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Preface

Extracorporeal membrane oxygenation (ECMO), also known as extracorporeal life support
(ECLS), has evolved to be a mainstream therapy for those requiring cardiac and/or pulmo-
nary support for acute heart, lung, or heart and lung failure and who are failing convention
medical therapies. With now thousands of cases being performed each year worldwide, it is
rapidly evolving into a valuable tool in the management of critically ill patients. However,
there is still much to be learned from a technology that is controversial, invasive, often cost-
ly, and limited by a lack of convincing randomized trials. As experiences continue to grow,
the hope is that outcomes will improve with better patient selection, better technologies, bet-
ter guidelines and protocols for management, and a general understanding of the impor-
tance of a team-based approach to managing extremely complex and sick patients. Critical
to the success of ECMO therapy is the recognition that therapy must be initiated early before
the onset of multiorgan dysfunction, neurologic complications, and the pathophysiologic
consequences of irreversible shock. While veno-venous ECMO is often considered for pul-
monary support and venoarterial for cardiac or cardiopulmonary support, the overlap in the
management of acute heart and lung injuries can complicate decision making regarding the
specific details of initiating therapy. Hopefully, the goal of this text—the second edition on
the topic—is to lend further insights into some of the challenges that face providers, at all
levels, who are interested in ECMO or use it routinely

This text is separated into several different areas—each focused on different aspects—of the
management of patients who require extracorporeal support. While there are several chap-
ters on general indications for ECMO—such as for respiratory failure, cardiogenic shock,
and postcardiotomy shock—there are several chapters that focus on specific applications.
These specific indications include, for example, the use of ECMO for high-risk catheter-
based interventions, complications following heart transplant, and unusual applications in
the neonate/newborn. Several chapters also focus on challenging topics regarding the use of
ECMO and include advanced concepts such as flow optimization, pump circuit design, and
the relationship to ventricular assist devices. An important topic that is also addressed is the
role of simulation training as a critical component to the development and maintenance of
competency of a high-quality ECMO program.

A theme common to many of the chapters is the importance of team communication with
the focus on optimizing timely care for critically ill patients. Without doubt, the importance
of early initiation of therapy prior to the sequelae of shock, hypoxemia, and hypotension
resulting in end-organ damage and neurologic dysfunction cannot be overemphasized. Fur-
thermore, once the decision is made to support a patient on ECMO, a primary goal is to
allow the heart and/or lungs to rest and recover. Prevention of complications while on EC-
MO is also paramount to good outcomes and is discussed in many of the chapters that focus
on specific applications of ECMO.
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Undoubtedly, ECMO is rapidly expanding throughout the world as it evolves into a valua-
ble tool for the management of critically ill patients in cardiogenic shock or acute respiratory
failure (or often a combination of both) regardless of the etiology. Hopefully, as the technol-
ogy expands, and providers become more experienced with the specific indications, patient
selection, pump circuit technology and interactions with human physiology, and the foun-
dations for effect team functioning will be outcomes that will continue to be important. This
text serves only as an update, and is by no means comprehensive, to the rapidly expanding
literature on the topic of extracorporeal support.

Michael S. Firstenberg, MD FACC FAIM

Chief, Cardiothoracic and Vascular Surgery

Director, Adult ECMO Program

Associate Professor of Surgery and Integrative Medicine (Adjunct)
Graduate Adjunct Faculty, College of Graduate Studies

Northeast Ohio Medical Universities

Rootstown, Ohio, USA

Teaching Faculty
The Rocky Vista University
Parker, Colorado, USA

The Medical Center of Aurora and Rose Hospitals
Aurora, Colorado, USA
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Introductory Chapter: ECMO - Growing Indications,
Applications, and Understanding of a Complex
Supportive Therapy

Michael S. Firstenberg and Jennifer M. Hanna

Additional information is available at the end of the chapter
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1. Introduction

This volume represents the second in a series of texts focused on extra-corporeal membrane
oxygenation (ECMO), also known as extra-corporeal life support (ECLS) [1]. Over the years,
there has been a continuous evolution of this therapy from a salvage form employed only
in extreme cases in which all other treatment options have failed to a technology which is
now considered a critical component in the toolbox of therapies and technologies used for
acute cardiopulmonary failure. While initial experiences reported few survivors, these poor
outcomes clearly had multifactorial etiologies [2]. Difficulties with primitive pump and cir-
cuit designs and technologies, a poor understanding of which patients derive the greatest
benefit from this therapy, little understanding of the long-term physiologic implications of
patient-circuit biologic interactions, a lack of management guidelines, and a generally limited
understanding of managing patients and therapy-related complications while on “longer”
term cardiopulmonary bypass have all contributed to the complexities of successful imple-
mentation of ECMO into mainstream medical and surgical practices. Nevertheless, over the
past three decades, there has been continued refinement in all aspects of ECMO therapies,
with a growing understanding of the role of ECMO as a life-saving therapy and potential
bridge to transplantation while awaiting organ availability. ECMO has evolved into a treat-
ment option that allows for an acutely injured heart and or lungs to heal, either allowing
for recovery or serving as a “bridge” to a more definitive long-term end-organ replacement
option such as ventricular assist devices or cardiopulmonary transplantation [3]. Many of
these complex topics are addressed in this contemporary volume. However, there remains,
without a doubt, much more to learn and understand. The successes of the ECMO technology

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{(cc) ExgIN
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reflect the tremendous efforts, dedication, and commitment by providers and researchers at
all levels who recognize the enormous potential for ECMO to save lives and present options
to those who would otherwise have none [4].

This volume reflects the substantial work of those, worldwide, who have dedicated a tremen-
dous amount of time and energy into better understanding of how to achieve better outcomes
with this complex technology. The common theme of this work has been the recognition that
teamwork is the most important variable that contributes to clinical success.

Developing a comprehensive “ECMO team” is one of the first steps in building a successful
program. This team must be prepared to initiate therapy at any time and in any setting, from
those as controlled as an operating room to those as chaotic as an emergency room. While
the specific members of the team might vary from program to program, there are several
key features that must be established in advance. It is well recognized that effective teams
must communicate and work well together —there must be uniform trust and a collective
value attached to the expertise that each member brings to the bedside. It likewise needs
to be recognized that traditional medical and professional hierarchies might be considered
“old-fashioned” and potentially ineffective, if not dangerous. Additionally, there must be a
willingness to embrace the concepts of crew resource management (CRM). The foundation
of CRM is that every member of the team has a voice and that each voice is valued and
respected. All members of the team must be encouraged, if not empowered, to speak up,
particularly when there are safety concerns. In the context of an ECMO team, membership
must include all of the following related disciplines, including, but not limited to (and in no
particular order of importance, as all are important):

* Surgeons (cardiothoracic, general, trauma, emergency medicine)

¢ (ritical care intensivists (pulmonary, surgical)

* Medical specialists (infectious disease, neurology, cardiology)

¢ Perfusionists

¢ Pharmacists

¢ Nursing (bedside, advanced practice providers)

¢ Respiratory therapists

¢ Palliative care

* Hospital leadership and administration

* ... and, most importantly, a Champion for the program to lead the team
As a function of the tremendous dedication of resources needed to establish a successful

ECMO program, there must be a well-established network of support and encouragement
from hospital administration and leadership (Figure 1) [5].

Increasingly, in medicine there is a recognition that optimal outcomes, especially with com-
plex and high-risk interventions, can be achieved using simulation training to help prepare
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Figure 1. ECMO “team.” Adopted from Reference intro chapter in Vol 1 (Ref [1]).

the team to respond in an effective and efficient manner. Especially in the case of time-
sensitive therapies such as ECMO, in which minutes sometimes can determine an outcome,
simulation training must be a component of every program and practiced regularly. In addi-
tion, the equipment and team must be prepared to implement this therapy at any time with
established protocols, guidelines, and goals of therapy [6]. The chapter by Dr. Sin Wai Ching
emphasizes and outlines these topics.

While patient selection is a critical aspect of ECMO therapy, determining the type of therapy
to initiate and how is likewise paramount. In the previous text, some of the topics related to
cannulation techniques [7] and pump/circuit design and development were addressed [8].
The chapter by Borrelli further elaborates on these technical aspects of pump/circuit design by
outlining their 23-year experience with pump positioning and holder systems.

Regarding the specifics of patient selection and implementing ECMO therapy, it is impor-
tant to understand how ECMO can (or should) be applied in specific clinical circumstances.
Particularly, with regard to understanding the fundamental differences in veno-veno ECMO
(VV-ECMO) for pulmonary support and veno-arterial ECMO (VA-ECMO) for cardiac or car-
diopulmonary support, several chapters discuss general clinical topics related to the specifics
of therapy. These include chapters in cardiogenic shock, severe acute respiratory distress syn-
drome, and generalized applications for longer-term support. More focused topics include:

¢ Primary graft failure after heart transplantation (Caneo)
¢ Post-cardiotomy cardiogenic shock (Murashita)
* Unusual applications in the newborn (Wintermark)

¢ Applications and support in high-risk percutaneous cardiac interventions (Ganyukov)

3



4 Advances in Extra-corporeal Perfusion Therapies

It cannot be emphasized enough that a key component to a successful program is appropriate
patient selection. Despite all of the advances in ECMO therapies over the years, even successful
programs have outcomes that range from 60 to 70% survival for veno-veno pulmonary support
and 25-35% for veno-arterial cardiopulmonary and emergent cardiopulmonary resuscitation
applications (E-CPR) [9, 10]. Lower success rates that improve over time and with experience,
improvements in institutional protocols, and better (and more-timely) patient selection can
be expected during the early phases of program development. Alternatively, as is seen with
other areas of innovative clinical therapies, programmatic successes and improving outcomes
spur attempts at treating higher-risk patients, resulting in a paradoxical loss in these suc-
cesses. Programs with inordinately high success rates may be depriving salvageable patients
the opportunity for survival because their indications are slightly out of the boundaries of
the traditional indications for therapy. Programmatic attempts to support lower-risk patients
on ECMO are not uncommon and are typically based on institutional (and personal) biases
and outcomes. A series of successes with low-risk patients then rationalizes attempts to sal-
vage the higher-risk patient. Conversely, lower than desired outcomes in higher-risk patients
might then limit selection back to patients with low-risk characteristics. Regardless, institu-
tional checks and balances as well as systems for reviewing metrics (clinical and financial) and
outcomes should be established. Team engagement at all levels—from bedside nursing to top
administrative leadership —is critical and cannot be emphasized enough. Membership and
participation in the Extra-Corporeal Life Support Organization (ELSO: https://www.elso.org)
should be encouraged, as it can provide data to help benchmark institutional success.
Membership can also provide a community in which to partner with colleagues, exchange
ideas, and as a resource for timely and important developments in the field.

Unusual patient populations represent one of the most rapidly expanding populations for
ECMO. For example, early experiences with ECMO to support overwhelming septic shock
in the setting of necrotizing soft tissues infections and the long-term, albeit anecdotal, good
outcomes in this clinical scenario have prompted greater enthusiasm for otherwise potentially
“hopeless” cases [11, 12]. There is also growing evidence supporting the role of ECMO to
support high-risk catheter-based interventions, as discussed in the chapter by Dr. Ganyukov
and colleagues [13]. However, such applications are limited to high-risk procedures in the
catheterization laboratory, defined as those with impaired ventricular function and complex
anatomy, or to reduce the risk of inherently high-risk or complex interventions, such as per-
cutaneous aortic valve procedures (i.e., transcatheter aortic valve replacement), coronary
or cardiac structural interventions, or electrophysiologic ablative procedures for complex
arrhythmias. The key goal of providing ECMO support during these procedures is to reduce
the risks of end-organ dysfunction. Hemodynamic instability (or even acute failure) during
such procedures could be reduced by using ECMO to provide support for brief periods of
time until the pathology is corrected (i.e., the coronary artery is stented or valve dilated) [14].

Managing patients on ECMO represents one of the greatest clinical challenges in all of medi-
cine. Management on ECMO can be divided into several areas, and management decisions
must be made in the context of the complex limitations of caring for patients on ECMO. For
example, in many areas, there are little, if any, randomized evidence, established protocols,
or even well-developed guidelines. Even simple interventions, like transporting patients on
ECMO, require team-based decision-making regarding the potential risks and benefits [15].
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Nevertheless, there are growing data to support some of the challenging aspects of caring for
ECMO patients. Some of these topics, while discussed in the first volume [1], are expounded
upon in this text. Such examples include chapters on flow optimization and reduction of
ventricular distention by Dr. Amarelli and the application and role of modified ultrafiltration
in pediatric patients by Curi-Curi and colleagues.

As with any intervention on complex and high-risk patients, transparent, frequent, and hon-
est updates and communications with the family are critical to managing expectations. It
is always important to emphasize that all communications should focus on the reality that
even in ideal circumstances, morbidity and mortality in patients needing ECMO continue
to be high. However, despite potentially long post-ECMO hospitalizations and recoveries,
survivors can potentially return to productive lives [6].

2. Conclusions

The goal of this text is to demonstrate further that ECMO continues to evolve as a mainstream
therapy for patients experiencing acute, severe, medically refractory cardiac and/or pulmonary

Figure 2. BH (center in wheelchair) with his parents after qualifying for the finals in the single-scull, arms and shoulder
only, rowing competition in the 2016 Paralympics in Rio de Janeiro. BH, a five-time USA national champion in the
event, represented the USA in Rio as a member of the Olympic team. In 2016 he was elected US Rowing “Rower of
the Year”. Several years prior, BH lost both legs to complications of a necrotizing soft tissue infection and required
cardiopulmonary support with veno-arterial ECMO due to overwhelming septic shock. Picture used by permission by
all represented [11, 12].
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6 Advances in Extra-corporeal Perfusion Therapies

failure. Contemporary trials continue to define the role of ECMO as the search for better out-
comes evolve [16]. However, as technology improves, guidelines get developed, protocols get
refined, and experience grows, without a doubt, outcomes will improve [17]. ECMO, as a func-
tion of its invasiveness, need for substantial resources, and high-risk/high-reward, and novel
technologies (i.e., the pump and oxygenators) often generates much institutional interest and
intrigue. Unfortunately, many patients, despite such heroic efforts, die on ECMO—even when
everything appears to have been done “right.” As important as it is to learn from all outcomes,
it is critical that everyone cherishes all victories. Victories can inspire, give hope, and motivate
a team even when further treatments appear futile (Figure 2). Even though there is still much
to learn on the topic of ECMO, the goal of this text is to continue to build on the growing
foundation of experiences and the current literature. If nothing else, the hope is to help inspire
those intrigued by and who believe in the potential benefits of ECMO [18].
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Abstract

Cardiogenic shock (CS) is an end-organ hypoperfusion associated with heart failure. Any
reason impairing acute left ventricular (LV) or right ventricular (RV) function may cause
CS. The only way to avoid CS is to provide early reperfusion in myocardial infarction
(MI) patients. CS is characterized by permanent or transient rearrangement of the entire
circulatory system. According to the current IABP-SHOCK II trial, 74% of the patients
with CSMI are treated with norepinephrine, 53% of them with dobutamine, 26% of them
with epinephrine, 4% of them with levosimendan, and 4% of them with dopamine.
Percutaneous circulatory support devices such as intra-aortic balloon pump (IABP),
LV assist device (LVAD), or extracorporeal life support (ECLS) create treatment options
for selected patients such as CS, cardiopulmonary resuscitation, or high-risk pPCI and
CABG. Extracorporeal Life Support Organization (ELSO, 2017) evaluated that the use of
ECLS/VA-ECMO should be considered when the mortality risk exceeds 50% despite opti-
mal conventional treatment in case of acute severe heart or pulmonary failure, whereas
it should be assessed as a primary indication when it exceeds 80%. Early and effective
revascularization is the best treatment option for CS. Thus, the organizations on the
national and global basis will play the most effective role for the short- and long-term
survival of patients.

Keywords: cardiogenic shock, multiple organ failure, inotropes, left ventricular assist
devices

1. Introduction

Cardiogenic shock (CS) is one of the most important issues dealt by cardiologists today and
still needs solutions. Prevention, accurate diagnosis, urgent intervention, effective support
for heart failure, and multi-organ failure (MOF) are what this endeavor involves [1]. More
than 90% of patients arriving at the hospital with acute myocardial infarction (MI) are likely
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to survive [2]. CS occurs in approximately 5-8% of inpatients with ST-elevation myocardial
infarctions (STEMI) and has a mortality rate of more than 30% [1]. CS is caused by end-organ
hypoperfusion due to impaired cardiac pump function. Although CS-related mortality has
declined significantly over the past decade, it continues to remain high, especially in cases of
its coexistence with ischemic heart disease. Acute coronary syndrome (ACS) is still the most
common cause of CS despite significant advances that have been made in its diagnosis and
treatment. The most successful form of treatment is primary percutaneous coronary interven-
tion (pPCI), which is carried out as rapidly as possible [3]. The recent research has suggested
that the peripheral vasculature and neurohormonal and cytokine systems also play a role in
the pathogenesis and persistence of CS.

In cases where CS complicates MI (CSMI), only one in two patients survives after 1 year [4, 5].
In a large study including 5782 patients, CSMI had developed in 2.5% of the patients with
STEMI before admission to hospital, in 4.3% of them on the first day of hospitalization, and
in 2.3% of them afterward [6]. For non-STEMI (NSTEMI) patients, these ratios were 1.2% for
each condition [6]. Mortality rates were 45.7% before the hospitalization, 32.8% in the early
period, and 54.1% in the late period [7]. Of 1422 CSMI patients, in the SHOCK Trial Registry,
a shock is developed following left ventricular failure in 78.5% of them, acute mitral insulffi-
ciency in 6.9% of them, acute ventricular septal defect in 3.9% of them, right ventricular failure
in 2.8% of them, cardiac tamponade in 1.4% of them, and other reasons in 6.7% of them [8].

2. Diagnosis and causes

2.1. Definition

CSis an end-organ hypoperfusion associated with heart failure. In terms of the hemodynamic
parameters used in the definition of CS, it is characterized by a systolic blood pressure of
80-90mmHg, acardiacindexbelow 1.8 Lmin™ m2withoutsupportand below2.0-2.2Lmin'm™
with support, a mean arterial baseline under 30 mmHg, and a pulmonary capillary wedge
pressure of 15 or >18 mmHg [9].

2.2. Diagnosis

However, it is not necessary to measure these parameters in order to make the diagnosis of
CS. Hypotension is not observed at the start in one-fourth of the patients diagnosed with
CSML. In this case, the diagnosis is made according to the clinical findings of organ hypo-
perfusion including extremity coldness, oliguria, and changes in mental condition such as
agitation. It is imperative to distinguish MI-related complications, from primarily mechanical
complications. The main complications are ventricular septal defect, free wall, and papillary
muscle rupture developing after MI. Usually, if it is the first MI event and there is no ante-
rior involvement, it should be considered that mechanical complications may have occurred.
First of all, diagnosing CSMI should begin by quickly obtaining a 12-lead ECG (STEMI) and
examining the clinical findings with respect to CS. In rare instances, the diagnosis of NSTEMI
can be made based on the clinical criteria and troponin levels. Performing a rapid echocar-
diography (ECHO) before PCI may discount these complications, and, at the same time, the
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detection of any pre-angiographic valve disease may alter the revascularization approach.
Bleeding, infection, and/or intestinal ischemia may also cause shock in cases of MI. In these
situations, patient survivability depends on being skeptical and makes a rapid diagnosis
along with correct intervention.

2.3. Causes

Anything that impairs acute left ventricular (LV) or right ventricular (RV) function may cause
CS. In cases of acute myopericarditis, tako-tsubo, and hypertrophic cardiomyopathy, shock
may present with ST elevation in which cardiac markers are released without coronary artery
disease. Stress-induced cardiomyopathy, also known as apical ballooning or tako-tsubo car-
diomyopathy, is a syndrome of acute LV dysfunction after emotional or respiratory distress
leading to CS in 4.2% of cases [10]. Chordal rupture caused by degenerative diseases and
trauma and acute valvular insufficiency caused by endocarditis may also cause CS. Severe
aortic insufficiency (regurgitation) or coronary involvement developing as a result of aortic
dissection may cause CS. Stress occurring in cases of severe aortic or mitral stenosis can cause
shock. Cardiac tamponade and massive pulmonary embolism may cause shock without pul-
monary congestion.

2.4. Risk identification

The only way to avoid CS is to provide early reperfusion in MI patients. In a randomized
trial, CS occurred less frequently compared to PCI in STEMI patients treated with thrombo-
lytic therapy within the first 2 hours of symptom onset before hospitalization (1.3 vs. 5.3%,
p =0.032) [11]. Low blood pressure and accelerated heart rhythm in patients admitted to hos-
pital suggest shock. Advanced age, anterior MI, hypertension, diabetes mellitus, multivessel
coronary artery disease, previous MI or angina, or being diagnosed with heart failure, STEMI,
and left bundle branch block are risk factors for the development of CS [12].

3. Physiopathology

CS is characterized by permanent or transient rearrangement of the entire circulatory system.
The primary cause of many CS instances is the failure of LV pump function, but other compo-
nents of the circulatory system, inadequate compensation, or additional defects can also con-
tribute to this condition. The fact that surviving patients demonstrate improved functionality
explains that all or some of these changes are completely reversible.

3.1. Left ventricle

The degree of LV myocardial dysfunction usually initiates CS. In most cases, it is not severe.
Left ventricular dysfunction reflects newly onset irreversible damage, reversible ischemia,
and previous infarct-related injury in CS. Myocardial injury causes systolic and diastolic dys-
function. Low blood pressure helps by reducing afterload due to the unique position of the
heart even though it causes damage at the same time by impairing the coronary blood flow. It
can lead to an increase in ischemia and cell death at the border and remote zone of the infarct
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area. Reduction in coronary perfusion causes deterioration in perfusion of the heart and other
vital organs by causing a decline in cardiac output (CO). Metabolic impairments occur inside
and outside of the infarct region. Hypoperfusion leads to catecholamine discharge, resulting
in an increase in contractility and peripheral blood flow, while, at the same time, increased
contractility causes increased oxygen demand on the part of the myocardium, as well as
arrhythmia and myocardial toxic effects [13]. Systemic inflammation may play a limiting
role in peripheral vascular compensatory response or may only be considered as an epiphe-
nomenon. Revascularization makes the ischemia disappear, but increased CO or LV ejection
fraction (LVEF) could not be shown as a benefit of revascularization. Revascularization sig-
nificantly increases the quality of life as well as survival rates [14, 15].

Vasoconstrictors and inotropic agents are able to correct CO and peripheral circulation tem-
porarily, but they do not break this vicious cycle. Although rapid intra-aortic balloon pump
(IABP) application improves ischemia transiently and supports the circulation, it is not the
final solution. Correcting coronary occlusion through surgery or PCI will break the vicious
cycle and increase survival.

In the light of CS’s complex pathophysiology, the cause of shock in many cases is a severe
impairment in contractility and moderate disruption in the LVEF [16]. LVEF was found
approximately 30% in the SHOCK trial [17]. In terms of LVEF value, the SHOCK trial obscures
many post-MI studies in which LVEF decreases with or without heart failure. The LVEF in
this study generally does not indicate that the magnitude of myocardial damage causes CS,
although it is measured in patients with inotropic and/or IABP support. LVEF is the same
in the acute phase of CS, and 2 weeks later, its functional status is different [18]. Even when
there are conditions in which there is no serious mitral regurgitation and the LV is preserved,
CS still develops in some patients [19]. LVEF is a prognostic indicator in patients who end up
with shock. The size of the LV is small or normal in about half of patients with CS [19]. LV
dilatation is an adaptive mechanism of failure in order to provide stroke volume in the early
phase. LV dilatation in the chronic phase may be maladaptive. The LV end-diastolic volume
was shown to increase slightly to 15 mL as a result of the serially performed echo within the
first 2 weeks in the survivors of CS [18].

3.2. Right ventricle

The RV may cause or contribute to CS. Shock based on the dominance of the RV occurs in 5%
of CSMI cases. RV insufficiency may limit CO, ventricular interdependence, or both of them
by decreasing LV filling. The treatment of patients with RV dysfunction and shock focuses not
on reducing CO and on maintaining adequate right heart filling pressure in order to provide
adequate LV preload in the conventional sense. However, in these patients, there is usually a
very high RV end-diastolic pressure above 20 mmHg due to RV dysfunction [20]. The increase
in RV end-diastolic pressure shifts the interventricular septum to the left via mechanical pres-
sure, thus impairing the functions by reducing the filling [21]. This means that aggressive fluid
resuscitation in RV dysfunction is actually the incorrect method. Inotropic therapy should be
initiated if it persists despite optimization of RV end-diastolic pressure in the CS secondary to
the RV. Maintaining RV end-diastolic pressures between 10 and 15 mmHg provides the best
CO [22]. Inhaled nitric oxide (NO) may be useful in reducing pulmonary vascular resistance
and promoting forward flow. Shock secondary to RV dysfunction has a mortality rate as high
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as that of shock secondary to LV dysfunction. The benefit of revascularization was similar in
the SHOCK registry for patients with primarily RV dysfunction and those with primarily LV
dysfunction [20].

Hypoperfusion of the extremities and vital organs is a sign of CS. MI-induced CO reduction
and persistence of ischemia both result in the release of catecholamines leading to constric-
tion of the peripheral arteries and, thus, affecting the maintenance of perfusion to the vital
organs. Attempts to improve peripheral and coronary circulation at the expense of elevation
in afterload by increasing the levels of vasopressin and angiotensin II at the beginning of MI
and shock will subsequently lead to impairment in myocardial functions. The continuation of
neurohormonal cascade activation will also increase acute pulmonary edema while attempt-
ing to improve perfusion by causing water and salt retention. The reflex increase of systemic
vascular resistance (SVR) mechanism is not fully effective. The SHOCK trial showed that SVR
was at mean levels during CS despite vasopressor treatment and that in some cases it was
even as low as in a septic shock [23]. Sepsis was suspected in 18% of the cohort of the SHOCK
trial, 74% of which developed positive bacterial cultures. SVR was lower in these patients,
and low SVR preceded the clinical diagnosis of infection and culture positivity by days [23].

Findings and observations of Ml may cause systemic inflammatory response syndrome (SIRS).
Inappropriate vasodilation as part of SIRS results in impaired perfusion of the intestinal tract
leading to the transmigration of bacteria and sepsis. As the duration of shock increases, so the
possibility of SIRS increases [24].

Sometimes, the medications given can contribute to the development of CS. Numerous medi-
cations such as beta-blockers, angiotensin-converting enzyme inhibitors, and morphine were
associated with the development of shock. The early use of these treatments contributes in a
small way to increase the risk of CS. However, given the large patient population receiving
this treatment, the number of incidents it causes significant [25, 26]. The timing of CS (early
after medication initiation) in the placebo-controlled, randomized trials of 3-blockage and
angiotensin-converting enzyme inhibition combined with their mechanisms of action indi-
cates that they may contribute to the development of CS in those at high risk.

Diuretics may also contribute to the development of post-MI shock [14]. The earliest effect
of ischemia is usually a reduction in LV compliance. MI may cause pulmonary edema before
a drop occurs in CO. The redistribution of intravascular volume to the lungs causes a clear
decline in the volume of circulating plasma before heart failure. High-dose diuretics adminis-
tered subsequently further reduce plasma volume. Low diuretic dose coupled with low-dose
nitrates and positional measures to decrease preload (e.g., seated position with legs down)
should be attempted in patients with MI and pulmonary edema to avoid precipitating shock.
Excessive volume loading in patients with RV infarction may also cause or contribute to shock.

4. Treatment

4.1. Supportive treatment

For M, giving aspirin and heparin routinely along with antithrombotic treatment is recom-
mended. Since emergency coronary artery bypass grafting (CABG) therapy can be required
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depending on the results of coronary angiography, clopidogrel therapy may be delayed to the
period after emergency angiography. There are indications of clopidogrel in all patients who
are to undergo PCI, and this will be useful in MI patients with shock depending on the infor-
mation obtained from non-shock MI patients. The use of vasodilators including negative ino-
tropes and nitroglycerin should be avoided. The arterial oxygen and pH levels should be kept
within normal limits in order to minimize the ischemia. Intensive insulin therapy improves
survival in critically ill patients with hyperglycemia and is a recommended course of action in
complicated MI [27]. An easy indication should be established in order to initiate mechanical
ventilation with mask or endotracheal intubation. Positive end-expiratory pressure reduces
preload and afterload. Mechanical ventilation also reduces respiratory workload.

4.2. Hemodynamic management

Pulmonary artery (PA) (Swan-Ganz) catheterization is frequently recommended in order to
confirm the diagnosis of CS. There has been a decline in the use of PA catheters following the
controversy caused by a prospective observational study suggesting that PA catheters are
associated with poor outcome [28]. The use of PA catheters in severely hypotensive patients
with MI can be performed according to patient [27]. At present, many clinics do not prefer PA
catheter for CS treatment anymore. Clinical assessment with ECHO is a reasonable alterna-
tive: Both PA systolic pressure and wedge pressure can be accurately estimated with Doppler
ECHO. In particular, finding a short mitral deceleration time (<140 ms) is highly predictive of
pulmonary capillary wedge pressure 220 mmHg in CS [19].

4.3. Pharmacological treatment

According to the German-Austrian CSMI guideline, dobutamine should be preferred as an
inotrope option, norepinephrine as a vasopressor option, and levosimendan over phospho-
diesterase III inhibitors in case of refractiveness to catecholamines [29]. In the current IABP-
SHOCK II trial, 74% of the patients with CSMI were treated with norepinephrine, 53% of them
with dobutamine, 26% of them with epinephrine, 4% of them with levosimendan, and 4% of
them with dopamine [5, 30].

