital heart disease or surgical interventions pose technical challenges
to VAD implantation [12]. Other factors including severe neurologic impairment,
chromosomal or congenital anomalies with anticipated poor outcome and significant
prematurity or low body weight should be taken into consideration prior to VAD
implantation. Patient size, anticipated duration, type of support, and ultimate goal of
therapy are important elements in device selection.

The EXCOR © (Berlin Heart) is specifically designed for infants and children,
providing mechanical circulatory support via pulsatile membrane pumps. The
system offers multiple pump and cannula sizes to accommodate different patient
sizes. It is important to avoid mismatch between patient and device size as mismatch
has been associated with poor outcome [12]. Unfortunately, early generation VADs
utilizing pulsatile flow were characterized by high rates of complications including
high incidence of device failure and poor survival. These early devices were preload-
dependent and sensitive to changes in cardiac output including those related to
arrhythmia. There has been notable improvement in patient survival and reduction in
complications with transition to continuous flow VADs [8].

There are two subclassifications of continuous flow VAD design — axial and cen-
trifugal. In general, axial flow is generated by a propeller in a pipe with filling com-
pleted by use of negative pressure while a bladed disk spinning in a cavity generates
centrifugal flow [13]. The second-generation VAD HeartMate II © (Abbott) provides
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short or long-term circulatory support for heart failure patients as a continuous flow
system that funds via axial flow generated with mechanical bearings. It has a lower
incidence of thromboembolic events compared to the first-generation VADs [12, 13].
The HVAD pump (HeartWare Inc) is a continuous-flow device with a centrifugal
pump that is attached directly to the inflow cannula. It is smaller than the HeartMate
Il and, with adjustment in the implantation technique, has demonstrated utility in the
pediatric heart failure population [14]. While output from continuous flow VADs is
not immediately affected by arrhythmias, there may still be hemodynamic instabil-
ity from deficient right ventricular support. Third generation VADs, HeartMate 3©
(Abbott), generate continuous flow via a centrifugal flow pump utilizing a magneti-
cally levitated rotor. The CentriMag/PediMag®© (Abbott) is a centrifugal pump that
is used for temporary support. The presence of arrhythmia may lead to a reduction in
preload and subsequent decrease in device flow [15].

In select patients with severe biventricular systolic dysfunction, complete replace-
ment of the ventricles may be warranted. This is achieved with temporary total
artificial hearts (TAH, Syncardia). These devices provide global circulatory support
through a pneumatic pulsatile pump with an external portable drive. The temporary
total artificial heart is traditionally utilized as a bridge to transplantation.

The use of VADs in pediatric heart failure patients has increased in the past decade
[7, 9, 16]. While the use of pulsatile-flow and continuous flow devices in pediatric
patients have each increased over time, pulsatile-flow devices were more frequently
utilized in younger, smaller patients and those with congenital heart disease [16]. In
this population, the majority of VADs were implanted as bridge to transplant.

3. Pathophysiology of arrhythmias encountered in patients with
ventricular assist devices

Pediatric patients with decompensated heart failure are at increased risk for
tachyarrhythmias. Patients requiring VAD therapy are at high risk for atrial and
ventricular arrhythmias. In one cohort, over 70% of children with VADs experienced
an arrhythmia with nearly 20% developing new arrhythmia while on VAD therapy
[11]. Ventricular tachycardia is consistently the most common arrhythmia reported
post VAD implantation, with documentation of monomorphic and polymorphic ven-
tricular tachycardia. The presence of ventricular arrhythmia prior to VAD therapy has
been found to be predictive of ventricular arrhythmia post VAD implantation [17].
More than half of pediatric patients with arrhythmia prior to VAD therapy continue
to experience arrhythmia while on VAD [11].

One main mechanism by which heart failure increases the risk of atrial fibrillation
is through increased left atrial pressures [18]. Anisotropy and reduced atrial conduc-
tion velocity develop from scar secondary to the chronic increased left atrial pressure,
promoting atrial tachyarrhythmia. Structural remodeling, atrial myopathy, and mal-
adaptive gene expression are other mechanisms by which heart failure can facilitate the
development of atrial fibrillation. Heart failure results in a proinflammatory state that
leads to structural remodeling mediated by diffuse fibrosis, the consequence of which
includes electrophysiologic heterogeneity and slowed conduction [19]. Associated left
ventricular diastolic dysfunction transfers increased left ventricular filling pressure
to the left atrium. Prolonged elevated left atrial pressure can result in dispersion of
refractoriness. Studies have demonstrated prolongation in atrial refractoriness, P-wave
duration, and conduction time in patients with atrial fibrillation [20]. Increased left
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atrial pressure results in decrease in cardiac calcium ion channels, leading to calcium
overload, increased diastolic calcium lead, and prolonged action potential duration.
Increased calcium content has been demonstrated to portend afterdepolarizations
from the pulmonary veins that serve as triggers for atrial fibrillation [21, 22].

There are several factors related to the underlying heart failure that may stimulate
development of ventricular arrhythmia. Ventricular dysfunction has been found to be
an independent risk factor for arrhythmia associated with VAD therapy [11, 23]. This
is not unexpected as severe ventricular dysfunction itself can promote arrhythmia.
The development of chamber enlargement, myocardial scar, and subendocardial
ischemia can result in myocardial injury and become arrhythmogenic. Focal areas of
scar result in a heterogenous area of healthy and infarcted myocardium with differ-
ent conduction properties and refractoriness in close proximity [24]. This leads to
anisotropy and areas of slow conduction, which is prime for reentry. Neurohormonal
activation, enhanced catecholamines, electrolyte abnormalities, and altered calcium
handling can also contribute to an environment prone to arrhythmia.

VAD implantation has been associated with electrophysiologic changes. Prolongation
of the QT and corrected QT interval have been observed post VAD implantation and
associated with tachyarrhythmia [25, 26]. Changes in channel regulation including
upregulation of the Na+/Ca2+ exchange and downregulation of the voltage-gated K+
channel, may contribute to increase in action potential duration and development of
delayed afterdepolarizations [27]. The VAD implantation process and presence of the
device itself can prompt arrhythmia. Apical scar at the site of VAD inflow cannula
insertion can contribute to reentrant ventricular tachyarrhythmias. Suction events where
the VAD inflow cannula engages the ventricular wall result in decreased device output,
reducing cardiac function support and increasing the risk for ventricular arrhythmia
[28]. High VAD pump speed, VAD inflow cannula position, and low patient intravascular
volume are contributing factors that increase the risk of suction events [13].

4. Arrhythmias encountered in patients with ventricular assist devices
4.1 Atrial tachyarrhythmia

Atrial arrhythmias are common on patients with heart failure. Atrial fibrillation
is the most frequently encountered atrial arrhythmia. However, ectopic atrial tachy-
cardia and atrial flutter are seen as well. Persistent atrial flutter can result in loss of
AV synchrony and impaired ventricular filling. In certain patients with left VADs,
atrial arrhythmias, particularly atrial flutter with rapid ventricular response, have
been associated with hemodynamic compromise secondary to decompensated right
heart failure [29, 30]. Improvement in right heart failure has been demonstrated after
catheter ablation of the atrial flutter [29].

The pathophysiology of heart failure results in structural changes and electrical
remodeling that encourage the development of atrial fibrillation. The frequency of
atrial fibrillation increases with heart failure severity, reaching approximately 50%
of patients with New York Heart Association (NYHA) Class IV classification [31].

In adult patients, atrial fibrillation may be encountered in over 40% of patients on
VAD therapy [32]. There are conflicting results regarding the risk of thromboembolic
events patients with atrial arrhythmia on VAD therapy; however, the presence of
atrial fibrillation prior to VAD therapy has been shown to predict the occurrence of
ventricular arrhythmia after VAD implantation [23].
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It has been demonstrated that pediatric patients undergoing VAD therapy for
cardiomyopathy or myocarditis have an increased risk of developing arrhythmia [10].
In a cohort of pediatric patients with VAD, 38% experienced an atrial arrhythmia [11].
The majority of the tachyarrhythmia episodes were non-sustained with a median rate
of 150 bpm. There was no correlation between presence of arrhythmia and mortality
[11]. In pediatric patients with VAD for primary diagnosis of arrhythmia, it has been
demonstrated that nearly 70% have supraventricular tachycardia, of which nearly
40% are ectopic atrial tachycardia or atrial flutter [33].

4.2 Ventricular tachyarrhythmia

Before discussing the risks of ventricular arrhythmias in the context of pediatric
VAD use, it is important to recognize the risks of these arrhythmias in patients with
heart failure in general. Regardless of whether the reason for heart failure is second-
ary to cardiomyopathy or congenital heart disease, risks have been well described
[24, 34]. Guidelines and consensus statements include recommendations for manage-
ment, including the use of anti-arrhythmics as well as indications for implantation
of implantable cardioverter-defibrillators (ICDs) [35, 36]. For this reason, many
patients who present for VAD implant are already receiving anti-arrhythmics, have
ICDs, or both. In fact, there are a handful of pediatric patients who have received
VADs specifically for intractable ventricular arrhythmias [33, 37].

Early in the era of adult VAD use, it became clear that there was an association of
new onset monomorphic ventricular tachycardia in the months following implant [38].
While the majority of arrhythmias tend to occur during the initial hospitalization at
implant, later onset arrhythmias have also been documented [17]. In addition, given
that most patients have significant heart failure, many will already have primary or
secondary prevention ICDs with a history of ventricular arrhythmias [39]. Pediatric
arrhythmia data in VADs are quite scarce. A 2015 study found over half of patients in a
single center study developed ventricular arrhythmias [11]. A more recently published
single center study found that patients with cardiomyopathy and myocarditis were
more likely to have non-sustained and sustained ventricular tachycardia than those
with congenital heart disease [10]. Additionally, those who had less left ventricular
decompression were at a higher risk for having ventricular arrhythmias. Arrhythmia
presence prior to VAD implant was associated with increased risk of ventricular
arrhythmias and antiarrhythmic therapy was associated with decreased risk.

While isolated ventricular ectopy and often non-sustained ventricular tachycardia
do not require significant intervention in patients with heart failure, once a VAD is
implanted these will likely become even less hemodynamically significant given the
additional support [40]. With more sustained arrhythmias, one would expect decreased
flows given the loss of right ventricular contribution to cardiac output and if sustained
enough, right ventricular failure. For this reason, those patients who receive VAD sup-
port specifically for intractable arrhythmias often are given biventricular support [41].

5. Management of Arrhythmias Encountered in patients with ventricular
assist devices

It is important to note the potential for reversible causes of arrhythmia in pediatric
patients with VAD. Electrolyte derangement, consequences of comorbidities, and
drug-drug interactions with electrophysiologic effects should be considered. The
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identification of reversible causes of atrial or ventricular arrhythmia may allow for
management with conventional therapies. Limitation of known QT-prolonging medica-
tions and proarrhythmic agents is prudent.

Suction events where the VAD inflow cannula interacts with the ventricular
wall can result in ventricular arrhythmia [28]. These events may be avoided by
reducing high VAD pump speed and avoiding intravascular volume depletion.
Recurrent suction events associated with ventricular arrhythmia may require fluid
supplementation.

Studies have demonstrated that some adult patients with continuous-flow VAD
remain hemodynamically stable while in ventricular tachyarrhythmia including
ventricular fibrillation [40, 42-44]. While patients were symptomatic, there was no
evidence of end-organ dysfunction as a result of the ventricular arrhythmia. After
restoration of sinus rhythm, there was no recurrence of the ventricular arrhythmia
[42]. This suggests that there can be hemodynamic stability with left VAD support
during episodes of ventricular arrhythmia. However, prolonged ventricular fibrilla-
tion can result in right ventricular failure and subsequent sequela. As such, restora-
tion of sinus rhythm would be prudent.

5.1 Medical management
5.1.1 Atrial arvhythmias

Beta blockers are standard first-line therapy for rate control in patients with heart
failure. Rate control with beta blockers is usually sufficient for the management of
atrial arrhythmias. Digoxin may be a useful adjunct to beta blocker therapy by slow-
ing ventricular response to the atrial arrhythmia. Calcium channel blockers are not
typically used in the setting of significant systolic dysfunction.

When rate control is insufficient, then restoration and maintenance of sinus
rhythm may be required. Amiodarone and dofetilide are commonly utilized for
conversion to sinus rhythm in adult patients. Amiodarone is the most commonly
utilized antiarrhythmic as single-agent therapy in pediatric patients with VAD [33].
Refractory cases may require amiodarone in conjunction with beta blockers, certain
sodium channel blockers, or digoxin.

5.1.2 Ventricular arrhythmias

Due to the underlying condition, most patients who have received a VAD likely
have an indication for beta-blockade. However, it is unclear in the pediatric popula-
tion if beta-blockade is adequate for prevention of ventricular arrhythmias. Adult
studies are divergent with some studies demonstrating an association with beta-
blocker nonuse and ventricular arrhythmias and others showing no differences
[27, 45]. Amiodarone has been identified as protective against ventricular arrhythmias
amongst non-LVAD patients with ICDs, however it comes with risks of adverse effects
[46]. One adult study showed improved arrhythmia-free survival in LVAD patients
with ventricular arrhythmias who were started on amiodarone as secondary preven-
tion [17]. However, when baseline amiodarone use was studied in the LVAD popula-
tion, there was an increased mortality associated with its use [47]. More data are
needed to assess efficacy of antiarrhythmics in the adult LVAD population and there is
a near-absence in data in the pediatric population. Therefore, decisions will continue
to need to be patient-specific taking into account arrhythmia burden, substrate,
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patient hemodynamics, drug-drug interactions, and type of VAD. Should an antiar-
rhythmic be initiated, as the first month post VAD implantation is reported as the
highest risk [48], consideration could be made for discontinuation of antiarrhythmic
medication over time in patients with longer-term VAD.

5.2 Catheter ablation

Catheter ablation of atrial arrhythmias in adult patients with heart failure has been
proven to be feasible and effective [29, 49, 50]. Atrial fibrillation in setting of VAD
therapy treated with catheter ablation has been associated with improved symptoms
and cardiac function. Studies have demonstrated return to sinus rhythm, resolution
of symptoms, and resolution of right heart failure with catheter ablation of atrial flut-
ter in patients with VAD. No significant procedural complications or adverse events
have been reported in this patient population, suggesting that radiofrequency cath-
eter ablation of atrial arrhythmias in patients with VAD may be a reasonable first-line
therapy. There are no similar data available in pediatric patients.

There have been no large studies investigating the role of catheter ablation in
ventricular arrhythmias in pediatric patients with LVADs. There are a handful of adult
case series and cohort studies documenting experience with 101 patients total [25].
These studies demonstrated relatively high procedural success (77-86%) with vari-
able recurrence. One study demonstrated improved one year survival in the absence
of arrhythmia recurrence [51]. It must be noted that there are specific considerations
necessary for ablations in this patient population. They will require strict fluid
management, invasive hemodynamic monitoring, and special care maneuvering in
the vicinity of the cannula. Additionally, there may be effects on electroanatomic
mapping and signal quality. Surgical ablation at the time of LVAD implant may be
considered and is a class IIb indication in the 2017 guidelines for management of
patients with ventricular arrhythmias and the prevention of sudden cardiac death
[35]. Again, there are no published pediatric studies examining ventricular catheter
ablations in patients with VADs.

5.3 Implantable cardioverter-defibrillator

ICD therapy has been demonstrated to improve survival in patients with heart
failure as well as those with cardiomyopathy with previous cardiac arrests [35].
Therefore, most patients with VADs have already received an ICD or meet criteria for
having one implanted. There are currently no randomized control trials evaluating
ICD use in patients with VADs in adults or children. Studies investigating the effects
of ICD therapy in patients with VAD have had mixed results. Early reports in the era
of pulsatile VADs suggested an improvement in mortality rates in patients with ICDs
[27, 52]. With the publication of studies evaluating adults with continuous flow VADs,
three meta-analyses were published, with overlapping data, all with the finding that
ICD use conferred no benefit in mortality risk [53-55]. Based on this, there is a class
IIa recommendation for implantation of an ICD in patients with LVADs who have
had ventricular arrhythmias in the 2017 AHA/ACC/HRS guidelines on ventricular
arrhythmias [35]. There is no mention of VADs in the 2021 pediatric device consensus
statement [36].

It is important to keep in mind that with the support of a VAD, ventricular
arrhythmias may no longer cause hemodynamic compromise and patients may not
lose consciousness, therefore a shock from a device may be felt. Adverse events in
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patients with ICDs and VADs are reported in up to 30% of patients and can include
changes in thresholds, inappropriate shocks caused by oversensing, and increased
defibrillation thresholds [56]. Most of these patients require an ICD modification.
Programming changes should be considered in the patient with a VAD to minimize
shocks in the awake patient. While studies have shown significant psychological
effects of being shocked by a device versus no shock in adults, this has not been
replicated in pediatrics, although limited data size may have affected the ability to
detect this [57, 58]. Regardless, it is in everyone’s best interest to minimize pain in our
patients. A single center randomized study investigated whether lengthening detec-
tion zones and increasing the use of ATP differed from nominal settings [59]. This
found no difference in time to first ICD shock, but there were no harmful effects in
making these adjustments. Therefore, there have been recommendations to follow
this strategy with a high rate for the VF cutoff zone and the maximum number of
programmable intervals [25].

6. Conclusion

Pediatric heart failure is a complex clinical syndrome associated with high mor-
bidity and mortality. While VAD therapy has emerged as an important tool in the
management of severe or refractory heart failure, it is not uncommon to encounter
arrhythmias in such patients, including during and after VAD therapy, due to the
underlying pathology. To date, data on arrhythmias and arrhythmia management
in the context of VADs in pediatric patients are lacking. While we have a baseline
understanding of etiologies of arrhythmia substrates in patients with congenital
heart disease and cardiomyopathy, the changes that occur with VAD implant are less
well understood. Additionally, in pediatrics, there is evidence that new ventricular
arrhythmias can present after VAD removal [11]. At this time, there is a scientific
statement from the AHA that offers suggestions and recommendation for the adult
population and can be a useful resource [25]. However, pediatric patients are unique
and must be treated in a case-by-case basis. Maintaining sinus rhythm is clearly
advantageous in the biventricular heart and can help avoid right heart failure [60].
However, in this era where fewer than 50% of pediatric patients are discharged with
a VAD, one must ask how aggressively to treat these arrhythmias, especially when
it comes to implanting an ICD [61]. With adult data suggesting no benefit to ICD
implantation, there must be careful consideration before implanting one in a pediat-
ric patient, especially if the patient will remain hospitalized. If an ICD is already in
place, a multidisciplinary approach with the heart failure team, patient, and patient’s
family is necessary to determine what, if any, therapies should remain turned on
when a VAD is implanted. Despite this, it is likely in the patient’s best interest to avoid
sustained arrhythmias and attempt to maintain appropriate heart rates to optimize
VAD function, especially in single ventricle patients [41]. As technologies emerge
and survival improves, the need for data to help direct management is greater than
ever; however collaborative efforts will be absolutely necessary to gain the necessary
knowledge.
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Chapter 4

Implantable
Cardioverter-Defibrillator
Use in Patients with Left
Ventricular Assist Devices

David Garcia-Molinero and Rocio Toro

Abstract

This chapter is developed with the intention of discussing the use of implantable
defibrillator cardioverters (ICDs) in patients with left ventricular assist devices (LVADs).
LVADs have become the standard treatment for patients with advanced heart failure
who require prolonged mechanical circulatory support as a bridge to transplantation or
as destination therapy. Patients with advanced heart failure have a major risk of sud-
den death due to ventricular dysrhythmias (VD) so an ICD could be indicated, but it
remains unclear within the LVAD population due to several factors including sustained
VD good tolerance and inappropriate therapies (due to supraventricular tachycardias or
electromechanical interferences) as well as the risk of infections with complex antibiotic
therapy or device replacements. Previous VD before LVAD placement, concomitant
atrial fibrillation, type of LVAD device, and chronic ischemic heart disease can predict
future episodes of VD. The evidence that supports ICD use in patients with LVAD is
very limited, and current guidelines are based primarily on the consensus of experts
and observational studies. Nowadays, an ICD implant is only recommended for LVAD
patients who develop postoperative VD associated with hemodynamic collapse, and it
should be programmed in a very conservative mode (higher rate and larger intervals to
detection) to avoid undesirable electric shocks.

Keywords: implanted cardioverter defibrillator, ventricular assist device, ventricular
arrhythmia, advanced heart failure, sudden death

1. Introduction

Left ventricular assist devices (LVADs) have become the standard treatment for
patients with advanced heart failure who require prolonged mechanical circulatory
support as a bridge to transplantation or as destination therapy [1-5]. The first genera-
tion of LVAD consisted of pulsatile pumps that were successful in unloading the heart,
but they were limited by size and poor long-term durability. The second and third gen-
erations use continuous flow (i.e., Heartware or Heartmate II devices). Heartmate III
is nowadays the only third-generation device available to implant due to its magnetic
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levitation rotor related to lower rates of thrombus and hemolysis. One-year survival
rates are approximately 80% and 70% at 2 years [4].

Patients with advanced HF have a major risk of sudden death due to ventricular
dysrhythmias (VD). Therefore, an implantable cardioverter defibrillator (ICD) could
be indicated. Primary prevention needs the device prescription before a fatal episode
and is indicated if severe LVEF dysfunction (less than 35%) is diagnosed using any
cardiac imaging tool such as transthoracic echocardiography or cardiac magnetic
resonance, 40 days after myocardial infarction, despite full-medical protocol, the
patient is not stable and if the estimation of the patient survival is more than 1 year.
On the other hand, the secondary is indicated after ventricular arrhythmia [3, 6-9].