Since the survival outcomes of high-dose vasopressor use are poor, pharmacological support
including these agents should be kept to a minimum [31]. This indicates the underlying seri-
ous hemodynamic derangement and toxic effects. Inotropic agents play a central role in the
treatment because the event initiating the shock is contractile dysfunction. Unfortunately, ino-
tropes increase myocardial ATP consumption, so when the heart fails and supply is already
limited, short-term hemodynamic healing occurs at the expense of increased oxygen demand.
In order to provide coronary and systemic perfusion, the use of inotropic and vasopressor
agents is required until IABP is placed or shock recovers. Norepinephrine is recommended in
cardiac hypotension due to its high potential [27]. Both dopamine and norepinephrine have
inotropic properties, but dobutamine is often required in addition.

4.3.1. Norepinephrine

The mean arterial pressure is effectively increased by intravenous infusions of norepineph-
rine at 0.1-1 pg/kg/min. According to the SOAP II study conducted using 1679 patients who
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developed shock due to various etiologies, norepinephrine with a rate of 45.9% showed a
50.2% lower mortality rate compared to dopamine in the total population and produced sig-
nificantly lower arrhythmia particularly atrial fibrillation (12.4 vs. 24.1%). Norepinephrine
showed significantly better survival rates than dopamine treatment in the prospectively
defined subgroup of CS patients [32].

4.3.2. Dobutamine

The inotropic dose range of dobutamine is between 2 and 20 pg/kg/min [33]. Based on the
results of a multicenter cohort observational study on 1058 shock patients, following the
German-Austrian guideline recommendations, the use of dopamine is an independent risk
factor for mortality (p = 003), while this is not the case for dobutamine and norepinephrine
[34]. Based on prospectively collected real-life data, epinephrine should be used only for
resuscitation because it produces advanced organ damage and it is associated with higher
mortality compared to dobutamine, levosimendan, and norepinephrine [35]. The European
Association of Cardiology guidelines recommended the combination of levosimendan with
a vasopressor agent in CSMI patients refractory to catecholamines or using it with a phos-
phodiesterase III inhibitor such as enoximone or milrinone, with or without dobutamine in
intractable CS (ICS) patients [33]. The use of levosimendan or phosphodiesterase III inhibitors
in shock patients who previously used chronic beta-blockers provides a better stabilization
than dobutamine, and the results are similar to those with acute decompensated heart failure
[36]. The German-Austrian CSMI guidelines recommend levosimendan, not PDE III inhibi-
tors [29]. More importantly, PDE III inhibitors are not recommended at all in STEMI patients
according to the guidelines of the European Society of Cardiology (ESC) [37].

4.3.3. Phosphodiesterase 111 inhibitors

Enoximone (Perfan™) and milrinone are selective PDE III inhibitors that increase inotropy
and decrease systemic vascular resistance. They do not cause changes in myocardial oxygen
consumption.

At the same time, they can be combined with dobutamine, because their combined inotropic
effect is greater than that of dobutamine and PDE III inhibitor alone [38]. When “bridge to
transplantation” was evaluated according to a prospective randomized trial, it did not prove
superior to dobutamine, and it also caused high treatment costs [27].

4.3.4. Levosimendan (Simdax™)

Levosimendan, which has been used for the treatment of decompensated heart failure, is a
calcium-sensitizing drug with inotropic agents. It increases the myocardial contractility with
vasodilatory properties; meanwhile, diastolic relaxation is not impaired. It increased the cardiac
contractility mediated by calcium sensation of troponin C, vasodilation through the opening of
potassium channels on the sarcolemma of smooth muscle cells in the vasculature, and cardio-
protection through the opening of mitochondrial potassium channels in the cardiomyocytes.

A single-center prospective randomized study comparing levosimendan and a PDE III inhibi-
tor enoximone examined 88 patients with CSMI refractory to catecholamines. The endpoint
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was identified as the resolution of shock, but the study was prematurely terminated by the
ethics committee due to the significant superiority of levosimendan in the transient analyses.
Only 32 CSMI patients could be evaluated. The primary endpoint of 30-day survival was
found to be significantly higher in the levosimendan group than in the enoximone group
(69% 11/16 vs. 37%, 6/16) [38]. According to nonrandomized trials, levosimendan has positive
effects such as increasing CO, LV stroke work index, and systemic vascular resistance [39, 40].
It has also been documented to improve right ventricular function by increasing the RV car-
diac power index (rVCPI) and decreasing pulmonary vascular resistance [39]. A small-scale
study with 22 CSMI patients comparing levosimendan therapy with dobutamine treatment
did not reveal any difference in 1-year mortality [41].

4.4. Percutaneous assist devices

Percutaneous circulatory support devices such as IABP, LV assist device (LVAD), or extracor-
poreal life support (ECLS) create treatment options for selected patients such as CS, cardio-
pulmonary resuscitation, or high-risk pPCI and CABG.

Percutaneous mechanical cardiac support (pMCS) devices, venoarterial extracorporeal mem-
brane oxygenation (VA-ECMO), and ECLS applications are quite appealing for patients
with CSMI because these therapeutic approaches offer an option that can improve cardiac
output by avoiding the cardiotoxic effects of catecholamine therapy. IABP as passive pMCS
and many active pMCS and VA-ECMO/ECLS are used [42-46]. However, in a review of an
TABP-SHOCK 1I trial conducted on 600 patients with CSMI, it was observed that no benefit
was provided in postinfarction CS treated with IABP and without mechanical complications
compared to conventional treatment. This condition was downgraded from Class I (level of
evidence C) to Class IIIA in the European guidelines [5, 47]. The use of active pMCS and
VA-ECMO, and the advantages that they can create, should be respected. However, there
are no high-quality RCTs supporting the general use of active pMCS in patients with refrac-
tory CSMI [48, 49]. As a result, ESC guidelines do not suggest the routine use of IABP in CS
[33, 37, 50, 51]. It can be used simultaneously in refractory CS for a short term as a bridge
leading to the implantation of a durable left ventricular assist device depending on the age,
comorbid factors, and neurological status of the patient [52]. ECLS/VA-ECMO may provide a
respiratory support in patients with the coexistence of severe cardiac and pulmonary insulffi-
ciency. Although there are no randomized trials that can assess ECLS/VA-ECMO in CS, obser-
vational studies have shown that it is useful in CS occurring during acute and chronic heart
failure and cardiac arrest patients [53, 54]. Current ESC guidelines for heart failure suggest the
use of ECLS/VA-ECMO or other support devices for the treatment of acute heart failure until
cardiac and organ functions are improved in CS.

Extracorporeal Life Support Organization (ELSO) 2017 suggested that the use of ECLS/
VA-ECMO should be considered when the mortality risk exceeds 50% despite optimal conven-
tional treatment in case of acute severe heart or pulmonary failure, whereas it was suggested
as a primary indication when the rate exceeds 80%. The main goal of the ECLS/VA-ECMO is
to provide rapid circulatory and respiratory stabilization until an adequate improvement in
cardiac loading is obtained in refractory CS. Although there are no controlled randomized
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trials on the efficacy of ECLS/VA-ECMO, it was established as an indication of Class IIb in
European guidelines and indication of Class Ila in American guidelines after observational
studies demonstrated its beneficial effects on survival compared to conventional treatment
[51, 54, 55]. Early application of ECLS/VA-ECMO was recommended to prevent imminent
multi-organ failure since it maximizes cardiac recovery potential [46]. The ECLS VA-ECMO
is also used in postcardiotomy CS occurring in the range 0.2-6% after cardiac operation [56].

There is a relative contraindication in patients that have recovered from life-incompatible
conditions, in situations where preexisting conditions adversely affect the quality of life (the
state of the central nervous system, end-stage malignancy, high-risk systemic bleeding com-
plications), and in conditions that would not cause any benefit such as extreme old age or
dependency; anatomical obstructions, if the treatment would take too long; or the existence
of a fatal disease.

4.4.1. IABP

This has been the mainstay of mechanical CS treatment for a long period of time. IABP has
become the most commonly used pMCS in the last decade. Some 10,000 IABPs were implanted
in Germany alone in 2009 [57]. IABP, which is made of a polyurethane membrane mounted
on a vascular 7.0-8.0 Fr catheter, is positioned in the descending thoracic aorta just distal to
the left subclavian artery. This device matches its inflation and deflation times according to
the cardiac cycle. The use of IABP improves coronary and peripheral circulation by increasing
LV performance with diastolic balloon inflation and reduces afterload with systolic balloon
deflation. IABP enables an increase in diastolic blood pressure and decrease in end-systolic
pressure without affecting the mean blood pressure, cardiac output, cardiac power index,
serum lactate levels, or by changing the doses of catecholamines. Accurate timing of inflation
and deflation provides optimal support. Not all patients benefit from the support of IABP. It
is a good prognostic indicator if it provides hemodynamic benefit [58]. If the procedure can be
performed quickly, it should be applied as soon as possible before revascularization or trans-
fer and in the presence of experienced operators. In the large National Registry of Myocardial
Infarction, the use of IABP was independently associated with survival at centers with higher
rates of IABP use [59], whether or not PCI, fibrinolytic therapy, or no reperfusion was used
[43]. Some of the many nonrandomized trials on the use of IABP in CSMI are positive, but
those with neutral outcomes have also been seen [46]. Sjauw et al. summarized the available
data in a systematic review and meta-analysis on IABP in STEMI patients with and without
CS including nine cohorts of patients with CSMI (n = 10,259). The use of IABP in patients
treated with thrombolysis showed a significant decrease in 30-day mortality by 18% when
compared to unsupported needs of highly revascularization rates. In contrast, the use of IABP
in patients treated with pPCI showed a significant increase in 30-day mortality by 6% [60].

A randomized IABP-SHOCK trial conducted with 45 PCMI-treated patients with CSMI
proved that the simultaneous administration of IABP did not correct multi-organ dysfunc-
tion syndrome (MODS) and hemodynamics [61]. When an IABP-SHOCK 1I trial that had
been performed afterward was examined, it was seen that the administration of IABP along
with early revascularization on 600 patients with CSMI had no effect on 30-day, 6-month, and
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12-month mortality [5, 47]. In a review made by the Cochrane group, the treatment of IABP
was compared with the standard treatment (n = 384) and three LVAD treatments (n = 45) in
four randomized clinical trials covering a total of 790 patients with CSMI in which the major-
ity of whom had been treated with the pPCI. No difference was noted in terms of 30-day
mortality in the group treated with IABP compared to the group in which IABP was not used.
It is thought that it can theoretically cause fewer complications and better support due to the
improvement in the current technology coupled with improvements in automation, flexibility
in treatment algorithms, and advances in placement speed and sheathless insertion thanks to
its smaller catheter body, but there is no information to support these considerations.

IABP has rare but serious complications such as major bleeding, stroke, and local and sys-
temic infections. When compared with LVAD and ECLS, it has the lowest complication
rate. Limb ischemia is the most commonly occurring vascular complication, but their rates
have been reduced due to its small-diameter catheter and sheathless insertion. Aortic dis-
section, retroperitoneal hemorrhage, femoral hematomas, arteriovenous fistulas, and femo-
ral pseudoaneurysms, which may be seen in any femoral artery procedure, may also occur
in IABP. Ischemia and necrosis in certain areas may occur with the embolization of aortic
atherosclerotic components to the peripheral vascular bed. Visceral organs may be affected
adversely as a result of inappropriate balloon catheter diameter and placement. In contrast to
all of these clinical observations, randomized IABP-SHOCK II trial revealed that high compli-
cation rates secondary to IABP were not observed in patients treated with IABP.

4.4.2. LVADs

LV assist devices (LVADs) are theoretically appealing since they break the vicious ischemia
cycle by providing temporary circulatory support, breaking hypotension and myocardial
dysfunction, enabling recovery from the stunned and hibernating myocardium, and allowing
the reversal of neurohumoral change. Active pMCS is hemodynamically more potent than
IABP [42, 43, 46, 48]. However, device-related complications and permanent organ damage
are the most important limiting factors. LVADs support the return of the oxygenated blood
drained from the left side of the heart into the systemic arteries with pulsed circulation or
continuous flow by circulating it through a device. Surgically implanted LVADs pump the
blood taken from the apex of the left ventricle via a cannula.

4.4.2.1. The TandemHeart (CardiacAssist Inc., Pittsburgh, PA)

The TandemHeart is a left atrial-to-femoral arterial LVAD device. It drains the blood through
a cannula placed in the left atrium entering from the femoral vein transseptally. The blood
returns to a systemic artery, the femoral artery, and perfuses into the thoracic and abdominal
aorta in a retrograde manner. The system is capable of delivering flow up to 4.0 L/min at
7500 rpm. The patients with CSMI treated with TandemHeart and Impella® family placed by
passing through the aortic valve and pPCI were evaluated in small randomized clinical trials
[48]. In the meta-analysis of four trials randomizing 148 patients treated with TandemHeart,
Impella®, or Impella CP®, the results were compared with the patient group treated with
IABP [48, 62-65]. Although hemodynamics were better in patients treated with pMCS, no
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significant difference was detected in terms of mortality, but complications such as bleeding
and leg ischemia were higher in that group.

4.4.2.2. The Impella® (Abiomed)

The Impella® pump is a nonpulsatile axial flow pump consisting of a suction cannula with a
turbine positioned in the LV in order to push the blood into the ascending aorta. It has three
versions 2.5, 5, and CP. Impella®is inserted through the femoral artery by 2.5 and CP standard
catheterization procedures into the ascending aorta and then placed in the left ventricle by
passing it through the aortic valve. The inlet area, located at the distal tip of the cannula, has
four openings that allow the blood to be drained into the inlet and channeled through the
cannula. The placement of Impella 5.0% is the same except that it requires surgical cutdown.
The axial flow pump system reduces the left ventricular load and causes a reduction in the
LV wall stress.

The Impella 2.5°, Impella CP®, Impella 5.0°, and Impella LD® catheters, in conjunction with
the Automated Impella® Controller (collectively, “Impella® System Therapy”), are temporary
ventricular support devices intended for short-term use (<4 days for the Impella 2.5° and
Impella CP® and <6 days for the Impella 5.0° and Impella LD®) and indicated for the treatment
of ongoing cardiogenic shock that occurs immediately (<48 h) following acute myocardial
infarction or open heart surgery or in the setting of cardiomyopathy, including peripartum
cardiomyopathy, or myocarditis as a result of isolated left ventricular failure that is not
responsive to optimal medical management and conventional treatment measures (includ-
ing volume loading and use of pressors and inotropes, with or without IABP). The intent of
Impella® System Therapy is to reduce ventricular work and to provide the circulatory sup-
port necessary to allow heart recovery and early assessment of residual myocardial function
(http://www.abiomed.com/impella/impella-25) (Figure 1).

4.4.2.3. HeartMate PHP (Thoratec Corporation)

This axial device system is composed of a percutaneously inserted, Nitinol-covered cannula
through the femoral artery, integrated with a tribune (impeller) having a diameter of 13 Fr.
Its major design feature is a collapsible elastomeric impeller and Nitinol cannula giving this
device the lowest profile insertion cannula with the highest flow. When it is placed by passing
through the aortic valve once, it may create a continuous flow of more than 4 L/min at reason-
able operating speeds, resulting in reduced LV end-diastolic pressure and volume. When it
has to be replaced again, the system collapsed by 13 Fr. The information is limited to a small
registry trial made up of 46 patients, and the results of which have not been published yet.

4.4.2.4. The iVAC 2L (Terumo Interventional Systems)

The iVAC 2L system is introduced percutaneously through the femoral artery and can pro-
vide a pulsatile support of approximately 2 L/min using an extracorporeal membrane pump
via a 17 Fr cannula. In the systolic phase of the heart, the blood is aspirated from the LV
through the catheter lumen into the membrane pump. During the diastolic phase, the pump
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Figure 1. Installation of Impella®.

ejects the blood back through the catheter, then reopens the catheter valve, and delivers the
blood to the ascending aorta through the side outflow port, thereby creating an “extra heart
beat.” Data are limited to a small case series, and the clinical impact of this device needs to be
investigated further (Figure 2).

4.4.3. VA-ECMO

Advances made since the introduction of the first cardiopulmonary bypass system in 1953
have enabled the development of percutaneous devices. In fact, today’s VA-ECLS devices con-
sist of venous and arterial cannulas, tubing, a membrane oxygenator with gas blender, a con-
tinuous flow centrifugal pump, and a heat exchanger compensating for heat loss originating
from extracorporeal circulation. Generally, a 16-19 Fr arterial cannula is placed in the ascend-
ing aorta, and an 18-21 Fr venous cannula is placed in the right atrium. The blood drained
from the right atrium is pumped into the heat exchanger and membrane oxygenator and
eventually returns to the femoral artery. The blood is drained from the main points separated
from cardiopulmonary bypass (CPB) devices into an open reservoir passively, whereas there
is a closed circuit in the VA-ECLS devices, and negative pressure is applied for venous blood
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Figure 2. Mechanical cardiac support devices.

return [66]. The pump continues to provide pulsatile arterial blood pressure with the continu-
ous flow until the circulation is fully supported by a cardiopulmonary bypass device. ECLS is
used in LV, RV, and biventricular insufficiency with the flow exceeding 5 L/min.

Venoarterial extracorporeal oxygenation or its synonym extracorporeal life support (ECLS) and
LVAD were commonly used as a bridge for heart transplantation in CS patients [67]. ECLS takes
the blood circulation out of the body into a membrane oxygenator and takes some of the work-
load of the right and left heart and lungs. While anticoagulation is required for ECLS and per-
cutaneous LVAD, it may be optional for surgically implanted LVADs. In reports concerning the
large LVAD series, 74% of 49 surviving patients underwent transplantation, and 87% of the trans-
plant patients in whom LVAD was placed surgically also survived and were discharged [68, 51].
Although early LVAD and extracorporeal life support and subsequently transplantation have
been recommended as an alternative approach to emergency revascularization, these non-sys-
tematic direct comparative and observational studies have yielded contradictory results. In a
study conducted with surgical LVAD with and without CABG, the mortality was found to be
higher in patients with CABG in whom LVAD was inserted in the early period after MI [69].

While VA-ECMO may support pulmonary functions along with cardiac functions, they also
have the advantage of being implanted in distant centers [46, 70]. After the publication of the
neutral results of the IABP-SHOCK trial, the number of VA-ECMO applications increased
dramatically [57]. The application number was 500 in Germany in 2012 increasing to 3000 in
2014 [57]. This worrisome increase in the use of VA-ECMO in CSMI patients is a very serious
issue that needs to be assessed in more detail since it does not rely on concrete evidence but
rather on conventional wisdom based on pathophysiology and the positive results published
in observational studies [49, 71]. An increase of 3-6 L/min in the flow, which is provided
by VA-ECMO and which is necessary, cannot ensure the survival of CSMI patients. There
are drawbacks involved in using these devices as a result of the high rates of complications
such as the large cannula sizes, major bleeding, lower extremity ischemia, compartment syn-
drome, amputation, stroke, severe infections, difficult weaning, lack of direct left ventricu-
lar unloading, and increase in afterload [72, 73]. Attempts to counteract the problem of left
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ventricular loading and increase in afterload with VA-ECMO are being made with the combi-
nation of an unloading device such as IABP or the use of Impella®[74, 75]. Better weaning and
lower in-hospital and 28-day mortality were reported with Impella® of VA-ECMO along with
IABP in a propensity-matched national registry [74]. Considering the lack of RCTs, systematic
reviews should be taken into account as well as two small nonrandomized registries (n = 95)
comparing VA-ECMO with IABP and Impella® and two other studies (n =140) conducted with
Impella RD® and TandemHeart [54, 75]. Considering the 30-day survival rate of VA-ECMO,
in this meta-analysis, it is obviously superior to IABP with 33% absolute survival rate. No
benefit was observed when compared with ECLS and pMCS (Impella®, TandemHeart). In
conclusion, the total meta-analysis did not indicate any significant benefits. When addressed
as a whole, the meta-analysis data of VA-ECMOs/ECLS and pMCS are inconsistent: on the
one hand, pMCSs are not better than IABP, whereas, on the other, VA-ECMOs/ECLS are bet-
ter than IABP while they are not better than pMCSs. Of course, there is a need for higher-
quality RCTs to be able to answer the questions about the routine use of VA-ECMO/ECLS
in treatment-resistant CS patients [44, 49]. It is seen that 75% of the survivors after ECLS are
able to go about their daily life, 25% of them return to work or school, and 57% of them are
not limited in their usual activities. However, when compared to a normative age-matched
population, significantly lower quality-of-life indices are reported [76].

4.5. Reperfusion

Coronary revascularization probably with pPCI should be planned as soon as possible in
STEMI/NSTEMI patients with impaired pump function. In the IABP-SHOCK II trial conducted
with 600 patients between 2009 and 2012, emergency coronary revascularizations were per-
formed with pPCI in 95.8% of them and with CABG in 3.5% usually after unsuccessful pPClI,
and revascularization was not performed only in 3.2% of them [5]. Early coronary revascular-
ization is the key recommendation for treatment of CSMI patients [29, 32, 33, 37, 50, 51]. The
SHOCK trial conducted with 302 CSMI patients between 1993 and 1998 revealed a tendency
for early revascularization compared to conservative treatment whether with pPCI (64%) or
CABG (36%) in terms of 30-day mortality (56.0 vs. 47.6%; p = 0.11) [77]. However, the 6-month
(49.7 vs. 36.9%; p = 0.027), 12-month (46.7 vs. 33.6%; p < 0.04), and even 6-year (32.8 vs. 19.6%;
p=0.03) survival rates, for early revascularization, are significantly high [77-79]. SMASH (Swiss
Multicenter Trial of Angioplasty for SHOCK) trial, which is the second study suitable for early
coronary revascularization, was prematurely terminated due to low participation after only 55
CSMI patients were included. This study seemed neutral regarding 30-day mortality [5]. The
low mortality rates of CSMI patients in the data registry reports of numerous countries such as
France, Italy, Switzerland, Sweden, and the United States in the past 30 years were attributed
to the increased rates of pPCI [3]. The “real-world” situation in Germany is reflected by the
registry data addressing 2.818 CSMI-treated patients, of whom 85% were treated with pPCI,
4.2% with CABG, and 8.9% with noninterventional treatment. Hospital mortality rates were
42% for pPCI, 21.7% for CABG, and 47.8% for noninterventional treatment [80].

4.5.1. Types of revascularization

The preferred approach is primary percutaneous coronary intervention (pPCI). The decision
to carry out revascularization in CSMI patients with multivessel disease or left main coronary
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artery should be made depending on the patient’s medical information, coronary anatomy,
procedural risks, potential delays in treatment, and patient preferences in cooperation with
a “heart team” composed of cardiologists and surgeons [32, 81, 82]. Registry data indicated
similar mortality rates between pPCI and CABG, while they sometimes suggested that CABG
was better [80, 81]. Chest pain units and shock centers in the network generated for MI patients
should allow to rapid transfer of CSMI patients to those centers where cardiac catheterization
and pPCl are performed [33, 37, 83]. Only in cases in which emergency cardiac catheterization
cannot be performed in a reasonable time period, systemic fibrinolysis should be preferred
as the second best option, and cardiac catheterization should be performed because systemic
fibrinolysis is not as effective as catheter revascularization [84].

The standard concept for pPCI in CSMI patients is reopening only the culprit coronary lesion.
Even though 70-80% of CSMI patients in fact have multivessel disease, the mortality rate of
opening multiple vessels in the same session is high. According to the registry data of the
TABP-SHOCKII trial, a significant difference could not be demonstrated between multives-
sel pPCI and the culprit lesion only pPCI in terms of 12-month mortality [85]. The European
Society of Cardiology guidelines recommend the implantation of a drug-eluting stent (DES)
over bare metal stents (BMS) in patients with STEMI and also in NSTEMI patients with acute
coronary syndrome [29, 37]. However, the roles of DES and BMS are still indefinite. All the
long-term causes of mortality were better in those who underwent DES implantation, while the
other two were neutral in a retrospective analysis [86, 87]. Still, even though using DES instead
of BMS does not have any adverse effect, the use of DES is still recommended in CSMI patients.

5. Conclusion

Examining the patients with CS, we can see that we have many problems to deal with and
solve. Due to ever-increasing risk factors for MI, particularly due to rapidly increasing world
population, aging populations, and tobacco use, the number of CS patients is increasing day
by day despite the serious advances and solutions in ACS. Although pMCS devices manufac-
tured specifically with advancing technology are considered to be good solutions, they do pose
new and serious problems. They are not suitable for every country or society due to their high
application and device costs and particularly due to the fact that they cannot guarantee life. We
need to allocate more resources to the abovementioned problems for the sake of public health
through the world, and we need to produce pMCS devices that are suitable for each population,
easy to apply, inexpensive, transportable, permanent, and effective so that the patient can be
transferred to a cardiac center no matter where the patient is. One clear fact revealed by this
study is the lack of clarity with respect to pMCS indications due to a low number of controlled
randomized clinical trials. Early and effective revascularization is the best treatment option for
CS. To this end, those organizations operating on both national and global bases are going to
play the most active role for the short-term and long-term survival of patients.
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Abstract

Percutaneous coronary intervention (PCI) has evolved into the high-risk category in
the past 2 decades. Endovascular patients are on average sicker than in the past due to
increased age, complex anatomy, reduced global left ventricular systolic function and
a greater frequency of surgical refusal. Extracorporeal membrane oxygenation (ECMO)
can be taken into account for the management of extremely high-risk PCI without any
hemodynamic instability. The rationale for the use of ECMO includes a lower risk of
hemodynamic collapse which leads to low perfusion episodes minimization. In the evi-
dence based on ECMO-assisted high-risk PCI, there are no randomized clinical trials but
only observational studies and case reports. In this paper, we describe one-year long-
term results of ECMO support for PCI in patients without hemodynamic disturbances.

Keywords: elective high-risk PCI, ECMO, stable angina, acute coronary syndrome

1. Introduction

At present, a clear-cut definition of what is a high-risk percutaneous coronary intervention
(PCI) is not completely determined. In general, high-risk PCl is an intervention which is likely
to cause adverse events that will worsen ischemia and reduced cardiac output culminating
into cardiogenic shock. According to the clinical expert consensus statement [1], variables that
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contribute to an increased risk of PCI can be classified into three groups: (1) lesion specific
(Jeopardy Score > 8 [2], calcification, bifurcation, tortuosity, occlusion), (2) clinical presenta-
tion specific (cardiogenic shock, acute coronary syndrome (ACS)), and (3) patient specific
(age, a history of diabetes mellitus and/or prior myocardial infarction, chronic kidney dis-
ease, ejection fraction <35% on the echocardiography assessment). A different combination of
these variables can provoke cardiogenic shock in high-risk PCI, whereas the most unfavor-
able option is a combination of severe left ventricular dysfunction (ejection fraction of the left
ventricle (EF) <35% or recent decompensated heart failure) and a technically complicated PCI
(left main, last remaining conduit, severe multivessel disease) [1].

In observational studies, extracorporeal membrane oxygenation (ECMO) has an encouraging
result for PCI in patients with hemodynamic disturbances [3-6]. A meta-analysis or random-
ized clinical trials data are not available for ECMO. That is why current European guidelines
can only be based on the expert consensus [7-9]: “Short-term mechanical support may be
considered in patients with refractory shock” (Class of recommendations IIb, level of
evidence C.)” There is no evidence of the ECMO benefits for PCI in patients with stable angina
and non-ST-segment elevation acute coronary syndrome (NSTE-ACS) based on long-term
results data. We are dealing only with single studies presenting hospital outcomes in small
series of patients and case reports [10-13]. Today, only selected NSTE-ACS patients with car-
diogenic shock are considered for left ventricular assist devices [7]. Approaches implying
the use of circulatory support devices for patients without hemodynamic disturbances who
require high-risk PCI are not discussed in the guidelines.

Nowadays, an evolution of PCI to the high-risk category could be observed. Endovascular
patients are, on average, sicker than in the past due to increased age, complex anatomy,
severity and extent of coronary artery disease, low left ventricular ejection fraction, co-mor-
bidities (renal failure, cerebrovascular disease, peripheral artery disease, diabetes mellitus
and chronic obstructive pulmonary disease) and a personal choice of PCI to improve their
symptoms [1, 14, 15]. Cardiac surgeons are the biggest providers of patients with high-risk
PCI. Because of an elevated surgical risk (high STS score or EuroScore II) as well as elevated
ischemic and bleeding risks (in NSTE-ACS patients after P2Y12 inhibitors loading), surgeons
could refuse coronary artery bypass graft (CABG) interventions [16-19]. Thus, high-risk PCI
is an appropriate revascularization strategy for patients who are not suitable for surgery or
have refused CABG.

A patient with co-morbidities and severe stable coronary artery disease (CAD) or NSTE-ACS
can have a significantly weakened cardiovascular reserve and be more receptive to low myo-
cardial perfusion stunning. At the same time, an aggressive endovascular approach with tech-
nically complex high-risk PCI can be complicated by coronary dissection with vessel closure
or no reflow or can require longer and balloon inflations with higher pressure. As a result,
a sequence of adverse events can occur, leading to reduced ejection fraction and increased
hypoperfusion, resulting in the progression of myocardial ischemia and the development of
cardiogenic shock and/or multiple organ failures. The rationale for the use of ECMO includes
a decreased risk of hemodynamic collapse which leads to fewer low perfusion episodes.
Additionally, a lower risk of hypotensive events could provide an interventional cardiologist
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with more time to achieve optimal results and complete revascularization. The problem is
that it is very difficult to take into account all the unfavorable factors, to correctly assess the
complexity of a particular clinical case and to determine the indications for mechanical circu-
latory support. Having two seemingly comparable patients, we can perform a high-risk PCI
procedure without adverse outcomes in one case, and with severe hemodynamic disorders in
the other. To resolve the issue we need to conduct a randomized study in the ECMO support
PCI versus PCI only but, at the moment, it is not possible due to ethical problems issues and
a small number of observations.