Patients in stage D often die of pump failure rather than sudden death, so ICD
therapies have not been recommended in this population. Cardiac output impairment
is less common [10] in LVAD subjects, and VD is better tolerated [3] than in the non-
LVAD population. Moreover, inappropriate therapies and complex infections may
increase the risk of ICD therapy. Therefore, ICD therapies remain controversial in the
LVAD population, and further research is needed.

2. Epidemiology of ventricular arrhythmia and cardiac sudden death

The highest rates of VD occur in the first 30 days after LVAD placement; how-
ever, late ventricular dysrhythmias have also been described. VD incidence ranges
from 22% to 59% after LVAD implant [10-12] and 35% of post-LVAD recipients
within 30 days [13, 14].

Several factors can predict VD events after LVAD implantation, i.e., previous ven-
tricular dysrhythmias before LVAD implant (hazard ratio 3.28) [15], previous history
of atrial fibrillation [14-16], the type of LVAD implanted, or the presence concomi-
tant chronic ischemic heart disease [17]. In total, 42.4% of patients with a history of
VD pre-LVAD experienced VD events post-LVAD in comparison with 16.7% without
previous VD [12]. Ischemic heart disease was the major cause of cardiomyopathy in
71% of patients in the VD group and 45% of patients in the group without VD where
dilated cardiomyopathy was more frequent (no difference was made between inherit-
ing cardiomyopathy, enolic, cardiotoxicity, or idiopathic cause). Chronic ischemic
heart disease could trigger VD due to persistent subendocardial ischemia, arrhythmo-
genic substrate associated with myocyte remodeling, and fibrosis [17].

VD often leads to sudden cardiac death in the non-LVAD population. However, long-term
survival has been reported in those patients with LVADs despite VD [11]. Interestingly, neither
the presence of VD nor ICD therapies (appropriate in 191% or inappropriate in 3.1%) were
associated with higher mortality rates after 10 months of follow-up [15].

Controversially, other studies have described higher mortality in patients with VD
events. Bedi et al. showed an absolute 15% or higher risk of death in the first week
after LVAD implantation [17]. Brenyo et al. describe an increase in mortality of up to
10 times higher in patients with LVADs if there is concomitant VD, although 1 year of
mean follow-up makes it difficult to correlate VD as a cause of death or as a progres-
sion marker of disease [18].

3. Mechanisms and management of ventricular dysrhythmias

The mechanisms of VD in LVAD include:
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1. The perioperative adrenergic stimulation and adrenergic agonists may promote
early VD [14] because of myocardial or systemic inflammation after LVAD
implant, which can elevate catecholamine blood level and promote changes in
electrical properties making LV more sensitive to VD. Indeed, isoproterenol,
norepinephrine, and dobutamine are treatments often used to avoid RV failure
during the perioperative time; however, they can also help to achieve an electri-
cal imbalance and generate a VD substrate.

2. The cardiomyopathy severity, above all, chronic ischemic disease is related to the
presence of intrinsic scars that perpetuate reentrant circuits and VD [14].

3.The apical insertion site of cannula inflow has been correlated to the morpholog-
ical origin of ventricular tachycardia [14]. Although 75% of ventricular tachy-
cardia mapped during electrophysiological studies correlated to an intrinsic scar
[19] unrelated to the device.

4.The suction events, an excessive left ventricular discharge due to a mismatch
between LVEF filling and LVAD output. When LVEF is excessively unloaded, it
can collapse and lead to VD event, monomorphic or polymorphic. But also, an
inadequate left ventricular discharge can promote VD [14].

5.The type of LVAD can predict the risk of VD. There was a significant twofold
increase in risk for LVAD versus biventricular-VAD [20]. Continuous flow (CF)
pumps compared with pulsatile pumps could increase the incidence of VD [21],
but it could be related to suction events, more frequent in CF-LVAD due to con-
tinuous ventricular unloading.

6. Acute mechanical unloading of the LVEF during recent postoperative time can
change electrophysiological properties such as an increase in QT segment within
1 week after LVAD and a decrease after 1 week of mechanical support. A longer
QT segment after LVAD placement has been associated with a threefold higher
risk for postoperative VD [14].

In a multivariate analysis, VD after LVAD placement in the recent perioperative
time was associated with a higher risk of all-cause mortality compared with the popu-
lation without VD (hazard ratio 7.28). This report suggests that aggressive treatment
must be considered [16].

Three main treatment options exist, including adjusting LVAD settings, medical
treatment, and VT ablation.

Suction events are a common trigger for ventricular arrhythmias in patients with
LVAD; therefore, reduction in LVAD speed or an increase in intravascular volume
could solve VD. Once preload and unload are assessed, the next line of treatment
should be medical therapy.

Limited literature suggests any potential benefit from the use of p-blockers, amio-
darone, sotalol (take care of changes in QT), and sodium channel blockers (lidocaine/
mexiletine); but these potential treatments need further studying [14]. A correct
repositioning of potassium and magnesium ions is also required.

Radiofrequency ablation therapy has been described as an alternative option in
some reports with low complication rates when VD persists, and there is a hemody-
namic compromise or a worsening of RV function [13].
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If there is prior history of ventricular dysrhythmias in LVAD candidates, surgi-
cal ablation at the time of LVAD placement should be considered, as it offers direct
visualization of the myocardium and epicardial ablation without defects of epicardial
mapping and ablation via subxiphoid pericardial access. Endocardial electroanatomic
mapping before the LVAD implantation procedure may let localize VD circuits and
guide surgical planning. Once LVAD has been placed, options for ablation of VD are
more limited due to pericardial adhesions from the device, and LVAD inflow cannula
limits endocardial access to the LV apex.

If catheter ablation is planned, several anatomic and physiologic challenges must
be considered. Retrograde access can be limited by insufficient native flow to open the
aortic valve, so a transseptal approach to the left ventricle (through the left atrium)
is the preferred option. The LVAD often causes magnetic interference that may affect
mapping systems.

Nonetheless, a recent systematic review of 18 studies showed that catheter abla-
tion was associated with a decrease in rates of ICD therapies (57 vs. 24%), but VD
recurred in 44% at a mean follow-up of 264 days [22].

4. Ventricular arrhythmia tolerance and Fontan-type circulation

LVAD population has a better tolerance for sustained VD, including ventricular
fibrillation (VF) than the non-LVAD population, most likely due to the “Fontan-type
circulation” phenomena. This population has the same ability to withstand insults
as patients with congenital heart diseases and Fontan-type circulation [3] described
by Fontan and Baudet in 1971 to palliate tricuspid atresia relying on central venous
circulation enabling blood to be directed toward the RV in the absence of pulmonary
hypertension.

In patients with LVAD, the right ventricle behaves as a passive corridor driving
blood from right to left if adequate preload condition is met. High pulmonary pres-
sure or low central venous pressure is associated with more difficulties to remain
stable once VD appears [23, 24].

Sims et al. [25] described how a continuous flow-LVAD could avoid collapse in
a patient with sustained ventricular fibrillation over 12 hours when an implantable
defibrillator was not able to terminate arrhythmia and external defibrillation was
required, due to a correct preload to the LV and normal or low pulmonary resistances.
The same findings were described by Busch et al. and Smith et al. [26, 27].

5. Evidence for implantable cardioverter defibrillator device

The evidence that supports ICD indication in patients with LVAD is very limited,
and current guidelines are based primarily on the consensus of experts and observa-
tional studies [13].

A meta-analysis by Vakil et al. showed that ICD therapy was associated with an
absolute risk reduction of 16% and a relative risk reduction of 39% in all-cause mor-
tality at a 7-month follow-up. The number of patients who needed to treat to avoid an
outcome was six subjects [11]. Nevertheless, there is not any statistical significance in
the continuous-flow LVAD subgroup (34% of the total population). The ICD cohort
showed a mortality up to 14% vs. 25% in the non-ICD group (and an absolute risk
reduction of 11% and a 24% relative risk (p = 0.17). The lack of significant results was
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due to the small sample size due to the better long-term results and hemodynamic
stability with new continuous-flow assistance [13] with less dependence on native
cardiac activity than pulsatile pumps [28].

Rorris et al. did not find any difference in all-cause mortality events, cardiovascu-
lar mortality, or right heart failure between LVAD patients with and without an ICD.
Although, the study finds important differences in baseline patient characteristics
between European and United States populations [29].

A subanalysis of the INTERMACS Registry that included of 2209 patients with
an ICD and 2209 patients without one concluded that the presence of ICD was not
related to reduced mortality, among patients with a continuous-flow LVAD. The pres-
ence of an ICD was associated with increased mortality risk and unexpected death
during device support because of the result of propensity score matching, which
resulted in an ICD group that had decreased prevalence of certain VD risk factors (as
beta-blocker or amiodarone use, prior to VD, or chronic HF) [28].

Kutyfa et al. demonstrated that neither implant ICD before nor after LVAD reached
significant survival benefit in a 191-patient study after 23 months of follow-up [30].

Younes et al. designed a 1444 patients study included in a waitlist HF bridged
to transplant with LVAD. These authors suggested that the presence of ICD was not
associated with lower mortality, cardiovascular or global mortality, or delisting although
arrhythmic death was more common in the non-ICD group compared with ICD [12, 31].

A 94-patient study about the use of ICD after continuous-flow LVAD implant showed
that only patients with VD before LVAD placement had any benefit [19]. Therefore, it is
reasonable to not implant ICD in LVAD patients without previous VD [20].

Alvarez et al. [3] studied 487 patients, mostly with ICDS, 79.6%. The presence
of ICD before LVAD was not related to a significant benefit in terms of mortality.
However, ICD patients before LVAD presented complications such as episodes of
shocks (31%), ventricular lead dysfunction (4.6%), and 2% of infections associated
with ICD [3, 32].

The high rates of inappropriate shocks and infection events may decrease the
benefits of the ICD indication [5]. Indeed, ICD shocks are associated with worse
long-term outcomes and poorer quality of life and can negatively affect mental status
[33]. Patients experience inappropriate shocks due to supraventricular tachycardias
or electromagnetic interference; for that reason; benefit of appropriate shocks for
prolonged but hemodynamically critical VD remains unclear [12].

Infection is a frequent complication in the LVAD population (i.e., driveline infec-
tion or device-related sepsis) that can occur in up to 20% of patients. Malnutrition
and high comorbidity including diabetes, surgical technique, and quality of percu-
taneous lead care are important risk factors for infection. Aggressive management
often is needed including long-term antibiotics, device exchange, or even urgent
transplants [4]. Therefore, infection treatment could be more complex in the presence
of both devices (LVAD and ICD).

Riaz et al. described a cohort of 215 ICD-LVAD patients and six (2.8%) developed
ICD infections. Three patients had pocket infections related to device generator
exchange, and three patients had ICD lead-related endocarditis due to prior LVAD-
related infections. In all cases, ICD was removed along with antibiotics. Three
patients with a history of previous LVAD infections received longer antimicrobial
therapy, and one patient had their LVAD exchanged [32].

Finally, at the last 2019 EACTS Expert Consensus on long-term mechanical circu-
latory support [34] indications are: (i) patients with LVAD who develop postoperative
ventricular dysrhythmias associated with hemodynamic collapse, ICD implantation is
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2019 EACTS Expert Consensus on long-term mechanical circulatory support

In patients with long-term mechanical circulatory support who develop postoperative I C
ventricular arrhythmia with hemodynamic compromise, ICD implantation is

recommended.

To prevent adverse sequelae of right ventricular dysfunction, a continuation of ICD Ila C

therapy should be considered.

Prophylactic ICD implantation in patients without arrhythmias at the time of long- I C
term mechanical circulatory support implantation is not recommended.

2022 ESC Guidelines for the management of patients with ventricular arrhythmias and the prevention
of sudden cardiac death

ICD implantation should be considered in LVAD recipients with symptomatic Ila B
sustained VAs.

Table 1.
Summary of current guidelines about the use of implantable cardioverter defibrillator devices in the LVAD
population.

recommended (IC); (ii) patients who have an ICD implanted before LVAD, it should
be kept activated for prevention of adverse effects due to right ventricular dysfunc-
tion, but its programming should be very conservative (IIaC); (iii) primary preven-
tion is not recommended in patients without VD before LVAD (IIIC).

On the other hand, the 2022 ESC Guidelines for the management of patients with
ventricular dysrhythmias and the prevention of sudden cardiac death [35] recom-
mends: ICD implantation should be considered in LVAD recipients with symptomatic
sustained VD (IIaB) Table 1.

6. How to program implantable cardioverter defibrillator devices

Current guidelines recommend conservative programming for ICD [34-37] based
on good tolerance of VD and high rates of inappropriate shocks due to atrial tachycar-
dia (AT), including atrial fibrillation (high rates in HF patients).

Richardson et al. [10] carry out an 83-patient randomized study (well-balanced
between ischemic and non-ischemic cardiomyopathy) divided into a first standard
programming arm according to the treating physician (Table 2) and a second ultra-
conservative ICD mode (Table 3).

As it is known, detection to rate and intervals to detection are important param-
eters to program an ICD to achieve the highest benefit and to avoid inappropriate
shocks. The first one is related to the range of heart rate where ICD acts, and intervals
are the numbers of cycles or time to detect before applying therapies. As Table 1
shows, different therapy zones can be chosen, e.g., VT zone or VT1, VT2/VF zone,
and VF zone based on these parameters to reach the optimal status for the patient.
These zones must be correlated to patient profile, for instance, ischemic cardiomy-
opathy vs. myocardiopathy and primary vs. secondary prevention.

As indicated in Table 3, the ultra-conservative mode uses larger intervals of detec-
tion in the VF and VT zones and numerous anti-tachycardia pacing programming
(ATP) therapies than the standard mode.

No difference related to time to the first ICD shock or the total number of shocks
was found between the two groups. No statistical difference was observed in mortal-
ity terms, arrhythmic events, or heart failure hospitalization events. Inappropriate
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VF zone active 38 patients (100%)
Detection to rate 214 bpm (200-228)
Intervals to detection 16 (12-24)

VT zone active 26 patients (68%)
Detection rate 176 (167-181)
Intervals to detection 19 (16-27)
FV/VT-2 zone active 9 patients (24%)
Detection to rate 187 (182-188)
Intervals to detection 24 (18-30)

VE: ventricular fibrillation, VT: ventricular tachycardia, bpm: beats per minute.

Table 2.
Adapted from Richavdson et al. shows the programming values of ICD in the standard mode.

Manufacturer VT zone detection VIzone VF zone detection VF zone
therapy therapy
Medtronic Inc. Rate: 180 bpm 100 ATP x 5; 25 Rate: 222 bpm 25],35]
intervals (33 s) to Ix2 120/160 intervals to x5
detection detection (32,4s)
Boston Scientific Inc. Rate 180 bpm 30 s to ATP x 8,217, Rate: 220 bpm 15 s 297,41
detection 41]x6 to detection Ix7
St. Jude Medical Rate 180 bpm 100 ATP x 3,367, Rate: 240 bpm 36], 40
intervals (33 s) to 40] x2 100 intervals to Jx5
detection detection (25 s)

ATP: anti-tachycardia pacing, J: Joules.

Table 3.
Adapted from Richardson et al. shows the programming values of the ICD in the ultraconservative mode.

shocks resulted in 6% of the total population, although no significant differences
between both groups were found [10].

However, the MADIT-RIT study showed fewer inappropriate shocks and lower all-
cause mortality in those patients scheduled for ICD therapies greater than 200 bpm
[38]. This study compared conventional programming versus another more conserva-
tive population with prior AT and patients without prior AT and described a statistical
reduction of inappropriate shocks with conservative programming able.

Moreover, a randomized ADVANCE III trial (1902 patients) also demonstrated
that larger detection intervals (30 of 40 intervals) decreased therapies delivered and
inappropriate shocks without difference in mortality or arrhythmic syncope events
compared with standard detection (18 of 24 intervals) in not LVAD carriers [39].

7. Resynchronization therapy on ventricular dysrhythmias after LVAD
devices

Cardiac resynchronization therapy (CRT) is recommended for symptomatic
patients with HF and a QRS duration >150 ms and left branch bundle block QRS
morphology with LVEF <35% despite optical treatment can improve ventricular
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remodel to improve symptoms and reduce morbidity and mortality [1]. Nevertheless,
its potential benefit or antiarrhythmic effect in LVAD patients remains unclear.

A prospective single-center study indicates a lower incidence of implantable
cardioverter defibrillator device (ICD) therapies in the LVAD population if CRT mode
was activated [40]. Richardson et al. [10] and Gopinathannair et al. [41] failed to find
any differences in terms of mortality and hospitalization, but the first one corrobo-
rates the lower ICD discharges in the CRT-activated group, which could benefit from
the antiarrhythmic effect of CRT.

The lack of additive effect from CRT in the LVAD population could be explained
for several reasons including (i) LV unloading by LVAD surpasses the electrical cor-
rection by CRT; (ii) CRT population had a more advanced myocardiopathy to begin
limiting any additive effect; (iii) CRT could improve clinical outcomes in younger
patients with nonischemic dilated cardiomyopathy who receive LVAD as a bridge to
recovery, but this population was not included. Muratsu et al. describe a case report
of a 15-year-old male with acute decompensated heart failure and LVAD implantation
as a bridge to recovery. Despite optimal treatment, a CRT was required to improve
cardiac function and finally perform LVAD removal [41, 42].

More randomized studies are necessary to better know the mechanism and the
benefit of maintaining CRT turned on in the LVAD population despite its use being
associated with higher generator replacement rates [3].

8. Electromagnetic interactions between implantable cardioverter
defibrillator and left ventricular assist devices

Both Heartware and HeartMate III (HM3) ventricular assist devices developed an
electromagnetic interference (EMI) that can it make impossible to interrogate ICD
with external programmers.

EMI can be explained by a pulse-width modulator (PWM), which can emit fre-
quencies of 8 kHz, the same frequency that Abbot and Biotronik ICD/CRT program-
mers emit to start reading ICD. Distance between the LVAD and the ICD programmer
and the speed of the LVAD rotor can also interfere [43]. HM3 manufacturing website
itself provides information on possible incompatibilities (Table 4) [44].

Manufacturer Family / model
Biotronik Acticor/ Rivacor
Biotronik Ilivia Neo/Intica Neo
Biotronik Ilivia/Intica/Inlexa
Biotronik Itrevia/Iperia/Inventra
Biotronik Iforia/llesto/Idova
Biotronik Lumax
ELA Medical (Sorin) Paradyme CRT
Medtronic Cardia CRT
Boston Scientific ORIGEN CRT
Table 4.

Adapted from Cardiovascular Abbott. The difficulty or inability to communicate with the external programmer
has been reported for or may occur with the following manufacturer families by using HM3.
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Schnegg et al. [43] analyzed in vitro the programming of 24 explanted ICDs from
several manufacturers in the presence of a running LVAD (Heartware and HM3
LVAD). Heartware LVAD interaction was only observed in the case of Biotronik
and Microport devices if the distance was shorter than 6 cm, while HM3 LVAD
only Medtronic ICD devices showed no interaction (needing up to 18 cm with some
Biotronik devices).

Three different strategies were tested to improve connectivity between the ICD
programmer and ICD: (1) Pseudo-faraday cage to achieve electromagnetic isolation
of the ICD. The isolation of the ICD device with a metal pan (pseudo-faraday cage)
was not effective in those devices that had previously failed (Boston and Biotronik
devices); (2) LVAD parameters modification (above all speed of rotor). Once the
speed of HM3 was significantly changed (—2000 rpm, +1000 rpm), communica-
tion improved up to 45% of total devices, but 55% remained unchanged; and (3) to
increase the distance between LVAD and ICD by separating the arm from the thorax.
This latter option, separating the arm from the thorax by bringing the hand over the
head to increase the distance between ICD and LVAD, was the most effective measure.
An increase of 3 cm was achieved. This posture should be maintained for the first
2-10 seconds, and then the arm can be repositioned. Alternatively, the ICD may be
removed to the contralateral side as the last solution, but given the doubtful benefit of
therapies in LVAD patients, it is not usually carried out [43].

A retrospective single-center study carried out by Yalcin et al. confirmed that the
EMI from the Heartmate II LVAD was only present in patients with a St Jude/Abbott
device (6 of the 23 St Jude/Abbott devices. In HM3 patients, EMI was mainly pres-
ent in patients with Biotronik devices: four out of the 18 and only one patient with
a Medtronic device. While initial interrogation of these devices was not successful,
none of the 11 cases experienced pacing inhibition or inappropriate shocks [45].

Although, two studies reported a decrease in ventricular sensing with a smaller
R-wave amplitude, an impedance decrease, and a capture threshold increase after
LVAD placement that could lead to failure of ventricular dysrhythmias sensing,
capturing failure, and inappropriate pacing [46-48]. It should be noted that the
proximity of the ICD to the LVAD controller did not affect the programming values of
the ICD or the shock therapies [43, 46, 49].

Black-Maier et al. describe several major findings in a systematic review of subcu-
taneous-ICD after LVAD implantation: ventricular sensing amplitudes reduction, EMI
appears in primary and secondary vectors that lead to inappropriate shocks (above all
in the postoperative period) but rarely in alternate vector, and parameters improved
spontaneously during follow-up without need for device revision or extraction [50].
However, Lopez Gil et al. [51] describe a case of a 24-year-old man implanted with
an S-ICD because of idiopathy dilated cardiomyopathy and self-limiting sustained
VT. After the placement of an HM3, the S-ICD became useless because of inadequate
sensing due to EMI and reduced QRS voltage.