Currently, a large number of percutaneous mechanical circulatory support devices is avail-
able and has entered clinical practice. These include TandemHeart, intra-aortic balloon pump
(IABP), ECMO, Impella [1, 14, 15].

ECMO uses a centrifugal pump for artificial circulation of blood. For the purposes of PCI,
veno-arterial ECMO cannulation approach is selected. There are very little data on the use
of ECMO in the elective pre-procedural setting: data are limited to reports [12, 13] which
demonstrated a single-center experience of high-risk PCI with ECMO support as an adjunct
modality. The conclusion of these reports was that elective pre-PCI ECMO is a viable thera-
peutic alternative capable of ensuring good immediate and mid-term outcomes in high-risk
CABG patients.

The reason for choosing ECMO support versus other devices for elective high-risk PCI in
patients without cardiogenic shock is given in our earlier publications [20].

Thus, taking into account a high incidence of chronic CAD and ACS [21] as well as an evolu-
tion of PCI to the high-risk category there is a strong medical and social need to treat these
patients safely. A number of high-risk PCI patients are considered to be at extremely high
risk of PCI complications during these complex procedures. Nowadays, the development of
cardiac support devices such as ECMO has allowed to introduce a safer approach for the
extremely high-risk patient subset. The extracorporeal membrane oxygenation has some
advantages over the other types of mechanical circulatory support devices. There is limited
evidence data on the safety and efficacy of ECMO-assisted high-risk PCI in patients with
stable CAD and NSTE-ACS. The next parts of this chapter are devoted to analyzing immedi-
ate and long-term outcomes of ECMO support for high-risk PCI without cardiogenic shock as
an adjunct modality in the elective pre-procedural setting.

2. Immediate and long-term outcomes of ECMO support for complex
high-risk PCI in stable angina patients: A single-center experience

Elective high-risk PCI with ECMO support in stable angina patients with the multivessel
disease will be presented in this section. These data are based on the in-hospital and 12-month
outcomes of a single-center retrospective observational study in the small series of 16 patients.
The purpose of the study was to evaluate the incidence of MACCE (a composite of all-cause
death, myocardial infarction (MI), stroke and target vessel revascularization) at 30 days
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and 12 months. Additionally, bleeding and complete revascularization rates were evalu-
ated. Complete revascularization was defined as the PCI procedure, as a result of which the
residual SYNTAX score was <2. For the classification of bleeding, the definition of Bleeding
Academic Research Consortium (BARC) was used [22]. Hemorrhagic complications of type 3
and higher were taken into account.

High-risk PCI was defined as having two of the three parameters [20]: (1) ejection fraction
<35%; (2) Jeopardy Score > 8 [2]; (3) intervention for bifurcation and/or left main and/or
chronic total occlusion. An indication for high-risk PCI with ECMO support was based on the
heart team decision for those patients, who were not suitable for some types of revasculariza-
tion (CABG or PCI) and who had two of the three parameters of high-risk PCL

We started ECMO prior to PCI and used the “RotaFlow System” (by MAQUET). The ECMO
cannula was inserted using a surgical technique (9 (56.2%)) and endovascular approach
(ProStar XL, 7 (45.8%)). The mean ECMO time was 2.4-3.2 L/min/m? (70-100% from the
estimated).

The medications during PCI included unfractionated heparin and acetylsalicylic acid. All
of the patients received the loading dose of clopidogrel before PCI. Aspirin was prescribed
before revascularization (75 mg once daily) for all the study patients and it was continued
indefinitely. Unfractionated heparin was used (IV bolus of 100 IU per kilogram of body weight
followed by an adjustment according to the target activated clotting time of 250-300 seconds).
Antiplatelet regimen routinely included clopidogrel (a loading dose of 300 mg at the time of
PCI unless used in advance; then 75 mg daily, the recommended duration of treatment was
12 months).

Baseline clinical and angiographic characteristics of the study patients are shown in
Table 1. Of note, the mean age was 62.8 + 6.5 years, and the majority of patients were
males (81.2%). Diabetes mellitus was present in 18.7, 75% had a history of myocardial
infarction, peripheral artery disease was observed in 50% of patients. Left ventricular
ejection fraction (LVEF) was poor: 37.9 + 17.5%. Our patients had stenotic lesions of two or
more significant epicardial arteries and/or large branches (2.5 mm) >70% and/or stenosis
of LMCA >50%. The target vessel for PCI was determined taking into account the data on
the viability of the myocardium on cardiac magnetic resonance imaging. Fifteen (93.7%)
patients had 3 or more affected vessels, significant LMCA stenosis was diagnosed in 7
(43.7%) patients and mean SYNTAX score was 31.4 = 9.8. In general, stable CAD patients
(n = 16) were characterized by a high incidence of a prior MI, very low ejection fraction
and severe multivessel disease involving LMCA.

We successfully performed all PCI + ECMO interventions. Procedural characteristics and
in-hospital outcomes of the study patients are shown in Table 2. The mean bypass/PCI
duration was 115.6 + 43.7/98.6 + 31.1 minutes. All of the patients were weaned from the
system immediately after PCI directly in the cath-lab. Only six (37.5%) patients had a com-
plete revascularization while the mean number/length of implanted stents was 3.6 = 1.2
and 75.8 + 23.4 mm, respectively. Only second-generation drug-eluting stents (DES) were
implanted. There was one stroke case (6.2%) 5 days after PCI + ECMO which led to the death
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Variables Stable CAD patients
PCI+ ECMO (n =16)

Mean age 62.8 £ 6.5 (51-75)
Male 13 (81.2%)
Mean left ventricular ejection fraction 379+17.5
Left ventricular ejection fraction <35 11 (68.7%)
EuroScore II 32+24
CCsII 6 (37.5%)
CCSIII-IV 10 (62.5%)
Chronic kidney disease 4 (25%)
COPD 2 (12.5%)
Diabetes mellitus 3 (18.7%)
Prior myocardial infarction 12 (75%)
Arterial hypertension 134 (89.3%)
Peripheral artery disease 8 (50%)
Prior stroke 1(6.2%)
SYNTAX Score 314+9.8
Jeopardy score [2] 11.3+0.9
Affected vessels: 1, 2 1(6.2%)
Affected vessels: 23 15 (93.7%)
LMCA stenosis 250% 7 (43.7%)

BARC: Bleeding Academic Research Consortium, COPD: chronic obstructive pulmonary disease, CCS: Canadian
Cardiovascular Society grading of angina pectoris.

Table 1. Baseline characteristics of the study population.

of the patient with carotid artery disease. A BARC bleeding of type 3 or more was observed
in 6 (37.5%) patients. The mean hospital stay was 12.6 + 4.8 days. A significant decrease in
hemoglobin levels required blood transfusion in six cases. The blood use averaged 4.2 units
of red blood cells.

Long-term outcomes of the study are presented in Table 2. About 25% mortality rate was
observed at 12 months. The combined endpoint (all-cause death, myocardial infarction (MI),
stroke and target vessel revascularization) was observed in 4 (25%) patients. Three (18.7%)
deaths occurred in the post-hospitalization period as a result of acute myocardial infarc-
tion. Two were due to acute stent thrombosis and one as a consequence of stent restenosis.
Myocardial infarctions in the long-term follow-up period (3 (18.7%)) were predominantly
new cases after the hospital discharge and led to TVR in two patients. There were no addi-
tional stroke cases in the follow-up period.
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Variables Stable CAD patients
PCI+ ECMO (n =16)

In-hospital outcomes

MACCE 1(6.2%)

® Death 1(6.2%)

e Stroke 1(6.2%)

e MI 0

¢ TVR 0

Mean bypass duration (min) 115.6 £43.7
Mean total time of PCI (min) 98.6 +31.1
Mean No of stents 3.6+1.2
Mean diameter of stents 3.25+0.5
Mean length of stents (mm) 75.8+234
Bleeding (BARC=3) 6 (37.5%)
Complete revascularization 6 (37.5%)
Residual SYNTAX score 8.5+10.8
Hospital stay (days) 12.6+4.8

12-month outcomes

MACCE 4(25%)
* Death 4(25%)
o Stroke 1(6.2%)
e M 3 (18.7%)
e TVR 2 (12.5%)

BARC: Bleeding Academic Research Consortium, MI: myocardial infarction, TVR: target vessel revascularization.

Table 2. Procedural characteristics and study end points.

This study had patients at high risk of adverse events for any type of revascularization (CABG
and PCI). This is the largest series of consecutive high CABG risk chronic CAD patients who
underwent ECMO in the elective pre-procedural manner. The main hypothesis of the study
was that PCI+ ECMO may be a feasible strategy of revascularization for stable angina patients
at a high risk for CABG or PCI only.

All the patients had severe multivessel disease involving LMCA, poor left ventricular fraction
as a result of a prior MI and underwent challenging PCI with ECMO support as an adjunct
modality in the elective pre-procedural setting, which allowed to complete a successful revas-
cularization without hemodynamic disturbances and to wean from ECMO immediately after
PCI. The hospital results looked satisfactory. There were no serious cardiac adverse outcomes.
Hemorrhagic complications were not fatal, although it is necessary to note a high incidence of
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bleeding and blood transfusions. At the 12-month follow-up, the results became less encour-
aging. A high number of myocardial infarctions in combination with an in-hospital stroke
led to an increased number of cumulative adverse outcomes of 25%. The attention should
be drawn to the unsatisfactory effect of implantation of second-generation DES (myocardial
infarction and death from myocardial infarction in 18.7% of patients). Nevertheless, our data
do not go beyond the results presented in the literature. The long-term all-cause mortality in
ischemic cardiomyopathy patients with reduced ejection fraction increased up to 58.9 and
66.1% in the CABG and guideline-directed medical therapy groups, respectively [23, 24]. The
main limitation of our analysis is a small number of patients. Therefore, in order to answer
the question on the role of ECMO for high-risk PCI in chronic CAD patients, larger trials are
required.

In conclusion, our study was designed to report the unique single-center experience in
using ECMO to manage high-risk stable angina patients in the catheterization laboratory.
In-hospital results suggest that PCI with ECMO can be successfully performed and may be
a feasible strategy of revascularization in a high-risk cohort of chronic CAD patients with
adverse outcomes after any type of revascularization (CABG and PCI). Bleeding control is a
critical aspect of care during the PCI + ECMO procedure. The long-term results of PCI with
the support of artificial circulation require additional evaluation in larger or/and randomized
studies. Particular attention should be paid to factors that increase the risk of stent thrombosis
(the number of stents, the quality of stents, the procedure for stent implantation, antiplatelet
therapy).

3. PCI + ECMO vs. CABG for NSTE-ACS patients with multivessel
disease

We followed NSTE-ACS multivessel coronary artery disease (MVCAD) patients consecu-
tively admitted to our hospital from 2012 to 2015 and undergone revascularization with high-
risk PCI + ECMO support or CABG. The study included 53 patients (PCI+ ECMO, n =23, and
CABG, n =30). It was a single-center registry, which compared 12-month outcomes. Inclusion
criteria were significant multivessel coronary disease and/or stenosis of the left main coronary
artery (LMCA) 250%. The PCI + ECMO group of NSTE-ACS patients had an intermediate
risk of adverse cardiovascular outcomes (mean GRACE score 117.3 + 19.4, mean EuroScore II
4.3 +3.9%), and a high SYNTAX Score: 33.3 + 8.3. Significant LMCA stenosis was diagnosed
in 60.7% of patients. Every third patient had diabetes mellitus, a prior myocardial infarction
was observed in 56.4% cases, peripheral artery disease was diagnosed in 60.7% of patients
of the study population. High-risk PCI was defined as having two of the three parameters:
(1) left ventricular ejection fraction less than 35%; (2) a large amount of myocardium at risk
(Jeopardy Score 8 and more [2]) and (3) complex PCIL. An indication for high-risk PCI with
ECMO support was based on the heart team decision for those patients, who were not suit-
able for some types of revascularization (CABG or PCI) and who had two of the three param-
eters of high-risk PCI.
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The CABG group patients also had a moderate risk of adverse cardiovascular outcomes (mean
GRACE score 97.5 + 15.0, mean EuroScore II 2.7 + 2.1%), and an intermediate-high SYNTAX
Score: 29.7 + 8.3. Significant LMCA stenosis was diagnosed in 36.6% of patients. Diabetes mel-
litus was present in 16.6% of patients, 60% of patients had a prior myocardial infarction and
in every third patient of the study population, peripheral artery disease was diagnosed. Thus,
there were no statistically significant differences between the groups in terms of the baseline
clinical characteristics, but the PCI + ECMO group had a potentially slightly poorer prognosis
compared with the CABG group (Table 3).

In order to perform PCI+ ECMO, we used 21-23 Fr venous cannula for the right common fem-
oral vein with a surgical technique. For the iliac artery—17-18 Fr arterial cannula was used.
The mean ECMO flow was about 2.5 L/min/m2 with a duration of 95.4 + 25.2 min. During PCI
all patients received unfractionated heparin, and acetylsalicylic acid before PCI. About 42%of
patients received the loading dose of clopidogrel before PCI. After the surgical cannulation
wound closure, the remaining patients received the loading dose of clopidogrel. We con-
nected ECMO (“RotaFlow System” developed by the MAQUET Getinge Groupe, Hirrlingen,
Germany) before the start of PCL

The patients in both groups were waiting for revascularization for about 2 weeks. About
89.9% of the CABG patients had complete revascularization. There were significantly fewer
patients having had complete revascularization in the PCI + ECMO group: 30.3% (p = 0.0001).

Variables PCI + ECMO (n=23) CABG (n =30) P
Mean age 67.5+ 8.5 (48-82) 644+7 0.125
(45-75)
Male 15 (65.2%) 19 (63.3%) 0.9
Mean left ventricular ejection fraction 47.5+12.8% 54.4 +10.0% 0.069
Left ventricular ejection fraction <40% 9 (39%) 1(3.3%) 0.001
Mean GRACE SCORE 117.3£19.4 97.5+15.0 0.205
LMCA stenosis 250% 14 (60.7%) 11 (36.6%) 0.08
Diabetes mellitus 8 (34.7%) 5(16.6%) 0.13
Prior myocardial infarction 13 (56.4%) 18 (60%) 0.8
Arterial hypertension 22 (95.4%) 27 (89.9%) 0.5
Peripheral artery disease 14 (60.7%) 11 (33.3%) 0.049
Prior stroke 2 (8.6%) 2 (6.6%) 0.8
EuroScore I 43+3.9% 27+21 0.01
SYNTAX Score 33.3+83 29.7+8.3 0.062
Jeopardy score 10.6+1.8 10.6 1.7 0.876

Table 3. Baseline characteristics of the study groups.
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Implanted stents mean length and diameter were 54.6 + 25.3 mm and 3.28 + 0.4 mm, respec-
tively. During the PCI procedure, 2.8 + 1.1 DES were implanted. The average number of grafts
in the CABG group was 2.8 + 0.6.

The study endpoints included death, myocardial infarction, stroke, repeated unplanned
revascularization and the combined endpoint of death, myocardial infarction, stroke, and
revascularization.

It is important to note, that the in-hospital mortality in the PCI + ECMO group was 4.3% and
the combined endpoint of adverse events (MACE) (death, M, stroke, repeated revasculariza-
tion) was 8.7%. We observed a high rate of significant hemorrhagic complications (BARC 3)
caused by the use of the ECMO cannula: up to 47.8%. Despite this, after 12 months of follow-
up, mortality and MACE increased only to 8.7 and 17.4%, respectively. Repeated revascular-
ization was required only in 1 (4.3%) case. These results make it clear that the revascularization
approach is justified when PClI is performed on severe stenotic lesions in the large proximal
parts of the coronary arteries that supply significant areas of the viable myocardium.

The in-hospital results in the CABG group were characterized by a high mortality level
(9.99%). MACE in the hospital period reached 13.3%. Significant hemorrhagic complications
(BARC 3-4) occurred in 26.6% of cases, which was the expected outcome in the group of open
surgical treatment. Mortality and MACE in the CABG group increased to 13.3 and 23.3%,
respectively, after 12 months of follow-up. The analysis of the results shows a high propor-
tion of in-hospital and long-term adverse events, which is caused by a high risk of the open
surgery in NSTE-ACS MVCAD patients with a high SYNTAX score. These results should not
be considered as unfavorable because according to the data of our Registry [25], the prognosis
in this group of patients was extremely poor in the absence of revascularization (mortality
rate reached 28%).

The comparison of the PCI + ECMO and CABG results of in NSTE-ACS MVCAD patients
showed no significant differences in the study endpoints at 12-month follow-up (Table 4)
despite a potentially poorer prognosis in the PCI+ ECMO group compare to the CABG group
based on baseline clinical characteristics.

Thus, PCI + ECMO may be an alternative to the CABG revascularization strategy for NSTE-
ACS MVCAD patients with a high surgical risk. Although CABG remains the conventional

Variables PCI + ECMO (n = 23) CABG(n=30) P
Death 2 (8.7%) 4(13.3%) 0.27
Myocardial infarction 2 (8.7%) 2 (6.6%) 0.77
Stroke 1(4.3%) 0 0.26
Revascularization (unplanned) 1 (4.3%) 2 (6.6%) 0.7
MACE (death, MI, stroke, repeated revascularization) 4 (17.4) 7 (23.3%) 0.6

Table 4. Twelve-month outcomes of various treatment strategies.
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method of revascularization for patients with complex coronary disease including multives-
sel and LMCA disease, PCI + ECMO is a technique that improves the access to revasculariza-
tion for high-risk patients who are often refused a CABG surgery.

In our study, we included patients with a high risk of adverse outcomes for any type of revas-
cularization (CABG and PCI). We assume that PCI + ECMO is a possible strategy of revas-
cularization for high-risk NSTE-ACS patients. These patients usually have diffuse coronary
artery disease involving LMCA. PCI with ECMO support makes it possible to perform a suc-
cessful revascularization with no hemodynamic instability.

The present study had several limitations. First of all, it was not randomized. A very criti-
cal clinical and angiographic status of the PCI patient group gave us the opportunity to test
ECMO as a method of PCI support in a high-risk cohort of NSTE-ACS patients. It is necessary
to conduct randomized trials to answer the question on the role of ECMO support for high-
risk PCI in NSTE-ACS patients.

4. Conclusions

Currently, the guidelines approve the use of ECMO support in cardiogenic shock or cardiac
arrest patients. There are limited data on the use of ECMO support for PCI in stable angina
and NSTE-ACS patients without hemodynamic disturbances. However, the use of ECMO
for PCI support has a theoretical and practical rationale and showed encouraging results
in our single-center observation. Our single-center experience demonstrated that PCI sup-
ported by ECMO may be an alternative for high-risk revascularization (CABG and PCI)
for both stable angina and NSTE-ACS patients. The extremely poor prognosis in high-risk
patients treated with a pharmacological approach who are often refused a CABG surgery
or standard PCI makes PCI + ECMO method very promising as it improves the access to
revascularization.

Our experience in this study allowed us to come to the following conclusions. A detailed
assessment of the viable myocardium in a group of patients with stable coronary artery
disease can improve the 12-month results as a more accurate selection of patients for
PCI + ECMO support will be done. A particular attention should be paid to factors that
increase the probability of stent thrombosis. The role of this revascularization method for
NSTE-ACS patients is more obvious. PCI + ECMO is a life-saving technique that significantly
improves hospital and 12-month survival of patients who were refused a CABG surgery or
standard PCI. Unfortunately, we do not know the exact indications for ECMO in the elective
pre-procedural setting, therefore, we need to develop a methodology (calculator) to imme-
diately assess the need for mechanical circulatory support devices during high-risk PCI. In
the end, selection of mechanical circulatory support devices is a matter of a personalized
approach and should be based on the results of upcoming large randomized comparative
studies.
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Abstract

Acute respiratory distress syndrome is characterized by an increase of the permeability of
the lungs’ alveolar-capillary membranes, leading to the extravasation of liquid rich in pro-
teins inside the alveolar spaces that turns air-filled lungs into heavy high-osmotic pres-
sure liquid-filled lungs. The consequence is the collapse of the lowermost lung regions,
shunt, refractory hypoxemia, decrease in lungs’ compliance and increase in dead spaces
that are more pronounced with the severity of the permeability changes of the pulmonary
alveoli-capillary membrane. According to the recent Berlin definition, severe acute respi-
ratory distress syndrome is defined by bilateral pulmonary infiltrates of recent onset (less
than 1 week) in a patient with a risk factor for ARDS that has a PaO,/FIO, equal or less
than 100 with a positive end-expiratory pressure equal or more than 5 cm H,0O with no
evidence of cardiac failure or hypervolemia. Severe ARDS patients present a higher mor-
tality ratio, a more difficult mechanical ventilatory support (higher airway pressures with
low tidal ventilation and higher PaCO, levels) and benefits for adjunctive ventilatory sup-
port therapy. The recommended mechanical ventilatory support in severe ARDS is with
low tidal ventilation (less than 6 mL/Kg predicted body weight) with driving inspiratory
pressures less than 15 cm H,O, respiratory rate sufficient to keep adequate minute venti-
lation and PaCO, levels. PEEP higher than 15 cm H,O and prolonged prone position are
recommended for more severe patients to improve their survival. Adjunctive recruitment
maneuvers can be used to improve oxygenation and allow more homogeneous ventila-
tion and PEEP titration. In refractory hypoxemia and especially in younger patients with
prognosis, extra-corporeal veno-venous membrane oxygenation support can be used.

Keywords: ARDS, mechanical ventilation, ECMO, hypoxemia
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1. Diagnosing and evaluating the severe acute respiratory distress
syndrome

Acute respiratory distress syndrome is characterized by an increase of the permeability of the
lungs alveolar-capillary membranes leading to the extravasation of the intravascular plasma
of the lungs capillary network surrounding the alveoli to the alveolar spaces that were previ-
ously filled by air. This accumulation of liquid rich in proteins inside the alveolar spaces turns
an air-filled lungs into a heavy high-osmotic pressure liquid-filled lungs and the consequent
collapse of the lowermost lung regions, shunt, refractory hypoxemia, decrease in lungs com-
pliance and increase in dead space that are more pronounced the more severe the permeabil-
ity changes of the pulmonary alveoli-capillary membrane. Regarding the physiopathology of
ARDS, the hallmark mechanism of injury is inflammation leading to increased endothelial
and epithelial permeability and liberation of receptors for angiopoietin-2 and advanced glyca-
tion end products (RAGE) [14].

2. Severe ARDS according to Berlin definition

According to the recent Berlin definition, severe acute respiratory distress syndrome is defined
by bilateral pulmonary infiltrates of recent onset (less than 1 week) in a patient that have a PaO,/
FIO, equal or less than 100 with a positive end-expiratory pressure equal or more 5 cm H,O with
no evidence of cardiac failure or hypervolemia. The patient also needs to present a risk factor for
ARDS development as respiratory infection, gastric content aspiration, lungs contusion, blood
products transfusion, sepsis, high-risk trauma, high-risk surgery, shock, and pancreatitis [1-4].

3. The hole of extravascular lung water and pulmonary vascular
index in the evaluation of severe ARDS

The extravascular lung water index (EVLWi) is calculated as the intra-thoracic total volume
minus the intra-thoracic blood volume indexed by predicted body weight measured using a
transpulmonary thermodilution method. The pulmonary vascular permeability index (PVPI)
was calculated as extravascular lung water divided by the pulmonary blood volume [5].
Theoretically, the greater the EVLWi and PVPi, the greater the severity of ARDS. Recently,
Kushimoto and colleagues [5] evaluated the relationship among the severity categories of
ARDS as defined by the Berlin definition, EVLWi and PVPi to confirm their predictive valid-
ity for severity of ARDS. They measured EVLWi and PVPi in 195 patients with an EVLWi of
210 mL/kg, which fulfilled the Berlin definition of ARDS in 23 intensive care units for three
consecutive days. Patients with moderate and severe ARDS had higher acute physiology and
chronic health evaluation II (APACHE II) and sequential organ failure assessment scores
(SOFA) on the day of enrollment compared to patients with mild ARDS. Patients with severe
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ARDS had higher EVLWi (severe, 19.1; moderate, 17.2; mild, 16.1; P <0.05) and PVPI (3.2; 3.0;
2.7; P < 0.05). When the authors evaluated 495 independent measurements over three con-
secutive days, they observed a moderative and negative correlation between PaO,/FIO, ratio
and EVLWi (r = -0.355, P < 0.001) and PaO,/FIO, and PVPi (r = -0.345, P < 0.001 The authors
observed an association between ARDS severity according to Berlin definition and 28-day
mortality rate: severe, the odds ratio 4.167 relative to mild.

4. The hole of pulmonary arterial hypertension and right ventricular
dysfunction in ARDS severity stratification

Hemodynamic data from the ARDSnet Fluids and Catheter Therapy Trial (FACCT) [6] that ana-
lyzed 475 patients randomized to receive a pulmonary artery catheter for ARDS management,
none of the baseline measures of cardiopulmonary dysfunction distinguished survivors from
nonsurvivors. When the authors measured the transpulmonary gradient (TGP), they observed
that 73% of the ARDS patients monitored with the Swan-Ganz had an elevated TGP (>12 mm
Hg). Patients with a TPG > 12 mm Hg had a significantly greater mortality rate than patients
with a TPG <12 mm Hg (30 vs. 19%; P = 0.02). In multivariate analysis, an elevated TPG and a
high PVRi remained an independent predictor of an adverse outcome in this ARDS population.
In a recent, prospective and observational study in an academic medical intensive care unit in
France [7], 226 consecutive patients with moderate to severe ARDS ventilated who received a
protective ventilation (plateau pressure less than 30 cm H O and mean PEEP of 8.8 + 3.6 cm
H,0, underwent transesophageal echocardiography (TEE) within the first 3 days after the diag-
nosis of ARDS. Cor pulmonale (dilated right ventricle associated with septal dyskinesia), was
detected in 49 patients (prevalence of 22%; 95% confidence interval, 16-27%). Patients who
had cor pulmonale presented a significantly higher 28-day mortality rate (60 vs. 36%, P < 0.01)
compared with the ARDS patients without cor pulmonale. Sepsis and higher values of driv-
ing pressure were associated with the presence of cor pulmonale that was an independent
risk factor for 28-day mortality in their population. Taking these results into consideration, a
subgroup of ARDS severity stratification: ARDS with right ventricular dysfunction should be
proposed especially because different ventilatory strategies (prone position, low driving pres-
sures, titrated PEEP levels), distinct pharmacologic therapy (pulmonary artery vasodilators)
should be tested in order to improve prognosis of this subgroup of ARDS patients [4].

5. The hole of low respiratory system compliance in ARDS severity
stratification

Other factors that are associated with severe ARDS are respiratory system compliance of
less than 20 mL/cm H,O, pulmonary dead space fraction greater than 0.60, as well as high
APACHE II and SAPS II score as well as multiple organ failures (the higher the organ failures,
the higher the patient mortality) [1-4].
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Ichikado [8] showed that fibroproliferation signs in high-resolution CT evaluation of early
ARDS patients were correlated with higher mortality and ventilator dependency. The lung
SAFE study [3], an international, multicenter, prospective cohort study of patients under-
going invasive or noninvasive ventilation, conducted in 459 ICUs from 50 countries across
five continents showed that 2.377 out of 29.144 patients developed ARDS in the first 48 h
and whose respiratory failure was managed with invasive mechanical ventilation. The period
prevalence of mild ARDS was 30.0% (95% CI, 28.2-31.9%); of moderate ARDS, 46.6% (95%
ClI, 44.5-48.6%); and of severe ARDS, 23.4% (95% CI, 21.7-25.2%). The cumulative frequency
distribution of tidal volume was similar in patients in each severity category, with 65% of
patients with acute respiratory distress syndrome (ARDS) receiving a tidal volume of 8 mL/kg
of predicted body weight or less. In contrast, a right shift of the cumulative frequency distri-
bution curves of plateau pressures was seen for increasing ARDS severity category, with pla-
teau pressure of more than 30 cm H,O in 8.5% of patients for which these data were available.
There was a lower likelihood of survival to day 28 with increasing severity of acute respiratory
distress syndrome (ARDS) at day 1. Patients with a driving pressure of greater than 14 cm
H,O on day 1 of ARDS criteria had a higher mortality. Taking into consideration, these data
that tidal volume ventilation was similar across the ARDS severity but inspiratory driving
pressure less than 14 cm H,O was associated with decreased mortality of those patients one
could argue that in the future tidal volume should be titrated according to the derived driving
inspiratory pressure.

Amato and colleagues [9] analyzed individual data from 3562 patients with ARDS enrolled in
nine previously published randomized clinical trials of mechanical ventilation using a mul-
tilevel mediation analysis. They observed a strong association between driving pressure and
ARDS survival even though all the ventilator settings that were used were lung protective
(RR of death: 1.36, 95% CI 1.17-1.58, P < 0.001). These observations suggest that tidal volume
might be adjusted to the resultant airway driving pressure in addition to the adjustment to the
predicted body weight. They also observed that airway driving pressures higher than 15 cm
H,O were associated with increasing rates of mortality in ARDS patients. Recently, Villar
and colleagues [10] analyzed the data from two observational studies enclosing 778 patients
with moderate and severe ARDS. They assessed the risk of hospital death based on quantiles
of tidal volume, positive end-expiratory pressure, plateau inspiratory pressure and airway
driving pressure evaluated 24 h after ARDS diagnosis while the patients were ventilated with
lung protective ventilation. The authors verified that positive end expiratory pressure and
tidal volume that were set according to a protective lung ventilation strategy had no impact
on mortality while a plateau pressure higher than 29 cm H,O and a driving pressure higher
than 19 cm H,0O were associated with a higher hospital mortality.