9. Conclusion

There is not enough evidence to recommend the use of ICD in patients with LVAD
because cardiac output impairment is less common, and VD is better tolerated than in
the non-LVAD population.

The presence of VD and ischemic cardiomyopathy is a major risk for suffering VD
events after an LVAD implant. VD usually occurs in the early period, the first month
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after placement, and they usually have good tolerance due to Fontan-like circulation
physiology. Although, up to 45% of patients experience symptoms, and 24% required
cardioversion or defibrillation. But only up to 4% suffer syncope or 2% required
support with RVAD.

Current guidelines are based on expert consensus and observational studies
recommend ICD in the LVAD population if concomitant postoperative ventricular
dysrhythmias associated with hemodynamic collapse are present, and its program-
ming should be very conservative to avoid inappropriate shocks due to AT.

Until ICD therapies have been more thoroughly investigated and have shown
significant evidence to benefit LVAD patients, there will be resistance to deactivating
ICD, particularly in patient’s bridge to transplant.
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Chapter 5

Recurrent Heart Failure after
Left Ventricular Assist Device
Placement

Tamas Alexy and Michael A. Burke

Abstract

A host of complications are common after left ventricular assist device (LVAD)
surgery. Perhaps none is more challenging to manage than recurrent heart failure
(HF). HF in an LVAD patient is associated with substantial morbidity and increased
mortality. HF can occur early or late, can present abruptly or insidiously, and can be
due to an array of LVAD-specific problems including pump thrombosis and cannula
obstruction, or intrinsic cardiac problems such as right ventricular failure or valvular
disease. These disparate etiologies require specific testing and distinct therapeutic
strategies. This chapter reviews the causes of recurrent HF after LVAD surgery with
particular attention to evaluation and management strategies that can identify and
treat these distinct etiologies.

Keywords: LVAD, recurrent heart failure, right heart failure, outflow graft obstruction,
valvular heart disease

1. Introduction

Heart failure (HF) is among the commonest chronic diseases, with a prevalence
of 6.2 million adults in the United States (U.S.) and 64.3 million worldwide [1, 2].
Patients with the most advanced form of HF are classified as stage D and have high
mortality. Population studies estimate the prevalence of stage D HF to be between
0.2-3.0% [3], with up to 4.5% of patients with chronic (stage C) HF progressing
to stage D per year [4]. In the U.S,, this is ~150,000-250,000 with stage D disease
[3, 5]. Orthotopic heart transplantation (OHT) remains the gold standard therapy for
this population. However, there remains a tremendous shortfall of available organs;
despite recent increases, only 3817 OHT surgeries were performed in the U.S. in 2021
(~1.5-2.5% of the estimated stage D population) [6].

Left ventricular assist device (LVAD) surgery has revolutionized the treatment of
end-stage HF, providing increased longevity and a superior quality of life (QOL) for
patients with stage D disease. LVAD technology has progressed dramatically over the
last 3 decades, with each successive generation of pump providing robust improve-
ments in outcomes [7]. However, LVAD-associated morbidity remains substantial
(Figure1) [8, 9]. Among the commonest complications is recurrent HF. This is almost
uniformly associated with increased mortality and worse QOL.
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Figure 1.

Contemporary adverse event rates after LVAD. Events per patient-year (EEPY) occurring >90 days after implant
in the STS-INTERMACS registry [8], or from the MOMENTUM 3 continued access protocol (CAP) trial [9].
*No event rate data exist for right HF from STS-INTERMACS.

Recurrent HF after LVAD has many causes and critically, management depends
on the underlying etiology. Recurrent HF is either related to problems extrinsic to
the LVAD or to a problem with the device itself (Figure 2) [10]. By far the common-
est cause is failure of the right ventricle (RV). This chapter will review the causes of
recurrent HF and provide strategies to diagnose and manage these distinct problems.

2. Causes of recurrent heart failure
2.1Right heart failure
2.1.1 Defining right heart failure

Failure of the RV is the commonest cause of recurrent HF after LVAD surgery. The
reported prevalence of RV failure is extremely variable, ranging from 4 to 40% for
continuous flow devices [11]. This variance is driven by a lack of standardization in
post-operative management, differences in patient characteristics between implant-
ing centers, and the wide range in follow-up time across studies.

The evolution of LVAD technology and usage have impacted the prevalence of
RV failure. Though the pulsatile HeartMate XVE was approved for use as destina-
tion therapy (DT) in 2003, 2-year survival was low (23% in the REMATCH trial
[12], 33% in a post-REMATCH registry [13], and 24% in the HeartMate II (HMII)
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Figure 2.

Cc;guses of recurvent heart failure (HF) after LVAD implant. HF can be caused by intrinsic cardiac disease that
is pre-existing or that develops after LVAD implant, or may be secondary to severe anemia in the setting of GI
bleeding. Alternately, HF may vesult from LVAD-specific issues, including outflow or inflow cannula obstruction,
pump failure, or simply an inappropriate LVAD set speed.

DT trial [14]) owing at least in part to mechanical failure of this pump. Further, the
size of the HeartMate XVE restricted its use to larger patients. These factors limited
long-term use, and bridge-to-transplantation (BTT) remained the dominant implant
strategy in the first decade of the 2000s [15]. Consequently, analyses of HF in LVAD
patients from >10 years ago largely focused on early post-operative RV failure.
However, since approval of the HMII for DT in January 2010, DT has become the
dominant implant strategy in the U.S. (Figure 3) [16]. This has led to substantially
longer time on LVAD support with a concomitant shift in patient characteristics and
outcomes. Finally, changes to the United Network for Organ Sharing OHT listing
criteria in 2018 and advances in the use of temporary mechanical circulatory support
(MCS), have resulted in an even more significant reduction in BTT LVAD usage in
the last 3 years [17].

Analysis of recurrent HF has also been hampered by the variable definitions
used for RV failure. Nearly all studies define RV failure when a right ventricular
assist device (RVAD) is required, but inotrope use as a criterion has been variable
as has the requirement for clinical signs of HF. In 2008, the Interagency Registry for
Mechanically Assisted Circulatory Support (INTERMACS) defined RV failure by a
central venous pressure (CVP) >18 mmHg, cardiac index <2.0 L/min/m? and either
the need for an RVAD, or any use of vasoactive medications >7 days after LVAD
implant. The limitations of this definition were quickly recognized, and it was revised
in 2014 (Table1). This refined definition required (1) elevated right sided filling
pressures and (2) physical or laboratory evidence for congestion. If these criteria were
met, then the severity of RV failure was further qualified.

Though the 2014 definition was more inclusive, some patients with RV failure
were still not captured, and hybrid definitions remained commonplace. In 2020,
the Academic Research Consortium convened a multidisciplinary working group to
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2010 2013
N = 1,558 N = 2,621
BTT 23%

DT 44%

BTC 33%

2

9%

BTC 36%

2016 2019
N=2763 N=3198
BTT

BTT 24%

BTC 18%

DT 52%

BIC26%  proyan

Figure 3.
Evolution of continuous flow LVAD implant strategies in the U.S. (2010-2019). The total number of implants per
year is listed below each year. From: STS-INTERMACS database [16].

define adverse events related to MCS use (MCS-ARC) [18]. In this simplified defini-
tion, RV failure is divided into early or late based on the timing relative to LVAD sur-
gery (Table 2). The need for an RVAD continues to define right HF, while vasoactive
medication use without RVAD requires that additional clinical criteria be met includ-
ing findings of elevated right atrial pressure, or evidence of end organ dysfunction/
hypoperfusion. In late 2021, the Society of Thoracic Surgeons (STS)-INTERMACS
database adopted this MCS-ARC definition of right HF [19].

2.1.2 Right heart function in the LVAD patient

The RV is anatomically and physiologically distinct from the LV [20]. Under
normal conditions, RV output is roughly equal to that of the LV. However, the
mechanics of RV contraction are distinct. The RV is thin walled and shaped like a
tetrahedron (Figure 4). It is highly compliant and pumps blood into the low impedance
pulmonary vasculature. Consequently, the RV requires only one sixth the energy
of the LV per contraction [20]. As the LV contracts, it twists around its longitudinal
axis; this twisting motion (akin to wringing a wet towel) contributes significantly to
septal contraction. Meanwhile the RV contracts along longitudinal and transverse
axes, with longitudinal shortening being the major driver of RV stroke volume
(Figure 5) [21]. Importantly, a significant portion of longitudinal RV contractility is
derived from the septum.
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Part 1: Symptoms or findings of right heart failure (need to meet both)

Documented elevation of CVP 1. Directly measured right atrial pressure > 16 mmHg
__ OR—
IVC with absence of inspiratory variation by echocardiography
__OR—

3.elevated JVP halfway up neck in an upright patient

Manifestations of systemic 1. Peripheral edema

venous congestion — OR—

2. Ascites + palpable hepatomegaly

—OR—

3.Laboratory evidence: serum creatinine >2 mg/dL or total bilirubin
>2.0 mg/dL

Part 2: If patient meets the definition for right heart failure (Part 1), then severity is classified as:

Mild Vasoactive meds (inotropes, vasopressors, vasodilators) are not continued for
>7 days post-LVAD implant

Moderate Vasoactive meds (inotropes, vasopressors, vasodilators) are required for >7
but <14 days post-LVAD implant

Severe Vasoactive meds (inotropes, vasopressors, vasodilators) are required
>14 days post-LVAD implant
— AND —
Persistently elevated CVP >16 mmHg

Severe acute Need for RVAD support at any time following LVAD implant
—OR—
Death during the LVAD implant hospitalization with right heart failure as the
primary cause

CVP - central venous pressure; IVC — inferior vena cava; JVP - jugular venous pressure; RVAD — right ventricular assist
device.

Table 1.
2014 INTERMACS definition of vight heart failure.

RV function is primarily governed by three physiologic parameters: (1) preload;
(2) contractility; and (3) afterload. In chronic HF, primary RV dysfunction (i.e.,
independent of LV failure) is common, being identified in about half of patients with
HF and reduced ejection fraction [22]. RV afterload is determined by pulmonary
vascular resistance (PVR) and compliance. The RV displays a steep decline in cardiac
output with increasing PVR [20]. In chronic HF, PVR rises and compliance declines
secondary to (1) elevated left heart pressures and (2) pulmonary arterial remodeling,
thus substantially increasing RV afterload.

Right HF after LVAD implant is multifactorial. The abrupt increase in venous
return to the right heart can cause HF in a myopathic RV that fails to adequately
compensate for the increased preload. RV contractility can be compromised by LVAD
support in multiple ways (Figure 5): (1) reduced LV preload leads to a leftward shift
of the septum, limiting the contribution of septal contraction to RV force generation;
(2) apical LVAD insertion coupled with the loss of pericardial constraint reduces
LV contractility (especially twisting), which also limits septal contraction; and (3)
the leftward shift of the septum can lead to stretching of the tricuspid valve (TV)
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Early acute right heart Need for RVAD support (temporary or durable) during the LVAD implant operation

failure
Early post-implant 1. Need for RVAD support (temporary or durable) <30 days following LVAD
right heart failure implant

__OR—

2.Failure to wean vasoactive medication (inotropes, vasopressors or inhaled
pulmonary vasodilators) <14 days following LVAD implant OR initiation of
vasoactive medication support <30 days of LVAD implant for a duration of
>14 days PLUS 2 clinical findings or 1 manifestation’ of RV failure

Late right heart failure 1.Need for RVAD support (temporary or durable) >30 days following LVAD
implant

—OR—
2. Hospitalization >30 days following LVAD implant and which requires IV

diuretics and/or inotropic support for >72 hours PLUS 2 clinical findings* or 1
manifestationt of RV failure

"Clinical findings of RV failuve: (1) ascites; (2) functional/limiting peripheral edema; (3) elevated JVP halfway up the
neck in an upright patient; (4) measured CVP >16 mmHg.

7LMm’tiﬁz:tatiom of RV failure: (1) serum creatinine >2 times baseline; (2) ALT/AST >2 times the upper limit of normal
or total serum bilirubin >2.0 mg/dL; (3) reduction in LVAD pump flow >30% below baseline in the absence of cardiac

tamponade; (4) central or mixed venous blood oxygen <50%; (5) cardiac index <2.2 L/min/m2; (6) serum lactate
>3.0 mmol/L.

Table 2.
2020 MCS-ARC ¢ 2021 STS-INTERMACS definition of right heart failure.

\ ;f | Points:
\ \ / ff W: Anterior RV insertion
L © A o to IV septum
/ /X Cruxcordis
A T /' Y: Topof the margo acutus
— @ Z: RV apex z

Figure 4.

Ar%atomy and geometry of the right ventricle. Transverse (A), coronal (B) and sagittal (C) views of the heart
showing the unique tetrahedral or half-ellipsoid shape of the RV. The sagittal view (C) is from the perspective
of the interventricular (IV) septum in the foreground and looking “into” the RV towards the RV free wall. Lines
correspond to the following: WX = junction of the intevatrial and IV septa; WY = anterior atrioventricular
sulcus; XZ = posterior atrioventricular sulcus; WZ = anterior IV sulcus; XZ = posterior IV sulcus; YZ = margo

acutus. RV regions correspond to the following: WXY = approximate valvualy plane; WYZ = anterior RV free
wall; XYZ = posterior RV free wall; WXZ = IV septum.
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A B

Figure 5.

Ve%tors of ventricular contraction. (A) In the normal heart, the LV contracts in a wringing, or spiral, motion
around its long axis while the normal RV contracts in perpendicular planes along its longitudinal and transverse
axes. This LV twisting motion augments septal contractility and RV stroke volume. (B) An LVAD limits LV
twisting and triggers a leftward shift of the interventricular septum by decreasing LV preload, in turn reducing
septal contraction and overall RV longitudinal contractility. If RV free wall contractility cannot increase to
compensate, then total RV cardiac output may decline.

annulus with a concomitant increase in tricuspid regurgitation (TR). Finally, the
abrupt reduction in left heart filling pressures after LVAD typically improves PVR,
reducing RV afterload and improving contractility [23]. However, PVR (and there-
fore RV afterload) may remain elevated due to vascular remodeling, thus further
contributing to post-LVAD RV failure.

2.1.3 Early right heart failure

Early right HF increases the risk of death and end-organ dysfunction, prolongs
hospital length-of-stay (LOS), delays recovery, and reduces functional capacity
[24-26]. The most consistent defining feature of early right HF is the need for RVAD
support. In clinical trials, early RVAD support has been steady: HMII BTT trial, 6%;
[27] ADVANCE trial of the HeartWare LVAD (HVAD), 2.1%; [28] MOMENTUM 3
trial of the HM3, 4.1% [9]. Registry data have shown a similar prevalence of RVAD
use in patients with continuous flow LVADs: INTERMACS, 4.1%; [8] EUROMACS
2017-2020 cohort (European Registry for Patients with Mechanical Circulatory
Support), 5.4%; [29] IMACS (ISHLT Mechanically Assisted Circulatory Support
registry), 6.1%; [30] and MOMENTUM 3 continued access protocol (CAP) registry,
7.6% [9].

However, the reported prevalence of all early right HF events has been plagued
by variable definitions. In the HMII BT'T trial, early right HF was defined as the
need for RVAD or inotrope support for at least 14 days following LVAD implant [27].
Using this definition, 13% had early right HF. In the HMII DT trial, early right HF
was identified in 17.5%, with 43% of those with early right HF dying within 30 days
of LVAD surgery [31]. In the ADVANCE trial, 14.3% were diagnosed with early right
HF [28]. The prevalence of early right HF was 25% in a meta-analysis of 36 studies
(4428 LVADs), however differences were noted in study design, right HF definition,
and proportion of continuous flow devices [32]. In the INTERMACS database, the
prevalence of right HF 1 month after LVAD implant was 24% [33]. Notably, right HF

89



Ventricular Assist Devices — Advances and Applications in Heart Failure

resolved in 96.5% of these individuals by 12 months. Similarly, in EUROMACS, the
prevalence of early right HF was 21.7% [34].

Peri-operative factors contribute significantly to early right HF. Most LVADs
are implanted with cardiopulmonary bypass (CPB) support. While CPB maintains
adequate organ perfusion and gas exchange, blood contact with the circuit provokes an
inflammatory response that leads to increased capillary permeability, vasoplegia, and
acute organ dysfunction [35, 36]. The large volume of priming solution administered
upon CPB initiation may cause volume overload and RV dysfunction [37]. Blood loss,
platelet dysfunction and coagulopathy often mandate transfusion, which can also con-
tribute to right HF [38]. Finally, myocardial stunning [39], pericardiotomy-associated
changes in RV contraction [40, 41], pulmonary hypertension [42], and inadvertent air
embolism to the right coronary artery [43] may all contribute to acute RV dysfunction.

2.1.4 Late vight heart failure

Even more than early right HF, analysis of late right HF has been plagued by vari-
able definitions, different clinical parameters (e.g., time from surgery, type of sup-
port, presence of HF symptoms) and study types (e.g., single-center, clinical trials)
that may not be representative of the general LVAD population [44]. Study duration is
also critical: 59% of right HF was diagnosed >1 year after LVAD implant in the HMII
DT trial [31], and de novo late right HF in the STS-INTERMACS database developed
at a relatively constant rate of 5-10% [33, 45].

In the HMII BTT trial, late right HF was defined as initiation of inotropes >14 days
after implant. Using this simplistic definition, 7% had late RV failure [27]. However,
the median duration on LVAD support was only 126 days [46]. In the HMII DT trial,
RV failure occurred in 21% over a median follow-up of 1.7 years at a rate of 0.13 events
per patient-year (EPPY) [47]. When divided into early and late right HF (caus-
ing hospitalization >30 days post-LVAD), late right HF was identified in 8% of DT
patients at a median of 480 days after LVAD implant [31].

In the ADVANCE trial, inotropes were used beyond 30 days in 6% (0.12 EPPY) [28].
Longer follow-up from the HVAD registry found RV failure in 9% (0.10 EPPY), though
events were not adjudicated as early or late [48]. Similarly, the MOMENTUM 3 trial
did not split early from late right HF events, simply defining RV failure as “symptoms
and signs” of RV dysfunction with either RVAD implant, or therapy with inhaled nitric
oxide or inotropes for >1 week at any point after LVAD surgery [49]. In MOMENTUM
3-CAP, right HF (early and late) was identified in ~37% (0.27 EPPY) [9].

In the National Readmission Database, 4.2% of all patients discharged after the
implant hospitalization were readmitted with recurrent HF within 30 days of dis-
charge (13.4% of all readmissions) [50]. When using the 2014 INTERMACS defini-
tion (Table 1) in patients who survived 3 months after LVAD surgery, the incidence
of new, mild RV failure was 5-6% at 12-months, with moderate HF in an additional
4-5%, and severe HF being very rare as a late presentation (<0.2%). In a single center
study of DT patients who survived 1-year post-LVAD surgery without right HF, 45%
developed right HF at a steady rate over a mean of 3.5 years [51]. Importantly, this
incidence of de novo right HF, while highest in the early post-op period, appears to
stabilize at 5-10% by 3-6 months post-LVAD implant and remains steady for at least
4-5 years [33, 45, 51, 52].

The prevalence of right HF after LVAD implant is ~10% by 3 months and remains
constant for >3 years [33]. After diagnosis of late right HF, 9-20% will die and an
additional ~25-33% will have persistent HF within 3-6 months [33, 45]. Two factors
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seem to predict persistence of RV failure. First is the time from LVAD implant to
diagnosis of right HF, with HF that develops later associated with a higher rate of
persistence [33]. Second is the severity of HF at diagnosis: of patients with no right
HF 3 months post-LVAD, only 3.4% developed HF at 6- or 12-months after surgery.
By contrast, of those with moderate right HF 3 months after implant, HF persisted in
32.5% and 11.5% at 6- and 12-montbhs, respectively [45].

2.1.5 Outcomes associated with right heart failure

Right HF is a morbid complication in LVAD patients; this includes increased
rehospitalizations, excess complications, poorer functional metrics and, critically,
worse survival. Right HF has been adjudicated as the cause of death in 11-13% in the
STS-INTERMACS [8] and IMACS registries [30]. Right HF as the cause of death in
clinical trials has been more variable: 5% for continuous flow devices in the HMII DT
trial [14], 12% in the ROADMAP trial (also HMII) [53], 17% in the ADVANCE trial
(HVAD) [28], and 28% in the MOMENTUM 3 trial (HM3) [7].

In the HMII BTT trial, early RV failure was associated with a lower combined
end point of (1) survival to OHT, (2) recovery, or (3) continuing support at 180 days
(71% vs. 89% without right HF; p < 0.001); those requiring an RVAD had the poorest
outcomes [27]. In a single high-volume center, 6-month mortality with early RVAD
use was 41% [54]. This study also showed that (1) successful RVAD weaning was
associated with ~3-fold better survival; and (2) planned biventricular support during
the index surgery yielded better outcomes than later RVAD implant. A meta-analysis
of retrospective studies found that RVAD use after LVAD was associated with signifi-
cantly worse survival, and increased rates of bleeding and stroke [55]. Finally, data
from INTERMACS [24] and EUROMACS [56] show that RVAD use is associated with
lower 1-month, 6-month and 1-year survival.

Late right HF is also associated with reduced survival [31, 45, 57]. In the HMII
DT trial, patients with late right HF had lower 1-year (78% vs. 84%), 2-year (58%
vs. 81%) and 3-year survival (36% vs. 56%, p < 0.001) [31]. Notably, when analyzed
from the time of diagnosis of de novo right HF, 1-year survival in this DT cohort was
only 38%. BTT patients have reduced survival to OHT if right HF develops. In STS-
INTERMACS, the presence and severity of late right HF predicted worse outcomes,
including mortality (Figure 6) [45]. Perhaps not surprisingly, those with persistent
right HF have the worst outcomes [33]. Finally, late right HF was associated with
modest but significantly more strokes, arrhythmias and infections [45]. However, a
causal link to right HF has not been established.

Post-LVAD right HF may also put patients at elevated risk after OHT. Patients
requiring an RVAD with a BTT LVAD had a 22% increase risk of death post-OHT
[58]. A retrospective, large, single-center study showed reduced post-OHT survival
up to 5-years in BT'T LVAD patients who developed right HF [57]. A study of 2 large
European transplant centers found a post-OHT 1-year survival of 75% in BTT LVAD
patients with right HF; [59] while not significant in their cohort, this is substantially
lower than the ~93% 1-year post-OHT survival in the International Thoracic Organ
Transplant Registry [60]. The mechanism for this risk is not clear. BTT LVAD use
increases the risk for primary graft dysfunction (PGD) [61], and 2 single center analy-
ses found an increased risk for PGD in BTT patients with pre-OHT right HF [57, 62].

Finally, right HF after LVAD has a negative impact on functional capacity and
possibly QOL. Early RVAD use is associated with poorer QOL in some patients [63].
In the HMII DT trial, those with late right HF had lower QOL as assessed by the
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Figure 6.

Clinical outcome at 12-months in patients who survived to 3-months after LVAD implant. Patients ave grouped by
right heart failure (RHF) status 3-months post-LVAD. From: STS-INTERMACS database [45].

Kansas City Cardiomyopathy Questionnaire [31]. This was not true of patients in STS-
INTERMACS using a visual acuity scale; [45] these investigators noted ample missing
data that could have biased the analysis, and a lack of agreement as to the optimal tool
for assessing QOL in LVAD patients. Functionally, those with right HF have a reduced
6-minute walk distance, supporting a detrimental effect of recurrent HF in LVAD
patients [31, 45, 64, 65].

2.1.6 Predicting right heart failure after LVAD surgery

Numerous attempts have been made to predict post-LVAD RV failure in order to
better guide patient selection and improve post-operative outcomes. Close to 100
variables have been found to be associated with post-LVAD right HF across dozens
of studies [11, 66]. A handful of these risk factors have been consistently identified
in multiple studies (Table 3). Although some variables are not actionable, others can
be mitigated. While these predictors generally have high specificity, their sensitiv-
ity and negative predictive value are low, limiting their utility in clinical practice.

A meta-analysis found that no single parameter was sufficiently sensitive to predict
post-LVAD right HF [32].

Scoring systems have been developed that use a combination of these risk factors
to predict post-LVAD right HF. More than 20 such models exist, most from single-
center cohorts [11]. Fewer than 40% have been validated in >2 external cohorts. The
validation studies are fraught with bias and have consistently shown poor discrimina-
tory power with C-statistics of only 0.53-0.65 [67]. Modeling has been hindered by
the many variable definitions of right HF. Further, nearly all models were derived
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Clinical risk factors Lower heart rate

Female sex

Lower body surface area

Non-ischemic etiology for heart failure

HeartWare LVAD use

LVAD implant as destination therapy

Presence of pulmonary vascular disease

Prior coronary artery bypass or valve surgery

Laboratory risk factors Elevated white blood cell count

Anemia (hemoglobin <10 g/dL), thrombocytopenia

Abnormal renal function (elevated BUN, Cr)
Abnormal liver function (ALT, AST, total bilirubin)
Elevated INR

Echocardiographic risk factors Qualitatively severe RV dysfunction

Reduced RV free wall longitudinal strain

Increased RV end diastolic diameter

Lower LV end diastolic diameter

Increased ratio of RV to LV diastolic area

Higher LV ejection fraction

Moderate/severe tricuspid regurgitation

Increased left atrial volume

Hemodynamic risk factors Low systolic blood pressure

Elevated central venous pressure (CVP)

High CVP/pulmonary capillary wedge pressure ratio

Low pulmonary artery pulsatility index

Low RV stroke work index

Elevated pulmonary vascular resistance

Cardiac index <2.2 L/min/m?

Pre-operative need for inotropes/MCS/IABP

Perioperative risk factors Need for mechanical ventilatory support

INTERMACS profile

Hemodialysis or ultrafiltration with 48 hours of LVAD

Circulatory support (e.g., ECMO, percutaneous VAD)

Inotrope use

Vasopressor use

Intraoperative bleeding or need for re-operation

Prolonged cardiopulmonary bypass time

Other concomitant procedure performed at the time of LVAD surgery

BUN - blood urea nitrogen; Cr — creatinine; ALT — alanine aminotransferase; AST — aspartate aminotransferase;
INR - international normalized ratio; LV — left ventricle; RV — right ventricle; MCS — mechanical civculatory support;
IABP — intraaortic balloon pump; ECMO — extracorporeal membrane oxygenation.

Table 3.
Risk factors for post-LVAD vight heart failure.
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using data from pulsatile or early-generation continuous flow LVADs, limiting their
applicability. Consequently, results have been disappointing, and have limited wider
use of these predictive models in clinical practice.

2.2 Valvular heart disease
2.2.1 Aortic regurgitation

Significant aortic valve insufficiency (AI) can create a short circulation loop in
LVAD patients whereby a substantial fraction of the blood pumped by the LVAD
to the aorta returns directly to the LV (Figure 7). This reduces effective perfusion,
causes LV distention and elevates left heart filling pressures, ultimately causing
HF. Consequently, moderate to severe Al is a contraindication to LVAD unless valve
intervention is planned at the time of surgery [68].

Among patients in the STS-INTERMACS database implanted between 2016 and
2020, only 0.7% had severe Al at the time of LVAD surgery [8]. Moderate or severe Al
was present at implant in 4.5% of over 16,000 patients in the IMACS database [30].
By contrast, mild AI prior to LVAD is relatively common, being found in 29.7% of
patients in INTERMACS [69] and 31.2% in IMACS [70].

WA

Figure 7.

Aortic valve insufficiency (AI) with an LVAD. Significant Al creates a short civculation loop whereby a
substantial portion of LVAD flow regurgitates back into the LV. This reduces functional cardiac output and
increases left heart filling pressures, ultimately causing heart failure.
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Importantly, Al can progress or develop de novo after LVAD implant; this is clearly
aresult of LVAD support rather than disease progression (Figure 8A) [71]. Two
mechanisms drive the development of Al on LVAD support. First, full LVAD support
substantially reduces or completely eliminates aortic valve (AV) opening during
systole. This promotes fusion of the commissures between valve leaflets; the resulting
fibrosis causes retraction of the leaflets and Al with a central regurgitant jet. Second,
decompression of the LV and the high volume delivered to the proximal ascending
aorta generates a substantial and continuous pressure gradient across the valve that
favors flow into the LV.

The prevalence of Al increases with the duration of LVAD support (Figure 8B);
in INTERMACS, 13.2% developed moderate/severe Al over a mean follow-up of
13.4 months [69]. Of those with no Al prior to LVAD, 10.7% developed moderate or
severe Al, while 18.9% with mild Al prior to LVAD developed moderate or severe Al.
By 6-months post-LVAD, 55% had developed at least mild Al

Key factors that increase the risk of significant Al across multiple studies are (1)
older age at LVAD implant; (2) female sex; (3) low body surface area; (4) longer
duration of LVAD support; (5) baseline mild (vs. no) Al; (6) no AV opening; and
(7) continuous flow (vs. pulsatile) pump [69, 71-73]. The presence of moderate or
severe Al is associated with a modest but significant increase in hospitalizations [69].
Moderate/severe Al is also associated with greater severity of MR, but surprisingly,
is not associated with significantly worse QOL or reduced 6-minute walk distance.
Finally, the presence of moderate or severe Al (vs. no or mild AI) is associated with
lower survival (49.1% vs. 35.6% at 5-years, p < 0.001) [69].

2.2.2 Mitral regurgitation

Hemodynamically significant mitral regurgitation (MR) is the commonest valve
lesion at the time of LVAD implant. It is almost always functional MR secondary to
LV dilation. Among >26,000 patients in STS-INTERMACS, 22.8% had severe MR
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Figure 8.

Nagtuml history of aortic insufficiency (AI) after LVAD implant. (A) Proportion of patients with progression of Al
from baseline up to 4-years in those veceiving an LVAD as compared to patients with end-stage HF who did not undergo
LVAD surgery (NS-ESHF). Reprinted with permission [71]. (B) Progression and severity of Al in LVAD patients from
the INTERMACS database, with number of patients assessed listed above each bar. Reprinted with permission [69].
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at baseline [8]. Similarly, at implant, 57% had moderate/severe MR in IMACS [30],
and 46% had moderate/severe MR, or underwent concomitant MV surgery in the
MOMENTUM 3 trial [74].

With offloading of the LV, MR improves in the majority of LVAD patients [74].
When moderate to severe MR persists, the impact on outcomes remains uncertain. In
the MOMENTUM 3 trial, persistent MR was uncommon (~6.5% at 1-year, n = 619),
and was not associated with survival, adverse events including right HF, or functional
capacity [74]. However, in INTERMACS (n = 8364), persistent MR was ~3-fold more
common (18.8% at a median of 15 months), and was associated with increased rates
of right HF and renal failure, and a modest 16% increase in mortality of borderline
significance (p = 0.07) [75]. Single center studies also show mixed results, with
frequent right HF but little to no impact on survival.

2.2.3 Tricuspid regurgitation

TR is also common in advanced HF. In the STS-INTERMACS database, 11.5%
had severe TR at baseline [8], and 41% had moderate or severe TR at implant in the
IMACS database [30]. Improvements in PVR and afterload with LVAD support often
leads to a reduction in TR [23, 76]. Outcomes data on post-LVAD TR are very limited,
but large single center studies as well as data from the EUROMACS registry suggest
that moderate or severe TR after LVAD is associated with a small but significant
increase in mortality [76, 77].

2.3 Device malfunction

Right HF can be caused by device malfunction, cannula obstruction or inappro-
priate LVAD speed. LVAD pump thrombosis is discussed elsewhere in this textbook.
Data on device malfunction and outcomes are scant. Further, malfunction caused by
manufacturing problems often leads to a recall, which abruptly changes incidence
[78]. LVAD failure as a cause of death occurs in ~2% [8, 30], with events declining
in recent years [8]. In a large single-center study, device malfunction occurred at a
rate of 3.06 events per 1000 patient-days [79]. Notably, device malfunction is pump-
type specific, with more events in the HMII. The only data for the HM3 comes from
the European ELEVATE registry, which showed device malfunction in 3.9% [80].
However, almost 90% of these events were due to outflow graft twisting, a problem
since corrected by the manufacturer.

Device malfunction can be grouped by the component that failed: (1) controller;
(2) pump/driveline; and (3) peripheral components (e.g., cables, batteries, monitor).
Importantly, not all malfunction results in right HF, with pump or driveline failure
the most likely to result in a clinically significant event (i.e., HF or death). Controller
malfunction was commonest (~30%), while pump or driveline malfunction consti-
tuted 13% of malfunction events [79].

Inflow cannula obstruction is a rare event, typically associated with thrombus
and/or cannula malposition [81]. Abnormal inflow cannula position is associated with
increased left heart filling pressures and a > 2-fold increased risk of recurrent HF
[82]. By contrast, outflow cannula obstruction is more common and likely underap-
preciated; dozens of case reports and case series exist, with an event rate of 0.03
EPPY in the largest study [83]. The commonest pathology seems to be external com-
pression from buildup of an acellular fibrinous material between the outflow graft
and the protective GoreTex wrap that is frequently placed around the graft at implant.
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Notably, ~80% of patients with clinically significant outflow cannula obstruction will
have recurrent HF [83].

3. Management of Recurrent Heart Failure

Recurrent HF is a morbid event that limits functional capacity and survival,
and therefore warrants aggressive treatment. However, management depends on
the underlying etiology (Figure 9). Importantly, assessment of post-LVAD HF
should begin prior to implant, with attention given to optimization of RV function
and planning for the management of significant valvular disease at the time of
surgery.

The simplest tenet of LVAD management is ensuring an appropriate LVAD speed,
the only pump parameter that can be adjusted by providers. If the speed is too low,
cardiac output will remain insufficient, resulting in persistent HE. By contrast, if the
speed is too high, HF can result from worsening RV dysfunction (Figure 5) and/or
worsening valve disease. Though widely used and given a Class I recommendation in
the MCS guidelines [68], data supporting the utility of ramp echocardiographic stud-
ies are limited. Further, recent evidence suggests that hemodynamic-guided manage-
ment by right heart catheterization may be superior to echo-guided ramp testing [84].
Ultimately, more data are needed.

3.1 Management of right heart failure

Preemptive strategies to mitigate right HF post-LVAD (whether early or late) are
an essential component in management. Preoperatively, this consists of optimiz-
ing RV preload (lowering CVP), and afterload (lowering PVR and left heart filling
pressures). Intraoperative strategies include judicious fluid and blood product use,
and limiting time on CPB. Immediately post-LVAD, RV support with inotropes and
pulmonary vasodilators is routine, as is managing vasoplegia to limit myocardial
ischemia, and optimizing LVAD speed [85].

Chronic management of the LVAD patient includes maintenance of proper RV
preload with diuretics, treatment of hypertension to permit optimal pump func-
tion and resumption of neurohumoral blockade, which can improve functional
capacity and survival [86, 87]. Collectively these approaches are likely to limit
the incidence of recurrent HF, though little data exists to support this indication.
Once right HF develops, management differs depending on timing: more aggres-
sive strategies are favored early and can frequently yield good outcomes, while late
right HF usually merits a more conservative approach and has a more uniformly
poor prognosis.

3.1.1 Early vight heart failure

Timely identification of RV failure in the immediate postoperative period may
be challenging but is of critical importance. As noted, early post-operative diuretic
and inotrope use are routine. However, rising lactic acid levels, evidence of end organ
dysfunction, and/or persistent or increasing vasoactive medication doses signal that
RV mechanical support may be required. Importantly, the timing of RVAD initiation
affects prognosis. In a multicenter retrospective analysis of 91 patients requiring RV
support, an RVAD was implanted at the time of the LVAD in 44% with 56% receiving
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an RVAD after the initial operation. Concomitant RVAD implant was associated with
>2-fold lower mortality vs. RVAD implant after completion of LVAD surgery [88].

In the IMACS registry, RVAD use was associated with substantially lower survival.
Further, within the RVAD group, there was progressively worse survival with longer
times between LVAD and RVAD surgery (1-year survival: LVAD only 82.9%; RVAD at
time of LVAD implant, 58.5%; RVAD <14 days after LVAD, 51.6%; RVAD 15-30 days
after LVAD, 32.4%) [30]. A major limitation of these studies is a lack of propensity
matching and the inability to fully control for baseline differences, identifying an
urgent area for future research.

3.1.2 Late vight heart failure

There is almost no substantive data guiding management of late right HF. First,
it is important to identify the cause of right HF (Figure 2). LVAD speed should be
optimized and arrhythmias managed as indicated [89]. Importantly, the only mani-
festation of ventricular tachyarrhythmias in an LVAD patient may be HF. Pulmonary
hypertension usually improves with offloading of the LV, but could worsen in the
setting of MR. However, most cases of late right HF are likely due to intrinsic RV
dysfunction in the myopathic heart.

As with early right HF, the cornerstone of therapy is diuresis. However, this
is often insufficient and many patients require initiation of inotropic therapy. In
patients developing late right HF in the STS-INTERMACS database, 33-50% required
inotropic support [45]. Unfortunately, inotrope use portends a very poor prognosis
with substantially elevated mortality even beyond those with late right HF that do
not require inotropes [33, 45]. The need for extended inotrope use also increases
the risk of infection due to chronic indwelling intravenous catheter placement, and
may be associated with poorer functional status and QOL, though data are lacking.
As no pumps are approved for hospital discharge, RVAD support is virtually never
employed in late right HF, being used in <0.2% of those in the STS-INTERMACS
database [45].

3.2 Management of Valvular Disease

Valve surgery at the time of LVAD implant is common and uniformly increases
morbidity relative to LVAD surgery alone. Mortality data with valve surgery at the
time of LVAD are mixed. In the HMII trials, 21.9% underwent valve surgery with
modestly increased mortality (1-year survival: 69% vs. 75%, p = 0.004) [90]. In
the ADVANCE trial, 19.6% had concomitant valve surgery, and though the absolute
difference in survival was the same as with HMII, the result was not significant (79%
vs. 85%, p = 0.33) [91]. In the MOMENTUM 3 CAP registry, 21.8% had valve surgery
with equivalent survival at 2-years (81.7% vs. 80.8%, p = 0.6) [92]. Registry data
show a similar prevalence of valve surgery at LVAD implant (IMACS, 12.1%; [30]
EUROMACS, 19.3% [93]). When those having valve surgery in EUROMACS were
propensity matched to LVAD patients not undergoing valve surgery, 1-year survival
was the same (67.9% vs. 66.4%, p = 0.25) [93].

Notably, early right HF was actually higher with concurrent valve surgery in the
HMII [90], ADVANCE [91], and HM 3 trials [92], while the propensity matched
cohort in EUROMACS had equivalent rates of RVAD use [93]. Late right HF was not
different in the HMII or ADVANCE trials but was increased with concurrent valve
surgery in the MOMENTUM 3 CAP registry.
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3.2.1 Aortic valve disease

Hemodynamically significant Al can be addressed via 3 methods (reviewed in
detail elsewhere) [94]: (1) complete closure (oversewing) of the AV; (2) AV repair
(e.g., central closure via Park’s stitch [95]); or (3) AV replacement (AVR). Closure
successfully eliminates Al, but acute LVAD malfunction may be rapidly fatal as this
method leaves no native cardiac output. AV repair closes the central orifice of the AV
while still allowing blood flow through the lateral commissures. This prevents blood
stasis and thrombosis in the aortic root, and durably limits AI [94]. Of note, if AVR is
pursued, mechanical valves are not recommended due to decreased valve opening and
blood flow that could increase the chance of thrombosis.

Outcomes data distinguishing the best approach are extremely limited. Among
those with concurrent AV and continuous flow LVAD surgery between 2006 and 2012
in INTERMACS, survival was lower with AV closure than either AV repair or AVR,
suggesting that preservation of AV opening is beneficial [96]. More recent data from
IMACS showed reduced survival with concurrent procedures, with AV repair having
numerically better survival than AVR [70]. However, data were compared to no AV
surgery, leaving unclear if the difference between repair and AVR was significant. In
both studies, CPB time and LOS were longer with AV procedures.

Though mortality may be increased, residual confounding is possible due to the
lack of prospective, randomized data. Whether AV procedures are of benefit in a
subpopulation of LVAD patients remains unclear. Among concomitant AV procedures
in IMACS, ~50% were performed in those with mild AI [70]. Interestingly, when
this analysis was limited to those with moderate or severe Al, survival was the same
between AV repair, AVR and those not receiving AV surgery. This suggests that the
benefit may be restricted to those with more severe disease.

Finally, as noted, Al will develop and/or progress in the majority of LVAD patients
(Figure 8B). Despite this, data on the optimal approach to these patients is markedly
limited. Post-LVAD AI has been managed with (1) open AVR; (2) percutaneous clo-
sure of the aortic valve with an occlusion device (e.g., those used for septal defects);
or (3) percutaneous AVR (TAVR). Percutaneous methods have increased over the last
decade but no large-scale studies have been performed to study different approaches.
In a meta-analysis of 15 case series (only 29 patients), percutaneous treatments were
durable and showed no difference in mortality between occlusion or TAVR [97]. A
study using the Nationwide Readmission Database found no difference in mortality
between surgical AVR and TAVR but showed substantially lower morbidity with
TAVR [98]. Given the prevalence of post-LVAD Al, this is an urgent area for future
research.

3.2.2 Mitral valve disease

Intraoperative management of moderate or severe MR remains controversial.
Among those with moderate or severe MR in INTERMACS, only 5.3% underwent
MV surgery (95.8% repair, 4.2% replacement) at the time of LVAD [99]. MR sever-
ity 3-months after LVAD was equivalent in both groups (moderate/severe MR in
20% with MV procedure, 25% with LVAD alone, p = 0.2). Importantly, there was no
survival benefit between: (1) those with moderate/severe MR undergoing LVAD and
MYV surgery vs. LVAD alone; (2) those with baseline moderate vs. severe MR; nor
(3) those with baseline no/mild MR vs. moderate/severe. A trend (p = 0.09) towards
benefit of concurrent MR surgery 2-years after LVAD was noted in DT patients. MV
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surgery was associated with longer LOS and CPB time, but fewer rehospitalizations.
The incidence of right HF was the same and 6-minute walk distance was not different
with or without concurrent MV surgery [99].

These data suggest there is little benefit to correcting MR at the time of LVAD
and risk predictors have not been established to identify subgroups who might derive
benefit. However, in INTERMACS, the presence of moderate or severe MR at least
3-months after LVAD implant was associated with a nearly 2-fold increased risk of
right HF and a trend towards lower survival [75]. Data are lacking to guide manage-
ment in LVAD patients with significant residual MR.