As respiratory system driving pressure does not account for variable chest wall compliance
or different degrees of intra-abdominal pressures or even more to the presence of inspiratory
efforts or asynchrony, esophageal manometry can be used to measure transpulmonary pres-
sure that represents the lungs parenchyma stress during tidal volume ventilation. Recently,
Baedorf and colleagues examined the relationships between respiratory system and trans-
pulmonary driving pressure measured at baseline, 5 min and 24 h after PEEP titration and
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28-day mortality in 56 ARDS patients. They observed that PEEP titration to target positive
end-expiratory transpulmonary pressures resulted in both improved elastance and driving
pressures and was associated with improved 28-day mortality.

However, future studies regarding the evaluation of respiratory system and transpulmonary
driving pressure in ARDS patients with normal and increased abdominal pressure and vari-
ous degrees of respiratory system compliance is still needed in order to establish the value of
both as a bedside ventilator target as well as a prognosticator of evolution and mortality of
those patients.

6. The hole of increased dead space, high PaCO, and multiple organ
failure in severe ARDS

Increased dead space in the first day of mechanical ventilation, increased PaCO, levels with
protective ventilation and multiple organ failure are all associated with higher mortality in
severe ARDS. However, specific therapeutic aiming to decrease dead space fraction, decrease
PaCO, levels or even multimodal therapeutic approach to treat multiple organ failure still
need to be defined and tested [4].

7. Does the risk factor for ARDS influence the patient mortality rate?

Recently, Villar and colleagues [11] showed in a cohort of 778 patients that severe ARDS
occurred in about 37.5% at ARDS diagnosis and after 24 h of ARDS onset 20.8% and moder-
ate to severe ARDS had an overall mortality of 38.8%. They also showed that the underlying
cause of ARDS influence in the mortality ratio (the mortality ratio was higher in pancreatitis
and progressively lower in sepsis, pneumonia and trauma).

8. Treating the severe ARDS patient

Low-tidal ventilation (<6 mL/kg of predicted body weight) must be initiated as soon as the
ARDS patient is intubated and mechanically ventilated. The predicted body weight (PBW) can
be calculated as follows: for women, PBW =45.5 + 0.91 (height in centimeters—152.4) and for
men, PBW =50.0 + 0.91 (height in centimeters —152.4). It is well documented that lower tidal
volumes (6 mL/kg of predicted body weight) compared to higher tidal volumes (12 mL/kg
of predicted body weight) associated with PEEP levels titrated by a PEEP/FIO, table reduced
mortality in a randomized, clinical trial that analyzed 861 ARDS patients (ARMA trial) [12].

It is crucial to adjust tidal volume to lung size that depends of the height and sex, but more
importantly is to adjust the tidal volume to functional lung size that depends on the ARDS
severity (lung compliance), sex, height, and chest wall compliance. The patient with severe
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ARDS and a low compliance will be ventilated with high airway pressures if ventilated with
6 mL/predicted body weight. Amato and colleagues [9], in 2015, reported that driving pres-
sure (AP), that can be also be represented by tidal volume (VT)/respiratory system compliance
(CRS), in which VT is intrinsically normalized to functional lung size, was a ventilatory vari-
able more strongly associated with survival than VT or PEEP in patients who are not actively
breathing. Using a statistical tool known as multilevel mediation analysis to study individual
data from 3562 patients with ARDS enrolled in nine previously reported randomized tri-
als, they examined AP as an independent variable associated with survival. In the media-
tion analysis, they estimated the isolated effects of changes in AP resulting from randomized
ventilator settings while minimizing confounding due to the baseline severity of lung dis-
ease. The authors observed that among ventilation variables, AP was most strongly associ-
ated with survival. A 1-SD increment in AP (approximately 7 cm of water) was associated
with increased mortality (relative risk, 1.41; 95% confidence interval [CI], 1.31-1.51; P <0.001),
even in patients receiving “protective” plateau pressures and VT (relative risk, 1.36; 95% CI,
1.17-1.58; P < 0.001). Individual changes in VT or PEEP after randomization were not inde-
pendently associated with survival; they were associated only if they were among the changes
that led to reductions in AP (mediation effects of AP, P = 0.004 and P = 0.001, respectively).
They concluded that AP was the ventilation variable that best stratified risk. Decreases in AP
owing to changes in ventilator settings were strongly associated with increased survival.

Moreover, recent evidences [13] showed that in severe ARDS patients, inspiratory efforts dur-
ing assisted ventilation could worsen ventilator lung injury induced by the mechanical venti-
lation during the ventilatory support of the ARDS patients. This associated and added injury
could explain the results of a phase IV randomized controlled trial in moderate-severe ARDS
patients (PaO,/FIO, < 150), comparing cisatracurium to placebo for 48 h showed an improved
adjusted 90-day survival rate and increased ventilator-free in the cisatracurium group with-
out a significant increase in muscle weakness. Short-term paralysis may facilitate patient-
ventilator synchrony in the setting of lung protective ventilation. Short-term paralysis would
eliminate patient triggering and expiratory muscle activity. In combination, these effects may
serve to limit regional overdistention and cyclic alveolar collapse. Paralysis may also act to
lower metabolism and overall ventilatory demand [14]. Recently, Sottile and colleagues [15]
showed that the use of neuromuscular blockade in ARDS patients receiving low tidal volume
ventilation and a PaO,/FIO, ratio less than 120 were associated with decreased biomarkers of
epithelial (serum surfactant protein-D) and endothelial (serum Von Willebrand factor) lung
injury and systemic inflammation (serum interleukin 8).

At the same time, that an adequate sedation, an adequate short-term paralysis and low tidal vol-
ume were set in severe ARDS patients [16], an adequate respiratory rate must be concurrently
set in order to keep a minute ventilation around 7-8 L/min and a PaCO, around 40-60 mm Hg
and a pH above 7.2. In the more severe ARDS patients, sometimes after the adjustment of a
minute ventilation around 7-8 L/min with tidal volumes lesser than 6 mL/kg of predicted body
weight, the PaCO, levels stay above 80 mm Hg and pH less than 7.2 (specially patients with
septic shock and metabolic acidosis). In these cases, the VCO, must be assessed and be kept
as least as possible (fever control, low carbohydrate intake) and hemodialysis can be initiate
(especially in ARDS patients with concomitant acute renal failure) in order to help control the
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metabolic acidosis. Efforts must be taken to decrease the pulmonary dead space by means of
recruitment maneuvers and PEEP titration, tidal volume and respiratory rate adjustments or
even the initiation of prone ventilation. In the most difficult cases, tracheal gas insufflation or
extracorporeal CO, removal or extracorporeal oxygenation should be started in order to keep
the protective low tidal volume ventilation [17].

Permissive hypercapnia can carry potential harmful consequences including pulmonary
vasoconstriction and pulmonary hypertension, proarrhythmic effects of increased discharge
of catecholamines and cerebral vasodilation yielding increased intracranial pressure. When
applying protective ventilation in patients with severe ARDS, special attention should be
given to patients with pulmonary hypertension and right ventricular dysfunction that could
not tolerate high PaCO, and low pH levels. Nonetheless, permissive hypercapnia should
probably be used with caution in patients with heart disease and is relatively contraindicated
in those with elevated intracranial pressure. In ARDS cases with pulmonary hypertension and
right ventricular dysfunction, prone position ventilation should be preferred [17].

Recently, three large clinical trials [18-20], including acute lung injury/ARDS patients ven-
tilated with low tidal-volume, have compared different PEEP strategies (high vs. low), but
none of them could show a significant difference in mortality. Moreover, a recent meta-anal-
ysis [21] has pooled those trials, revealing some combined benefits of the high PEEP strategy;
still, the survival benefit was modest and limited to the subgroup of ARDS patients with
PaO,/FIO, < 200 (moderate and severe ARDS according to Berlin definition). Conceptually,
one could argue that none of the “high-PEEP” strategies was designed to test the “open-lung
hypothesis” postulated by Lachmann, that is, the hypothesis that most of the collapsed lung
tissue observed in early ARDS can be reversed at an acceptable clinical cost, potentially result-
ing in better lung protection [22-24]. According to a recent study by Borges and colleagues
[25], a straight test of the “open-lung hypothesis” would certainly require more aggres-
sive recruiting maneuvers in association with individualized, decremental PEEP titration.
Recently, de Matos and colleagues [26] reported the experience with maximal recruitment
strategy (MRS) in 51 patients with ARDS. MRS consisted of 2-min steps of pressure-controlled
ventilation, fixed driving pressure of 15cm H,O, respiratory rate of 10 breaths/min, inspira-
tory/expiratory ratio of 1:1, and stepwise increments in PEEP levels from 10 to 45cm H,0O
(recruitment phase). After that, PEEP was decreased to 25 cm H,O and, then, from 25 to 10 cm
H,O (PEEP titration phase) in steps of 5 cm H,O, each one lasting 4 min monitored by thoracic
tomography images. At each of the steps, computer tomography image sequences from the
carina to the diaphragm were acquired during an expiratory pause of 6-10 s. Visual inspec-
tion of the images was performed during the tomographic examination in order to assess the
lung collapse in the lungs bases for immediate clinical decision, and after an offline quantita-
tive analysis was realized. Nonaerated parenchyma decreased significantly from 53.6% (inter-
quartile range (IQR): 42.5-62.4) to 12.7% (IQR: 4.9-24.2) (P < 0.0001) after MRS. The opening
plateau pressure observed during the recruitment protocol was 59.6 (5.9 cm H,0), and the
mean PEEP titrated after MRS was 24.6 (+2.9 cm H,0). The mean PaO,/FiO, ratio increased
from 125 (+43) to 300 (+103; P < 0.0001) after MRS and was sustained above 300 throughout
7 days. MRS showed a statistically significant decrease in nonaerated areas of the ARDS lungs
that was accompanied by a significant increment in oxygenation. The potentially recruitable
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lung was estimated at 45% (IQR: 25-53). ICU mortality was 28% and hospital mortality was
32%. The independent risk factors associated with mortality were older age and higher driv-
ing pressures. There were no significant clinical complications with MRS or barotrauma. A
better evolution of these ARDS patients with less necessity of oxygen supplementation in the
recovery phase of the disease and a better quality of life were observed in these patients [26].

A recent systematic review and meta-analysis [27] that analyzed the effects of recruitment
maneuvers for adult patients with acute respiratory distress syndrome showed an overall
pool effect of a significant decrease on mortality in these patients and no associated increase
in barotrauma. However, soon after, a large prospective, multicenter and controlled trial
(ART trial) [28] that compared recruitment maneuver and best-compliance PEEP titration in
501 ARDS patients with 509 ARDS patients ventilated with low PEEP showed an increased
6-month mortality in both groups, but higher in the recruitment and PEEP titration group
(65.3 vs. 59.9%, respectively, P = 0.04). However, in our opinion, the recruitment maneuver
tested in ART trial was abrupt and short (started at 25 cm H,O PEEP, duration of 1 s and not
imaging monitored) what could have contributed to the higher levels of observed barotrauma
and mortality [29]. When we combined the results of the systematic review and meta-analysis
with the ART results, we observed a total of 1144 patients undergoing recruitment maneu-
vers and PEEP titration and 1179 controls with standard ventilation with a final result of no
significant differences in mortality relatite risk of 0.91 [95% CI, 0.74-1.13]. The most effective
recruitment maneuver and PEEP titration in ARDS remain to be determined [29].

Our group is used to apply maximal recruitment strategy maneuvers in our severe ARDS
patients with PEEP titration with thoracic tomography with good results. Here, we present a
case of a 47-year-old man, previously asymptomatic, that started with cough, dyspnea, and an
acute hypoxemic respiratory failure. The chest-X-ray showed a bilateral pulmonary infiltrate
that predominates in the lower lungs fields (Figure 1). SpO, in ambient air was 77% and after
oxygen mask of 100% SpO, was 88% and he needed intubation and mechanical ventilation.
Arterial pressure is of 11 x 7 cm Hg and HR of 110 rpm. Hemocultures and tracheal secretion
were collected as well as a nasopharyngeal swab for respiratory viruses. Oseltamivir, clar-
ithromycin and ceftriaxone were initiated. A transthoracic echocardiogram showed normal
right and left ventricular function and a normal arterial pulmonary pressure. A protective
mechanical ventilation was initiated with tidal volume of 6 mL/kg/predicted body weight
(420 mL), RR of 20 rpm, PEEP of 15 cm H,0O, FIO, of 100%, SpO, de 90% and an arterial blood
gas analysis showed a pH of 7,35, PaCO, of 50 mm Hg, PaO, of 60 mm Hg, sodium bicarbon-
ate of 23 and base excess of -1, lactate of 10 mg/dL, SvO, of 70 mm Hg, Hb of 13 g/dL, 12,000
leucocytes, platelets of 250,000, reactive C-protein of 120 mg/L, BNP of 40 pg/mL. He was
submitted to maximal recruitment strategy maneuvers and PEEP titration of 25 cm H,O in the
tomography room (Figure 2). The PaO,/FIO, ratio increased from 60 to 200, and after 3 days, he
was with PEEP of 15 cm H,O and a PaO,/FIO, of 300. After 10 days, he was extubated and pre-
sented in ambient air a SpO, of 95% and an expressive improvement in chest X-ray (Figure 3).
All the collect cultures and the nasopharyngeal swab for respiratory viruses were negative.
The thoracic tomography performed 3 days after extubation showed an important improve-
ment of the lungs infiltrates (Figure 4).
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Figure 1. Chest X-ray showing bilateral pulmonary infiltrates that predominate in lower lungs fields.

Recent evidence showed that prolonged prone position ventilation (16 h) must be used in
early ARDS with PaO,/FIO, < than 150 with PEEP levels of or more than 5 cm H,O in order to
significantly improved 90-day mortality compared to supine ventilation (PROSEVA trial) [30].

Recent meta-analysis also showed that in the era of low tidal ventilation, the prone position
use improved mortality of moderate/severe ARDS patients that needed invasive mechanical
ventilatory support [31]. If PEEP titration during prone position, ventilation should improve
survival of ARDS patients, which is still a matter of debate.

For patients in whom gas exchange is refractory to conventional ventilation and other
advanced therapies, extracorporeal membrane oxygenation (ECMO) may be appropriate as
salvage therapy. Venovenous ECMO may be able to support refractory hypoxemia in the set-
ting of severe ARDS. It may also be used for carbon dioxide removal when respiratory system
compliance is severely compromised and efforts to maintain plateau airway pressures within
acceptable parameters lead to unsustainable levels of hypercapnia and respiratory acidosis.

Prospective randomized controlled trial of ECMO in severe ARDS, reported in 2009, was the
Conventional Ventilation or ECMO for Severe Adult Respiratory Failure (CESAR) trial [32], in
which 180 subjects with severe ARDS were randomized to conventional mechanical ventilation
or referral to a specialized center for consideration of ECMO. The United Kingdom randomized
and prospective clinical trial (CESAR) revealed a survival advantage in the ECMO group; the
ECMO group had a 63% survival after 6 months, while the control group had a 47% survival
rate. The study was criticized because there was no standardized protocol management for the
control group and some patients in the ECMO group did not receive the proposed treatment.
The authors demonstrated that this strategy is also likely to be cost-effective in settings with
similar services to those in the United Kingdom. Patients should be considered for weaning
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Figure 2. Thoracic tomography before and after maximal recruitment maneuvers and PEEP titration. Pre-recruitment
PEEP of 10 cm H,O. Pos-recruitment PEEP of 25 cm H,O.

Figure 3. Chest-X-ray day 1, day 3, and day 10 after admission (day of extubation).



Severe Acute Respiratory Distress Syndrome
http://dx.doi.org/10.5772/intechopen.77071

Figure 4. Thoracic tomography at first day after admission and thoracic tomography 3 days after extubation.

from venovenous ECMO once the underlying disease process for which ECMO was initiated
has sufficiently resolved so that they can be safely and adequately supported by protective ven-
tilatory strategy and oxygenation support without evidence of excessive respiratory work of
breathing. Markers of sufficient native lung function recovery include adequate gas exchange
reserve, acceptable respiratory system compliance, and improvement in chest images [32].

Another recent approach for application of extracorporeal carbon dioxide removal new devices
(ECMO-R) in ARDS patients is the observation in thoracic tomography of ARDS patients that
in severe ARDS, even the low tidal volume ventilation with 6 mL/kg of predicted body weight
can cause tidal hyperdistension in the nondependent regions of the lungs accompanied by pla-
teau airway pressures greater than 28 cm H O and elevated plasma markers of inflammation.
Application of ECMO-R in these severe ARDS patients could allow the authors to decrease the
tidal volume to less than 6 mL/kg with a consequent plateau pressure less than 25 cm H,0 that was
associated with lower levels of lung-derived inflammatory cytokines and a lower radiographic
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index of lung injury [33], but prognostic implications of ECMO-R devices application in clinical
practice are still under investigation [34]. Pumpless interventional lung assist (iLA) is also used
in patients with ARDS and is aimed at improving extracorporeal gas exchange with a mem-
brane integrated in a passive arteriovenous shunt. iLA can be used in severe ARDS patients
as an extracorporeal device to remove CO, enabling low tidal volume and a reduced inspi-
ratory plateau pressure in the mechanical ventilator in extremely severe ARDS patients. iLA
device was used in 51 severe ARDS patients by Zimmermann and colleagues with a decrease
in PaCO, allowing the ultraprotective ventilation (lower tidal volume and plateau inspiratory
pressures) with a hospital mortality of 49% [35]. More recently, the use of an ultraprotective
strategy using 4 mL/kg of predicted body weight associated with low flow extracorporeal
carbon removal in 15 moderate ARDS patients was described by Faneli and coworkers [36].
Additional data to the use of ECMO in ARDS patients will be added with the publication of
EOLIA trial (ClinicalTrials.gov Identifier: NCT01470703), a prospective and randomized trial
that evaluated the role of ECMO in severe ARDS that has finished but not published yet.

In conclusion, the severe ARDS is defined as an acute bilateral pulmonary infiltrate onset, in a
patient with a PaO,/FIO, equal or less than 100 with a positive end expiratory pressure equal
or more than 5 cm H,O that have an ARDS risk factor with no signs of cardiac failure or hyper-
volemia. Thus, when an intensivist evaluates an ARDS patient severity, he/her has to take into
consideration the patient’s age, cause of ARDS, the PaO,/FIO, ratio, response to PEEP, prone
position, PaCO, with protective ventilation (6 mL/predicted body weight), right ventricular
function and level of pulmonary artery pressure, presence of shock (and necessity of vasoactive
drugs), APACHE II score, number of organ failures (specially renal failure). The severe ARDS
patients present a higher mortality ratio and required an extremely careful and specialized treat-
ment. The cause of ARDS initiation should be addressed and promptly treated. These patients
present a more difficult mechanical ventilatory support (higher airway pressures with low
tidal ventilation and higher PaCO, levels). They should be adequately monitored (airway and
esophageal pressure measurements, bedside echocardiography and lung ultrasound, if possi-
ble). Protective ventilatory strategy must be offered and monitored (low tidal volume (less than
6 mL/kg of predicted body weight) and low distending inspiratory driving pressures (less than
15 cm H,0) with adequate PEEP levels, and early prone position applied for more than 16 h. The
possible benefits for adjunctive ventilatory support therapy (higher PEEP, recruitment maneu-
vers, inhalatory nitric oxide, ECMO and continuous hemodialysis) in the refractory cases should
be offered, observing and monitoring the cross-talking among the multiple organ dysfunctions
and guiding and changing the treatment according to the patients’ responses. The more difficult
cases must be treated in specialized centers with expertise supervision [4, 17, 26, 37, 38].
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Abstract

Asphyxiated newborns may be hemodynamically unstable during their first days of
life. They often present with severe persistent pulmonary hypertension and/or car-
diac dysfunction, which may require aggressive supportive management to maintain
homeostasis and prevent further brain injury. In the most severe cases, extracorporeal
membrane oxygenation (ECMO) may be required to ensure adequate oxygenation,
ventilation and cardiac output. However, due to the risk of irreversible brain injury,
clinicians often are concerned about offering ECMO to these newborns. Therapeutic
hypothermia during the first days of life has become the standard of care for these
newborns to improve their prognosis; however, this treatment in itself has been associ-
ated with increased hemodynamic instability and coagulopathy. An additional con-
cern with using ECMO in these newborns is the potential increased bleeding risk when
continuing the hypothermia treatment during the ECMO course. This chapter reviews
the reported feasibility of performing hypothermia during ECMO. We also review the
reported outcomes of asphyxiated newborns treated with hypothermia and ECMO
and highlight their potential survival without neurodevelopmental impairments.
Thus, ECMO should be considered as a therapeutic option for asphyxiated newborns
treated with hypothermia.

Keywords: birth asphyxia, brain, extracorporeal membrane oxygenation,
hemodynamics, neonatal encephalopathy, therapeutic hypothermia
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1. Introduction

Neonatal encephalopathy secondary to perinatal asphyxia is a common condition, with a
global incidence varying between 1.3 and 6.6%o depending on birth location [1]. It is associ-
ated with significant mortality (i.e., 23% of all neonatal deaths worldwide) and long-term
morbidity, including cerebral palsy and global developmental delay [2—4]. In developed
countries, therapeutic hypothermia has become the standard treatment for newborns born
at 36 or more weeks of gestational age who have suffered from birth asphyxia and who
present with moderate to severe encephalopathy in the first hours of life [5]. Hypothermia
treatment has been shown to reduce the risk of death and long-term disability in these
newborns [6, 7].

Hemodynamic instability can develop after birth asphyxia and during hypothermia [8],
and may be so severe that some of these asphyxiated newborns treated with hypother-
mia require support with extracorporeal membrane oxygenation (ECMO) [9-11]. First,
transient myocardial ischemia and papillary muscle dysfunction due to subendocardial
ischemia occur in one-third of asphyxiated newborns [12, 13]. Second, pulmonary vascular
resistances in these newborns are high due to hypoxia-induced pulmonary vasoconstric-
tion, and thus pulmonary hypertension frequently co-exists along with the cardiac dys-
function. Acute pulmonary hypertension may lead to a reduction in the right ventricular
function, which, if left untreated, subsequently can impair the left ventricular filling, and
hence explain a lower cardiac output [14]. In addition, therapeutic hypothermia results in
a lower heart rate in these newborns and a reduction of cardiac output, which reflect the
adaptation to the decreased tissue demand during hypothermia treatment [15]. Evidence
is accumulating that this hemodynamic instability (including hypotension and persistent
pulmonary hypertension) and associated metabolic acidosis and hypoxemia have the
potential to worsen brain injury in these newborns [16-18], and thus deserve early and
optimal management. Therefore, optimizing the hemodynamic profile of these newborns
as early as possible is of the utmost importance for decreasing their risk of further brain
injury, even if this requires initiation of ECMO.

2. General aspects of neonatal ECMO

The first reported successful use of neonatal ECMO was in 1975 with a newborn who had
meconium aspiration syndrome [19]. Since then, the neonatal ECMO field has evolved rap-
idly along with the indications and contraindications for this therapy. Broadly, ECMO usu-
ally is indicated in newborns for disease processes—believed to be reversible —associated
with high mortality.

One of the largest randomized clinical trials of ECMO with newborns was undertaken by
the United Kingdom collaborative ECMO trial group [20]. This study enrolled a total of
185 newborns with gestational age 235 weeks and birth weight >2 kg. The main indication
for ECMO in this study was severe respiratory failure with an oxygenation index >40. The
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primary diagnosis was persistent pulmonary hypertension, meconium aspiration, congenital
diaphragmatic hernia, sepsis, and idiopathic respiratory distress. The results suggested sig-
nificant survival benefits for the newborns, who received ECMO, with a relative risk reduc-
tion of 0.55 (95% CI 0.39-0.77) (p = 0.0005). These results translate into four newborns, who
needed to be treated with ECMO for one newborn to benefit from a reduction in mortality.

As of mid-2017, the international extracorporeal life support organization (ELSO) registry
reported a total of 35,598 neonatal runs of ECMO worldwide in active centers [21]. The major-
ity of these neonatal ECMO runs were for pulmonary indications (75%) and a smaller pro-
portion for cardiac indications (20%); extracorporeal cardiopulmonary resuscitation (ECPR)
constituted only 5% of the total neonatal ECMO runs [21].

Several studies have reported on the short- and long-term outcomes of newborns treated
with ECMO (22, 23). Some of these studies have found that newborns treated with ECMO
are at an increased risk of death and neurodevelopmental impairments [22, 23]. However,
a population-based study, which reported the outcomes of 224 newborns treated with
ECMO for various indications between 1993 and 2000, showed that 86% of these new-
borns survived, and 49% had a normal development in the motor, cognitive, and behav-
ioral domains at 5 years of age. The survival and long-term outcomes of newborns, who
received ECMO, have been shown to depend significantly on the underlying disease and
the indication for ECMO [24, 25]. For example, newborns with congenital diaphragmatic
hernia had lower survival rates and a higher incidence of long-term neurodevelopmental
impairments, compared to newborns treated with ECMO for other indications, such as
meconium aspiration syndrome [25].

ECMO-related brain injury is a multifactorial process in which factors related to the pre-
ECMO illness and events during the ECMO course (including cannulation) play a role [26-30].
During cannulation, a period occurs of decreased blood flow and potential hypoxia when the
neck vessels need to be ligated. In veno-arterial (VA) ECMO, the lack of pulsatile blood flow
may lead to endothelial dysfunction, which could contribute to the lack of brain autoregu-
lation [29, 30]. In veno-venous (VV) ECMO, even if the carotid artery is spared, a concern
exists about venous congestion due to the obstructive nature of the cannula, which can lead to
systemic venous congestion and a higher incidence of posterior fossa hemorrhage, compared
to patients who are treated with VA ECMO [27, 28]. Thus, although neonatal ECMO has sig-
nificantly improved the prognosis of some critically ill newborns, it still is associated with a
non-negligible risk for brain injury in the treated newborns.

3. ECMO and therapeutic hypothermia

Clinicians raise concern about increased bleeding risk when providing therapeutic hypo-
thermia during ECMO support. However, several studies have reported the short- and
long-term outcomes of newborns treated with ECMO and hypothermia without bleeding
complications. Hichiba et al. [31] found that newborns with a body weight between 2 and 5
kg, who were treated with ECMO for severe respiratory failure, could receive hypothermia
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treatment down to 34°C for 12 h while on ECMO without worsening their survival rate,
hemodynamic instability, bleeding risk, and thromboembolic complications. Horan et al.
[32] found that newborns who were more than 33 weeks of gestation and who were treated
with ECMO for severe respiratory failure could receive hypothermia treatment down to
34°C for 48 h during ECMO without worsening their cardiovascular status, nor having
major bleeding. Of note, newborns with severe encephalopathy were excluded from both
studies. The safety of maintaining hypothermia down to 34°C during ECMO also was
observed in 37 newborns after cardiac surgery by Lou et al. [33]; none of the newborns
treated with ECMO and hypothermia developed intracranial hemorrhage or a worsening
of hemodynamic instability. In addition, Field et al. [22, 34] found that mild hypothermia
down to 34°C could be safely maintained during ECMO for 72 h with newborns with meco-
nium aspiration, persistent pulmonary hypertension, or severe cardiorespiratory failure.
When they compared the outcomes at 2 years of age of their 45 newborns treated with
mild hypothermia to 34°C for 48-72 h during ECMO to the outcomes of their 48 newborns
treated only with ECMO, the mild hypothermia treatment did not improve the outcomes
of these 45 newborns [22]. However, given the heterogeneity of the initial diagnoses in this
studied population of newborns, these results cannot be extrapolated directly to asphyxi-
ated newborns, in whom hypothermia, not in the context of ECMO, has been shown to be
of benefit [6, 7]. Therefore, as of now, no evidence exists that the incidence of significant
bleeding and the need for inotropes were worsened when hypothermia was provided to
newborns during the ECMO course.

4. Feasibility of ECMO with asphyxiated newborns treated with
hypothermia

The major complications during an ECMO course are hemorrhagic and/or thromboembolic,
with an increased risk of intracranial hemorrhage. Asphyxiated newborns treated with hypo-
thermia are already at an increased risk of hemodynamic instability, thrombocytopenia, and
coagulopathy, which are risk factors for intracranial bleeding [35, 36] and further brain injury
[10, 17] (Figure 1). These complications may be due to the primary asphyxial event or the con-
sequence of the therapeutic hypothermia [8]. Thus, questions have been raised about whether
providing ECMO treatment for these asphyxiated newborns may worsen their outcome and
increase their risk of intracranial bleeding.

To date, only a limited number of studies reported on the use of ECMO with asphyxiated
newborns treated with hypothermia [9-11]. The Cuevas Guaman et al. [10] study is the largest
of these studies, which included 187 asphyxiated newborns treated with ECMO. They did
not find any difference in the incidence of bleeding or mortality in the 78 asphyxiated new-
borns treated with hypothermia during the ECMO course, compared to the 109 not-cooled
asphyxiated newborns treated only with ECMO. These two groups also did not differ in their
incidence of cardiopulmonary, renal, neurological, and metabolic complications. Therefore,
according to the currently limited available evidence, it appears that ECMO therapy may be
run safely with asphyxiated newborns treated with hypothermia.
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Figure 1. Schematic explaining indications of hypothermia treatment, and potential complications of birth asphyxia and
hypothermia.

5. Short- and long-term outcomes in asphyxiated newborns treated
with hypothermia and ECMO

Hypothermia treatment has improved the prognosis of asphyxiated newborns, making
neonatal encephalopathy a “reversible” condition in one of seven treated newborns [37, 38].
However, due to their risk of irreversible brain injury, clinicians often are concerned about
offering ECMO to these newborns [39]. Data on the outcome of asphyxiated newborns who
received ECMO during the first 72 h of life are scarce [9-11] (Table 1). Shah et al. [11] reported
on two asphyxiated newborns treated with hypothermia and ECMO who survived, but they
did not mention their outcome. Massaro et al. [9] reported on five asphyxiated newborns
treated with hypothermia and ECMO: they all survived and three of them were develop-
mentally age appropriate at follow-up at 6-21 months; one had increased tone at 3 months
but then was lost to follow up; and one had significant motor and cognitive delay. Cuevas
Guaman et al. [10] studied 78 asphyxiated newborns treated with hypothermia and ECMO
and reported a 15% mortality, 22% neurological complications (e.g., brain hemorrhage or
infarction), and 12% seizure rate; however, they did not report on the long-term outcomes of
these newborns. Thus, current evidence suggests that the outcome of asphyxiated newborns
treated with hypothermia and ECMO is not always poor.

In addition, to achieve optimal results, early rather than later consideration of ECMO during
the course of therapeutic hypothermia is probably important for these critically ill newborns,
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Reference Number of newborns Survival rate  Outcomes

Shahetal. [11]  Two asphyxiated newborns 2/2 (100%) Long-term neurodevelopmental outcome not
treated with hypothermia and  survived known
ECMO

Massaro et al. [9] Five asphyxiated newborns 5/5 (100%) ® 3/5(60%) developmentally age appropriate at
treated with hypothermia and  survived follow-up at 6-21 months;
ECMO

* 1/5(20%) increased tone at 3 months but then
was lost to follow up;

* 1/5(20%) significant motor and cognitive delay

Cuevas Guaman Seventy-eight asphyxiated 66/78 (85%)  Long-term neurodevelopmental outcome not
etal. [10] newborns treated with survived known
hypothermia and ECMO

Short-term outcome included:

* 17/78 (22%) neurological complications (e.g.,
brain hemorrhage or infarction)

*  9/78 (12%) seizure rate

Table 1. Outcomes in asphyxiated newborns treated with hypothermia and extracorporeal membrane oxygenation
(ECMO).

since a prolonged duration of metabolic acidosis, inotropic support, and a need for inhaled
nitric oxide prior to ECMO initiation have been associated with a higher rate of bleeding com-
plications [40, 41], and since hemodynamic instability has been associated with worsened brain
injury in those newborns [16]. In addition, it may be safer to start ECMO, if required, before the
rewarming phase following the 72-h hypothermia treatment, so to allow hemodynamic sup-
port during this time-period when pulmonary hypertension crises are more likely to occur [11].

6. Considerations for using ECMO in asphyxiated newborns treated
with hypothermia

ECMO is an expensive and labor-intensive, life-sustaining modality. The ideal candidate for
ECMO is a patient with a reversible disease condition for whom standard treatments have
failed to reverse the disease process and for whom mortality risk is high. The most common
contraindications for neonatal ECMO currently include a gestational age less than 34 weeks,
weight of less than 2 kg, significant coagulopathy, significant intraventricular hemorrhage,
and an underlying genetic condition with a poor prognosis [42]. Severe metabolic acidosis
prior to ECMO also is considered a relative contraindication for ECMO, since this has been
associated previously with higher mortality and brain injury [43]. However, the successful
use of ECMO has been reported for a newborn with persistent pulmonary hypertension, pre-
sumed sepsis, and a pre-ECMO pH of less than 6.6 [44]. Thus, asphyxiated newborns treated
with hypothermia—if they do not present with intraventricular hemorrhage or proven
severe and irreversible brain injury at the time of cannulation—should be eligible for ECMO.
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If started in an optimal timeframe, ECMO associated with hypothermia treatment may ensure
adequate oxygenation, treat catecholamines-resistant hypotension, and minimize further
brain injury in these newborns, without causing intracerebral hemorrhage if coagulopathy
can be kept under control.

7. Conclusions

In conclusion, ECMO might thus be considered as a therapeutic option for asphyxiated new-
borns treated with hypothermia, if they need it respiratory or hemodynamic support, if they
have no proven irreversible brain injury visible at the time of starting ECMO.
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Abstract

Cardiogenic shock (CS) still remains a leading cause of hospital death. The adoption of
percutaneous ventricular assist devices (pVADs) as treatment of CS is an option which
continues to rise. Several types of pVADs have been developed by time to provide full
cardiac support with few related complications and easy implantation settings. pVADs
are used to support the failing heart as a bridge to recovery, decision, durable device or
heart transplantation. None of these devices adopted in the clinical practice is ideal for all
patients. Disadvantages may be related to the risk of limb/arm ischaemia or cerebral
stroke or haemolysis. The most important choice is to identify the best device for each
patient depending on haemodynamics, clinical scenario and patient anatomical/patholog-
ical issues. This chapter discusses the current pVAD options to treat CS patients.

Keywords: pVADs, IABP, ECMO, cardiogenic shock, refractory end-stage heart failure,
bridge-to-bridge therapy

1. Introduction

Cardiogenic shock (CS) still remains a leading cause of hospital death [1-5]. So far the most
common cause of CS is myocardial infarction. However, acute regurgitant valve failure, myo-
carditis, post-cardiotomy shock and acute on chronic heart failure also may present with end-
organ dysfunction from hypoperfusion due to cardiac pump failure, the hallmark of this
syndrome. The adoption of percutaneous ventricular assist devices (pVADs) as treatment of
CS is an option which continues to rise [1-5]. Several types of pVADs have been developed by
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time to provide full cardiac support with few related complications and easy implantation
settings. There are only few randomized trials on pVADs, and the current use of them depends
on single centre experience [1-5]. pVADs are used to support the failing heart as a bridge to
recovery, decision, durable device or heart transplantation (Htx). Improvement in haemo-
dynamic parameters by pVADs has clearly been demonstrated though without mortality
benefit in the limited studies to date [1-5]. Early versus late implementation of support may
prevent or ameliorate systemic inflammation and end-organ dysfunction in CS syndrome [1-5].

None of these devices used in the clinical practice is ideal for all patients. Disadvantages may
be related to the risk of limb/arm ischaemia or cerebral stroke or haemolysis [1-5]. The most
important choice is to identify the best device for each patient depending on haemodynamics,
clinical scenario and patient anatomical/pathological issues.

This chapter discusses the current pVAD options to treat CS patients.

2. Intra-aortic balloon pump

The intra-aortic balloon pump (IABP) device has been available since 1968 [1-5], and it remains
the most used pVAD in clinical practice. It consists of a cylindrical polyethylene balloon that is
inserted through the femoral artery and placed into proximal descending aorta distal to the

Device IABP TandemHeart Impella 2.5 Impella CP Impella 5.0 Peripheral
ECMO

Cannula size 7.9 Fr 21 Fr inflow; 13 Fr 14 Fr 22 Fr Centrifugal
15-17 Fr outflow

Pump Pneumatic  Centrifugal Axial flow  Axial flow Axial flow Centrifugal

mechanism

Insertion Descending 21 Fr inflow 12 Fr 14 Fr catheter ~ 22 Fr catheter Inflow cannula

technique aorta via the cannulainto the  catheter placed placed retrograde into the right

femoral left atrium via the placed retrograde across the aortic  atrium via the
artery left femoral vein ~ retrograde  across the valve via a femoral vein,

and transseptal across the  aortic valve via surgical cutdown outflow cannula
puncture and aortic valve the femoral of the femoral, into the femoral
15-17 Fr outflow  via the artery axillary or artery or axillary
cannula into the  femoral subclavian artery artery
femoral artery artery

Maximum 0.5- 4 L/min 2.5 L/min 3.7 L/min 5.0 L/min >4.5 L/min

haemodynamic 1.0 L/min

support

Implantation + +++ ++ ++ -+ ++

time

Risk of leg (or  + +H+ ++ + ++ ++

arm) ischaemia

Anticoagulation + +H+ + + + T+

Table 1. Comparison of percutaneous support devices [1-5].
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subclavian artery. The balloon inflates during diastole and increases the perfusion of coronary
arteries via retrograde flow. The antegrade displacement of the blood caused by the inflation of
the balloon increases the mean arterial pressure (MAP) and the flow to the body. The onset of
ventricular systole leads to a rapid deflation of the balloon with the drop of the pressure in the
aorta and consequently the forward flow with a reduction in afterload, left ventricular end-
diastolic pressure (LVEDP) and rise in stroke volume and cardiac output. The decrease of left
ventricular wall tension, coronary microvascular resistance and LVEDP along with the rise of
diastolic pressure reduces the oxygen consumption and therefore myocardial ischaemia [1-5].
It usually provides a marginal increase in cardiac output of up to 0.5 I/min (Table 1). The
placement of the device is quite easy to perform. A radiopaque tip is inserted through the
arterial access and placed under fluoroscopy, confirmed by the use of the X-ray. To be effective,
it requires some level of left ventricular function of the patient and stable electrical rthythm. It
should not be used in patients with more than mild aortic insufficiency because of the eventual
increase of the diastolic retrograde flow. There are several potential complications due to the
IABP placement like balloon rupture, leak or entrapment, infection, limb ischaemia and cere-
bral stroke. Rarely, it may be the cause of aortic dissection or rupture. The use of the IABP has
been tested in several studies [6-9]. The SHOCK trial demonstrated a decrease of hospital
mortality in patients with myocardial infarction associated with the thrombolytic therapy or
early interventional/surgical revascularization [6, 7]. Nevertheless, there is an increased risk of
complications like stroke and bleeding and no improvement in mortality in several meta-
analyses when IABP is used for CS due to myocardial infarction [6, 7]. In spite of this, IABP
use is widely common and has Class II indications in the current guidelines [8].

3. TandemHeart

The TandemHeart (CardiacAssist, Inc., Pittsburgh, PA) is a continuous-flow centrifugal assist
device that was first studied by Thiele et al. [1-5, 9, 10] who randomized 41 patients with CS
after acute myocardial infarction (AMI) to IABP or TandemHeart and showed an improvement
in cardiac output, power index, pulmonary capillary wedge pressure and mean pulmonary
arterial pressure in the second group. On the other side, there was an increased risk of limb
ischaemia and coagulopathy [9, 10]. TandemHeart transfers oxygenated blood from the left
atrium to the iliac arteries and perfuses the aorta retrogradely [1-5, 9-12]. It provides up to 5 L
of haemodynamic support (Table 1). One cannula is introduced through the femoral vein up to
the right atrium and by means of a transseptal puncture to the left atrium (Figure 1). Hence,
the oxygenated blood from the left atrium is directed to the pump, and by means of a second
cannula into the femoral artery, it can be delivered to the body. It requires very good expertise
in transseptal puncture. Contraindications are aortic insufficiency, peripheral vascular dis-
eases, the presence of thrombus in the right and left atrium and coagulopathy. The possible
dangerous complications due to the placement of the device are cardiac perforation and
tamponade, infection and embolic events including limb ischaemia and cerebral stroke. The
TandemHeart device is approved for up to 6 hours of extracorporeal support for cardiopulmo-
nary bypass [1-4, 9-12]. The placement of the device requires between 30 and 45 minutes with
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Figure 1. TandemHeart inflow cannula across the atrial septum.

full systemic heparinization [1-4, 9-12]. The left ventricle preload, the filling pressures and the
wall stress are reduced, and the peripheral tissue perfusion is increased. Several studies demon-
strate a better support and improved haemodynamics than the IABP, but the mortality benefit is
the same [9-12]. The Texas Heart Institute experience analyzed 117 patients with severe CS
refractory to pharmacological therapy and/or IABP and found a significant improvement in
cardiac index and systolic blood pressure [11, 12]. In the 2015 Guidelines for Heart failure, the
TandemHeart may be considered in severe left ventricle dysfunction or recent decompensated
heart failure with associated technically challenging or prolonged percutaneous intervention
(PCI) and continued deterioration of CS patient despite IABP and/or Impella [8].

4. Impella

The Impella Recover LP (Abiomed Inc., Danvers, MA) is a microaxial pump that moves the
blood continuously from the LV to the ascending aorta [1-5] (Figure 2). There are three classes
(Table 1) currently available—the Impella 2.5, Impella CP and Impella 5.0 —depending on the
level of LV support (2.5, 3.5 and 5 L/min, respectively). The Impella 2.5 and CP are the most
commonly used [1-5]. The system is composed of three major components: catheter, purge
system and automated controller. An impeller and the adjacent motor are positioned near the
outlet area in the ascending aorta. Thanks to the rotation, the negative pressure draws the
ventricular blood into the inlet area and through the cannula. The Impella 2.5 is used for up to
6 hours for high-risk PCI to prevent haemodynamic instability, while the CP model is indicated
for up to 6 hours for partial circulatory support when the cardiopulmonary bypass is not
required. Like the TandemHeart, the Impella devices have superior haemodynamics if com-
pared to the IABP in patients with ischaemic cardiogenic shock [1-5]. The Impella 5.0 was
developed initially for femoral artery, but nowadays it is positioned through the axillary or
subclavian artery. There are two clinical effects provided by this device: the unloading of the
cardiac ventricle and the increase in forward flow. The left ventricle wall tension and the
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Figure 2. Impella recover left ventricular support.

myocardial oxygen demand are decreased. There is also evidence of improved coronary perfu-
sion pressure and decrease of microvascular resistances [1-5]. The most important limitation of
Impella adoption is the size of peripheral vessels to accommodate the large bore catheters.
Anticoagulation is required, so the presence of coagulopathy or recent hemorrhage may pro-
hibit the use of this device. Other contraindications to the use of Impella are the presence of a
mechanical aortic valve prosthesis or a left ventricle (LV) mural thrombus. The improper
positioning or inadequate LV volume may cause suction. Hence, the correct Impella position
has to be confirmed with imaging. Case studies [1-5, 13-15] demonstrated successful use of the
Impella 5.0 as bridge from ECMO to durable device, during acute rejection in Htx, LV support
in RV failure as bridge to durable left ventricular assist device (LVAD), bridge to recovery in
patients with myocarditis and bridge to heart transplantation. There are several potential
complications due to the use of this device. They include bleeding, infection, vascular injury,
stroke, haemolysis, cardiac tamponade and damage to the aortic valve. The PROTECT II trial
randomized 452 symptomatic patients with complex multivessel disease or unprotected left
main disease and severely depressed LV function, thus showing the superiority of IMPELLA
compared with the IABP support [13-15]. Additionally, the catheter-based ventricular assist
device (cVAD) registry, which is an observational, multicentre, retrospective registry of patients
supported with Impella, reflects the device real-world use and suggests greater survival with
pre-PCI Impella insertion than pre-PCI IABP and/or pharmacotherapy alone [13-15].
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5. Extracorporeal membrane oxygenation

Extracorporeal membrane oxygenation (ECMO), as being a heparin-coated closed circuit, is a
model of mechanical pulmonary or cardiopulmonary support that can be used for a prolonged
period [1-5, 16-20]. There are two types of ECMO support: venovenous (VV) and venoarterial
(VA). The first one provides only respiratory support since the blood is taken from the right
atrium and then oxygenated and CO, removed prior to being returned to the right atrium.
Both the inflow and the outflow cannulae are positioned through a venous access. It works
only for gas exchange in a respiratory failure clinical scenario. The exception is when the
outflow cannula is placed in the pulmonary artery to unload and support the right ventricle
(RV). In contrast, the VA ECMO provides both haemodynamic/cardiac and respiratory sup-
ports. It is used during left ventricular or biventricular failure. The inflow cannula is placed
into the right atrium or inferior vena cava, and the blood after gas exchange is delivered back
into the arterial vascular system at either peripheral or central cannulation sites. It can provide
flows up to 6 L/min without any intrinsic activity of the heart (Table 1). The components of
ECMO system are drainage and perfusion cannulae, centrifugal or roller pump, membrane
oxygenator and heart exchanger. ECMO is important in the case of the need of haemodynamic
support for patients with CS or requiring a salvage treatment while on cardiac arrest. It
decreases the preload of both right and left ventricles, increases the mean arterial pressure
(MAP) and improves end-organ perfusion. Since it increases the LV afterload, the myocardial
oxygen consumption is not reduced. The amount of flow depends on the size of the cannulae
and the speed of the pump. Even ECMO requires full systemic heparinization [1-5, 16-19].
Contraindications are the presence of an irreversible clinical process, severe multiple organ
failure, aortic dissection, peripheral arterial disease and aortic regurgitation. Potential compli-
cations are bleeding, injury of vascular vessels, limb or arm ischaemia and thromboembolic
events. There are no large randomized trials on the use of ECMO. The Extracorporeal Life
Support Organization (ELSO) registry demonstrated a 27% survival to hospital discharge [16,
20]. Recently, a 49% survival was reached with the use of other types of mechanical support
systems plus ECMO in a bridge-to-bridge setting as treatment of CS [1-5, 16-20]. Current
guidelines recommend the use of ECMO when concomitant hypoxaemia and RV failure are
present [1-5, 8, 16-20].

6. Right ventricular assist devices

For several decades the volume administration to maintain RV preload, the vasodilators to
decrease RV afterload and the inotropes to ameliorate RV contractility have been used in
clinical practice [1-5, 21-27]. The in-hospital mortality is high in patients with RV failure that
is refractory to maximal medical treatment [1-5, 21-27]. With the TandemHeart, the percuta-
neous right ventricular assist device (RVAD) support has become a reality [21]. The
TandemHeart is used to provide RV support in such conditions as RV infarction and severe
pulmonary hypertension and temporary RV support after placement of a long-term LVAD. In
this version the TandemHeart cannulae are positioned into the right atrium and the pulmonary
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artery [21]. One model of Impella device, the RP, is approved by the Food and Drug Admin-
istration (FDA) for humanitarian device exemption for patients who develop acute right heart
failure or decompensation after LVAD implantation, AMI and Htx [22]. The device is
implanted into the femoral vein for inflow through the inferior vena cava to reach the outlet
area in the pulmonary artery (Figure 3). The RECOVER RIGHT trial was a prospective
multicentre study that was conducted in 2014 to evaluate the safety and efficacy of the Impella
RP [22]. There was successful implantation in 90% of patients who suffered from RV failure
with an increase of cardiac index and 73% successful survival to either 30 days or to hospital
discharge [22]. Contraindications to the use of this device include severe regurgitation, stenosis
or replacement of the tricuspid or pulmonic valves, the presence of filter in the inferior vena
cava or the presence of thrombus in the right atrium or in the inferior vena cava. Possible
complications are tamponade, vascular injury, liver failure, injury to the tricuspid and pul-
monic valves. The other extracorporeal devices used in the clinical practice are the Levitronix
CentriMag (Abbott), currently, while the Rotaflow (Maquet) and the Abiomed AB 5000
(Abiomed), historically [23-27]. It is important to choose the adequate sizing for inflow and

Figure 3. Impella RP setting.
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Figure 4. Percutaneous temporary right ventricular assist device placement post-long-term left ventricular assist device
insertion.

outflow cannulae to achieve the proper venous drainage and maintain a flow up to 7-8 L/min.
Several approaches for RVAD circuit setting arrangement exist nowadays [23-27]. The stan-
dard approach requires a full median sternotomy. The inflow cannula is positioned in the right
atrium and the outflow in the main pulmonary artery, both secured by double purse-string
sutures. The explantation of the device, at the time of RV recovery, requires a re-sternotomy
approach. Additionally, alternative effective minimally invasive approaches for RVAD place-
ment exist [23-27]. The one reported by Cohn et al. [25] needs vessel grafts with bedside removal
because the cannulas are inserted from outside the chest of the patient and reach the right atrium
and the pulmonary artery through the attached grafts. The grafts are firmly secured around their
cannulas with heavy sutures. When RV support is no more necessary, the pump lines are
clamped, the redundant portions from inside are exposed, the tapes are cut and the cannulas
removed, without reopening the chest [25]. A modified transcutaneous technique has been
described by Strauch et al. [26]. A minithoracotomy approach may be used in the case of post-
LVAD RV failure [23, 24] (Figure 4). According to this Berlin technique, the main pulmonary
artery cannula is located through a transthoracic needle under transesophageal echo (TEE)
guidance. The venous cannula of RVAD is advanced through the inferior vena cava into the
right atrium by Seldinger approach. This technique is difficult in the case of severe adhesions
related to previous cardiothoracic surgery [23, 24].
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Abstract

Primary graft dysfunction is the main cause of early mortality after heart transplantation
(HT). Preventive strategies to avoid primary graft dysfunction (PGD) have been focused
on better donor choice and maintenance, heart preservation methods in long-distance
retrievals with prolonged ischemia time, and better myocardial protection during
implantation, among others. Hemodynamic deterioration, caused by cardiogenic shock
due to pump failure unresponsive to inotropes, has a catastrophic progression if not cor-
rected in time. Severe PGD without response to inotropes and heart rhythm control in the
absence of cardiac tamponade should be treated promptly with mechanical circulatory
support. Extracorporeal life support (ECLS) should be installed early, before the occur-
rence of multiorgan dysfunction or prior to cardiac arrest, as highlighted in the literature.
The aim of this chapter is to discuss the use of mechanical circulatory support (MCS) and
its impact on the success to survival for patients with PGD.

Keywords: extracorporeal membrane oxygenation, mechanical circulatory support,
primary graft dysfunction, orthotopic heart transplantation, heart failure, heart-assist
devices

1. Introduction

Heart transplantation (HT) remains the preferred treatment for end-stage heart disease that
currently affects 5.1 million people in the United States, with an estimated growth of 25% by
2030 [1]. More than 4000 patients undergo HT annually worldwide for this condition [2, 3],
with an improved survival rate in the last two decades. Through the years, the advent of

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
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multiple platforms of mechanical circulatory support (MCS) as an arm of transplantation has
made it possible to rescue patients that were too sick to be treated without the help of devices.

Despite surgical advances and improved long-term survival, heart transplant patients are still
at significant risk to develop early graft dysfunction (EGD), leading to significant periopera-
tive morbidity and mortality [2, 4, 5]. Notwithstanding the better results of HT, mortality from
EGD varies among centers and over the years. In addition, the different set of criteria jeopar-
dize comparison for incidence and mortality.

There are two basic entities that compose of EGD: primary graft dysfunction (PGD) and sec-
ondary graft dysfunction (SGD). The latter is based on pathology-proven rejection, clear sur-
gical complications, or hemodynamic parameters. A postoperative transpulmonary gradient
greater than 15 mmHg, associated with low cardiac output, was considered as graft dysfunc-
tion secondary to pulmonary hypertension classified as SGD. The aim of this chapter is to
discuss exclusively cardiogenic shock due to PGD and its management. Secondary graft dys-
function is not the scopes of this chapter.

2. Primary graft dysfunction

2.1. Definitions and classification

Primary graft dysfunction is reported as dysfunction affecting the right ventricle (RV), left ven-
tricle (LV), or both, according to echocardiographic findings. Primary graft dysfunction (PGD)
is common and ranges from 2.3 to 28.2% depending on the definition [6-10].

The diagnosis of PDG should be considered if any dysfunction is observed at the end of
cardiopulmonary bypass, restricted to the first 24 h after surgery and based on echocardio-
graphic and/or hemodynamic criteria, as summarized in Table 1.

Severe PGD is defined as the need for MCS—other than an intra-aortic balloon pump—
to maintain an adequate organ perfusion following HT and is the leading cause of early
mortality after transplantation [5]. Hemodynamic deterioration caused by cardiogenic
shock due to pump failure unresponsive to inotropes has a catastrophic progression if not
addressed in time. For this reason, heart transplant patients should be routinely moni-
tored by a pulmonary artery catheter. It provides continuous information about cardiac
output and other real-time hemodynamics parameters required for therapeutic decision-
making, in combination with other clinical variables, such as tissue perfusion. In a PGD
after HT, the amount of inotropes and vasopressors—vasotropic score—the patient is on
and micro- and macro-hemodynamics help to decide whether to rely on medical manage-
ment or choose MCS.

Intraoperative transesophageal echocardiography (TEE) is recommended routinely upon the
discontinuation of cardiopulmonary bypass. It provides useful information about ventricular
dimensions and function, blood volume, residual surgical defects, and helps to de-air cavities.
If the diagnosis of postoperative shock is challenging, both operating room (OR) and bedside
echocardiography are informative and should be performed whenever cardiac dysfunction
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Echocardiography: LVEF < 40% OR.
Mild - meets one of the

following criteria: Hemodynamics: CVP > 15 mmHg, PCWP > 20 mmHg,
CI = 2 L/min/m2 lasting for 1 hour and requiring low-
dose inotropes
1. Echocardiography: LVEF < 40% OR
BRRSLY Moderate - meets one Hemodynamics: CVP > 15 mmHg, PCWP > 20 mmHg,
criterion from | and Cl < 2 Limin/m2, hypotension with MAP < 70 mmHg
another criterion from 2:
2. Inotrope score > 10 or infra-aortic balloon pump
— Dependence on mechanical circulatory support, excluding
¥ intra-aortic balloon pump
1. CVP = 15 mmHg, PCWP < 15 mmHg, CI < 2 Lfmin/
m2
PGD-RV Requires | + 2, or 3 2. TPG < 15 mmHg AND/OR SBP < 50 mmHg
alone

3.Requirement of right circulatory assistance

PGD-LV: left wentricular primary graft dysfunction; LVEF: left ventricular ejection fraction; CVP: central venous pressure; PCWP:
pulmonary capillary wedge pressure; C1: cardiac index; MAP: mean arterial pressure; PGD-RV: right ventricular primary graft
dysfunciion; TPG: transpulmonary pressure gradieni; SBP: sysiolic blood pressure,

Table 1. Classification of primary graft dysfunction after heart transplantation.

and hemodynamic parameters indicate cardiogenic shock. Figure 1 shows a suggested algo-
rithm to rule out PGD post-heart transplantation.

In a recent consensus on April 23, 2013, during the annual meeting of the International Society
of Heart and Lung Transplantation (ISHLT) [5], PGD was defined as any graft dysfunction
that occurs up to 24 h after transplantation. This agreement formulates guidelines to better
define the diagnosis and management of patients with primary graft dysfunction (PGD) in
heart transplantation. Before the conference, an online survey was used to obtain contempo-
rary thoughts on diagnosis and management of PGD patients from transplant centers. A total
of 47 transplant centers responded and the results are summarized in Table 1. Epidemiology
factors were set as the baseline. Parameters such as the requirement of inotropic support,
left ventricular ejection fraction (LVEF), and requirement of cardiac mechanical support were
put as possible criteria for PGD. The purpose of this consensus was to initiate a standardiza-
tion of the study of PGD and serve as a guide for the heart transplant community regarding
diagnosis, management, and risk stratification of post-transplanted PGD, thus permitting
uniform comparisons among centers and studies.
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During implant

Optimize protection during bypass:
Maximize myocardial protection during
bypass according to the type of
Cardioplegia

LV Venting to avoid rapidly rewarming

After implant

Optimise inotropes before weaning

Rule out air in coronary arteries

Rule out Kinking of pulmonary arterics

Start Reperfusion at least 30 min before weaning bypass

If difficult to wean bypass,
extends reperfusion.

Exclude RV disfunction after increased PVR

End of bypass

Unable to wean bybass, higher vasoative-inotropic score:
Consider PGD
Consider IABP, prepare for MCS/ECLS.

Consider a myocardial biopsy sample

Figure 1. Ruling out secondary graft dysfunction in heart transplantation.

The conference had 71 participants — including cardiologists, cardiac surgeons, pathologists, and
immunologists —representing 42 heart transplant centers from North America, Australia, Europe,
and Asia, that had published on PGD or had vast clinical experience in heart transplantation.

Additionally, the moment to start support is not well stablished. A high inotropic score seems
to be related with worst prognosis. Beside high inotropic score, the need of vasotropic agents
to sustain hemodynamics plays an important rule in chose for ECLS in PGD. It is important to
acknowledge that a vasoactive-inotropic score (Figure 2 ), rather only the inotropic score, may
determine better the prognosis and initiation of support. In Cardiogenic shock patients, a high
vasoactive-inotropic score during the first 48 hours was related with increased in-hospital

mortality [11, 12].
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Inetrepe Score (1S)
I5 = Dopamine dose (mcgkgmin) + Dobutamine dose + 100 x Epinephrine dose (meg/kg/min)

Vasoactive-Inotropic Score (VIS)
VIS =18 + 10 x Milrnnone dose (megfkg/min) + 10,000 x Vosopressein dose (unitskgimin) + 100 x NMorepinephnne dose (megkg'min)

Figure 2. Vasoactive-ionotrophic criteria: The need of a vasoactive score higher than 85 seems to determine worst
prognosis in cardiogenic shock patients [11].

2.2. Etiology and pathogeneses

The etiology of PGD is likely to be multifactorial. Donor, procedure and recipient causes are
involved. Brain death and its sequelae in the donor, hypothermic ischemia during transport,
warm ischemia during implant surgery, and reperfusion injury after the release of the aortic
cross-clamp in the recipient can negatively affect the donor’s heart. In addition, systemic fac-
tors in the recipient may create a “hostile” environment that further compromises its function
after reperfusion and contributes to the development of PGD.

Itis important to say that PDG is a phenomenon not correlated with hyperacute rejection. The
results of the International Society of Heart and Lung Transplantation (ISHLT) autopsy sur-
vey pre-consensus showed that less than 4% of biopsies had some kind of antibody-mediated
rejection and 7% had evidence of cellular rejection [5].