3.2.3 Tricuspid valve disease

Surgical treatment of moderate or severe TR at the time of LVAD is similarly
controversial. Among those with moderate/severe TR in INTERMACS, 16.5% under-
went TV surgery (>95% repair) at the time of LVAD [100]. TV surgery was associated
with slightly lower survival (hazard ratio 1.13, p = 0.04) and significantly higher rates
of stroke, bleeding and arrhythmia. Concurrent TV surgery did not impact patient-
reported QOL [100]. In a propensity matched cohort from EUROMACS, TV surgery
had no impact on survival, readmission, or right HF after LVAD [101]. Further, at
1-year, the prevalence of moderate or severe TR was similar between those with TV
surgery or LVAD alone [101]. Other large single center studies have confirmed a high
failure rate (~30-40%) of TV surgery in LVAD patients [102, 103]. Notably, the rate
of concurrent TV surgery has declined in the last decade, possibly in response to
the mounting evidence for a lack of benefit. Whether subgroups that do benefit can
be identified remains to be determined.

3.3 Management of LVAD device malfunction

While failure of any part of the LVAD can be life threatening, the majority of
issues with external components are readily remedied without harm [79]. By contrast,
LVAD thrombosis almost always requires therapy (Figure 9). Pump or driveline
failure triggering LVAD exchange occurred in 0.6% of HMII recipients in an early
INTERMACS analysis [104]. Driveline malfunction (more common with the HMII
than HVAD) rarely requires urgent intervention. Major driveline issues occurred in
~2.2% of >13,000 HMII patients, and of those only 20% required urgent surgical
intervention (driveline repair, pump exchange, OHT) [105]. There are as yet no data
on the incidence and outcomes of driveline issues with the HM3.

Lastly, LVAD cannula problems should also be considered in the differential diag-
nosis of recurrent HF. Although rare, malalignment of the inflow cannula may require
surgical correction. Outflow cannula obstruction is predominantly caused by external
compression of the outflow graft or stenosis of the aortic anastomosis [83]. While surgi-
cal correction is an option, the safety and long-term durability of outflow graft stenting
has recently been confirmed and can be performed with very low morbidity [83].

4, Conclusions

Recurrent HF is a very common complication after LVAD implant and portends a
poor prognosis with increased morbidity and mortality. The causes are varied and iden-
tifying the correct etiology is critically important to proper management (Figure 9).

101



Ventricular Assist Devices — Advances and Applications in Heart Failure

Given the highly specialized nature of many of these etiologies, it is recommended that
HF in the LVAD patient be managed in an active LVAD center. A wealth of evidence
exists defining the incidence and prevalence of LVAD-associated HF. However, only
limited data are available to guide therapies.

In our opinion, future research to reduce morbidity associated with recurrent
HF should focus on 3 major areas. (1) Preemptive strategies to prevent right HF:
for instance, pre-LVAD temporary MCS usage has increased with time in the STS-
INTERMACS database [8], but whether it will impact post-VAD outcomes remains
to be determined. (2) Perioperative improvements and standardization of surgical
methods: for instance, a meta-analysis of LVAD implant via lateral thoracotomy sug-
gests a significantly lower incidence of post-LVAD right HF, an approach being tested
in the ongoing SWIFT trial [106]. And, finally, (3) prospective assessment to identify
treatment strategies that provide significant benefit for patients with recurrent HF.
These could be pharmacologic strategies, or possibly development of durable RV
support. Regardless, the breathtaking pace of LVAD technological development will
no doubt continue to benefit patients with advanced HF.
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Chapter 6

Aortic Insufficiency in LVAD
Patients

Vi Vu and Karen May-Newman

Abstract

Aortic insufficiency (AI) is a common complication that increases morbidity
and mortality in patients with left ventricular assist devices (LVAD). Significant
Al during LVAD support creates a substantial regurgitant flow loop, negatively
affecting cardiac recovery and exposing blood to longer residence time and higher
shear stress. The mechanism of Al development and progression is linked to a lack
of aortic valve opening, which alters the valvular tissue mechanics. Pre-existing
Al also worsens following LVAD implantation, interfering with the pump benefits.
This chapter will evaluate Al development with LVAD support compared with
naturally occurring Al and present the features, mechanisms, and links to clinical
treatment options.

Keywords: aortic valve, insufficiency, LVAD, flow, aortic insufficiency (AI)

1. Introduction

Moderate-severe aortic insufficiency (AI) develops in more than 25% of left
ventricular assist device (LVAD) recipients and reduces survival and freedom from
other complications. Improvements in LVAD design have not addressed this prob-
lem, which continues to threaten the benefits of mechanical circulatory support. Al
can develop de novo or progress from pre-existing Al conditions [1-7] and is associ-
ated primarily with rotary LVADs, also called continuous flow pumps. Al occurs
when the mitral valve does not close completely during diastolic filling (Figure 1).
The large pressure difference across the valve produces retrograde flow from the
aorta to the LV. During LVAD support, the retrograde flow passes through the LVAD
and into the ascending aorta, and a portion joins the regurgitant flow to repeat the
cycle, exposing the blood to more shear. Significant AI diminishes cardiac output,
negatively affects myocardial recovery and induces end-organ hypoperfusion [1].
Previous studies have linked a lack of aortic valve (AV) opening to the develop-
ment of Al Alterations in AV biomechanics during LVAD support can increase the
activation of valvular interstitial cells, which transform into myofibroblasts that
increase fibrosis preferentially at the ventricular face of the leaflets and fusion at
the commissures. The subsequent contraction of fibrotic tissue and the fragmentation
of elastin reduces coaptation, eventually resulting in Al. Assessment of Al in LVAD
patients must be adapted from standard guidelines to determine when treatment
is needed.
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Figure 1.
Schematic of aortic insufficiency (AI), when the aortic valve leaks under high pressures, reducing forward flow.

2. Clinical complications of aortic insufficiency during LVAD support

Aortic insufficiency occurs when the AV does not close completely, thus inducing
a backward flow from the aorta to the left ventricle (LV). As severe Al progresses,
usually over many years, valve repair or replacement is needed to resolve the prob-
lem. Naturally occurring affects 0.5% of the general population and 2% of those over
75 years and is responsible for only 4% of all deaths from AV disease [8]. However,
for LVAD patients, Al is a significant complication that occurs in more than 25% of
recipients and has persisted despite improvements in design, surgical placement,
and control.

The most recent INTERMACS report noted an average LVAD support duration
of 1.7 years and a comparable survival rate in axial and centrifugal continuous-flow
LVAD [9]. For axial and centrifugal LVAD designs, the leading causes of death are
similar, including neurologic dysfunction, multisystem organ failure, infection, and
stroke (ischemic or hemorrhagic) [9]. Moreover, the risk of readmission due to severe
adverse events increases as patients stay longer in LVAD support [9]. Some recurrent
adverse events with rates noted at 1 year post-implant are shown in Figure 2 [9-12].

As LVADs are implanted for longer support durations, complications related to
tissue remodeling or other adaptations to the altered physiology introduced by the
LVAD arise. Al is one of those, appearing within a few months of LVAD support and
worsening over time [6, 13, 14]. Reports of Al were not common for the early pulsatile
LVADs but have risen with the implantation of rotary LVADs of axial and centrifugal
designs. Many of these clinical studies are single-center with relatively few patients.
Still, a consistent picture has emerged that ~15% of patients develop Al within three
months of LVAD support, and the fraction increases to ~25% at 12 months and over
30% after 3 years (Figure 3) [1, 6, 12-16].

Rotary LVADs include axial designs, like the HeartMatell, which operate at high
speeds and have a linear flow path through the housing. Centrifugal LVAD designs
such as the HeartMate3 direct blood along a radial path, from the center towards the
side, and operate at lower speeds which is gentler for the blood. Some LVADs have
added speed modulation to introduce pulsatility to the flow, improving the washout
to prevent thrombi from forming inside of the LVAD. These innovations have reduced
hemolysis and thromboembolic complications but have not substantially reduced the
occurrence of Al

114



Aortic Insufficiency in LVAD Patients
DOI: http://dx.doi.org/10.5772/intechopen.106173

LVAD Support Complications

IMPLANT SITE GASTROINTESTINAL STROKE RIGHT VENTRICLE AQRTIC
INFECTION BLEEDING FAILURE INSUFFICIENCY

m Axial IVADs = Centrifugal LVADs

Figure 2.
Complications of left ventricular assist device (LVAD) support [9-12].
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Figure 3.
Graphical illustration of Al progression in LVAD patients shows a progress worsening within the first-year
post-implant. Adapted from Imamura 2020 [16].

The progression of AI with LVAD support is well documented, but the underlying
mechanisms remain unclear [17, 18]. Even mild Al that is unrepaired is associated
with a higher incidence of Al progression to moderate/severe and worse NYHA
functional class compared to trace or less Al patients in mid-term after LVAD implan-
tation [19]. Al in LVAD recipients can occur de novo or progress from pre-existing
Al conditions [1-3, 5-7]. De novo Al develops as early as three months post-implant,
and freedom from significant Al decreases as LVAD support duration increases
[12, 13, 15]. Long LVAD support duration and low ejection fraction have been identi-
fied as independent predictors of de novo Al development [2, 7].

When pre-existing Al is present, the severity tends to increase with time post-
implant [1, 16]. LVAD support induced a larger regurgitant flow resulting in lower
cardiac output, higher preload, and impacting HF status [18, 20, 21]. Worsening of
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Figure 4.

Three-chambered echo view of LVAD patients with mild Al (top) and moderate/severe Al (bottom). A. Early
diastolic filling through the mitral valve (MV). B. Mid diastole shows a small vegurgitant jet through the aortic
valve (AV). C-D. a lavge regurgitant jet appears in early diastole and mevges with mitral inflow.

Al increases LVAD flow while systemic flow decreases, forming a regurgitant flow
loop [21]. As shown in Figure 4, mild Al presents in mid-diastole but extends in
magnitude and duration towards moderate/severe levels within a few months of
LVAD support.

Moreover, LVAD patient with concurrent Al is associated with a higher readmission
rate and adverse events, including mitral and tricuspid regurgitation, hemolysis,
and worsening of right ventricle function [6, 20, 22]. Previous clinical studies have
reported multiple factors associated with the worsening of pre-existing trivial Al in
post-LVAD support. Patient-related factors included pre-existing valvular dysfunc-
tions, old age, and abnormal cardiac function. Pre-existing valvular dysfunctions
include uncorrected mild AI [23, 24], large aortic sinus diameters [6, 25], LVAD-
related factors include reduction of AV opening area and duration, high LVAD speed,
and types of LVAD [6, 25]. Previous studies have suggested that the higher rate of pro-
gressive Al with rotary LVAD support results from low pulsatility, which may induce a
more significant regurgitant flow and a higher rate of valvular remodeling [22, 26-28].

116



Aortic Insufficiency in LVAD Patients
DOI: http://dx.doi.org/10.5772/intechopen.106173

3. Flow dynamics of aortic insufficiency during LVAD support

For the majority of rotary LVADs, the LVAD inlet is located at the LV apex, and
the outlet anastomoses to the ascending aorta, bypassing the AV. Implantation of the
LVAD immediately increases systemic blood flow and end-organ perfusion, providing
an alternate pathway for blood to flow from the heart to the arterial system, as shown
in Figure 5. LVAD support unloads the heart, decreasing the magnitude and pulsatil-
ity of LV pressure, which can fall below the level needed to open the AV fully during
myocardial contraction. With sufficient contraction of the native heart, a fraction of
the flow is ejected through the AV, and the heart and LVAD operate in parallel. In this
condition, the AV does not open fully, exhibiting a reduced opening area and duration
[29]. During periods of high LVAD support, the LV pressure is too small to open the
AV, and blood flow occurs entirely through the LVAD, the heart, and the pump oper-
ating in series [30]. The AV is continuously closed for this condition and chronically
exposed to high transvalvular pressure. For many patients, the level of LVAD support
needed to relieve the HF symptoms results in complete and continuous closure of the
AV, with all blood exiting the heart through the LVAD.

Adding a rotary LVAD to the native heart reduces the range of pressure and flow
experienced in the cardiovascular system, diminishing pulsatility. The last decade
of LVAD therapy has revealed several significant complications that worsen with
reduced pulsatility, including thrombus formation, AV incompetence, and vascular
smooth muscle response [17, 31]. The latter has been tied to arteriovenous malfor-
mations and gastrointestinal bleeding [17, 32]. Indices of pulsatility include pulse
pressure, normalized flow range, and surplus hemodynamic energy [28, 30], which
decrease as LVAD speed increases. When the AV ceases to open, the abnormal flow
pattern creates a region of flow stasis adjacent to the AV, which creates a high risk for
thromboembolism that could be embolized by a sudden strong contraction of the
native heart [33].

Blood flow in the normal healthy heart is unsteady, 3-D and shows a range of
different length scales [34]. A typical flow pattern in the LV has been described as
consisting of a large diastolic vortex that channels the transit of incoming blood
from the mitral valve towards the AV [35]. This vortex contributes to diastolic suc-
tion and minimizes kinetic energy losses and cardiac work [36]. The LV vortex has
been shown to facilitate the blood mass coming into the normal LV during one beat
washing out completely after a few beats [37], which prevents intraventricular blood
stagnation [38].

In the LV of a diseased heart, progressive adverse remodeling leads to abnormal
flow patterns that may impair pumping efficiency, and therefore affects blood transit
within the ventricle. It is believed these abnormal intraventricular flow dynamics
may contribute to the progression of certain diseases, leading to a final stage of HF
or thrombus formation [39]. In addition, previous studies of flow transport through
the heart have correlated dilated cardiomyopathy with increased vortex kinetic
energy and decreased flow transport [40]. Models of this pathological condition have
identified a high thrombus risk in DCM patients with large regions of blood flow with
residence times greater than 2 s that also exhibit low kinetic energy [41]. When Al is
present, retrograde flow mixing with the forward flow during diastole contributes to
energy loss and increases residence time [41].

Thrombus formation and growth in several locations have been observed clinically,
contributing to the high stroke rate in LVAD patients [42]. When Al develops in LVAD
patients, the backward flow through the AV may improve pulsatility and flow stasis in
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Figure 5.

Sc%ematic of flow conditions. A. the normal flow path enters the left ventricle (LV) through the mitral valve and
exits through the aortic valve and into the aorta. B. Low LVAD support works with the native heart to produce
parallel flow through the LVAD and aortic valve. C. High LVAD support maintains continuous closure of the
aortic valve during series flow. D. Aortic insufficiency produces retrograde flow through the aortic valve that can

re-enter the LVAD in a regurgitant flow loop.
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the aortic root, but over time results in reduced systemic flow. In particular, Al results in
the formation of a regurgitant flow loop, in which blood from the LVAD flows retro-
grade through the AV, into the LV, and out through the LVAD again. This loop extends
the amount and time-history of shear stress exposure to the blood, increasing hemolysis
and thrombogenicity. The pump will also need to run at a higher speed to achieve the
original cardiac output, which increases wear on the device. Hemostasis and thrombo-
regulation are already compromised in LVAD patients, and Al adds to this liability.

During LVAD support, LV vortex formation is relatively unaffected, although
vortex circulation and kinetic energy increase with LVAD speed, particularly in sys-
tole when all flow exits through the LVAD. When Al occurs, the regurgitant jet forms
a vortex ring that normally dissipates in the mid-ventricle when no LVAD support
is present but collides with the incoming mitral flow, as shown in Figure 6. When
the LVAD is added, the regurgitant jet is drawn towards the LVAD inflow, impinging
on the vortex ring generated by mitral inflow. The oppositely rotating vortices are
partially annihilated, dissipating energy in the process. This flow pattern contributes
to fluid stasis along the septal wall.

Recent device improvements include an “artificial pulse”, based on a rapid LVAD
speed change, that produces a small hemodynamic boost. While this artificial pulse
provides substantial improvement in pulsatility, it is not synchronized with the native
heartbeat and thus offers minimal improvement in the overall flow. The presence of
speed modulation does not appear to impact the development of Al, which remains a
significant complication of LVADs.

4. Aortic valve biomechanics during LVAD support

Human heart valves change their shapes and size during the cardiac cycle in
response to their surrounding hemodynamics [43]. This mechanism helps facilitate
the leaflet function and reduces the effect of flexural stress on the valve surface [43].
An average heart valve opens and closes more than three billion times in a lifetime
and experiences various stress and strain types (e.g., tensile, compressive, stretching,
and bending) [43]. The AV is a thin tissue structure with three leaflets attached to the
aortic root wall in a u-shaped pattern in a roughly symmetric arrangement. Each leaf-
let forms a pocket with the corresponding sinus, which plays a vital role in the fluid
mechanics of opening and closing [44]. During diastolic filling, the valve is closed,
and the leaflets stretch in opposition to the high transvalvular pressure [17]. When
the AV opens during systole, the leaflets relax as blood flows over the ventricular
surface and into the aorta. Some of the flow is captured as vortices that form behind
the valve leaflets, ensuring smooth closure. The unidirectional laminar blood flow
produces shear stress of up to 80 dynes/cm” on the ventricular endothelial surface
[45]. In contrast, the aortic surface has a small magnitude oscillatory flow in the range
of +10 dyn/cm2 shear stress [46].

During LVAD support, the pressure difference across the AV remains high for a
longer fraction of the cardiac cycle, producing a decrease in flow that corresponds to
areduction in valve opening. The valve opening area decreases with LVAD support,
with more of the valve commissures coapted over the entire cardiac cycle. LVAD sup-
port also reduces the duration of AV opening, which increases the time that the leaflet
tissue experiences maximum pressure loading. Simultaneously, the shear across the
ventricular surface of the valve leaflet is reduced and eventually eliminated when the
AV remains closed.
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Figure 6.
Flow field images during early and mid-diastole illustrate the vortex ring generated by the regurgitant jet that
collides with the mitral valve inflow.

At the level of the valve tissue and cells, the impact of LVAD hemodynamics
produces a sudden change in the mechanical signals that can initiate a sequence of
remodeling that results in AI. Measurements of valve tissue stretch during LVAD
support show that the aortic leaflets are stiffer in the circumferential direction and
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A. Aortic valve opening avea and duration with diffevent cardiac function and LVAD support, B. Aortic valve
opening area, C. Surface marker movement was used to measure stretch in the circumferential (hoop) and radial
directions D. Stretch is highest for series flow when the aortic valve remains closed.

more compliant in the radial direction. This behavior corresponds to the alignment

of collagen fibers with the circumferential direction, termed the anisotropy of the
tissue. The peak stretch increases and extends for a longer duration as the normal flow
pattern is compared to LVAD parallel and series conditions (Figure 7). Thus, the valve
tissue experiences large and continuous tensile loading and significantly reduced
ventricular shear during LVAD support.
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5. Aortic valve commissural fusion during LVAD support

The AV leaflet tissue varies in thickness, being thicker at the free margin and annulus
and thinner in the belly and coaptation areas. The leaflet tissue is composed of a layered
structure of collagen, elastin, and proteoglycans. The textured fibrosa is a dense layer of
circumferentially oriented collagen along the aortic face and bears most of the mechani-
cal load [47]. The smooth ventricularis is an elastin layer adjacent to the ventricle, and
the spongiosa is a central layer of loose connective tissue [47]. Naturally arising AV dis-
ease is preceded by tissue changes that occur over decades. Previous studies have shown
that these are side-specific [48], manifesting as focal lesions that form preferentially
from the aortic face, whereas the ventricular face is relatively disease-protected [49].

Post-transplant evaluation of LVAD-supported hearts has revealed the presence
of extensive tissue remodeling of the AV, particularly commissural fusion, in 71-88%
of LVAD patients [50, 51]. Aortic leaflet fusion creates adhesions between adjacent
leaflets, preventing the complete opening of the valve [52, 53]. Increased fusion has
been correlated with a longer duration of LVAD support [1, 6, 20] and with the devel-
opment of Al [4, 51-53]. The aortic leaflets become more fibrotic and lose their elastic
layer in the fusion areas, resulting in pathological remodeling, which progresses from
the annulus towards the center of the valve (Figure 8). In contrast to naturally occur-
ring AV disease, focal lesions arise from the ventricularis layer on the opposite side, as
shown in Figure 9 [17]. The hypothesis for this manifestation of valve dysregulation
is that the high and continuous transvalvular pressure produces stretch and bend-
ing that is highest in the ventricular layer, activating a cellular process that results
in extracellular matrix alterations. Fibrotic tissue often undergoes a consolidation
and contraction stage, which preferentially affects the ventricular surface and may
contribute to the improper coaptation that produces Al.

6. Valve mechanobiology during LVAD support

As explained previously, the addition of the LVAD to the heart results in a sudden
increase in the pressure loading of the AV, in which tensile stress is increased, and
shear is attenuated [54]. Each of these mechanical signals has been shown to play
an important role in the progression of AV disease [43]. Evidence for the impact of
LVAD-related increased tensile stretch and reduced shear stress on valve leaflets
is found in extensive studies evaluating the role of mechanobiology in calcific AV

Valve
Helight

Figure 8.
Images of complete (left) and partial (center and right; location at the white arrow) commissural fusion of aortic
valve leaflets following LVAD support.
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Figure 9.
Microscopic evaluation of aortic valve fusion from LVAD-supported hearts shows evidence of loss of the elastin
band where the leaflets fuse together (left) and fibrosis arising from the ventricular face (right).
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Figure 10.

LVAD support produces increased stretch and reduced shear in the ventricular layer of the aortic valve leaflet,
which initiates a response vesulting in ECM deposition and elastin fragmentation. The subsequent contraction of
collagen in the ventricularis veduces leaflet coaptation, eventually resulting in AL

disease and is illustrated in Figure 10. While this pathology manifests over a longer
time and usually arises from the aortic surface of the leaflet, the same cell types are
present in LVAD patients and respond to biochemical cues in the same way.