2.2.1. Donor aspects

Donor’s brain death is associated with a series of events that result in impaired myocardial
contractility and sensitize the heart to ischemia—reperfusion injury [13]. These events include
an intense release of endogenous norepinephrine that results in mitochondrial and cytosolic
calcium overload that may activate autophagy, apoptosis, or necrosis. Calcium overload of
the contractile proteins leads to contracture and is associated with a characteristic histologic
appearance known as “contraction band necrosis.” Administration of exogenous catechol-
amines during donor resuscitation may contribute to desensitization of myocardial p-receptor
signaling after brain death. Many other donor-related aspects leading to PGD are described,
including ischemic preconditioning insults related to older donors [14].

Most donor hearts are transported and stored in a cold preservation solution and that slows
but does not effectively arrest cellular metabolism. Consequently, a progressive ischemic
injury is an inevitable consequence of prolonged static storage.

Furthermore, the reperfusion of the heart with oxygenated blood leads to further calcium
overload and an initial burst of oxygen-derived free radicals that bind to and disrupt the
function of multiple cellular enzymes. The combination of Ca* overload and high oxidant
stress in an energy-depleted cardiac myocyte activates the formation of the mitochondrial
permeability transition pore (MPTP)—a non-specific channel that forms in the mitochondrial
membrane allowing pro-apoptotic factors, such as cytochrome C, to be released into the cell
cytoplasm [15]. Water that enters by the MPTP causes mitochondrial swelling and may lead
to membrane rupture, triggering necrotic cell death. Currently, there is an increasing interest
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in ex-vivo perfusion of the donor’s heart in order to preserve the organ, minimize the above-
mentioned negative impact of preimplantation ischemia, and increase availability [16].

2.2.2. Recipient aspects

Vasoplegia has a catastrophic result on any heart surgery, particularly in heart transplant, in
which it seems to affect the donor’s heart impairing its ability to adapt to this hostile envi-
ronment. Many aspects of the receptor are involved in the genesis of this phenomenon. Risk
factors include mechanical circulatory support before transplantation, prolonged cross-clamp
time, and significant transfusion requirements. The activation of systemic inflammatory
response in the recipient results in a vasodilated systemic circulation that is refractory to con-
ventional vasopressor support that seems to lead to PGD. It probably involves the concerted
action of multiple pro-inflammatory cytokines leading to upregulation of inducible nitric
oxide synthase or indoleamine dioxygenase, with overproduction of nitric oxide or other
endogenous vasodilators.

2.3. Risk factors

Transplanted hearts are at risk of ischemia/reperfusion injury, damage from proinflamma-
tory cytokines, and beats on decreased donor cortisol and thyroid hormone levels [17-21].
Recipient-related factors include age, increased pulmonary vascular resistance (PVR), and
recipient inflammatory cytokines, which can worsen vasoplegia, as well as oxidative stress
in the transplanted heart [22-30]. In addition, transplant recipient dependence on pre-trans-
plantation inotropic support and mechanical ventilation has been associated with increased
incidence of PGD [24, 31-34].

In a single-center study, Segovia et al. [26] developed a predictive model for the development
of PGD. The risk factors were included in the model and used to calculate a predictive score
are recipient age > 60 years, recipient diabetes mellitus, recipient inotrope dependence, right
atrial pressure > 10 mm Hg, donor age > 30 years, and ischemic time > 4 h (RADIAL score)
[26]. This model was later validated in a separate cohort of HT performed at programs in
Spain between 2006 and 2010 [35]. In the latter study, PGD occurred with an incidence of
22%. Isolated RV dysfunction was present in 45% of patients with PGD, whereas isolated LV
PGD occurred in 8% of patients and combined biventricular PGD in 47%. The RADIAL score
was higher in patients with PGD and stratified patients into groups with incremental PGD
incidence [35].

Nicoara et al. [36] conducted a single-center retrospective cohort study to evaluate the inci-
dence, trends, and independently associated risk factors for PGD after HT. In addition, they
explored the performance of the RADIAL score variables in this study population. Of the 317
patients who underwent HT over the study period and met inclusion criteria, 99 (31.23%)
developed PGD defined according to the ISHLT consensus statement [5]. Isolated PGD-LV
occurred in 60 patients (18.9%), 22 patients (7%) had biventricular PGD and 17 patients (5.3%)
had isolated PGD-RV. Risk factors independently associated with the type of PGD included
ischemia time, recipient African American race, and recipient pre-transplantation treatment
with amiodarone [36].
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Several studies previously identified a variety of donor, recipient, and procedural risk fac-
tors associated with PGD, with a high variability of results giving different definitions, use
of single-center or multi-center databases, and different time periods analyzed [37, 38-41].
Most consistently among these are donor age [22], donor high dose of inotropic support [24],
cause of brain death [24], recipient age [24, 36], recipient inotropic support [26], mechanical
support [22, 24], ischemia time [24, 36], and donor-recipient weight mismatches [32]. Several
studies [36-37, 42] identified ischemia time as an independent risk factor associated with PGD
development, with each additional hour of ischemia time almost doubling the risk of PGD.

2.3.1. Amiodarone use

Recipient treatment with amiodarone pre-transplantation has been controversially discussed,
with divergent results regarding early graft failure, morbidity, and mortality after heart trans-
plantation [43-46]. Nicoara et al. [36] found that recipient pre-transplantation’s use of amio-
darone was an independent factor that increases the risk of PGD development, by 67%. The
30-s official adult heart transplantation report from the registry of ISHLT did not find amioda-
rone independently associated with early graft failure. However, we had a higher incidence of
early graft failure and in-hospital graft dysfunction among patients treated with amiodarone,
suggesting that it may play a role in early post-transplantation outcomes or may be associ-
ated with an unmeasured indicator an ill patient population [3]. A recent retrospective cohort
analysis of adult HT recipients from the ISHLT registry found that amiodarone use before HT
has increased over time and is associated with increased 1-year mortality [46]. The long half
life of amiodarone combined with its pharmacological effects—negative chronotropic and
inotropic, calcium channel blockage, and a- and 3-receptor blockade —may be responsible for
its effects or an unidentified interaction with oxidative stress leading to worsening ischemia—
reperfusion injury, but this is speculative [46].

2.3.2. Congenital heart disease

Over the last decade, the advances in the medical and surgical management of patients with
congenital heart disease (CHD) have led to an improvement in their life expectancy with
85% of children surviving till adulthood [47]. However, some patients will develop late
myocardial dysfunction resulting in heart failure with 10-20% of them requiring heart trans-
plantation [48, 49]. Adults with congenital heart diseases recipients (ACHDR) pose unique
challenges due to complex anatomy, multiple prior procedures, preformed human leucocyte
antigen (HLA) antibodies, pulmonary hypertension, and malnutrition [50]. Because of these
complexities, ACHDR has a higher operative [51, 52] and a 1-year mortality [2, 53].

In ACHDR, graft dysfunction was seen more commonly when compared to non-cardiac
recipients (NCR) (9.9% vs. 7.4%, p < 0.01).

United Network for Organ Sharing (UNOS) database reports three categories of graft dys-
function: primary non-function, that is, primary graft dysfunction (PGD), acute rejection, and
chronic rejection. PGD was significantly higher in ACHDR compared to NCR (4.3% vs. 2.6%,
p <0.01); however, there was no difference in acute and chronic rejection rates [49]. PGD con-
tinues to be a significant cause of morbidity in the most recent era [54].
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Graft and cardiovascular dysfunction in ACHDR were the top two causes of early mortality
and most likely related to the presence of elevated PVR, allosensitization, and longer donor
organ ischemic times [30, 55-59]. The ACHDR were more likely to have longer-than-4-h
ischemic times, peak panel-reactive antibody (PRA) class II >10%, and were found to have
a higher rate of graft failure due to primary graft dysfunction. Thompson et al. showed that
early graft survival was directly related to the number of HLA-DR (class-II) mismatches [59].
Graft dysfunction and postoperative bleeding are more likely to cause death in ACHDR com-
pared to non-cardiac recipients (NCR) [49, 53, 60]. Because of graft dysfunction and young
age, the re-transplant rate is higher among ACHDR compared to NCR [49, 55]. Improvement
in the graft dysfunction rate in recent times can be attributed to better medical management
of mild PGD with the use of levosimendan, nitric oxide, and phosphodiesterase inhibitors.
The short-term survival for ACHDR is poorer as compared to NCR, and primary graft dys-
function remains a significant issue affecting short-term survival in ACHDR. The fact that
the ACHDR who survives the first post-transplant year have better long-term survival than
NCR indicates that perioperative mortality and morbidity is most likely the Achilles heel for
cardiac transplantation in ACHDR [54]. Management of severe PGD with early intervention
and short-term mechanical support appears to have improved survival [5].

3. Mechanical circulatory support

MCS may be provided by VA-ECMO or the implantation of a temporary paracorporeal ven-
tricular assistance device (VAD) and the choice depends on the knowledge about devices
and shelf-available items. There’s no manual or evidence-based decision-making protocol
to choose one or another. Nevertheless, ECLS management may determinate success to dis-
charge of patients experiencing PGD.

Advances in durable MCSs (LVADs) made its use reliable in patients with heart failure as a
bridge to heart transplant, as well as postoperative support with ECLS in PGD HT to allow
organ recovery. Although an LVAD is usually the choice for consistent outcomes in patients
supported while waiting for a heart transplant, ECLS may be used in patients in whom LVADs,
BiVADs, or TAH (total artificial hearts) are not reliable or available. It includes patients who
are likely to receive a heart transplant within a short time period after listing.

ECLS use in heart transplant PGD continues to be the first line of support with some recent
evidence of improved outcomes. There is some evidence on the use of short-term VAD
but with limited results in a real-world setting [61]. Although further studies are neces-
sary to understand the optimal role of ECLS in heart transplantation the objective of this
chapter is to discuss its role in PGD, that accounts for 40-50% early mortality after heart
transplantation according to studies using the International Society of Heart and Lung
Transplantation (ISHLT) registry [5]. Mechanical circulatory support may be provided by
VA-ECMO or implantation of a temporary VAD. In a recent analysis of 54 patients sup-
ported on ECMO for PGD in a large French center, 36 patients (67%) were weaned from
the assisting device and 27 of the patients supported with ECMO (50%) were discharged
from the hospital [62].
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The overall conditional survival was 73% at 1 year and 66% at 5 years. The authors concluded
that ECMO support is a reliable therapeutic option for severe, early graft failure after cardiac
transplantation. Furthermore, patients treated with ECMO had the same 1-year conditional
survival as patients who did not suffer from PGD. In this study, the authors found no differ-
ence in weaning when comparing peripheral ECMO and central ECMO (50%) but a higher
rate of vascular complications (18%) in patients supported on peripheral ECMO.

The device of choice and timing of insertion varies among institutions, and the use of mechani-
cal circulatory support tends to be more liberal for early support in high-volume centers with a
potentially positive effect on graft recovery [63]. Although ECMO has been traditionally favored
due to the ease installation, and the ability to provide oxygenation following a prolonged cardio-
pulmonary bypass, its use is associated with increased risk of bleeding, insufficient LV unload-
ing, and the chance of intracardiac thrombosis in patients with minimal sistolic function [64, 65].

Takeda and colleagues from Columbia University performed an analysis of patients requiring
mechanical support for PGD following heart transplant [66]. Of the 597 patients who received
a heart transplant during the study period, severe PGD developed in 44 (7.4%). Within 24 h
of transplant, 17 of these patients received support via a continuous-flow external VAD, and
27 received VA-ECMO support. The patients who received a VAD were more likely to have a
longer support time, major bleeding requiring chest re-exploration, and renal failure requir-
ing renal replacement therapy after surgery. In-hospital mortality was 41% for VAD patients
and 19% for VA-ECMO patients. A total of 10 patients (59%) were weaned from VAD support,
and 24 patients (89%) were removed from VA-ECMO support after adequate graft function
recovery. The 3-year post-transplant survival was 41% in the VAD group and 66% in the
VA-ECMO group, leading to the conclusion that for severe PGD, support with VA-ECMO
appears to result in better clinical outcomes than VAD support. ECMO in patients with PGD
or allograft failure due to other causes seems to be associated with better outcomes than
ECMO support for other reasons. Tran and colleagues [67], from UCLA, demonstrated that
patients requiring ECMO for graft failure after heart transplant had lower mortality (51.6%)
when compared with patients who needed ECMO for other etiologies (69.1%).

ECLS/ECMO seems to be the best way to support PGD patients in almost all scenarios for
many reasons. It can provide safe maximum flow and pulmonary support with different can-
nulation strategies —percutaneously, hybrid, or by central access. It is rapidly installed, and
cost of disposable equipment is relatively inexpensive compared with other devices. In basic
settings, veno-arterial (VA) ECMO is considered the main strategy. Central access is prefer-
able due to fast installation, direct evaluation of the heart decompression, and easiest way to
install a left-side drainage cannula in the left atrium or left ventricle if it remains distended.

A total of 16% of our PGD patients had a left cannula installed as a venting strategy to guar-
antee LV resting. Our preference is to use central VA ECMO. Patients may be extubated as
any other heart surgery postoperatively after recovering from anesthesia. Cannulas may be
positioned inferiorly through the thoracic wall and the chest fully closed to facilitate mobility
and ambulation. Extubation may be done even if only the skin is closed —not sutured ster-
num. In this case, the care team has to ensure a sealed bandage around the cannulas to avoid
pneumothorax formation.
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Full support is sufficient when hemodynamic variables and microperfusion are normalized —
VA ECMO usually provides normal oxymetric parameters if the patient is well supported.
MAP goal usually is around 70, CVP < 15, SVO, > 60%, serum lactate <2.0 mmol/L, and O,
saturation > 95%. Since the pulmonary flow is shunted throw the ECLS system, pulmonary
artery pressures are expected to be very low, and most of the times cardiac index cannot be
measured. Pulsatile waveforms are almost invisible or show a very low pulse pressure gradi-
ent (less than 20 mm Hg).

Usually, in the range of 3-7 days, it is possible to see some degree of heart recovery. Pulse
pressure may rise above 20 mmHg, CI may be measurable through PAC, pulmonary pres-
sures may rise, and the patient may be hemodynamically stable with a lower flow on ECLS
system. At this point, the weaning protocol should require an echocardiographic evaluation to
reassess biventricular function. In adults, patients showing aortic time-velocity integral (VTI)
210 cm, left ventricular ejection fraction (LVEF) >20-25%, and lateral mitral annulus peak
systolic velocity (TDSa) 26 cm/s at minimal ECMO flow were all successfully weaned [68].

Although ECMO may provide adequate support, it has limitations such as insufficient LV
unloading, limited time of support, and risks of thromboembolic and vascular complications.
High pressures in left chambers may not be easily documented, and the patient may run with
hemodynamic instability. Non-treatable low flow related to sequestration of stroke volume
in the lungs, secondary of left chambers distention, and inability of the heart to decompress
from ECMO post-load augmentation may be seen. A documented left-side heart high pres-
sure requires an immediately strategy to unload left chambers and re-establish the desired
flow. A drainage cannula in left atrium or ventricle that allows a fast connection on the ECMO
circuit permits good drainage and is a feasible choice. It is important to note that, in this case,
optimum flow will be achieved after a left-side drainage cannula insertion.

In case of recovery of the left ventricle’s ability to unload, the left cannula may be removed before
starting the weaning protocol or just reducing the ECMO to allow filing up the ventricle and con-
sidering weaning. Intra-aortic balloon pump has been documented, but in a different scenario
setting, as a way to reducing systemic vascular resistance, helping to prevent LV distention, dur-
ing the VA ECMO run [69]. More recently, in the largest US-based retrospective study, the addi-
tion of Impella to VA-ECMO for patients with refractory cardiogenic shock was associated with
lower all-cause 30-day mortality, lower inotrope use, and comparable safety profiles as com-
pared with VA-ECMO alone. This study reinforces the importance of LV decompression as an
important factor to improve outcomes during VA ECMO in severe ventricular dysfunction [70].

If recovery is not noted on PGD, other strategies should be considered and palliative care may
be an option. Although we were able to prolong ECMO support in an infant up to 44 days
until recovery, a biventricular support including a durable VAD or a total artificial heart may
be an option in selected patients. Since there is lack of evidence to support use of those alter-
natives on PGD, the selection of a device should be made according to the patient’s clinical
condition and the center’s experience.

3.1. Personal experience

Between January 2007 and December 2013, a total of 71 heart transplantations were performed
in patients with advanced heart failure and 11 (15.5%) of these patients presented PGD [71].
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All patients had advanced heart failure and 2 (18.2%) patients were in a priority state before
the transplantation. As for the etiology of the cardiomyopathy, 5 (45.4%) were due to Chagas
disease, 3 idiopathic dilated cardiomyopathy, 1 from secondary to valvular cardiomyopathy,
1 had restrictive cardiomyopathy, and 1 was associated with peripartum cardiomyopathy.
None of the patients had PRAc—preformed antibodies calculated panel —above 10%.

In our experience, the causes of PGD were not associated with severe rejection, as documented
by routine endomyocardial biopsy in the first week, with only one patient presenting cellular
rejection greater than 2R. Donors were predominantly male (n = 7; 63.6%) and had an aver-
age age of 26.6 + 12.3 years (ranging from 15 to 48 years). The causes of death among donors
included head trauma in 7 cases (63.6%), hemorrhagic stroke in 3 (27.3%), and cerebral tumor
in 1. A total of 7 cases (63.6%) received continuous infusion of norepinephrine >0.1 mcg/kg/
min at the time of the retrieval. Retrievals took place in the same hospital of the implantation
in 6 (54.5%) cases and at a distant center in the 5 remaining cases. The average ischemia time
was 151 + 82 min (ranging from 73 to 270 min), with 82.8 + 14.2 min in the local retrievals and
233 + 35.4 min in distant retrievals (p < 0.0001). The cold ischemia “limit” of 4 h was exceeded
in 2 (18.2%) patients.

In this group of patients, the use of ECMO met the desired goals, promoting cardiac recovery
in most cases, with acceptable complication rates, considering the severity of the clinical con-
dition of patients [71]. We were successful in removing the ECMO, with cardiac recovery in
81.8% of the patients after an average of 76 h. The main postoperative problems that we found
were acute renal failure, stroke, and requirement for surgical revision of hemostasis. The first
is a frequent complication [72] and is secondary to multiple insulting factors—shock, neph-
rotoxic drugs, and systemic venous congestion —and pre-transplant cardiorenal syndrome.
Renal function recovered in all patients after a few sessions of hemodialysis, as described by
Listijono et al. [73]. The last two are complications related to the requirement of anticoagula-
tion during ECMO, which is difficult to control. Complicating factors are recent heart surgery,
the presence of shock with concomitant hepatic dysfunction, and, eventually, disseminated
intravascular coagulation. Excessive use of blood products complicates immunological sen-
sitization, systemic congestion—including liver congestion, which increases bleeding —and
pulmonary hypertension. The use of heparin-coated circuits, antifibrinolytics, careful surgical
technique, maintenance of hemodynamic stability with systemic venous decompression, and
synthetic derivatives of coagulation factors are important to minimize these complications.
Although patients who developed stroke showed increased hospital mortality, those who
survived had full recovery of motor activity without limitation in their quality of life.

4. Conclusion(s)

The aim of circulatory assistance in PGD is always cardiac recovery. Thus, the characteris-
tics of the ideal device must comply with the following requirements: ability to be quickly
installed, allowing the rapid re-establishment of cardiac output in order to maintain ade-
quate tissue perfusion and reverse multiorgan dysfunction, reducing ventricular filling pres-
sures, promoting myocardial protection with increased coronary flow, and having a low
complication rate.
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Heart decompression is important for a successful recovery since intracavitary hypertension
curtails subendocardial coronary perfusion, especially in those patients who had no electrical
activity or lacked sufficient contractile activity for adequate LV decompression.

Regardless of showing complete recovery, patients with PGD have a higher mortality when
multiple organs were involved. Hence, there is need for strengthened intensive care in this
population, systematically focused on the management of organs and systems and on the
prevention of sepsis.

The rapid hemodynamic deterioration due to PGD shows that the earlier the implantation
(operation room), the best are the outcomes for weaning and survival. Patients in whom
ECMO was initiated due to cardiac arrest had a poor outcome, and the appropriate timing
was certainly neglected.
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Abstract

Cardiogenic shock following cardiac surgery is rare, but a serious complication. Patients
who suffer from severe valvular disease, low cardiac function, massive myocardial
infarction, and acute aortic dissection have high risk of cardiogenic shock after surgery.
Extracorporeal membrane oxygenation (ECMO) is a last resort treatment option for such
patients. However, ethical concerns exist regarding whether ECMO is worthwhile for
them, because it carries a huge financial burden, and the mortality of ECMO patients
following cardiac surgery is reported to be as high as 60-80%. No guideline exists
regarding optimal patient selection, duration of mechanical support, and management
of ECMO. There are many unanswered questions in this field. This is a comprehensive
review regarding the most recent available evidences in the field of ECMO support for
post-cardiotomy cardiogenic shock.

Keywords: cardiac surgery, cardiogenic shock, extracorporeal membrane oxygenation
support

1. Introduction

Post-cardiotomy cardiogenic shock occurs in approximately 1% of adult cardiac surgical
patients [1, 2]. For these patients, extracorporeal membrane oxygenation (ECMO) is a device
for temporary mechanical circulatory support allowing cardiac and pulmonary recovery or as
a bridge to further therapeutic alternatives.

However, the outcomes of ECMO use for post-cardiotomy patients are not satisfactory.
Inhospital mortality has been reported to be as high as 60-85%. In addition, ECMO use
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requires blood products, manpower, and special resources; therefore, it is associated with a
significant financial burden to the institution.

No clear guidelines exist regarding the management of ECMO after cardiac surgery. The deci-
sion to place a patient on ECMO after cardiac surgery is difficult. Physicians have to make a
decision based on individual circumstances, considering the balance between risks and ben-
efits of ECMO.

2. VA-ECMO for post-cardiotomy cardiogenic shock

2.1. Initiation of ECMO

The causes of cardiogenic shock following cardiac surgery are divided into three categories:
reversible, potentially reversible, and irreversible [3]. Reversible and potentially reversible
causes of inability to wean from cardiopulmonary bypass include myocardial stunning, local-
ized acute myocardial infarction, and acute pulmonary hypertension. Irreversible causes
include pre-existing severe ventricular dysfunction, massive acute myocardial infarction, and
chronic pulmonary hypertension.

ECMO offers the possibility of providing a bridge for maintaining organ perfusion and oxy-
genation allowing time for the heart and lung function to recover [4]. Theoretically, ECMO is
indicated for reversible or potentially reversible cardiogenic shock; however, it is hard to tell
the reversibility of stunned or infarcted myocardium, and how long it would take for recovery.

2.2. ECMO set-up

ECMO following cardiac surgery is often established centrally, i.e., an arterial line through
the ascending aorta and a venous line through the right atrium [5, 6]. If the chest is not open,
or if there is a concern for leaving the chest open due to the risk of infection or bleeding,
ECMO is established peripherally. This consists of a venous cannula in the femoral vein and
an arterial cannula in the femoral artery.

If central ECMO is initiated, one can consider tunneling arterial and venous cannulas through
the abdomen, so that the chest can be closed to reduce the risk of infection and bleeding [7].

2.3. Management of ECMO

ECMO management should be done in an intensive care unit, and perfusionists, cardiac sur-
geons, and intensivists should be involved.

Heparinization is a controversial issue in ECMO management. While anticoagulation is nec-
essary to prevent formation of clots in the ECMO circuit, it increases the risk of bleeding from
the cannulation sites and surgical fields [8]. Ko et al. suggested avoiding use of heparin for the
first 24 hours of ECMO support [9].
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There is no consensus regarding anticoagulation management. Most centers use activated
clotting time (ACT) to monitor the level of anticoagulation. ACT should be kept above
160 seconds during full flow of ECMO; whereas, it should be kept higher (>180 or >200 sec-
onds) if patients have artificial valves or ECMO is in low flow [10]. Blood transfusion is to
be expected due to blood loss and coagulopathy. Some centers use thromboelastography to
guide what blood products (platelets, fresh frozen plasma, or cryoprecipitate) are necessary
during ECMO management [11].

Some centers use bivalirudin instead of heparin for the management of ECMO, and some
previous studies showed the superiority of bivalirudin over heparin [12, 13].

2.4. Management of left ventricular distension

Left ventricular distension can happen as a result of inadequate drainage of the right atrium,
shunting of blood between the bronchial and pulmonary artery circulation, and inadequate
ejection of the left ventricle against the afterload posted by the ECMO. This can result in
increased wall stress, increased myocardial oxygen consumption, pulmonary edema, and
hemorrhage. There are some strategies to alleviate left ventricular distension [14].

Seib et al. described a technique of left heart decompression with blade and balloon atrial sep-
tostomy [15]. They reported that this technique could successfully alleviate left atrial hyper-
tension and pulmonary edema.

Aiyagari et al. described a technique of decompressing the left atrium by placing a transseptal
left atrial drainage incorporated into the ECMO circuit [16]. This drainage cannula can be
placed via a patent foramen ovale [17]. The left ventricle can be vented directly by placing a
catheter percutaneously through the aortic valve into the left ventricle [18, 19].

Alternatively, other type of mechanical circulatory assist devices such as the Impella (Abiomed
Inc., Danvers, MA) or the TandemHeart (CardiacAssist Inc., Pittsburgh, PA) can decompress
the left ventricle [20].

2.5. Weaning of ECMO

The length of ECMO support ranges between 3 and 14 days [21]. Fiser et al. suggested that
consideration of discontinuing ECMO should be given after 48 to 72 hours of ECMO initia-
tion, either by moving to an implantable ventricular assist device or by withdrawal of ECMO
[22]. Distelmaier et al. reviewed their experience of ECMO use in 354 patients, and found that
prolonged ECMO support was associated with poor outcomes [23]. They suggested reevalua-
tion of therapeutic strategies after 7 days of ECMO, because mortality increases dramatically
afterward.

A pulmonary artery catheter and transesophageal echocardiography are essential in wean-
ing ECMO to assess the cardiac function. If a patient can successfully maintain a reasonable
cardiac output on a low pump flow, ECMO can be discontinued.
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2.6. Outcomes

The surgical outcomes of ECMO support for post-cardiotomy cardiogenic shock in adult
patients are summarized in Table 1. Overall, about half of the patients could be weaned off
ECMO; however, inhospital mortality was around 60-80%. In other words, only a quarter of
the patients survived to be discharged home. Pokersnik et al. concluded that advancements in
technology improved oxygenator durability, but had little impact on overall survival rates [39].

Study Number  Successful weaning of ECMO Survival
of pts
Rastan et al. [24] 517 63.3% was successfully weaned from  Inhospital mortality was 75.2%.

Muehrcke et al. [25] 23
Elsharkawy et al. [26] 233
Zhao et al. [27] 24

Ko et al. [9] 76

Biancari et al. [28] 148

Khorsandi et al. [29] 27

Ariyaratnam et al. [3] 14

Smedira et al. [30] 202

Bakhtiary et al. [31] 45

Hsu et al. [32] 51
Liet al. [33] 123
Saxena et al. [34] 45

Papadopoulosetal. 360
35]

Unosawa et al. [36] 47

ECMO

39.1% was weaned from ECMO,
13.0% underwent LVAD

12.0% was converted to implantable

LVAD
66.7% was weaned off ECMO

55.3% was weaned off ECMO,
2.6% underwent LVAD, and 2.6%
underwent transplantation

4.1% underwent LVAD

15% underwent short-term VAD
implantation

50% was weaned off ECMO

23.8% underwent transplantation,
35.1% was weaned off ECMO

56% had successful weaning of
ECMO

53% had successful weaning of
ECMO

56% had successful weaning of
ECMO

53% were weaned off ECMO

58% had successful weaning of
ECMO

62% had successful weaning of
ECMO

Cumulative survivals were 17.6% after
6 months, 16.5% after 1 year, and 13.7%
after 5 years.

Inhospital mortality was 69.6%.

Inhospital mortality was 64%.

Inhospital mortality was 66.7%.

Inhospital mortality was 73.7%.

Inhospital mortality was 64.2%.

One-, 2-, and 3-year survival was 31.0%,
27.9%, and 26.1%, respectively.

Inhospital mortality was 59.3%.

Inhospital mortality was 85.7%.
30-day mortality was 62%.
Survival at 5 years was 24%.

Inhospital mortality was 71%.

During follow-up period up to 3 years,
22% were alive.

Inhospital mortality was 67%.

29% patients were alive at 1-year postop.

Inhospital mortality was 65.9%.

Inhospital mortality was 75.6%.

Inhospital mortality was 70%.

Inhospital mortality was 32%.

The actuarial survival rates were 34.0%
at 30 days, 29.8% at 1 year, and 17.6% at
10 years.
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Study Number  Successful weaning of ECMO Survival
of pts
Slottosch et al. [37] 77 62% had successful weaning of 30-day mortality was 70%.
ECMO
Zhang et al. [38] 32 44% had successful weaning of 30-day mortality was 68.8%.
ECMO

At a follow-up period of 3.9 years, the
overall survival rate was 12.5%.

Doll et al. [2] 219 60% had successful weaning of Inhospital mortality was 76%.

ECMO Among survivors, 74% were alive at

5-year follow-up.

Magovernetal. [10] 55 65% were weaned off ECMO Inhospital mortality was 64%.
Pokersnik et al. [39] 49 55% were weaned off ECMO Inhospital mortality was 67%.
Guihaire et al. [40] 92 48% were weaned off ECMO Inhospital mortality was 63%.

Overall 1-month and 6-month survival
rates were, 42% and 39%, respectively.

Table 1. Outcomes of ECMO use for post-cardiotomy cardiogenic shock.