The cells responsible for valve tissue remodeling include the valvular endothelial
cells (VECs), which reside in a single layer along the blood-contacting surfaces, and
valvular interstitial cells (VICs), the more abundant cell type that resides throughout
the tissue and is responsible for extracellular matrix maintenance [43]. VICs are usu-
ally quiescent and fibroblast-like but can be activated by abrupt changes in mechanical
stress or when in a diseased state. VICs may translate between phenotypes to maintain
homeostasis and can subsequently differentiate into other cell types, such as myofibro-
blasts, once activated [55]. Increased stretch provides a stimulus for VICs to increase
collagen production and remodeling [56] by upregulating growth factors and integrins
as cell-signaling mediators [57]. Stretch-activated VICs increase the production of
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collagen and remodeling enzymes, which can lead to fibrosis and calcification. As the
disease progresses, the differentiation of VICs to myofibroblasts can be identified by
increased a smooth muscle actin (a-SMA) expression. Myofibroblasts secrete ECM
such as collagen and increase tension in the matrix fibers [58, 59] and are associated
with the formation of ECM disarray and fibrosis [17, 30, 60]. Tissue macrophages
synthesize enzymes associated with pathological remodeling, such as MMPs, that are
not released by VICs. These enzymes degrade elastin, disrupt collagen organization
[61, 62] and potentiate the pathological differentiation of VICs into myofibroblasts.
The pathological differentiation of VICs into myofibroblasts is promoted by large
numbers of tissue macrophages in the ventricularis layer, which contributes to the
overproduction of TGF-p. Side-specific shear also plays a key role in modulating the
valve tissue. VECs on the aortic side of normal valves, which experience low shear,
have reduced expression of many cytokines that are known inhibitors of fibrosis and
calcification compared with VECs on the ventricular side, which normally experience
high shear [59]. When the high shear is virtually eliminated, as occurs with LVAD
support, the expression of C-type natriuretic peptide (CNP), a paracrine factor shown
to inhibit VIC differentiation, is reduced [59]. The reduction in CNP coupled with a
dramatic increase in TGF-p further accelerates the population of myofibroblasts [63].

7. Prevention and treatment of Alin LVAD patients

The goals for Al management are to treat the symptoms, lower long-term
consequences, and improve patient outcomes [64]. Patients with mild-moderate Al
and normal aortic root size, or asymptomatic severe Al and regular LV size/function
are usually managed with vasodilators [65], although many debates the effectiveness
in delaying AV repair or replacement [64, 66]. Meanwhile, patients with symptomatic
severe Al, asymptomatic severe Al, and systolic dysfunction/LV dilation require sur-
gical management [67, 68]. Mild-moderate Al is often corrected at the time of LVAD
implantation, especially in long-term supported patients, or in those with larger body
sizes and large aortic root diameters (>3.3 cm) [6, 23, 69].

Surgical treatment is selected based on the candidate’s underlying pathology,
LVAD support duration, and INTERMACS classification to allow the possibility of LV
recovery by maintaining the native AV structure and function (Figure 11) [6, 69-71].
Without any repair procedure, pre-existing mild Al is three times more likely to
progress to moderate-severe Al [23]. Other complications worsen in the long term,
including right ventricle dysfunction, mitral and tricuspid regurgitations [24].

7.1 Partial closure central park stitch/modified park stitch

The Park Stitch includes a single, pledgeted 4-0 Prolene suture placed at the
central portion of the AV leaflets [70]. It is effective when the original valvular tissue
is sufficiently thick and has enough tensile strength to hold the sutures. Alternatively,
the modified Park stitch, consisting of stitches securing pledgets with individual
commissural at the AV center, is recommended when the valve leaflets are relatively
thin [72]. The recipients are monitored carefully during LVAD speed regulation and
ramp testing to avoid stitch rupture from sudden AV opening [18]. These techniques
have debatable durability: at 4-6 months post-implant, approximately 20% moder-
ate-worse Al recurrence rate occurred in some centers [69, 73], while others reported
a much lower rate (0 to 7%) [6, 72].

124



Aortic Insufficiency in LVAD Patients
DOI: http://dx.doi.org/10.5772/intechopen.106173

Pre-existing Al at time of LVAD implant

e | N

Mild -Moderate Moderate-Severe ~ Mixed insufficiency and stenosis

Valve repair Valve closure Bioprosthesis valve replacement

Park Stitch/Modified Park’s Stitch

Figure 11.
Summary of the curvent treatment guidelines for pre-existing Al at the time of LVAD implant [6, 69—71].

7.2 Complete valve closure

Complete AV closure is recommended for patients with degenerative AV (leaflet
prolapse or mal-coaptation) [18]. This procedure is performed by suturing felt strips
to the leaflets or using a patch to cover the valve annulus directly. In the presence of
a bioprosthesis, the valve is removed, and a pericardial patch is used to close the out-
flow tract [71, 74]. This procedure is durable with no AV deterioration or recurrent Al
but induces a potential risk of thrombosis and restricts the possibility of myocardial
recovery [18, 69, 71].

7.3 AV replacement

In patients with mixed stenosis or calcific pathology and insufficient AV, the valve
can be replaced with a bioprosthesis. While allowing the possibility of AV opening,
myocardial recovery, and pump removal, the limitations include a high risk of throm-
bosis, leaflet fusion, or stenosis [18, 21].

In post-LVAD patient management, AV structure and Al progression are moni-
tored with routine echocardiography [75]. Intermittent AV opening was found to
reduce the risk of Al development and improve LV systolic function and ejection
fraction (especially in patients with preoperative short HF duration) [5, 6, 20, 22].
Optimization of pump speed (defined as the lowest possible LVAD support level to
maintain adequate cardiac output and oxygen) is generally performed in case of mild
Al to prevent worsening [6, 76]. If the patient’s condition does not improve, surgi-
cal intervention will be performed. Approximately 5-10% of LVAD patients require
Al-correction procedures after three or more years of LVAD support [6].

8. Conclusion
Al is a common complication affecting morbidity and mortality in LVAD patients.
While the de novo AI development mechanism is unknown, it was linked to commis-

sural fusion, lack of AV opening, and alteration of valvular tissue mechanics. Pre-
existing Al also worsens in post-LVAD, interfering with the pump benefits.
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Perspective Chapter: The
ProtekDuo® Cannula for Acute
Mechanical Circulatory Support

Joseph M. Brewer, Ammay Sharif and Marc O. Maybauer

Abstract

The ProtekDuo® is a dual lumen cannula that can be used in numerous configura-
tions to treat cardiogenic shock and hypotension. Its default function is as a tempo-
rary percutaneous right ventricular assist device (RVAD) system, however, other
configurations both alone and with other mechanical circulatory support (MCS)
devices have evolved. In addition to its use as a component of a ventricular assist
device (VAD), it can be used as a cannula for extracorporeal membrane oxygenation
(ECMO) and may serve as double lumen drainage cannula on cardiopulmonary
bypass (CPB). The role of the cannula in ECMO has been described in multiple
configurations including traditional veno-pulmonary (V-P) or “oxygenated RVAD”
(oxyRVAD), veno-venopulmonary (V-VP), or venopulmonary-arterial (VP-A).
This book chapter summarizes various configurations and technical aspects of the
ProtekDuo(R) cannula in the management of hypotension and cardiogenic shock.

Keywords: cardiogenic shock, ECLS, ECMO, hypotension, right heart failure,
Right Ventricular Assist Device (RVAD), ProtekDuo®

1. Introduction

Despite improved treatment and outcomes for many forms of cardiovascular
disease, cardiogenic shock (CS) remains a common cause of mortality [1-3]. CS is
classically recognized as a state of inadequate cardiac output, which if left uncor-
rected, may lead to tissue malperfusion and organ failure. Vasopressors and inotropes
become necessary as conventional treatment options to maintain adequate organ
perfusion [4].

Over the past decade, only marginal improvements have been noted in out-
comes and mortality rates of CS. When complicated by acute myocardial infarction
(AMI-CS), the mortality rate ranges from 50 to 60%, while mortality from acute
decompensated heart failure-related CS is approximately 40% [5].

Whether due to impaired function of the right ventricle (RV), left ventricle (LV),
or both, implementation of prompt medical management to correct low cardiac
output and hypotension is necessary. However, when medical management fails,
use of acute mechanical circulatory support (MCS) should be considered [2]. In this
chapter, we focus on a particular device, the ProtekDuo® cannula, and its role in
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the management of patients with cardiogenic shock with acute RV failure. We also
discuss its evolving roles in the treatment of LV and biventricular failure, both alone
and in combination with other devices, as well as use in the treatment of combined
cardiac and respiratory failure, which commonly co-exist in clinical practice.

2. Cardiogenic shock

Cardiogenic shock occurs most frequently as a result of acute myocardial infarction
(MI) [6], though any disease process that impairs the functional capacity of the left ven-
tricle (LV) or right ventricle (RV) can lead to cardiogenic shock [1]. For years, numerous
definitions and clinical criteria for cardiogenic shock have existed [7-10], but in 2019 the
Society for Cardiovascular Angiography & Interventions published a consensus state-
ment on the classification of cardiogenic shock [2] that has been useful for assessment
of patients as well as predicting outcomes [11]. In this consensus document, stages of
cardiogenic shock are described based on physical exam findings, biochemical markers,
and hemodynamic parameters [2]. A standardized, team-based approach to manage-
ment of cardiogenic shock has been recommended due to the complexity of disease and
number of treatment options [12]. Though a complete discussion of cardiogenic shock is
beyond the scope of this chapter, a brief discussion of LV and RV failure follow.

2.1 Left ventricular failure

Numerous diseases can cause LV failure and cardiogenic shock though the most
common are acute MI and acute decompensation of end-stage heart failure [3, 6].

In the setting of acute MI, there is impairment of regional myocardial contractility,
which if significant, can become self-perpetuating as a result of further worsening
coronary ischemia [6, 13]. Patients with chronic, end-stage heart failure may enter
into an acutely decompensated state and progress to cardiogenic shock due to a num-
ber of factors including disease progression, medication or treatment non-adherence,
or an acute cardiac insult [3]. Numerous other conditions can also lead to acute LV
failure including, but not limited to, acute myocarditis, stress cardiomyopathy, and
post-cardiotomy syndrome [13].

Management of cardiogenic shock with predominant LV failure begins with
prompt recognition based on clinical criteria followed by a team-based approach to
assessment including echocardiogram and hemodynamic values [12]. If acute MI is
suspected or confirmed, a coronary angiogram should be performed with revascular-
ization if able [13]. Patients are treated with inotropes and vasopressors to maintain
adequate cardiac index and blood pressure. Failure to achieve goals with medications
alone should prompt consideration of acute MCS [1, 12].

2.2 Right ventricular failure

Right ventricular failure is a complex clinical syndrome of fluid overload, low
systolic function and cardiac output, and atrial or ventricular arrhythmias [14]. The
two pathophysiologies of RV pressure and volume overload typically occur as a result
of injury or stress and can occur alone or in combination to cause acute RV failure and
reduced cardiac output [14, 15]. Acute rise in RV afterload can occur in the setting of
acute pulmonary embolus or subacutely in the acute respiratory distress syndrome due
to prolonged hypoxia and/or respiratory acidosis. Acute reductions in right ventricular
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contractility can occur from either ischemic etiology such as MI or from inflammatory

etiologies such as myocarditis. Patients may also have chronic RV failure for which they
are normally able to compensate yet may become acutely decompensated in the setting
of additional increases in RV afterload or reduction in RV contractility [14, 16, 17].

Medical management of acute RV failure begins with fluid volume manage-
ment, enhancing myocardial contractility, and optimizing RV afterload often with
echocardiographic and pulmonary artery catheter (PAC) guidance [2, 13, 15, 17, 18].
Additionally, for patients with hypotension, peripheral vasopressors and inotropes
may be required. If the shock state does not resolve with medical management,
utilization of acute mechanical circulatory support (MCS) must be considered. Acute
RV failure is a major cause of morbidity and mortality [17], thus timely evaluation
and initiation of acute MCS is essential [15, 16].

Acute MCS can be used as a bridge to recovery for up to 75% of patients with acute
RV failure [16], or if recovery is not possible, a bridge to durable assist devices or heart
transplant. Multiple acute MCS devices capable of directly or indirectly bypassing
the failed RV are available [16, 17]. In this chapter we will focus particularly on the
ProtekDuo® cannula as a component of a right ventricular assist device (RVAD) system.

3. ProtekDuo® cannula

The ProtekDuo® is a single-site, dual-lumen cannula that is most commonly
placed in the right internal jugular vein (IJV). When in its intended position, the
cannula drains blood from its proximal ports in the right atrium and blood flow is
directed through an extracorporeal circuit with or without oxygenator before being
returned via the distal ports into the pulmonary artery. The cannula is available in
two sizes, 29 and 31 French (Fr.) Placement in the IJV allows for ambulation of the
patient. The percutaneous placement of this device has allowed it to be a less invasive
support option in patients requiring mechanical (RV) support. See Figure 1.

Figure 1.

a: Percutaneous vight ventricular assist device (RVAD) with a Protek Duo cannula. b: Without oxygenator, and
c: with oxygenator. From: Condello, 1. Percutaneous right ventricular assist device, rapid employment in right
ventricular failure during septic shock. Crit Care 24, 674 (2020).With kind permission from Critical Care (Open
access).
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3.1 ProtekDuo® cannulation technique

Placement of a ProtekDuo® involves use of the modified Seldinger technique.
Initially the right IJV is assessed for adequate size and an 8-Fr to 9-Fr introducer
sheath is placed. Using the sheath, a balloon tipped catheter is guided and placed
into the right pulmonary artery (PA) under fluoroscopy. Then a long 0.035-inch
Lunderquist Extra Stiff Wire Guide (Cook Medical, Denmark) is guided through the
balloon tipped catheter under fluoroscopic guidance and inserted into the right PA.
The balloon-tipped catheter is then removed carefully under fluoroscopic guidance
to ensure that the stiff wire remains in place in the right PA. Then the neck sheath is
removed, and the site is progressively dilated to a size below the size of the cannula
being used. A heparin bolus, dosed to achieve an activated clotting time of 300 sec-
onds is given and then the ProtekDuo® cannula is placed under continuous fluoros-
copy with the goal of having the cannula outflow port in the main PA [19]. Alternative
anticoagulation may be achieved with direct thrombin inhibitors (DTI) [20], such as
argatroban [21] or bivalirudin [22].

Transesophageal echocardiography (TEE) is useful to verify position of the can-
nula in the PA if fluoroscopy is not available. Both ports are clamped and then a wet-
to-wet connection is made with the drainage and return ports. Pump flow is increased
per the clinician’s discretion. The device is secured in place with a purse-string suture
around the insertion site. Direct suturing to cannula body should be avoided as it may
provoke erosion of the cannula wall. Suture rings are provided with the cannula which
enable indirect fixation.

Once flow is initiated, a heparin or DTI infusion is initiated to maintain a partial
thromboplastin time of 40-60 seconds, depending on the circuit used, which can later
be adjusted to institutional protocols [19].

3.2 ProtekDuo® cannulation complications

There is limited data about ProtekDuo® related complications. Some authors
have reported vascular injury during insertion, cannula thrombosis and cannula
migration requiring repositing, but the occurrence of these seems to be low [23-26].
Additionally, there is also a case report about right coronary artery compression
caused by the cannula which was resolved by repositioning [27] and a case series of
superior vena cava syndrome in two patients [28].

3.3 Device weaning

Patients should be evaluated daily for readiness-to-wean from support with the
ProtekDuo cannula® once myocardial recovery occurs in addition to improvement
in hemodynamic parameters including [29, 30]. While no standardized protocol
currently exists for device weaning, recommended strategies include incremental
reduction of device flow by 0.5 L/min until flow is at 2 L/min [29, 30]. Once device
flow is low, assessment of hemodynamic parameters as well as ventricular function by
echocardiography and laboratory parameters such as lactate are performed [29, 30]. If
needed, low doses of vasopressors or inotropes can be used to provide hemodynamic
support [29]. If weaning parameters are acceptable, then device removal can be
considered if appropriate [29, 30].
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4, ProtekDuo® as a ventricular assist device

The ProtekDuo® cannula, when placed in the intended location and connected to
an extracorporeal pump, is able to provide direct bypass of the RV. As clinicians have
become more experienced with using the cannula, its use has been adapted to other
situations where ventricular assistance is needed.

4.1 ProtekDuo® as an RVAD

In studies of RVADs as treatment for acute RV failure, survival has improved
with earlier initiation of mechanical support [16, 23, 26, 31]. RVADs can be inserted
surgically, via sternotomy or thoracotomy, or percutaneously. Most RVADs, especially
the percutaneous type, are intended for temporary use. The ProtekDuo® cannula is
a particularly advantageous component of a percutaneous RVAD system as it allows
for expedient, upper body, percutaneous access with a single cannula, thus avoiding
surgical implantation and explantation via sternotomy. See Figure 1b.

Use of the ProtekDuo® cannula as a component of an RVAD has been increasingly
reported in the literature since its approval for use in humans in 2016. Retrospective
cohort studies, case reports, and case series have described its use alone for isolated
acute RV failure as well as in combination with a left ventricular assist device (LVAD)
for biventricular support in the setting of concomitant left ventricular failure [23, 24,
26, 32-35].

4.1.1 ProtekDuo® for isolated acute RV failure

Acute RV failure can occur due to multiple etiologies including after temporary
and durable left ventricular assist device (LVAD) implantation [23, 35], primary graft
dysfunction after heart transplant [36], myocardial infarction [32], as well as other
causes [24, 26, 33, 34].

Nicolais and colleagues [37] were among the first groups to report a larger series
of patients with acute RV failure treated with the ProtekDuo®. In the series of 13
patients; four had acute myocardial infarction; three were bridge to lung or heart
transplant; two had severe pulmonary hypertension; and one patient each had acute
myocarditis, post-LVAD RV failure, or post-heart transplant graft dysfunction. The
group reported a median duration of support of 6 days and 54% survival to device
explantation. They concluded that the ProtekDuo® cannula could be used for short-
term isolated RV support or in conjunction with a left ventricular support device for
cases of biventricular failure while using single-site access [37].

Kremer et al. [32] conducted a retrospective study of 10 patients with acute myocar-
dial infarction complication by acute RV failure who underwent ProtekDuo® implanta-
tion for RVAD support. Patients had significant reduction in right heart filling pressures
and increase in cardiac output after device implantation. The mean duration of RVAD
support with ProtekDuo® was 10 + 7.4 days. The authors reported a 30-day and 1-year
survival of 60% with four patients having complete recovery and two patients requiring
placement of durable RVAD. A total of four patients required an interposed membrane
oxygenator and there were no device-related complications. The authors concluded
that the use of the ProtekDuo® cannula as a temporary RVAD was safe and feasible for
patients with acute RV failure secondary to myocardial infarction [32].
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Badu et al. [24] conducted a retrospective cohort study of 40 patients with acute
RV failure grouped by primary cause: post-cardiotomy (n = 18), other cardiac causes
including myocardial infarction and exacerbation of heart failure (n = 12), and severe
respiratory failure (n = 10). The authors reported a significant reduction in vasopressor
and inotrope requirements in all groups within 48 hours of device implantation. Device-
related complications were reported including cannula migration in three patients, SVC
syndrome in three patients, and right internal jugular vein thrombus in one patient.
The authors reported duration of RVAD support with ProtekDuo® for patients who
successfully weaned from support and patients who died on support. For patients who
successfully weaned, the overall duration of support was a median of 14 days with
patients in the post-cardiotomy group requiring support for a median of 15 days, other
cardiac causes group 11 days, and respiratory failure group 10 days. For patients who
died on support, the overall duration of support was a median of 5 days with patients
in the post-cardiotomy group requiring support for a median of 43 days, other cardiac
causes group 3 days, and respiratory failure group 15 days. The authors reported overall
survival to discharge of 68% in the cohort. When survival to discharge was analyzed
by cause of acute RV failure, the authors reported 89% survival in the post-cardiotomy
group, 42% survival in the group of other cardiac causes, and 60% survival in the group
with respiratory failure. The authors concluded that use of the ProtekDuo® cannula
resulted in improved hemodynamics with reduced need for vasopressors and inotropes
as well as high rates of weaning, low complications, and low mortality [24].

Oliveros and colleagues [34] conducted a retrospective study of 11 patients with
acute RV failure from multiple causes including post-partum cardiomyopathy (with
biventricular failure requiring simultaneous V-A ECMO support), following lung
transplant, massive pulmonary embolism, myocardial infarction, and acute respira-
tory distress syndrome. The mean duration of RVAD support with ProtekDuo® was
58 + 47 days. The authors reported 30-day survival of 82% and 180-day survival of
73%. The authors did not report device-related complications for the cohort [34].

Carrozzini et al. [36] reported a case series of three patients with acute RV failure
due to primary graft dysfunction after heart transplant. Of note, all three patients
required V-A ECMO prior to transplant due to end-stage biventricular failure. The
authors reported complete unloading of the failed RV without distention of the LV
by transesophageal echocardiogram. One patient experienced a right internal jugular
vein thrombus. The patients required support from four to 12 days. All patients were
successfully weaned and discharged alive. In treating these patients, the authors were
able to avoid V-A ECMO or central right ventricular support. The authors concluded
that the ProtekDuo® cannula was easy to insert, safe and effective and is the pre-
ferred temporary mechanical support device for patients with isolated RV primary
graft dysfunction after heart transplant [36].