Risk factors associated with hospital mortality were age [24, 26, 33, 35, 37, 40], diabetes [24, 26],
obesity [24], female gender [33], pulmonary disease [28], atrial fibrillation [34], and chronic
kidney disease [24, 28, 30, 34]. It is also suggested that the level of lactate [24, 28, 34, 35, 37,
38, 40], creatine kinase isoenzyme MB [38], longer duration of ECMO support [36, 37], mean
lactate concentration [33], and lactate clearance [33] were predictors of inhospital mortality.
In terms of surgical procedures, valvular surgery is generally associated with poor outcomes
[40], and coronary artery bypass is associated with better outcomes [24].

Not many papers reported long-term outcomes after ECMO use for post-cardiotomy cardio-
genic shock. One-year survival rate was around 20-30%. Despite high inhospital mortality,
some papers reported the quality of life of survivors were acceptable with New York Heart
Association functional class T or I [2, 9].

Biancari et al. performed a meta-analysis of the outcomes of ECMO for post-cardiotomy adult
patients [41]. They investigated 31 studies reported on 2986 patients who required post-car-
diotomy ECMO. The weaning rate from ECMO was 59.5%, and hospital survival was 36.1%.
One-year survival rate was 30.9%. However, there is a criticism for this paper, as it included
post-transplant patients [42]. Usually the outcomes of planned ECMO use following heart
transplantation are better than those of unplanned non-transplant post-cardiotomy ECMO.

2.7. Complications of ECMO

ECMO is associated with high incidence of complications.

Major hemorrhage is the most commonly reported complication associated with ECMO
institution. The reasons for excessive bleeding in ECMO patients are the surgical trauma,
thrombocytopenia, activation of leukocytes, and necessity of anticoagulation. Rastan et al.
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reported that more than half of the patients required re-exploration of the chest for bleeding
[24]. Golding et al. reported that 87.3% required re-exploration for bleeding [43].

Cerebrovascular events also occurred frequently. Smedira et al. reported that 33% of the
patients developed neurologic events [30], and Rastan et al. reported that the incidence of
cerebrovascular events was 17.4% [24]. The reasons for high incidence of cerebrovascular
events include the operative procedure itself, hemodynamic instability, lack of pulsatile flow,
retrograde perfusion via peripheral circuit, and anticoagulation-related injuries.

Leg ischemia is a complication specifically associated with peripheral ECMO institution
[44]. Rastan et al. reported that about 20% of the patients developed leg ischemia and 9.2%
required leg fasciotomy [24]. However, the risk of this complication can be reduced by
using a distal leg perfusion cannula [24], or by using a dacron or hemashield prosthetic
graft sewn onto the artery to maintain both central arterial blood flow as well as distal limb
perfusion [32].

A meta-analysis performed by Biancari et al. reported that the rate of reoperation for bleeding
was 42.9%, major neurological event 11.3%, lower limb ischemia 10.8%, deep sternal wound
infection 14.7%, and renal replacement therapy 47.1% [41].

2.8. Bridge to alternatives

When patients have difficulty of being weaned from ECMO, physicians need to consider if
they have to withdraw ECMO from them, or if they proceed to alternative options. Patients
were more likely to be considered for bridging to heart transplantation if they are less than
60 years of age. Smedira et al. reported that 24% were bridged to heart transplantation [30].
However, heart transplantation is not an available option in all countries.

Other options include left ventricular assist device (LVAD) or right ventricular assist device
(RVAD). Muehrcke et al. reported that 4 out of 23 patients were transferred to an implantable
LVAD from ECMO [25]. Pokersnik et al. reported that 2 out of 49 patients were bridged to
long-term devices—bi-ventricular assist devices [39].

2.9. Hospital transfer

Post-cardiotomy shock may happen at institutions which do not have much experience with
the management of mechanical circulatory support devices. In addition, not all institutions
have options of long-term devices such as LVAD, or transplantation. Therefore, the develop-
ment of a robust program of tertiary referral is of paramount importance [45]. Javidfar et al.
reported no transport-related mortality or morbidity in patients who were transported via an
ambulance with ECMO [46].

Teman et al. reported that patients with post-cardiotomy cardiac shock transported to a ter-
tiary care center had a nearly 50% survival [47].

Weaning to recovery, institution of long-term support as a bridge to recovery, transition
to transplantation or destination therapy, as well as device withdrawal and palliative care
should be discussed in a multidisciplinary team including cardiologists, surgeons, intensiv-
ists, psychiatrists, and social workers [21].
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3. Conclusions

The surgical mortality after ECMO use for post-cardiotomy cardiogenic shock remains high
despite technological advancement. However, ECMO is the last resort to keep a patient alive
who would otherwise expire on the operating table. According to the literatures, ECMO can be
a salvage treatment in about one-third of these patients. Increased age, chronic kidney disease,
and high level of lactate are major risk factors associated with hospital mortality. Also longer
duration of ECMO support is associated with poor outcome. There is no guideline regarding
optimal patient selection, duration of mechanical support, and management of ECMO.

A careful decision-making is necessary before ECMO is initiated, because ECMO is associated
with a significant burden to a facility. As patients who need ECMO are always heterogeneous,
the decision should be based on an individual basis.

A transfer to a tertiary center is critically important, because they can provide the transition to
further supports, such as heart transplantation and implantable ventricular assist devices for
patients who have difficulty of being weaned from ECMO.
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Abstract

The use of extracorporeal membrane oxygenation (ECMO) has always been controversial
in the past. Evidence was mainly build up in neonates and much controversy remained in
adults. The main adult indications were mechanical support (e.g., in cardiogenic shock)
or respiratory support (e.g., in the field of acute respiratory distress syndrome (ARDS)).
Sepsis was historically often considered as a contraindication. As a consequence of sev-
eral worldwide flu outbreaks, the use of ECMO in infectious diseases increased. Besides
in these viral infections, there was also growing interest for its use in bacterial septicemia,
although often as escape therapy. In the recent years, other techniques gained increasing
interest like for example, immunoadsorption, implemented in dialysis or ECMO circuits.
In this chapter, we resume the available literature on the use of ECMO in septic shock
including the use of immunoadsorption techniques.

Keywords: ECMO, sepsis, septic shock, immunoadsorption

1. Introduction

Since the publication in the early 1970s of the first successful use of extracorporeal membrane
oxygenation (ECMO) in a post-traumatic adult respiratory distress (ARDS) patient [1], ECMO
has been used tremendously. The approach can be either by veno-venous cannulation, which
is mainly used in hypoxic respiratory failure, or by veno-arterial cannulation, which is the
preferred modality for cardiac (or combined) support. This implements that most indications
are in the field of ARDS and cardiogenic shock states.

Septic shock is a serious disorder that, despite progress in treatment over the last decades, still
has a high mortality (between 20 and 30%) [2]. The ECMO survival in septic neonates [3, 4] and
children [5] has improved to ~90 and 75%, respectively. There is however far more controversy
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on its use in adult refractory septic shock, although successful salvage cases have been pub-
lished [6, 7]. In parallel with the reports on its effectiveness during the influenza A (H1N1)
outbreaks [8, 9], the interest for using ECMO in noninfluenza-induced sepsis has grown.

This chapter mainly focuses on indications, the difference between children and adults, caus-
ative pathogens, outcome and outcome prediction. It will not go into further detail on the
technical aspects (cannulation, oxygenators and pumps).

2. Study population

2.1. Adults
2.1.1. Case report

A typical case of refractory septic shock is the following, unpublished, case out of our own
ICU. A 42-year-old (type I) diabetic female was found unconscious by her husband and was
brought to the emergency department after she was intubated at home by a medical team.
She was diagnosed with diabetic ketoacidosis (initial pH 6.96) and was in of severe shock
signs, requiring high doses of norepinephrine (0.5 pg/kg/’) in the emergency department. The
patient was transferred to the ICU and after sampling (respiratory and hemocultures) empiri-
cal amoxicillin-clavulanate was started.

Because of refractory shock despite aggressive fluid resuscitation, vasopressin was added
as well as low doses of hydrocortisone (3 x 100 mg daily). This led to normalization of
blood pressures and pH, but the patient remained oliguric and overnight oxygenation dete-
riorated despite increasing PEEP and FiO2. Early continuous renal replacement therapy
(CRRT) was started.

Approximately 14 h after ICU admission, she suffered cardiac arrest due to sudden onset
of ventricular fibrillation. After initial successful resuscitation (after cardiac massage and
defibrillation), her oxygenation and hemodynamic status deteriorated further, necessitating
peripheral cannulation of the femoral vein and artery and afterward the initiation of veno-
arterial ECMO.

Antibiotic therapy was empirically switched to a combination of meropenem and vancomy-
cin and (single shot) amikacin. The initial hemocultures were positive for Gram-positive cocci,
later identified as Enterococcus faecalis.

Over the following days, the patient suffered no further complications. Hemodynamics and
oxygenation stabilized, inflammatory parameters slowly resolved. Seven days after starting
mechanical support, ECMO support could be weaned and stopped.

Four days later, she suffered a new bacteremic episode with E. coli due to the development
of empyema of the left hemithorax with. E. coli. This time, however, without the need for
mechanical support. After thoracospic drainage and antibiotic switch to cefepime, based
on culture results, inflammation went down. After repeat empyema, urokinase in loco was
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administered with finally complete resolution of the empyema. The patient was extubated
30 days after hospital admission after 6 weeks she was discharged to the ward.

2.1.2. ICU case series

The available literature on ECMO use in adult septic shock patients consists mainly of case
reports or (usually single-centered) retrospective case series. In a recent multicenter study
[10], the data from 42 Japanese intensive care units were retrospectively collected and propen-
sity score analysis was performed. Out of 3195 patients included in the JSEPTIC DIC study
[11], 570 patients suffered from severe respiratory failure and in 285 of them respiratory fail-
ure was induced by lung infection. Overall 40 patients were supported with ECMO and these
were matched with 150 patients in the control group. Sepsis-related organ failure (SOFA)
scores were comparable (12 vs. 13).

A second propensity analysis was performed between the 25 ECMO patients with lung
infection-induced respiratory failure and 89 patients in the control group. Overall no marked
differences were found in 28-day mortality (47.2% in the control group vs. 32% in the ECMO
group, p 0.168) and the in-hospital mortality (60.7% in control group vs. 40% in the ECMO
group, p 0.07). However, in the second analysis comparing 89 controls with 25 ECMO patients
with lung infection-induced respiratory failure, the survival time in the ECMO group was sig-
nificantly longer (hazard ratio (HR), 0.498; 95% confidence interval (CI), 0.279-0.889; p 0.018).
The numbers of renal replacement therapy and vasopressor-free days were also significantly
higher in the ECMO group.

These results are similar with those reported by Nesseler et al. [12], who questioned the use of
ECMO in patients with intra-abdominal sepsis-induced ARDS. Although the overall ECMO
group (n = 40) received more red blood cell transfusions, there was no significant difference
in the rate of severe bleeding complications. The numbers of renal replacement therapy and
vasopressor-free days were significantly higher in the ECMO group.

Another retrospective study [13] describes 32 ECMO patients with refractory septic shock.
Fourteen patients had undergone cardiopulmonary resuscitation (CPR) in which ECMO was
started during CPR (ECPR). The most frequently infected site was the lung and 20 patients
had bacteremia. Thirteen patients (40.6%) were successfully weaned of ECMO but only seven
(21.9%) survived to discharge. Interestingly, none of the patients in whom ECMO was initi-
ated more than 30 h after the onset of septic shock survived. CPR appeared to be an indepen-
dent predictor of in-hospital mortality (adjusted HR, 4.61; 95% CI, 1.55-13.69; p 0.006). On the
other hand, patients with myocardial injury (higher peak troponin I > 15 ng/ml) had a lower
risk of in-hospital mortality (adjusted HR, 0.34; 95% CI, 0.12-0.97; P = 0.04).

The low survival rate was partially due to the ECPR cases, of who only 2 out of 14 survived
and they both had return of spontaneous circulation within minutes. One of the conclusions
of this trial was evidently that ECMO should be avoided in patients who have received
CPR. The fact that patients with signs of myocardial injury had better survival rates could
be explained by the reversibility of septic cardiomyopathy. There are two patterns of early
death in septic shock: distributive shock or a cardiogenic form of septic shock [14]. ECMO
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may be a valuable support in patients with the latter form that is unresponsive to highly
dosed cathecholamines [15]. Finally, survivors appeared to have lower SOFA score at day 3
compared with the nonsurvivors (15 vs. 18, p = 0.01).

In another case series [16], 14 patients received ECMO support as salvage therapy for refrac-
tory septic shock, 24 h (3-108) after shock onset. Mean simplified acute physiology score
(SAPS) III was 84 (75-106) SOFA score was 18 (8-21). Twelve patients (86%) could be weaned
off and 10 patients (71%) were discharged home and were alive after a median follow-up of
13 months (3—-43) with normalized ejection fraction and a good quality of life.

During a 6-year period, 52 septic shock patients had undergone ECMO support in a South
Korean ICU [17]. Almost half of them (n=21) was receiving CPR at the time of ECMO implan-
tation. Not surprisingly overall outcome data were poor with only 15% survival to discharge.
The nonsurvivors were significantly older than survivors (59.3 vs. 43.8 years, P = 0.009) and
all patients aged 60 or older died.

2.1.3. Specific populations
2.1.3.1. Obstetrical cases

Maternal sepsis is a predominant cause of maternal death in low-income countries, but also in
Western countries maternal mortality from sepsis has increased [18]. In 15 years, the incidence
in the UK almost doubled from 0.65 to 1.12 per 100,000 cases [19]. Twenty-one deliveries per
100,000 develop sepsis with a case fatality rate of 7-8%. In the presence of septic shock, mor-
tality goes up to 60%. Pregnant women are not only vulnerable to sepsis because of changes
in the immune system, predisposition to pyelonephritis due to ureteral compression and
increased invasive interventions. They also tend to decompensate quickly in case of sepsis
due to the physiological changes (cardiovascular, respiratory, and metabolic) of pregnancy.
These changes can finally also mask the early recognition of sepsis.

Sharma et al. [20] examined 31 published reports (with a total of 67 patients) of ECMO use
in pregnancy. Fetal survival was 70% and maternal survival 80% which was comparable to
nonpregnant patients requiring ECMO support. Fifteen reports of V-V ECMO, 16 reports
of V-A ECMO, and 1 report of a lung assist device. But, indications for ECLS use included
mainly severe ARDS, postpartum cardiogenic shock and amniotic fluid embolism. Besides a
lot of HINT1 infected patients, only one patient with staphylococcal-induced ARDS and septic
shock was included. There was no consensus on an optimal anticoagulation strategy in these
patients, though most preferred to keep anticoagulation at lower therapeutic levels. A few
cases of vaginal bleeding were reported, but occurrence of catastrophic bleeding was rare.

After this review, several case reports on bacterial septic shock were published [21, 22]. A
24-year-old multiparous woman was admitted with multiple organ failure in the third tri-
mester of pregnancy [21], after suffering from high fever and diarrhea since 1 day. Cesarean
section was performed due to fetal distress but the patient remained in refractory circulatory
failure with consequent, progressive multiple organ failure. Cateacholamines were increased
after ICU admission and low doses hydrocortisone were given.
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Continuous hemodiafiltration was initiated 4 h after ICU admission. Piperacillin/tazobac-
tam was started at hospital admission but after the identification of Streptococcus pyogenes,
the diagnosis of Streptococcal toxic shock syndrome was made. Antibiotics were switched
to penicillin, and clindamycin and intravenous immunoglobulins were added. Despite the
abovementioned therapy and the increase of the hemofilter membrane area, multiple organ
failure continued to progress. Repeated echocardiography showed left ventricular ejection
fraction (LVEF) of 10%. Therefore, veno-arterial ECMO was initiated from the right atrium
to the right femoral artery. With blood and oxygen flows of both 3.0 L/min lactate levels
decreased from 20 to 8.9 mmol/l after 24 h of ECMO support. On day 7, she was weaned
from ECMO; on day 8, vasopressors were stopped; on day 10, ventilation could be stopped
and renal function recovered. The patient was discharged after 53 days and cardiac function
recovered after 4 months. The patient suffered no bleeding complications.

In a very recent case report [22], another 24-year-old was readmitted to the hospital 2 days
after a normal vaginal delivery following an uneventful pregnancy. Despite starting vaso-
pressors and broad-spectrum antibiotics, she continued to decline with intubation 14 h after
admission. An echocardiogram revealed an LVEF of 20%. Blood cultures grew Gram-positive
cocci (group a streptococcus). The patient was transferred to a tertiary center where the diag-
nosis of endometritis was made and emergent total abdominal hysterectomy was performed
after starting VA ECMO support. The fascia was left open and wound vacuum system was left
in place. Vasopressors could be weaned on postoperative day (POD) 1, but she returned to the
operating room (OR) for intra-abdominal bleeding. Afterward she suffered no more adverse
events until decannulation, which was done on POD 5 in the OR. She was extubated on POD
7 and by POD 12 LVEF had normalized.

Finally, a third case of an 18-year-old nulliparous woman was reported [23]. She was admitted
after 26 weeks of pregnancy with high fever, nausea, headache and increasing inflammatory
parameters. After blood cultures were taken, empirical cefuroxime (750 mg every hours intra-
venously). On the second day of hospitalization, contractions started and a preterm low birth
weight premature girl was born after urgent C-section. Surgery was uncomplicated but sud-
denly tachycardia developed and diffuse intravascular coagulation (DIC) with consecutive
bleeding problems from wounds and catheter insertion sites started after about an hour after
the procedure. Sepsis was supposed to be the cause of the DIC and antibiotics were switched
to vancomycin and meropenem after new hemocultures were obtained. The patient was trans-
ferred to the ICU because of pulmonary edema, which started 4 h after the bleeding problems.

She was intubated and vasopressors were started. Blood cultures grew positive for Staphylococcus
aureus and Enterobacter cloacae. As septic shock and cardiorespiratory failure deteriorated, hys-
terectomy was performed 4 days after the C-section. Afterward the patient recovered slightly,
but respiratory failure further deteriorated and 3 days after the hysterectomy VA ECMO was
started between the femoral vein and subclavian artery. She suffered from a hematoma at the
arterial insertion point which encapsulated and infected, resulting in a thoracotomy. This had
to be repeated several times because of bleeding complications, but finally the ECMO could be
weaned 3 weeks after it had been initiated. Respiratory failure regressed and in the end she was
discharged home after 105 days.
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2.1.3.2. The immunocompromised patient

Several publications [24-27] report on the use of ECMO in immunocompromised patients,
mainly kidney and liver transplanted patients. Infections are the leading cause of critical ill-
ness and mortality in liver transplant patients. More than half of the patients develop an infec-
tion during the first year, almost always ending in ICU admission. Bacteremia associated from
10 to 52%. Mortality is higher in recipients with bacteremia due to ‘ESKAPE’ pathogens, which
stands for Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter
baumannii, Pseudomonas aeruginosa and Enterobacter species [28]. Over a 7-year period, a South
Korean university center [24] used ECMO in 8 (of in total 854) liver transplanted patients with
refractory septic shock. Primary liver disease in these patients was hepatocellular carcinoma
(n = 3), liver cirrhosis due to hepatitis B infection (n = 3), alcoholic liver cirrhosis (n = 1) and
toxic hepatitis (n = 1). These patients suffered mainly from intra-abdominal and lung infec-
tions. They were infected by a variety of pathogens, but in five out of eight, Acinetobacter
baumannii was cultured.

ECMO was initiated after a median of 6, 5 h under vasoactive drugs were started and six
patients received cardiopulmonary resuscitation (CPR) with initiation of ECMO after a
median of 41, 5 min (range, 20-154 min) after onset of CPR. The interval between the trans-
plantation and the onset of infection was not mentioned. Three patients (37.5%) were success-
fully weaned from ECMO but only 2 (25%) survived until hospital discharge. Illness severity
scores at onset were not different between survivors and nonsurvivors. Lactate levels and
SOFA scores tended to decrease over the course of treatment in survivors while in nonsurvi-
vors total bilirubin and CRP levels tended to increase.

Another successful use of ECMO support was reported in a 49-year-old male liver trans-
plant [25] suffering from alcoholic liver cirrhosis-induced acute-on-chronic liver failure.
Immediately before the emergent liver transplantation, he developed pulmonary tuberculosis
and tuberculosis peritonitis. The latter caused intermittent small-bowel obstruction and sub-
sequent ischemia and led to emergency adhesiolysis on POD 114. In the postoperative phase,
the patient developed aspiration pneumonia leading to septic shock and ARDS. After 11 days
of ECMO support, the patient could be weaned and finally was discharged on day 204.

The largest available series of ECMO in adult liver transplant patients was published by
Park et al. [26]. Over a 3-year period, 18 out of 1076 liver transplanted patients required VV
ECMO. The main indication, however, was refractory respiratory failure, not necessarily with
concomitant septic shock. Eight patients could be weaned.

The electronic medical records of kidney transplanted (KT) patients that received ECMO
support were reviewed [27]. Between December 2010 and December 2014, 12 KT patients
required ECMO management. In half of them, this was due to bacterial sepsis only or com-
bined viral/bacterial pneumonia or sepsis. The others suffered from viral pneumonia or in 1
case fulminant myocarditis secondary to fungemia. The mean period between the KT and the
ECMO support was 44.4 months (range, 1.2-184.3 months) and in three patients ECMO was
started during the admission for the transplant.
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The mean duration of ECMO support was 9.1 days (range, 3.5-15.1 days) and six patients
were successfully weaned from ECMO. However, two of them died after being weaned
from ECMO. During ECMO support, all patients needed renal replacement therapy (RRT).
Among the six survivors, five could be weaned after a mean period of 53 + 37.5 days (range,
16-97 days). The pH just before the beginning of ECMO appeared to be significantly lower in
the nonsurvivors than in the survivors (P = 0.046).

2.2. Children

In contrast with the adult population, there is far more acceptance for using ECMO in
pediatric cases of septic shock. In a French study [29], the use of VA ECMO in 14 neonates
and 9 children with refractory septic shock was reported. The mean age of the pediatric
population was 30 months. Overall, in more than half of the cases septic shock was due
to streptococcal or E. coli bacteremia. Fifty-seven percent of the neonates suffered from
Streptococcus B infection. All patients were ventilated and received vasopressors before
ECMO initiation.

In two patients, cannulation was performed during chest compressions because of cardiac
arrest. The mean duration of support was 7.43 days (range, 1-17) and 5.9 days (range, 3-10) in
neonates and children, respectively. Six neonates (42%) and three children (37%) had mechan-
ical (mainly clotting) complications with the ECMO circuit. One neonate and three children
required renal replacement therapy.

The overall survival rate was 59.1%, with 64.% of the newborns (n = 9) surviving to discharge
and 50% (n = 4) of the pediatric population. So survival was significantly higher in the new-
borns (p = 0.02), although ECMO weaning rates were comparable (64 and 66% respectively).

These results are somewhat lower than those reported in older trials [3, 4, 30, 31], with sur-
vival rates up to 80% in neonates and 74% in older children. But in the French cohort [29], the
patients seemed to have more severe cardiovascular failure with higher inotropic scores and
lower pH. The authors conclude that ECMO can be safely used to resuscitate children with
refractory shock and propose to transfer infants to an ECMO referral center in case of persist-
ing oliguria and without decrease of lactate levels within 6 h after the initiation of maximum
drug therapy.

In some of the older trials [5], central cannulated ECMO (atrio-aortal cannulaton) was used
in 23 children, almost all (96%) having at least three organ failures and eight (35%) suffered
cardiac arrest and required massage during ECMO placement. All had microbiological evi-
dence of infection and meningococcemia was the most common causative pathogen. Despite
the severe setting at onset, 18 patients (78%) could be weaned of ECMO and 17 (74%) survived
to hospital discharge.

More recently, several case reports of pediatric ECMO use were published in specific indica-
tions [32] like liver transplanted infants or with more rare pathogens [33] like community-
acquired Legionella infection.
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Finally, a Taiwanese group [34] recently published their retrospective single center review
of 55 pediatric septic shock patients. In this cohort, overall survival to discharge was 31%.
However, 25 patients were immunocompromised, in whom mortality was 75%. Mean ECMO
duration was 9 days (range, 0-103) with a duration in survivors that doubled the one in non-
survivors (14 vs. 7 days, p =0.09). In 17 of them, causal pathogens could be identified of which
7 were bacterial and 1 was an invasive fungal infection. In the previously healthy kids, in 18
cases with an identified pathogen 10 were bacteremic (mainly pneumococcal).

3. Adjunctive therapies

The mainstay of etiological treatment in septic shock remains source control and the adminis-
tration of anti-infective agents. Especially with regard to the latter, dosing issues are extremely
important. Finally, there is also some emerging literature, unfortunately mainly anecdotal, on
the use of immunoadsorptive strategies.

3.1. Source control

Resection or drainage of an infectious inoculum is important. Due the necessity of anticoagu-
lating ECMO treated patients, this is not without risk of bleeding during or after (at restart of
anticoagulation) the procedure. However, as mentioned in previous sections of this chapter,
performing surgical procedures in ECMO patients is feasible [22, 23].

3.2. Dosing of anti-infective agents

In the last decade, the interest in pharmacodynamics and therapeutic drug monitoring (espe-
cially for antibiotics) has grown tremendously. With regard to prescribing antibiotics, several
reports have dealt with therapeutic drug monitoring in ICU patients in the absence [35] or in
the presence [36] of concomitant use of renal replacement therapy.

However, there are no clear guidelines for dosing antibiotics in ECMO-treated patients.
Therefore, the interest on the matter increased in the latest years and several publications
investigated this topic [37-39], mainly in the class of beta-lactam antibiotics.

In ECMO patients, the volume of distribution increases tremendously, but clearance is
usually lower than controls [37]. Although pharmacokinetic variability is high, decreased
meropenem clearance usually compensates for ECMO and critical illness-related increases
in the volume of distribution. With standard 1 g IV dosing 8-hourly, target concentrations
of >2 mg/L are usually met, but an increase in dose may be appropriate in patients with
elevated creatinine clearance or when higher concentrations are needed for less susceptible
microorganisms.

The use of continuous infusions of carbapenems might be useful in this regard [38]. In a
pediatric ECMO case, a bolus of 40 mg/kg meropenem followed by a continuous infusion of
200 mg/kg/day resulted in target attainment of 100% for serum and lung concentrations above
the MIC.
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Also, other beta-lactam antibiotics [39] were investigated. For piperacillin/tazobactam insuf-
ficient concentrations were more frequent than with meropenem therapy in the treatment of
Pseudomonas aeruginosa infections.

Also while prescribing antifungal agents, caution is warranted for subtherapeutic exposure.
In pediatric ECMO case [40], insufficient plasma levels were measured despite the adminis-
tration of normal to high doses of caspofungin.

3.3. Immunoadsorption

In the last decade, several publications report on the use of cytokine adsorption techniques
[41-46]. In several case reports [41-43], the Cytosorb hemoadsorption column (Linc Medical,
Leicestershire, United Kingdom) was installed either in the ECMO circuit or in the CRRT
circuit in order to stabilize septic shock patients more rapidly and to improve their outcome.
Cytosorb removes the proinflammatory cytokines and has been shown to reduce vasopressor
doses and serum inflammatory markers in septic patients. A similar device is the polymethyl-
methacrylate membrane hemofilter is also available for clinical use and a report on its use has
been published [46]. Although promising, the addition of these immunabsorption techniques
is costly and still under investigation.

4. Outcome prediction

Giving the debatable indication (at least in adults), the high cost and the invasive nature of
ECMO treatment and the consequent complications, outcome prediction before treatment
initiation is important. In Table 1, the outcome predictors of the previously cited publications

Predictor cut off impact on survival |Reference
ADULTS
SAPSII < 51 increased iy
ECPR at implementaticn decraased 13
Priedmonia inducec septicshock increased Bl
Gramepositive vs, Gram-negative septicemiz increased Bl
Door-to ECKMO time < o5 hoLrs increased 51
=3 Fours decraased 24
Age = 6 dacreased 10, 2
Troponin | levels =15 rE,-rmI increased 13
loower SO A scare at day 3 of suppart increased 15
CHILDREN
Arterial blood gas pH <72 decreased 37
Artarial blood pas CO2 = 55,9 mm Hg decreased 37|
Glasgow Coma Scale <3 decreased 37|
FOFA <15 increased 37
Central carrylation increased 39

Table 1. Outcome predictors for ECMO use in septic shock.
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are listed and a few other publications [47-49], that have investigated survival predictors for
septic shock patients under mechanical support, were added.

In a Korean case series [47], 28 patients were treated with ECMO, of whom 21 with VA
ECMO. The overall survival to discharge rate was 35.7% and predictors of survival appeared
to be: a simplified acute physiology score II (SAP II) of 80 or less and pre-ECMO albumin levels.

In another report [48], better outcomes were seen if door-to ECMO times were < 96 h.
Furthermore, survival was better in case of Gram-positive infections rather than Gram-negative
septic shock. Finally, outcome was better for pneumonia rather than primary bloodstream
infections.

The same group [49] also published that the implementation of ECMO during CPR is not
beneficial for septic shock patients.