4.1.2 ProtekDuo® for biventricular failure

Biventricular shock is characterized by elevated CVP (>14 mmHg), normal or
elevated PCWP (>18 mmHg) and hypotension, along with reduced LV function. At least
40% of patients diagnosed with LV-dominant CS, in fact have biventricular failure [5].

The use of temporary [38] and durable [39, 40] LVADs has continued to increase
over the last decade. Acute RV failure after LVAD implantation is reported to occur
in up to 40% of cases [26, 41-44]. Multiple causes, either alone or in combination,
including unmasking of chronic RV dysfunction once RV preload increases, distor-
tion of RV geometry due to bowing of the intraventricular septum toward the LV due

138



Perspective Chapter: The ProtekDuo® Cannula for Acute Mechanical Circulatory Support
DOI: http://dx.doi.org/10.5772/intechopen.111537

to mechanical LV unloading, ventricular dysrhythmias, and embolic phenomenon

to the coronary or pulmonary circulation are thought to precipitate RV failure [45].
Patients with LVADs who develop additional acute RV failure and require biventricu-
lar support have a high mortality [26].

Patients with shock in the setting of biventricular failure refractory to medical
management are usually supported with V-A ECMO. However, if an LVAD is present,
then the addition of isolated RV support can provide adequate cardiovascular support
while avoiding potential challenges imposed by V-A ECMO including retrograde flow
with increased LV afterload, complications of arterial access including extremity
ischemia, and low transpulmonary flow [36]. The ProtekDuo® cannula may offer
additional benefits including non-surgical, single-site access in the upper body, which
may allow for earlier extubation and/or mobilization.

4.1.2.1 ProtekDuo® with temporary LVADs

A number of authors have presented cases of the ProtekDuo® cannula used in
combination with an Impella temporary percutaneous LVAD for biventricular sup-
port. Our group has reported our experience with the combination of devices, which
we describe using the novel portmanteau “PROpella” [46].

The Impella CP is a percutaneous LVAD capable of delivering up to 3.5 liters per
minute of flow. Patel and colleagues reported a case of a patient with biventricular
failure who was supported with the combination of a ProtekDuo® and Impella CP
inserted via the axillary artery thus allowing the patient to be awake and ambulate.
Chivasso et al. reported a case of a 38-year-old patient who underwent emergent
coronary artery bypass grafting that was complicated by electrical storm initially
supported with V-A ECMO, but was later converted to biventricular support with
ProtekDuo® cannula and Impella CP. See Figure 2.

The Impella 5.0 (no longer available) and the newer Impella 5.5 are surgically
placed and capable of delivering up to 5.5 liters per minute of flow. Routh and co-
authors reported a case of a 61-year old man with inotrope-dependent nonischemic
cardiomyopathy who developed acute cardiogenic shock initially treated with Impella
5.5. The patient subsequently developed acute RV failure and a ProtekDuo® cannula
was placed, allowing for biventricular support [45]. Ramamurthi et al. reported a case
series of six patients who underwent carotid placement of an Impella 5.5 for left ven-
tricular support. One patient in the series, a 49-year-old woman, required placement
of a ProtekDuo® cannula for concomitant RV failure. Care was later withdrawn due
to inability to wean from mechanical support [47]. Kataria and colleagues described
three cases of successful use of ProtekDuo® for acute right heart failure in patients
with Impella 5.5 placed for heart failure-related cardiogenic shock, though specific
outcomes of these patients were not discussed [48]. See Figure 3.

4.1.2.2 ProtekDuo® with durable LVADs

A number of authors have presented larger case series and retrospective cohort
studies of patients supported with ProtekDuo® after implantation of durable LVAD.
Ravichandran and co-authors published a case series of 17 patients with acute

RV failure supported with ProtekDuo® cannula. In their series, acute RV failure
occurred mostly following implantation of an LVAD: 12 patients after durable LVAD
implantation and one patient after temporary percutaneous LVAD implantation.
The remaining four patients had acute RV failure due to other causes. Device-related
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Figure 2.

PRgOpella approach with ProtekDuo® and oxygenator in RVAD/V-P ECMO position and Impella CP in LVAD
position. Modified from: Maybauer MO et al. The ProtekDuo® in percutaneous peripheral venopulmonary-
arterial ECMO and PROpella configuration for cardiogenic shock with biventricular failure. Ann Card Anaesth.
In Press. With kind permission from Ann Card Anaesth.

complications including vessel injury occurred in one patient and bleeding from the
cannula site in two patients. The mean duration of RVAD support with ProtekDuo®
was 10.5 + 6.5 days and six patients required conversion to surgical or durable RVAD
for extended support [26].

In a retrospective study of 11 patients with acute RV failure at the time of durable
LVAD implantation, Schmack et al. reported a mean duration of support with
ProtekDuo® of 16.8 + 9.5 days. The authors reported no device-related complications.
In the series, 91% of patients survived to device weaning. The cohort had a 30-day
survival of 73% and 180-day survival of 64% [35].

Salna and colleagues performed a retrospective study of 27 patients who under-
went durable LVAD implantation and subsequently developed acute RV failure.

All patients were placed on RVAD support using a ProtekDuo® cannula and were
supported a median duration of 11 days. The median reported dose of required vaso-
pressor and inotrope was significantly lower at 6-hours post-insertion. The authors
reported an 85% survival to both discharge and at 30-days. Complications related to
the ProtekDuo® cannula were few with cannula migration occurring in two patients
and device-related thrombosis occurring in one patient. A total of three patients
required conversion to surgical RVAD for prolonged support [23].

Lim and colleagues conducted a retrospective analysis of 11 patients with acute RV
failure due to various etiologies. Most patients in the series had RV failure after LVAD:
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Figure 3.

PROpella approach with ProtekDuo® and oxygenator in RVAD/V-P ECMO position and Impella 5.5 in LVAD
position. Modified from: Maybauer MO et al. The ProtekDuo® in percutaneous peripheral venopulmonary-
arterial ECMO and PROpella configuration for cardiogenic shock with biventricular failure. Ann Card Anaesth.
In Press. With kind permission from Ann Card Anaesth.

seven after durable LVAD and two with end-stage heart failure cardiogenic shock
after temporary percutaneous LVAD implantation. The remaining two patients had
post-heart transplant graft dysfunction. The authors reported a significant reduc-
tion in right heart filling pressures, but no significant difference in vasopressor and
inotrope dose at 3-hours post-cannulation. The patients in this cohort required RVAD
support with ProtekDuo® for a median duration of 10 days and had a 90-day survival
of 64%. Device-related complications were not reported in this study [33].

4.2 ProtekDuo® as a left ventricular assist device

While uncommon, the ProtekDuo® cannula has also been used as an LVAD. Rao
and colleagues described the use of a combined 21-Fr peripheral venous drainage
cannula with a transapical 31-Fr ProtekDuo® cannula inserted via mini-thoracotomy
for biventricular support in a 44-year-old with non-ischemic cardiomyopathy in
cardiogenic shock [49]. Alaeddine and co-authors described the transapical place-
ment of a 29-Fr ProtekDuo® cannula in a 10-year-old for temporary mechanical
support prior to implantation of a total artificial heart [50]. Goodwin et al. described
the use of a transapical 31-Fr ProtekDuo® cannula inserted via mini-thoracotomy for
temporary left heart support in a 51-year-old patient with ischemic cardiomyopathy
and cardiogenic shock, who was not expected to tolerate peripheral V-A ECMO due to
significant aortic valve pathology [51].
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4.3 ProtekDuo® as a biventricular assist device

Khalpey and colleagues first described the use of dual ProtekDuo® cannulas
for biventricular support in three patients. The first patient was a 22-year-old with
non-ischemic cardiomyopathy complicated by acute decompensated biventricular
heart failure. The second patient was a 46-year-old with ischemic cardiomyopathy
who underwent coronary artery stent placement with Impella support complicated
by electrical storm. In both patients, a 29-Fr ProtekDuo® was modified and placed
transapically into the left ventricle through a mini-thoracotomy followed by standard
placement of a 29-Fr ProtekDuo® cannula in the pulmonary artery. This configura-
tion allowed for extubation and ambulation of both patients until placement of
total artificial heart while awaiting heart transplant in the first patient and recovery
in the second patient. The third patient was a 63-year-old with anterior STEMI
complicated by cardiogenic shock despite intra-aortic balloon counterpulsation. He
underwent transapical placement of a ProtekDuo® cannula for LV support but had
electrical storm and required placement of a ProtekDuo® cannula for RV support.
The ProtekDuo® RVAD was weaned, but his family later consented to withdraw life
support. The authors concluded that use of dual ProtekDuo® cannulas for biventricu-
lar support was a safe and effective method of establishing biventricular assist device
(Bi-VAD) placement allowing avoidance of sternotomy, cardiopulmonary bypass with
its associated complications, and peripheral ECMO while allowing for early extuba-
tion and ambulation [52].

5. The ProtekDuo® for extracorporeal membrane oxygenation

Conventional management for ARDS includes low tidal volume ventilation,
neuromuscular blockage, and prone positioning. Pulmonary vasodilators are often
used for temporary improvement of oxygenation and to bridge a patient to ECMO.
Veno-venous (V-V) ECMO can be used in refractory hypoxemia and/or hypercapnia,
or ventilator induced lung injury, and may typically be provided by single lumen
dual site cannulation (femoro-internal jugular) or dual lumen single site cannulation
(DLSC), typically via internal jugular vein approach. In the venous system, flow is
dependent on the capacitance of the vessels, tricuspid competence, as well as systolic
and diastolic function of both ventricles. In addition, pulmonary artery pressure, RV
afterload, and total systemic cardiac output play an important role. V-V ECMO may
display varying degrees of recirculation of blood depending on the flow rate, proxim-
ity of the inflow to outflow cannula(s), cannula location, and cannula size [53].

Impaired RV function occurs frequently in patients with ARDS [54, 55] and is
associated with increased mortality [55, 56]. During the COVID-19 pandemic, clini-
cians observed a particularly high incidence of acute and subacute RV failure [57] with
dramatic increases in pulmonary vascular resistance due to the combined effects of
hypoxia, hypercapnia, lung injury, and attempted sedation weaning [58]. Additionally,
hypercoagulation associated with COVID-19 frequently led to both macro- and micro-
pulmonary emboli, which further increased pulmonary pressures, RV dilation, and
failure of systolic pump function resulting in hypotension and need for inotropes and
vasopressors [59]. Understanding RV biomechanics and, in particular, the relationship
between the RV and PA is key to identifying different phases of RV dysfunction leading
to RV failure, hypotension and death. ECMO cannulas bypassing the RV are now being
increasingly utilized for COVID-19 ARDS to counterbalance RV dysfunction.
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The ProtekDuo® dual lumen cannula is similar to other dual lumen cannulas
and may be used for V-V ECMO in cases of ARDS. If significant RV dysfunction or
failure is present and resulting in the requirement of inotropes and vasopressors to
counterbalance hypotension, the cannula can be used for combined V-V ECMO and
RV support, a configuration commonly referred to as V-P ECMO or oxyRVAD [60].
See Figure 1c. The main difference between the ProtekDuo® and other dual lumen
cannulas is that the tip of the ProtekDuo® terminates in the main PA and not in the
inferior vena cava as it is the case with other dual lumen cannulas. The ProtekDuo®°s
V-P ECMO default position may be a particularly beneficial feature in ARDS, not
only because it is able to bypass the RV, but because the area of venous blood drainage
from the RA and area of oxygenated blood return in the main PA are separated by
two cardiac valves (tricuspid and pulmonic valve) thus preventing recirculation, a
phenomenon commonly seen with other dual lumen ECMO cannulas. Considering
the length and diameter of the cannula, an average flow of 4.5 LPM may be achieved,
which usually provides adequate blood flow and oxygenation [53].

The COVID 19 pandemic resulted in much longer ECMO run times than ECMO
teams were accustomed to, the incidence of RV failure and hypotension increased
because of prolonged ARDS with the development of some degree of pulmonary
hypertension and the ProtekDuo® was used more frequently in V-P ECMO configu-
ration, even as primary device to initiate ECMO. Several interesting configurations
have been developed during the COVID-19 pandemic, mostly due to clinical despera-
tion and medical necessity, as described below.

5.1 ProtekDuo® in V-P ECMO configuration

In a recent systematic review on the utilization of the Protek Duo cannula for V-P
ECMO (Figure 1c) in ARDS secondary to COVID-19 infection, our group identified
five suitable articles including 194 patients who underwent ProtekDuo® implantation
in combination with an oxygenator. The ProtekDuo® demonstrated survival rates of
59-89% throughout the studies with a significant survival benefit [61].

Mustafa et al. presented their experience with the ProtekDuo® in V-P ECMO
configuration for patients with ARDS secondary to COVID-19. The authors presented
a case series of 40 patients with an average duration of mechanical ventilation of
13 days. They reported an 80 percent (32 patients) rate of successful ECMO weaning
with a 73% (29 patients) survival rate [62].

Cain and colleagues compared 39 patients in a V-P ECMO group of 18 patients and an
invasive mechanical ventilation (IMV) group of 21 patients. The authors displayed a sig-
nificant reduction of in-hospital (52.4 vs. 11.1%, P = 0.0008) and 30-day mortality rates
(42.9 vs. 5.6%, P = 0,011) in favor of the V-P ECMO group without complications related
to the device. While the IMV group presented with 15 cases of acute kidney injury (AKI,
71.4%, P < 0.001), the V-P ECMO group did not display a single patient with AKI [63].

Saeed et al. compared the cannulation approach in a retrospective multicenter
trial of 435 adult patients. They compared dual-site vs. single-site cannulation. For
dual site they used the two most common approaches, femoral vein to femoral vein
and femoral vein to internal jugular vein access. For the single site approach, they
used either the Protek Duo, Crescent, or Avalon cannulas through an internal jugular
vein. Out of 435 patients, 99 (23%) received the ProtekDuo®, 89 (20%) had single
site inferior vena cava (IVC) approach, and 247 (57%) had dual site approach. The
authors demonstrated that the 90-day in hospital mortality for the entire cohort was
55%. The unadjusted 90-day in hospital mortality was 60% for dual site, 41% for
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ProtekDuo®, and 61% IVC approach. The 90-day in-hospital mortality was signifi-
cantly lower in the ProtekDuo® group (p = 0.029), but not significantly different
between single site IVC compared to dual site approach (p = 0.86). However, patients
who were cannulated with the ProtekDuo® had longer duration of the ECMO runs
compared to the other approaches but had shorter periods of mechanical ventilation
and were more commonly discharged home [64].

A cohort of 54 patients was investigated by Smith and colleagues, comparing the
ProtekDuo® with V-V ECMO for a one-year period during the pandemic. Thirty
percent of their patients had V-V and 70% had V-P ECMO with a median time of 7 days
from admission to ECMO cannulation. The authors reported a median ECMO support
time of 30.5 days (V-V ECMO 35.0 days vs. V-P ECMO 26.0 days). Their mortality with
V-P ECMO was 39.5%, with a 50.0% mortality for V-V ECMO with a total in-hospital
mortality of 42.6%. The mortality after 120 days for V-V ECMO was 60.8% and only
40% for V-P ECMO, with a total cumulative mortality of 45.7%. This group concluded
that ECMO support for ARDS secondary to COVID-19 is beneficial and that V-P ECMO
support displayed consistent advantages in survival compared to V-V ECMO [65].

In addition to these studies, an interesting case was reported by Gianni et al., that
may be very useful in patients with pulmonary embolism. In this patient, an inferior
vena cava filter was positioned to prevent embolization from a left femoral deep venous
thrombosis. The patient also had a large lesion of the tracheal posterior wall. Tracheal
stenting required V-V ECMO support to safely perform the bronchoscopic procedure.
Due to the presence of the inferior vena cava filter, the patient was cannulated with the
ProtekDuo® cannula, since it does not interfere with the IVC, while dual site or double
lumen cannulas typically end in the IVC. The patient could be weaned off ECMO after
the procedure and the tracheal stent was removed after 40 days with full recovery,
expanding the potential indications for the ProtekDuo® cannula [66].

5.2 Protek duo in V-VP ECMO configuration

This new technique and configuration for the ProtekDuo® was developed by
Maybauer during the COVID-19 pandemic when treating a patient with persistent,
severe hypoxia while on V-P ECMO with blood flows of 4.5 to 5 LPM. In an attempt to
achieve more blood flow, a 25-Fr femoral multistage cannula was inserted for venous
drainage. The post-pump tubing was spliced with a 3/8-in Y-connector to distribute
the blood flow to both lumina of the ProtekDuo®, which resulted in return of oxy-
genated blood to the right atrium and main pulmonary artery in a configuration that
could be best described as V-VP ECMO [67] (See Figure 4).

Returning blood flow improved to 7 LPM resulting in resolution of hypoxia and
maintenance of SpO2 > 90%, which finally allowed for the use of ventilator “rest set-
tings” (Inspiratory Plateau Pressure < 25 to <30 cmH,0, Respiration Rate 4-15 breaths
per minute, PEEP >10 cmH,0, FiO2 0.3 to 0.5). Using ultrasonic flow probes, blood
flows to both ProtekDuo® lumina were measured and monitored independently. Due to
length and diameter of the cannula, about 60% of flow returned into the RA and about
40% of flow returned into the pulmonary artery. Still, about 3 LPM bypassed the RV,
which was sufficient to protect the RV in this patient. Frequently repeated transthoracic
echocardiograms confirmed adequate decompression of the RV. The patient was able
to separate from V-P-ECMO after 44 days with 29 days on the new configuration. The
patient did not have any complications associated with this new configuration [67].

Most recently, the group of Maybauer presented a case series of nine patients, using
the ProtekDuo® in V-P and V-VP ECMO configuration [19]. The authors could show
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Figure 4.

Cfest X-ray of ProtekDuo® in V-P ECMO position with additional 25Fr drainage cannula with tip in right
atrial/inferior vena cava junction through a femoral vein. Drainage through the femoral cannula and return
through both lumens of the ProtekDuo® using a Y-piece after the oxygenator. Modified from: Maybauer MO
et al. The ProtekDuo® as double lumen return cannula in V-VP ECMO configuration: A first-in-man method
description. Ann Card Anaesth. 2022;25(2):217-9. With kind permission from Ann Card Anaesth.

that in contrast to the above-mentioned studies where V-P ECMO was the initial config-
uration, this study showed that V-P or V-VP ECMO configuration was established weeks
after the onset of ARDS with initial dual site V-V ECMO. This selected group of patients
still displayed good outcomes with a survival rate of 67%, indicating the Protek Duo has
been a game changer when used in patients with ARDS secondary to COVID-19 [68].

5.3 Protek duo in VP-A ECMO configuration

Budd et al., described the “central” VP-A ECMO configuration for a patient who
was to receive a bilateral, sequential native pneumonectomy and donor lung trans-
plantation after having V-P ECMO in situ. Following a sternotomy, they inserted
an 18-Fr cannula (Edwards Lifesciences, Irvine, CA) into the ascending aorta.
Thereafter, blood was drained through both lumens of the ProtekDuo® cannula and
oxygenated blood was returned into the aorta as intraoperative central V-A ECMO
configuration or more precisely called central VP-A configuration. After initiation,
good decompression of the heart was achieved, which allowed for completion of
pneumonectomy and donor lung transplantation. Before chest closure, the arterial
cannula was removed and V-P ECMO was reinstated through the ProtekDuo® [69].
Similar techniques have been described by Settepani et al. for orthotopic heart trans-
plantation [70] and by Sinha et al. in a combined heart and lung transplantation [71].
Either ECMO or cardiopulmonary bypass was used as pump in the above-mentioned
circumstances of short intraoperative support.
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Most recently, Maybauer et al. described a case with a patient who had a non
ST elevation myocardial infarction (NSTEMI) and suffered a cardiac arrest on the
catheter laboratory table. After return of spontaneous circulation (ROSC) was
achieved, the patient developed biventricular failure with severe refractory hypoten-
sion and an Impella CP was placed. The patient remained in shock, requiring high
doses of inotropes and vasopressors. A follow up echocardiogram demonstrated
ongoing biventricular failure. A 29 Fr ProtekDuo® cannula was placed as RVAD with
ECMO circuit in V-P configuration. With the Impella CP already in situ, a PROpella
configuration was created (Figure 2), and the patient was stabilized. After a few
hours, the patient displayed signs of limb ischemia due to occlusion of the femoral
artery by the Impella CP. A thrombectomy and left calf fasciotomy was necessary and
the Impella CP had to be removed. Because the patient developed pulmonary edema
after Impella CP removal, a 17 French arterial and 5 Fr distal perfusion cannula were
placed in the contralateral proximal femoral artery. The circuit tubing connected
to the ProtekDuo® was clamped, cut, and wet connected to a new ECMO circuit
using a Y-piece and used for dual-lumen venous drainage from both the RA and main
PA. Oxygenated blood was returned through the 17-Fr arterial cannula, creating a
“peripheral” VP-A ECMO configuration (Figure 5). This peripheral configuration

A. femoralis

Figures.

ProtekDuo® in VP-A ECMO position for double lumen drainage from right atrium and pulmonary artery and return
flow into femoral artery through 17 Fr cannula and 5 Fr distal perfusion cannula. Modified from: Maybauer MO

et al. The ProtekDuo® in percutaneous peripheral venopulmonary-arterial ECMO and PROpella configuration for
cardiogenic shock with biventricular failure. Ann Card Anaesth. In Press. With kind permission from Ann Card Anaesth.
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however could be used for about 24 h without complications in comparison with the
use of central VP-A configuration on CPB [46].

In a similar configuration, Kumar and colleagues described left ventricular
unloading utilizing pulmonary artery drainage in cardiorespiratory failure due to
COVID-19 infection. They described ProtekDuo® insertion for LV venting who was
first on V-V ECMO and then converted to V-A and developed LV distention [72].

6. Conclusion

CS is a serious and life threating problem with high mortality rates. In case of
acute ventricular failure, the main goal is to quickly implement measures to allow
for ventricular recovery, by offloading volume and pressure, while maintaining
adequate end-organ perfusion. When conventional treatment options fail, acute
mechanical circulatory support is indicated. The ProtekDuo in RVAD configuration
has the particular advantage over other single-site cannula-based temporary percu-
taneous RVADs because it is placed in the upper body versus the groin, thus allowing
the patient to freely use the lower extremities in case of mobilization. Further, the
ProtekDuo is compatible with a variety of blood pumps and may be used with a
membrane oxygenator (ECMO) in case of concomitant respiratory failure, which
is not an available option with other single-site, temporary percutaneous RVADs.
When used in ECMO configuration, the ProtekDuo® may be used for V-P, V-VP, and
VP-A ECMO as well as in PROpella configuration. Each option has specific benefits
for patients requiring individual support for respiratory, right heart, left heart or
biventricular failure. In V-P position, a mean blood flow of 4.5 LPM may be achieved
but can be increased to 7 LPM in patients with V-VP configuration for ARDS. With
increasing blood flow, increasing oxygenation may be achieved. Most literature on
the ProtekDuo® in ARDS exists for COVID-19, where it has been shown to improve
outcomes, reduce AKI and consecutively reduce the need for CRRT. The use of the
ProtekDuo® for other ARDS etiologies has not yet been described. Cardiocirculatory
support may be provided in PROpella or VP-A configuration. All options have been
used and shown to be feasible. With a limited number of cases, safety cannot be
guaranteed but may be likely.
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Abstract

Heart failure is a growing pandemic affecting approximately 6.2 million people in
the US and 15 million people worldwide. Mechanical circulatory support devices are not
only a bridge to transplantation, but have become destination therapy for a large por-
tion of this population. Given its prevalence and high morbidity and mortality leading
to significant financial burden on our healthcare system, establishing strategies focused
on improving therapeutic outcomes and prognosis should be prioritized. Delivering
care to such a large and complex patient population poses unique challenges given the
progressive care needs and extensive follow-up. Time and distance traveled are among
the limiting factors that disable patients from having access to life sustaining advanced
therapies such as the LVAD. This chapter aims to review the traditional care model and
expand on the necessary tools and benefits of the LVAD shared care model in delivering
care to previously underserved patient populations with advanced heart failure.

Keywords: LVAD, destination therapy, shared care, outcomes, satisfaction

1. Introduction

Heart failure (HF) is a condition with high mortality due to decreased cardiac
function leading to poor perfusion, exacerbated during high metabolic states. It is
a growing pandemic expected to rise by almost 30%, expanding its reach from 6.2
million to 8 million people by 2030 in the US and many more worldwide [1-3]. It
carries significant morbidity and dramatically limits patients’ quality of life. The
morbidity is costly, leading to high expenditures of 30.7 billion dollars annually,
which is also projected to double by 2030 [4, 5]. The symptoms are debilitating as
the disease progresses towards its end stages of advanced heart failure (AdHF) even
despite maximally tolerated guideline directed medical therapy. At this stage in the
disease process, medical therapy is inadequate and treatment must be advanced to
more invasive means [6, 7]. The only viable options are orthotopic heart transplant
or durable mechanical support in the form of a left ventricular assist device (LVAD).
As the therapy advances, the treatment team must adapt to a multidisciplinary cohort
incorporating a multitude of care providers from varying backgrounds [8-10].
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Few places have the resources capable of staffing such a diversity of providers, which
comes at great expense, therefore traditionally limiting care to large academic centers.
Patients that do not live near these centers face geographic barriers to care coordina-
tion and are prohibited from otherwise appropriate life prolonging care. The new
shared care model allows for device implantation at a large center with the subsequent
transfer of follow up care to a local heart failure program capable of managing LVAD
recipients. This concept allows for greater access and thereby increases effective
eligibility for advanced therapies. It also improves patient adherence to the rigorous
home care regimens that LVADs require. Improved access and adherence ultimately
improves patient outcomes and reduces their financial burden [11].

2. Advancing therapies

Worldwide, there are an increasing number of end stage heart failure patients with
LVADs which now exceeds 100,000 of which 18,539 are reported in the Interagency
Registry for Mechanically Assisted Circulatory Support (Intermacs) [5, 12] and
16,286 reported in the global IMACS registry collecting data from the United States,
Europe, Japan, and United Kingdom [13]. As the end-stage heart failure pandemic
continues to grow and alter the lives of multiple patients, LVAD advancements pro-
vide a viable option for patients as either a bridge to heart transplant or as destination
therapy for those who are not transplant candidates.

MOMENTUM 3 is a landmark multicenter trial demonstrating the strides in LVAD
technologies and decreasing patient complication rates. The centrifugal-flow LVAD,
HeartMate III, demonstrated superior performance to the axial-flow LVAD, HeartMate
II. The HeartMate III reduces shear stress, reduces friction, and prevents thrombosis.
The primary outcome of the MOMENTUM 3 trial showed that 74.7% of patients with
a HeartMate III survived without disabling stroke or reoperation to replace or remove
a malfunctioning device at 2 years versus 60.6% of patients with the HeartMate II.
Secondary outcomes of the study revealed decreased pump thrombosis, stroke, and
bleeding events in the HeartMate III compared to the HeartMate II. The 3 year survival
rate when utilizing HeartMate III now rivals that of heart transplantation [14]. This
allows LVADs to extend life-prolonging therapy to patients not eligible for heart trans-
plant and give patients an option that they never had before. The prevalence of adHF and
life prolonging impact of LVADs worldwide makes the further development of LVAD
care networks a pivotal part of delivering adHF care and improving patient outcomes.

3. Traditional LVAD care model

In traditional advanced heart failure centers, the care for these patients was
provided by large multidisciplinary teams involving multiple coordinators, nurses,
physician assistants, cardiothoracic surgeons, palliative care, and various advanced
heart failure specialists. Due to the costs associated with such a large team, LVAD care
was historically limited to large, urban medical facilities [15, 16]. Post-transplantation
inpatient cardiac rehabilitation allows patients to improve their functional status. This
also allowed for adjustment of LVAD settings as vital signs fluctuated with the body’s
adjustment to altered hemodynamics. Since patients with LVADs do not have a true
systolic blood pressure, their mean arterial pressure (MAP) can be measured with a
portable doppler by a trained professional. In addition to the vital signs, the degree of
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anticoagulation requires close monitoring as early data suggests that direct oral acting
agents carry an increased risk of thrombotic events [17-19].

Patients and caregivers are required to attend extensive educational sessions at all
LVAD implantation centers. These sessions evaluate patients’ functional status in an
effort to avoid catastrophic errors while performing daily care such as changing batter-
ies, bathing, or responding to device alarms [20]. Training the patients to manage the
driveline using sterile technique is extensive. Standardized kits have been generated to
aid in the process, but driveline site infections remain a major concern and a cumber-
some task for the patient [11, 21]. Driveline care requires significant adjustment to
lifestyle, including intimate relationships. Patients are directed to be exceedingly care-
ful to avoid pressure on equipment or excessive body movements near the exit site [22].
Similar to other major cardiac surgeries, after appropriate rehabilitation and wound
healing, driving is permitted. Traveling requires additional preparation to ensure back
ups to all equipment is available along with a LVAD site at destination [23].

While a multidisciplinary team optimizes care of an LVAD patient, a recent
national survey of cardiologists, LVAD advanced practice providers, coordinators,
surgeons, and social workers failed to identify the characteristics that would make an
ideal patient [24]. Patients with higher education levels (>12 years) had higher sur-
vival rates [25]. The Singapore LVAD program has stricter selection criteria, however,
the program’s outcomes were similar to the IMACS registry. They did report a higher
3 year survival, but also a higher infection rate [26].

LVAD patients are frequently hospitalized due to complications with as many as 80%
of all patients having had at least one admission by the 1 year mark [11]. Most commonly,
they present with gastrointestinal bleeding (GIB) or a driveline infection. Optimal social
support and meticulous adherence to LVAD management have been noted in conjunction
with reduction in unplanned admissions. In 2020, there was a case report noting 4 years
as the longest time interval to hospitalization for an LVAD patient. University of Chicago
has conducted many trials investigating the infrastructure leading to LVAD success. They
suggest the continuation of GDMT to decrease HF recurrence, omega-3 to decrease GIB
[27, 28], bi-monthly international normalized ratio (INR) checks to maintain therapeutic
anticoagulation [29], and a coordinator team to address all device alarms as measures to
prevent adverse events and related unplanned readmissions [30]. The Miami Transplant
Institute conducted a CF-LVAD study which showed anticoagulation management by a
pharmacist along with self-testing improved the duration of time spent in therapeutic
range [31]. With advancing technology, telehealth may serve as an adjunct to improving
patient care. A small study utilizing a LVAD specific platform where patients entered
their parameters followed by health surveys improved patient satisfaction. This platform
gives patients the ability to review LVAD educational materials and track their individual
data which has the potential to reduce readmissions [32-34].

Traditionally, the LVAD patient would remain associated with that implanting
facility, regardless of the patient’s distance traveled to the facility, socioeconomic limi-
tations, time constraints and other factors. While this model encourages continuity
of care in large cities with multiple healthcare centers, it discourages use of advanced
therapies in patients who live outside of large cities [35, 36].

4., A new model: shared care

As the prevalence of end-stage heart disease continues to increase, the concept
of “shared care” that focuses on implanting devices at a major institution and
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Figure 1.
Shared-care model for LVAD patients.

subsequently transferring follow up care to local heart failure cardiologists may
expand access for LVADs to patients living in remote areas or of lower socioeconomic
status who are unable to afford travel. In technical terms, a shared care LVAD center
model occurs when a patient undergoes LVAD implantation at an implanting center,
but greater than 50% of both the outpatient care and inpatient care alike is delivered
locally [37]. This network of shared care sites can offload non-implant related issues
from an implant center reducing strain on its resources while also allowing patients
quicker access to routine care. In order for this to work, all care sites need to be
properly trained in LVADs (Figure1).

The shared-care model has been used among various specialties in medicine. In
Toronto, it is being used in kidney transplant recipients with optimization of post-
transplant care leading to a reduction in financial burden for patients and a reduction
in follow up care volume for transplant centers [38]. They have also coordinated
extensively in management of complex hematologic disorders which was initiated at
Princess Margaret Cancer Centre. These models require training for community part-
ners to ensure patient safety and satisfaction [39]. Later, it carried over to cardiology
as the International Society of Heart and Lung Transplantation established guidelines
for the principles of shared care after heart transplantation [40]. Now, it can be reiter-
ated for the continuum of LVAD care.

While the model itself has been successfully implemented in complex medical
conditions, it had not previously been attempted for LVAD patients. There are several
examples demonstrating the success of the shared care model for LVAD patients. The
Deborah Heart and Lung Center (DHLC) located in Browns Mills, New Jersey is a
non-profit cardiac care specialty hospital which serves a largely underserved popula-
tion in rural South Jersey. Its advanced heart failure program launched in April 2017
with partnerships and guidance from Thomas Jefferson University Hospitals, Temple
University Hospital, and Robert Wood Johnson University Hospital. The shared
care team consists of heart failure specialists and advanced practice providers [11].
Patients who lived in this area no longer had to travel over 90 minutes by car each
way for their appointments nor did they require transfer to distant hospitals every
time they were hospitalized. This allowed for all preop work-up and post-op care to
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occur in the local community, leading to improved access for patients with financial
difficulties. This also improved patient compliance and diligence in attending all
appointments, including seeking care as soon as issues arise. Other centers in the U.S.
have demonstrated similar favorable outcomes with the shared-care model. A study
published in JACC evaluated several key measures for LVAD patients implanted at the
University of Utah Hospital. The authors included 336 patients implanted between
2007 and 2018, and categorized them based on level of care and resources utilized
for their post implantation care. Overall, the rates of infection, bleeding, death, and
pump thromboses were similar between care provided at the implanting institution
(traditional care model) and outpatient care with LVAD specific training (the shared-
care model). Rates were higher when outpatient services that were utilized did not
have LVAD specific training, highlighting the importance of ensuring proper LVAD-
specific training and resources are available at shared-care facilities [41].

There are no established criteria for shared care programs. However, a group
of authors suggested several criteria that were published in the American Heart
Association Journal Circulation, which focused on three broad categories: personnel,
education, and equipment (Table 1). It is generally agreed that a shared care center
should have an appointed local LVAD specialist—typically a heart failure cardiologist,
though formal training in advanced heart failure is not a Joint Commission require-
ment for LVAD implantation facilities. Moreover, a nurse coordinator is another
essential team member, who often serves as the primary contact for patients and other
providers in the shared care team. Regarding education, LVAD specific training for all
team members is essential. Preceptorships and LVAD vendors can provide the on-site
education needed to learn the principles of LVAD management. Basic equipment
should be garnered by the shared care facility and appropriate staff trained on its
use. Device consoles, spare parts such as controllers, power cables, controller batter-
ies, battery charges, and driveline equipment should ideally be available for timely
replacement and troubleshooting [42].

Every follow-up visit starts with a review of systems concerning potential LVAD
complications (Table 2). Next, is a blood pressure check which in continuous flow

General Dedicated LVAD Team

Physician Supervision—often a Cardiologist

Advanced Heart Failure Physician as Medical Director

Nurse Coordinator

Hotline or other dedicated LVAD patient portal

Education LVAD evaluation and management training

Implanting facility preceptorships

Internal review to continuously update best practices

Onsite LVAD training

VEndor sponsored, hands-on training

Maintenance * Equipment: system monitors, batteries, controllers, driveline dressings

Establish policies for common complications

Interval reassessment of shared-care providers and patient outcomes

Table 1.
Potential criteria for shared-care partners.
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Symptom Evaluate for
Shortness of breath or leg swelling Heart failure
Darkened or bloody urine or stools Coagulation abnormalities—bleeding or pump thrombosis
Fevers, chills, or trauma to driveline site Infection of driveline site
Table 2.

Symptoms in an LVAD patient.

devices is typically taken as a mean arterial pressure obtained via doppler. This is
done by inflating the sphygmomanometer to 20 mmHg above flow occlusion and the
opening pressure is considered the systolic blood pressure if the patient has pulsatil-
ity. In absence of pulsatility, as in most LVAD patients, this is considered the MAP or
mean arterial pressure. Recommended MAP is 60-80 mmHg [43] and MAPs outside
of this range warrant intervention. One of the common alarms is “low flow” due to
decrease in pump flow in both hyper and hypotension. Guideline directed medical
therapy or neurohormonal antagonism must be continued to appropriately control
blood pressure.

An ECG is recommended in every LVAD patient to evaluate for ventricular
arrhythmias. Prompt attention to any signs and symptoms of right heart failure
should warrant further investigation. Alarm interrogation and documentation is
also necessary. Critical alarms include “VAD stopped” and “critical battery” of
5 minutes which display as a red triangle. A yellow flashing triangle necessitates
evaluation by a LVAD specialist as it suggests the pump exceeds its power threshold.
Non-flashing alerts require non-emergent evaluation and can be evaluated at the
shared care center.

Additionally, laboratory tests are followed closely to ensure proper function of the
LVAD. Regular INR checks, lactate dehydrogenase (LDH), and plasma free hemoglo-
bin or hematocrit are measured regularly to monitor for adequate anticoagulation, as
well as to monitor for hemolysis [44]. In addition, echocardiography is used to moni-
tor ventricular function. Aortic valve insufficiency symbolizes inadequate function
and leads to adjustment to LVAD parameters [45].

Driveline exit sites must be thoroughly inspected and suspicion of infection
should be followed up with site culture, blood cultures, and appropriate imaging
studies. This can be performed at the local shared care site as it does not require
hardware manipulation. As infection rates are higher in this population and linked to
a higher 1-year mortality, prompt treatment of infections with appropriate antibiotics
is warranted [46]. GI bleeding is another complication that needs prompt evalua-
tion and can be completed at any shared care site with GI services. As arteriovenous
malformations (AVMs) are frequently the source of GI bleeding, urgent endoscopy
can serve as diagnostic and therapeutic modality [47]. Reversal of INR is not ideal
and requires careful monitoring as subtherapeutic states lead to pump thrombosis
and failure. Neurologic complications, both hemorrhagic and cardioembolic strokes
account for 19% mortality following an LVAD implant [12]. Due to its increasing
prevalence, guidelines for LVAD patients were added to the cardiopulmonary resusci-
tation (CPR) algorithm in 2017. All staff at shared care centers must be able to recog-
nize situations in which this protocol must be initiated. If the device hum is present,
then controller function and adequate power must be confirmed. In the absence of the
device hum, with MAP <50 mmHg, CPR should be initiated. However, with increas-
ing time of pump discontinuation, the likelihood of pump thrombosis increases.
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Extracorporeal membrane oxygenation (ECMO) can be considered in these scenarios
if CPR is successful and further care should be transferred to a tertiary center [48].

Follow up care in an LVAD patient is key to a successful outcome (Figure 2).
Houston Methodist, another implanting center who successfully employs the shared
care model, developed an extensive protocol to be used at shared care sites and specified
the steps taken for equipment checks from patient education to clinician verification
[49]. Educating the new shared care site on management of LVAD visits and emergen-
cies can be a challenge. There are no current guidelines on the training required by
ancillary staff to conduct such visits. Allowing for this care to occur near a patient’s
home can prove to be a psychosocial advantage, encouraging family members involve-
ment and support. If a regional center is trained in the basics of LVAD management,
it would decrease inpatient transfers for non-LVAD related hospitalizations, thereby
improving patient experience while increasing community hospital revenue [50].

The success of the shared care model can also allow former non-implantation
sites to naturally evolve into implantation sites themselves. The lessons learned
by its participation as a shared care site enabled DHLC to develop its own LVAD
transplant program further expanding patient access to needed durable mechani-
cal support. New implant centers will then develop their own selection committee
for candidacy in accordance with the International Society of Heart and Lung
Transplant Committee standards and guidelines. The patient is scored on the
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Figure 2.

Follow up evaluation of LVAD patient.
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Interagency Registry for Mechanically Assisted Circulatory Support (INTERMACS)
scale with 1 noting critical cardiogenic shock and 3 as stable on continuous intrave-
nous inotropic support. INTERMACS 4 through 7 are not typically considered for
LVAD as they have not yet reached the severity level required and are managed with
medications. Once the case is reviewed by the team, patients with an INTERMACS
score greater than two can choose the location for further work up for implanta-
tion with a plethora of tests such as echocardiograms, CT scans, and colonoscopies
which are used to maximize the patient’s status for an optimal outcome. Once a
LVAD is implanted, follow up care is transferred back to the referring heart failure
specialist who can continue to manage the patient in conjunction with the LVAD
team. While heart transplantation remains the goal for some patients, others have
been rejected due to age or other comorbidities. With the increasing demand for
LVADs as destination therapy, more shared care networks will likely make the
transition to implantation centers as well.

5. Discussion

The shared care to destination therapy model is an example of a new milestone
in the advancement of care in the face of a growing heart failure pandemic. This
model not only expands access to LVAD care, but also provides patients with social,
financial, and satisfaction benefits. Shared care centers allow individuals to reach
an advanced heart failure specialist quickly and efficiently by eliminating long
distance travel and its associated financial expenses, as well as eliminating the
excessive time commitment previously required for routine care. Patients are able
to continue to reside in their own communities without making a lifelong commit-
ment to either move where resources are available or spend an excessive amount
of time traveling. The physician-to-patient ratios will remain lower enabling the
physician-patient relationship to grow stronger over the years, which can improve
the physician’s ability to deliver personalized care and treat each patient based on
their individual needs.

Given the high mortality rates in end stage heart failure and the recent
advancements in LVAD technology that now afford a 3 year survival rate com-
parable to that of heart transplants [12], the demand for LVADs continues to
escalate. Just as DHLC implemented the shared care to destination therapy model
to eventually become a LVAD implant center, other shared care centers will likely
do the same and heart failure cardiologists will be better able to evaluate adHF
patients for LVAD candidacy to improve patient outcomes, satisfaction, and
quality of life. This involves a multidisciplinary team discussing LVAD selection
criteria, action plans, patient support, guideline directed treatment, and compre-
hensive follow up care.

A successful transition to a destination therapy center consists of a multidis-
ciplinary team made up of an advanced heart failure cardiologist, LVAD surgical
director, LVAD medical director, medical critical care director, heart failure nurse
practitioners, and two social workers all centered on patient care. Through this period
of expansion and development, these multidisciplinary teams are integral to the suc-
cessful establishment of a shared care center and a LVAD implant center. As former
shared care centers transition to destination therapy centers, the network of shared
care can then expand outward even more.
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6. Limitations

A prospective study interrogating the shared-care model has yet to be performed.
While limited data points are available, and retrospective data such as that from the
centers mentioned above, the viewpoints in this chapter should be validated in a true
prospective study. Such data will better delineate clinical outcomes for shared-care
patients, such as adverse events, quality of life, financial impact for patients and
healthcare systems. Despite a lack of such studies, the shared-care model is currently
being utilized across the country.

7. Conclusion

Traditionally, because LVAD implant facilities are frequently remotely located
from the patients that they serve, the shared-care model developed has demonstrated
a safe and effective way to care for LVAD patients who live far from their implanting
center.
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