5. Conclusions

Although the use of VA ECMO has been controversial in adults with septic shock, it is com-
monly used in the pediatric population, with good results. Despite the ongoing controversy,
VA ECMO has seen increased use in septic adults with SICM, with survival and complete
cardiac recovery in as high as 70% of patients. However, outcomes vary enormously and VA
ECMO seems especially beneficial in certain subsets, like, for example, lung infection-induced
septic shock. On the other hand, survival rates are poor when ECMO is initiated in a CPR
setting. Other currently reported, negative predictors (at ECMO onset) are SAPS Il scores >80,
Gram-negative septicemia, age > 60 years, SOFA scores >15. Also in immunocompromised
patients, mortality rates are high and ECMO, which does not exclude its use in escape therapy
(e.g., after liver transplantation). The use of ECMO does not prohibit other surgical interven-
tions, with the aim of infectious source control. Procedures like hysterectomy, laparotomy, all
have been performed under or immediately before ECMO therapy.
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Abstract

Continuing education is essential for the success and safety of an extracorporeal membrane
oxygenation (ECMO) programme. However, it is challenging due to the intrinsic charac-
teristic of ECMO—a complex, high-risk, low-volume clinical activity which require team-
work, inter-professional communication, critical decision and rapid response especially
in emergency. Thus, simulation is a rapidly evolving teaching methodology in ECMO
education to address those training needs that cannot be entirely addressed by traditional
teaching modalities. The development of a simulation programme requires commitment
on resources for equipment, environment setup and training of personnel. Knowledge on
ECMO management, education science and debriefing technique forms the cornerstone of
successful ECMO simulation facilitators and hence the simulation programme. Currently,
researches have already shown that ECMO simulation can improve individual and team
performance despite that its impact on patient outcome is still unknown. In the future, the
role of simulation will increase importantly in multicentre research, certifying specialists
and credentialing if standardization of training curriculum can be achieved.

Keywords: extracorporeal membrane oxygenation, human learning, high-fidelity
simulation, debriefing, credentialing

1. Introduction

Extracorporeal membrane oxygenation (ECMO) is well known to be a highly complex but
low-volume clinical activity. Complications may arise at many stages of ECMO care—from
cannulation to during the ECMO run, to weaning and decannulation. Most complications are

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
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low occurrence but potentially life-threatening events. As a result, continuing education is
essential to ensure the success and safety of an ECMO programme. Due to the inherent char-
acteristics of ECMO service provision, the implementation of such educational activities is not
straightforward. Firstly, professionals who undergo training for ECMO are usually experi-
enced health-care providers. The learning processes of experienced adults are more complex,
requiring assimilation of newly acquired knowledge with past experiences and roles. In these
instances, learning will be more effective when the teaching is learner-centred and the learner
is actively engaged. Secondly, the low-volume nature of severe ECMO complications renders
training by apprenticeship difficult. Thirdly, while most ECMO runs are uneventful, in situ-
ation when crises occur, ECMO care providers have to respond emergently and proficiently
under a stressful environment and often in a team-based approach. Fourthly, the provision of
ECMO care often requires critical decision-making across specialties and professions.

Traditional ECMO teaching modalities like reading, didactic lectures, water drills (referring
to deliberate practice in a closed-loop ECMO circuit model, e.g. changing the oxygenator or
using the hand crank) and practices in the animal laboratory (where a living animal is can-
nulated to simulate human responses) primarily focus on cognitive and technical skills, with
little emphasis on behavioural skills like communication and leadership that are fundamental
during training for ECMO. ECMO simulation has rapidly evolved as an effective learning
methodology that supplements traditional teaching modalities. It creates a standardized, con-
trolled, safe and repeatable environment that aims to mimic the realistic clinical environments,
so that new skills can be learnt and practised without doing harm to patients and learners.

In this chapter, we discuss simulation training in ECMO from the perspectives of human
learning theory, simulation programme setup (including scenario design, equipment and
resources), debriefing, current evidence and future challenges.

2. Human learning models and simulation-based education

Simulation is often considered simply as an exercise where learners perform actions in an
environment simulated to resemble reality, and facilitators are present to ensure its smooth
running and to lead a discussion afterwards. As a relatively new method of teaching in medi-
cal education, there are often misunderstandings about simulation training and inadequate
knowledge of its execution. High-quality simulation is backed by evidence-based educational
theories and includes purposefully designed scenarios and well-trained facilitators.

Kolb’s theory on experiential learning forms the foundation of simulation-based education.
In his theory, learners enter the learning cycle through experiencing an event—either a real
patient experience or simulated activities (‘concrete experience’). Afterwards, through self-
reflection or reflection assisted by facilitator (‘reflection’), a new insight of the event is created
(‘abstract conceptualization’). Finally, this new insight is applied in a similar simulated or
real-life event (‘active experimentation’) [1].

Neil Flemming’s VARK model describes four modalities in an individual’s preferred method
of learning — Visual, Auditory, Reading and Kinesthetic [2]. Different individuals learn more
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effectively when they receive specific types of stimulation. Simulation, through active engage-
ment with hands-on action, produces better training effect in kinesthetic learners.

Simulation experiences can trigger learner emotions and it is known that a highly activated
core affect can positively influence the uptake and retention of knowledge and skills. The
Change Theory proposed by Lewin/Schein highlights the relationship between affect and
learning. It theorized a three-stage model of change, namely unfreezing, transition and
refreezing. ‘Unfreezing’ refers to the motivation to change by adding new force or removing
existing concepts that are influencing behaviour. It unavoidably leads to emotional stress,
largely a sense of dissatisfaction with oneself as a result of disconfirmation of the present
condition. Moreover, it creates a survival anxiety as the pre-existing belief is rejected and a
learning anxiety in which the previously learnt knowledge has to be unlearnt. ‘Unfreezing’ is
followed by ‘transition’, a process of moving onto a new state, which requires reconstruction
of one’s thoughts, feelings and behaviours. ‘Refreezing’ is the final stage in which the newly
acquired knowledge, concepts and behaviours are adopted and assimilated [3].

The principles underlying simulation scenario design, together with the debriefing process, are
largely developed based on one of these educational theories. Simulation training aims to facili-
tate acquisition of knowledge and skills and to change one’s perceptions and behaviour. The
following sections further elaborate on scenario design and debriefing in ECMO simulation.

3. Scenario design in ECMO simulation

Scenario design is one of the key elements in simulation education. On designing a scenario,
thorough understanding of the background, training needs and experience of learners is essen-
tial. In particular, meticulous attention must be paid to tailor the learning goals and objectives
to the target learner. The goal of a scenario refers to the overall educational mission the learners
are expected to achieve. Detailed objectives may be made up of cognitive, psychomotor, behav-
ioural or affective component [4]. As an example, the goals and objectives for novice ECMO
learners would be different from experienced ECMO learners in a scenario of ECMO blood
pump failure. For the novice, the goal would be ‘to switch to a standby machine in emergency
setting’, with objectives including ‘recognize blood pump failure and its related physiological
changes’ (cognitive) and ‘acquire the technical skill of using hand crank’ (psychomotor). For the
experienced learner, the goal may be more advanced, such as ‘demonstration of teamwork in
managing blood pump failure crisis’, achieved through the objective of ‘demonstrating effective
communication and leadership skills” (behavioural), in addition to the cognitive and psychomo-
tor skills. Table 1 lists examples of common scenarios used in an Asia-Pacific ELSO Adult ECMO
Training Course and Table 2 illustrates the goals and objectives of some of these scenarios.

Some deviation of simulation scenarios from the real-world practice is acceptable. Especially for
novice ECMO learners, they are expected to adopt the role of the ECMO specialist during simula-
tion learning, regardless of their current position as senior consultants, junior doctors, nurses or
perfusionists. This is to ensure competency in the various aspects of troubleshooting and response
to ECMO emergencies after they undergo training. This training concept reflects the reality that
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Scenario Topic

Examples

Routine ECMO circuit management

Emergencies in ECMO care

Patient management

External compression on return tubing
Heater failure with hypothermia
Oxygenator failure

Blood pump failure

Oxygen supply failure

Circuit air embolism

Venous insufficiency

Recirculation

Permissive hypoxaemia in VV ECMO
Tension pneumothorax

Ventricular fibrillation in VA ECMO

Differential hypoxaemia in VA ECMO

Table 1. Examples of scenarios in adult ECMO simulation training (adopted from Asia-Pacific ELSO Adult ECMO

Training Course, Queen Mary Hospital).

Scenarios

Goals and learning objectives

External compression on Goal:
return tubing

Objectives:

Understand the change in circuit pressure related to preload and afterload conditions.

(C) Recognize high return pressure with drop in ECMO blood flow signifying post-

pump obstruction.

(P) Systematic circuit check.

Oxygenator failure Goal:

Diagnosis of oxygenator failure.

Objectives:

(C) Recognize features of oxygenator failure — elevated transmembrane pressure,
decrease oxygenator function, clot in oxygenator, disseminated intravascular
coagulopathy blood picture.

(P) Circuit check for clot in oxygenator.

Blood pump failure Goal:

Management of blood pump failure.

Objectives:

(C) Recognize presentation of blood pump failure —loss of ECMO blood flow, change
of patient’s hemodynamic and physiological parameters.

(P) Technique of using hand crank.

(B) Communication to call for help for resuscitation and patient stabilization.
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Scenarios

Goals and learning objectives

Oxygen supply failure

Circuit air entrainment

Venous insufficiency

Recirculation

Goal:

Understand the importance of complete circuit check in ECMO emergency.
Objectives:

(C) Recognize patient desaturation, loss of color difference in ECMO limbs.

(P) Systematic circuit check and potential sites of oxygenation supply disconnection.

Goal:
Diagnose and manage circuit air entrainment.
Objectives:

(C) Recognize presentation of circuit air entrainment—abnormal noise from
ECMO circuit, decrease ECMO blood flow with corresponding change in patient’s
hemodynamic and physiological parameters.

(C) Recognize potential source of air entrainment—negative pressure side.

(P) Complete circuit check to identify source of air and stop further entrainment.
Technical skill for circuit de-airing or technical skill to change to new circuit.

(B) Teamwork and communication skills during circuit de-airing, changing ECMO
circuit, and patient resuscitation.

Goal:
Understand the cause of venous insufficiency and its management.
Objectives:

(C) Recognize presentation of venous insufficiency —drainage limb chattering, more
negative venous pressure, decrease ECMO blood flow.

(C) Recognize the cause of venous insufficiency —hypovolaemia, excessive pump
speed, inappropriate drainage catheter position; and their respective management.

Goal:
Understand the physiology of recirculation and its management.
Objectives:

(C) Recognize the presentation of recirculation —desaturation without problems in
ECMO blood flow and oxygen supply, loss of color differential in drainage and return
limb, elevated SvO2.

(C) Recognize the causes of recirculation—close proximity of drainage and return
cannula, excessive pump speed.

Table 2. Examples of goals and learning objectives of common ECMO simulation scenarios (C = cognitive, P=psychomotor,
B = behavioural) (adopted from Asia-Pacific ELSO Adult ECMO Training Course, Queen Mary Hospital).

many ECMO centres nowadays adopt a mixed ECMO care model, with the ECMO team consist-
ing of physicians, nurses, perfusionists and respiratory therapists [5, 6]. The other advantage of
including mixed roles in simulation is the possibility of modifying the focus of training as the
team matures, to aspects such as leadership, communication and teamwork during emergencies.

Furthermore, simulation scenarios can be adjusted according to the characteristics of the
respective ECMO team and health-care institution. The scenario design for institutions using
a bedside nurse ECMO care model will be different from that using a perfusionist care model.
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By fine-tuning the expected roles of participants, flexibility in meeting the training needs of
individual centres can be met, although possibly at the expense of lack of standardization and
generalizability across centres.

4. Setup of a high-fidelity and immersive simulation

High-fidelity simulation usually involves full-body manikins set up in environments made
to simulate real-life situations. The presentation of changing patient physiology data and
machine or physiological parameter alarms is used to mimic realistic health-care settings and
elicits desired responses from learners. This is in contrast to water drills, considered low-fidel-
ity simulation, which runs in the form of deliberate practice in a static and alarm-free envi-
ronment. High-fidelity simulation is an immersive experience for the participant and offers
the opportunity to introduce knowledge through challenging and reflecting upon learners’
individual responses. It is also a useful tool to introduce concepts related to team-based care.

4.1. Simulation environment

A variety of clinical environments involving ECMO care may be simulated, for example, ICU,
operating theatre and emergency room. In institutions without dedicated simulation facili-
ties, one can consider setting up the simulation model in an unoccupied cubicle in the ICU or
the emergency room to achieve contextual reality.

Typical equipment for veno-venous ECMO simulation will include an intubated manikin (e.g.
megacode Kelly) attached to a mechanical ventilator. Arterial lines, drug infusion devices and
Foley catheters may be added as necessary. Essential physiological parameters, for example,
arterial blood pressure, pulse rate, ECG rhythm, SpO2 and central venous pressure should be
clearly displayed (Figure 1), and these should be controlled remotely by a compatible com-
puter programme (e.g. Laerdal SimMan).

4.2, Manikin modification and incorporation of an ECMO circuit

A commonly used method in ECMO simulation is to connect the access and return cannulae
of the ECMO circuit to a volume reservoir hidden inside the manikin (Figure 2, left upper
panel). Access ports on the volume reservoir are mandatory (Figure 2, left lower panel) to
allow manipulation of volume and hence pressure status within the ECMO circuit in dif-
ferent simulation scenarios. For example, access insufficiency is simulated by withdrawal of
fluid from the reservoir, causing collapse of the reservoir, a decreased ECMO flow, and a
negative access pressure. Circuit air entrainment may be simulated by the controlled intro-
duction of air into the circuit. Additional modification may be required for the display of pres-
sure changes, depending on the ECMO machine used —the Medos Deltastream and Maquet
Cardiohelp systems display the operating pressures directly on the screen of the ECMO con-
soles, whereas older ECMO systems like the Maquet Rotaflow require connection of pressure
transducers to different parts of the ECMO circuit (Figure 2, right panel). Lansdowne et al.
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Figure 1. Basic setup of a high-fidelity ECMO simulation environment. A confederate (dressed in blue scrubs) participated
in this scenario (adopted from Asia-Pacific Adult ECMO Course, Queen Mary Hospital).

Figure 2. Left upper and lower panels—hidden volume reservoir and tubings inside a pediatric manikin; and the setup
of a volume reservoir (photos courtesy of Dr. Mark Ogino). Right panel —ECMO circuit setup with additional pressure
transducers (in red) for circuit pressure display.
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described a model that incorporates a modified manikin, an ECMO circuit and the hydraulic
module of the Orpheus Perfusion Simulator to produce a realistic simulation [7].

4.3. Limitations

A major limitation in ECMO simulation is the cost of medical devices and ECMO consum-
ables. The abovementioned simulation models all require a functioning ECMO machine and a
complete ECMO circuit, including the oxygenator, that are subject to wear and tear. The avail-
ability of equipment and the costs of replacement are real economical concerns, especially for
newly developed centres. The advent of 3-D printing technologies may hold promise for the
construct of economical oxygenators [8].

Other limitations arise from the technological parts of the simulation. For instance, it is dif-
ficult to simulate the difference in colour of oxygenated and deoxygenated blood, which is
important in scenarios related to recirculation and oxygen supply failure. Other technical dif-
ficulties include simulating blood clots in the oxygenator and access line chattering. Ongoing
research to overcome these challenges is underway, such as the use of thermochromic fluid to
simulate colour changes of the circuit blood [8].

5. Special role of the facilitator in ECMO simulation and the
debriefing process

The important role of facilitators in simulation education cannot be underscored. Firstly, facilita-
tors should have a thorough understanding of ECMO physiology, patient physiology and their
interaction. This forms the prerequisite for facilitators to react swiftly and accurately in real time
according to the actions of learners, by manipulating the ECMO flow and pressure (through
volume manipulation of the reservoir) and the physiological parameters (through the com-
puter software). For example, when learners increase the ECMO pump speed excessively, the
facilitator should make a series of changes to the circuit and patient parameters, which includes
withdrawing volume from the reservoir to create a state of venous insufficiency, dropping the
SpO2 and SvO?2, creating mild tachycardia, and so on. More importantly, during the simulation
exercise, facilitators have to denote key actions and behaviours that will be valuable for discus-
sion in the subsequent debriefing session. As a result of the many roles and actions required of
facilitators in ECMO simulation, most scenarios require the presence of at least two facilitators.

The other role of the facilitator is the debriefer. Debriefing, the reflective process in Kolb’s
learning theory provides an opportunity for learners to reflect upon their performance,
resolve lingering questions and reinforce learning objectives. It is the most crucial part of
simulation learning and was described as the ‘heart and soul” of the simulation experience.
The aim of debriefing is to constructively review ‘what has happened’ and ‘why it happened’
in the simulated event. In the ‘frame-action-result’ model described by Rudolph, learners
have their own ‘frames’ —their assumption, knowledge and feelings that drive their ‘actions’,
which in turn end up with different ‘results’ [9]. While actions and results are easily observ-
able, frames are often invisible. A successful debriefer needs to act as a ‘cognitive detector’, to
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uncover the ‘frame of mind’ of the learners and to help them gain better insight of their own
frames, so that behavioural change may follow.

The detailed techniques to achieve an effective debriefing are out of the scope of this chapter.
Nonetheless, it is worthwhile to mention some of the main principles. As a rule of thumb, con-
fidentiality with regard to learners’ performance should be strictly complied, so that they feel
safe to express themselves, especially after difficult, stressful, or poorly performed scenarios.

Mutual respect and trust among learners and debriefers are essential to encourage free com-
munication. Debriefers should positively acknowledge the contribution and motivation of the
learners. Even when faced with an apparently ‘poor” performance, debriefers should remain
curious and explore the reasons behind the behaviour [10]. The ‘advocacy-inquiry’ conversa-
tion technique has been described to facilitate this process.

Simulation educators have developed frameworks to facilitate the debriefing process.
Scholars from the Center for Medical Simulation at Harvard Medical School advocate a three-
step model (reaction, understanding and summary), while those from the Winter Institute for
Simulation Education and Research (WISER) of University of Pittsburgh use the ‘gather, ana-
lyze, and summarize’ (GAS) debriefing tool. Debriefers should familiarize themselves with
different tools and adopt a systematic approach during debriefing.

Heading forward, efforts are underway to enhance the quality of debriefing by developing
assessment tools. In The Debriefing Assessment for Simulation in Healthcare (DASH), the fol-
lowing aspects are considered the key elements of a good debriefer:

. establishes an engaging learning environment;
. maintains an engaging learning environment;
. structures debriefing in an organized way;

1

2

3

4. provokes engaging discussions;

5. identifies and explores performance gaps; and
6

. assists trainee achieve or sustain good future performance.

6. Current evidence and status of ECMO simulation

In a recent survey from the United States, lectures (99%), water drills (99%) and bedside train-
ing (99%) remain the chief training modalities for new ECMO specialists. Forty-six per cent of
ECMO centres had an ECMO simulation programme. ECMO centres with access to a simula-
tion centre, those with higher case numbers and pediatric cardiothoracic ICU are more likely
to have an ECMO simulation programme [11].

Simulation-based ECMO education is a growing research area with increasing evidence to sup-
port its effectiveness. Earlier publications were mainly descriptive and focused on the setup
and content of simulation courses and the evaluation of the learner [12, 13]. Some studies
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reported an improvement in confidence and performance after ECMO simulation training. Su
etal. reported a faster deployment time to ECPR initiation after simulation training [14], and Allan
et al. reported a decrease in cannulation time for ECPR in pediatric cardiac surgery trainees [15].

Recently, Zakhary et al. published the first randomized controlled trial comparing the per-
formance after conventional water-drill training and simulation training. In this study, the
simulation training group had a higher scenario score and a shorter time to critical action in
certain scenarios. More importantly, this superior performance was sustained over 1 year [16].
However, it must be noted that despite the ongoing research and implementation of simula-
tion training, there is yet evidence of association with better patient outcomes.

7. Challenge and future directions

Percutaneous cannulation for ECMO is increasingly performed by intensivists, cardiologists
and emergency physicians. Despite infrequent occurrences, complications of cannulation may
be associated with significant morbidity and mortality [17]. Existing simulation models mainly
focus on ECMO circuit management, with less emphasis on percutaneous cannulation, and
there are yet publications related to percutaneous cannulation model. Collaborative interna-
tional endeavours targeted to improve cannulation safety are in progress. We have developed
a simulation model for fluoroscopic-assisted dual-lumen cannulation (https://www.youtube.
com/watch?v=dr02RAMRk1A) and two-cannula cannulation in veno-venous ECMO.

Despite the increasing use of simulation in many ECMO education programmes, the role of
simulation remains unclear in currently available guidelines and international recommen-
dations. The latest Extracorporeal Life Support Organization (ELSO) guideline on ECMO
specialist training published in 2010 only included didactic lectures, water drills, animal
laboratory sessions and bedside training as the main training modalities. Moreover, it only
targeted "ECMO specialists’ (i.e. nurses, respiratory therapists, perfusionists and medi-
cal professions providing care under the guidance of ECMO physicians) and not ECMO
physicians.

In a United States survey published in 2015, simulation has been adopted as part of the
institutional ECMO credentialing programme for ECMO physicians in 73% of the centres,
highlighting its increasing importance [18]. The EuroELSO guidelines for training and con-
tinuing education of ECMO physicians published in 2017 have incorporated high-fidelity
simulation training as an alternative training modality to supplement bedside clinical hours.
More importantly, its significance in teamwork and communication skills training has been
acknowledged [19]. It is expected that the role of simulation will be further expanded in future
versions of the ELSO guideline.

As mentioned earlier, ECMO training curriculum and thus simulation programmes are insti-
tutional specific and may be modified according to the characteristics and training needs of
the institution. As a result, significant variances exist among different institutions, impos-
ing difficulties in standardization and validation of the assessment tools. Currently, there
are no validated assessment tools to assess the learning efficacy of common and essential
ECMO scenarios. Joint efforts are ongoing among international ECMO educators to develop
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a standardized curriculum. Only through the implementation of a uniform ECMO simulation
programme can multi-centred studies be carried out to provide a better understanding of the
best approach in ECMO education.

8. Conclusion

ECMO is a low-volume but highly complex technology. The management of ECMO patients
often requires an integration of cognitive, psychomotor and behavioural skills that can be
addressed by simulation training. As a result, simulation is increasingly acknowledged as
one of the essential learning tools in ECMO education. Further researches in simulation tech-
nology, medical science pedagogy and clinical trials are warranted to delineate its impact on
patient outcomes.
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Abstract

Since 1995, our objective is to set up the extracorporeal circulation (ECC) in a manner that
is both safe and versatile with a holder system which makes possible to install the oxygen-
ator and vacuum-assisted venous drainage (VAVD) hard-shell venous reservoir (HSVR)
together with the external pumps, at a distance from the cardiopulmonary bypass (CPB)
console but at the same height as the patient’s shoulder. The aim is to reduce the effects
of ECC by reducing surface of air/blood, blood/materials contact, the dead space of the
system and priming volume of the circuit. Our ECC systems have a biocompatible sur-
face treatment, the oxygenator and HSVR are adapted to the patient (body surface area,
pathologies, etc.) and circuit includes short 3/8 in arterial and venous line (adult patients).
We introduced into routine VAVD, retrograde autologous priming (RAP), including arte-
rial line, arterial filter and antegrade autologous priming of the venous line (VAP) before
the start of ECC. To confirm this development strategy of the ECC, we conducted a series
of studies that have permitted to demonstrate the positive impact on postoperative out-
comes of patients. Since September 2007, our objective was attained through the creation
of a holder system (System U. Borrelli).

Keywords: extracorporeal circulation, holder system, external pumps, reducing surface,
vacuum-assisted venous drainage

1. Introduction

The extracorporeal circulation (ECC) is associated with a systemic inflammatory response
(SIRS), with an activation of different biological pathways such as the coagulation and the
fibrinolysis [1]. The ECC creates many hemostatic disturbances that may lead to major

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
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bleeding risks, and eventually to thrombotic, myocardial, renal or pulmonary complications
and neurological dysfunctions [2—4]. During the last decade, several improvements have been
made on the ECC used within cardiac surgery, especially with the arrival of many systems in
the market, such as the mini-ECC and the optimised conventional ECC which are closer to the
patient’s physiology and having surface treatments capable of improving the hemocompat-
ibility of ECC [5]. These new systems have allowed to reduce the aggressiveness of the ECC
on the patients, allowing as a consequence a reduction of the SIRS and its negative effects on
them; the final result is a decrease of morbidity and mortality of patients postoperatively.

2. Miniaturised conventional extracorporeal circulation system

In 1995, our project was to set up a new concept of a miniaturised conventional extracorporeal
circulation (McECC) system that is both safe and versatile, which allows to reduce to the max-
imum console and the circuit of the ECC. A brand-new console of CPB with a holder system
that permits the installation of oxygenator and HSVR at the height of the patient’s shoulder,
together with the five external pumps (Figures 1 and 2).

When I realise the drawing of Figure 1, the CPB console of that type did not exist yet, and it
was absolutely unthinkable and impossible to place the holder system on the CPB consoles
which would have been launched on the market in 1995. For this reason, we put the project
regarding the holder system on hold.

The patients shoulder

\rterial line Vemous Line

Oxvgenator Extermal i"umpa

Svstemic Pump g
ECC Cansale .
Fump Control Panel

N [ Ropreills (958

Figure 1. Top view.
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Figure 2. Profile view.

2.1. Study on the ECC surface reduction

In order to be able to confirm the hypothesis stating that the decrease of the ECC system can
enhance the postoperative period on patients that have undergone a cardiac surgery, in 1997
we asked the technician of the society (Stockert®, Miichen, Germany) to carry out some modi-
fications on our CPB console “CAPS “of that time (Figures 3 and 4). This action has allowed
the positioning of the systemic pump near the oxygenator, and the introduction of a set con-
sisted of the console, oxygenator and the HSVR as close as possible to the patient.

The outcome has been a drastic reduction of the length of the lines, dead space and the ECC
priming volume. We gave it the name of “Compact ECC” (Figures 3 and 4). Regarding the”
Compact ECC”, we have conducted many studies and research that we have published [6, 7].

Figure 3. Modified CPB “CAPS” console 1998.
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Figure 4. Systemic pump near the oxygenator.

In summary, this study has been conducted on three groups of patients which have under-
gone a coronary artery bypass grafting (CABG), from 1999 to 2004. A total of 50 patients have
been analysed for the first group, from 1999 to 2001, and 25 patients in 2001 for the second
group, and 25 patients for the third group from 2003 to 2004.

A significant difference among the groups concerning the patient’s age, the Parsonnet score,
the number of anastomoses performed, the haemoglobin before ECC, the ECC time and the
systemic flow of the ECC have not been found. The systemic flow (L/min) has been measured
using a flow index of 2.4 I/min/m? for each group.

All groups were operated with an open circuit McECC. We have reduced from group ' up to
group ° the surface of air/blood contact, blood/materials contact, the dead space of the system
and the priming.

After the distribution of the new systems (oxygenator and HSVR) and knowing that the sur-
face of contact of oxygenators is the most important of the ECC circuit set, the reduction of
the membrane surface area of the oxygenator adapted to the patient (e.g., body surface area,
pathologies, etc.) from the group ' up to the group ? has been fundamental (Figure 5).

For each group, we have used the oxygenator, HSVR and the ECC circuit of the same com-
pany (Dideco®, Mirandola, Italy).
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Cirmp 3

Figure 5. Group ' oxygenator Compact Flow D703; group ? oxygenator Avant D903; group 3 oxygenator Eos D905 and
compatible HSVR with VAVD (Dideco®, Mirandola, Italy).

We introduced into routine retrograde autologous priming (RAP), including arterial line,
arterial filter and antegrade autologous priming of the venous line (VAP) before the start of
CPB. This action has allowed a precise control of the hemodilution of patients.

In interventions like CABG, during the aortic cross-clamping (closed-heart surgery), dis-
charge of the left heart by aortic root vent is performed for the group ' by gravity and for
the group * by vacuum-assisted venous drainage (VAVD); the depression exerted in the aortic
root is equal to that applied in the venous reservoir by the VAVD system (Figures 6 and 7).

Venous drainage by gravity

Figure 6. Group ' and group 2.
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Venous drainage by VAVD system

Figure 7. Group °.

In all three groups, ECC was conducted under normothermia with warm intermittent blood
cardioplegia based on potassium and magnesium. In order to verify the quality of our car-
dioplegia protocol, we have realised a series of studies in which one of these has been pub-
lished in 2003 with the title Comparison of the troponin i levels during coronary artery bypass graft
in cardiac surgery procedures, realised with and without extracorporeal circulation [8].

The auto transfusion system Electa (Dideco®, Mirandola, Italy) was employed for all the three
groups. The volume of red blood cell concentrate re-injected for the three groups at the end of
surgery did not exceed 320 ml. In order to optimise the management of the auto transfusion
system, in 1998 we realised a study: Improving the quality of red blood cells recovered with the Stat,
perioperative autotransfusion system: Study of residues [9].

2.1.1. Group*

* The ECC was performed with an oxygenator Compact Flow D703 (Dideco®, Mirandola,
Italy)

* Membrane surface area of the oxygenator 2 m?

* Maximum blood flow rate of the oxygenator 7 I/min

e Flow index: 2.4 1/min/m?

* Mean systemic flow of ECC 4.5 [/min

* Drainage by gravity and venous line %2 in

e Arterial line 3/8 in

¢ Residual priming or hemodilution of the patient at the start of ECC =900 ml

¢ [evel detector on the venous reservoir
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2.1.2. Group

¢ The ECC was performed with an oxygenator Avant D903 (Dideco®, Mirandola, Italy)
* Membrane surface area of the oxygenator 1.7 m?

e Maximum blood flow rate of the oxygenator 7.5 l/min

¢ Flow index: 2.4 1/min/m?

¢ Mean systemic flow of ECC 4.4 [/min

* Drainage by gravity and venous line %2 in

¢ Arterial line 3/8 in

* Residual priming or hemodilution of the patient at the start of ECC =500 ml

¢ Level detector on the venous reservoir

* Surface coating” Phosphorylcholine”(Dideco®, Mirandola, Italy)

2.1.3. Group?

We have positioned the set of oxygenator and compatible HSVR with VAVD as close as pos-
sible to the patient’s shoulder, replacing the gravity venous drainage with a % in vein line
through a 3/8 in vein line and routinely introduced the vacuum-assisted venous drainage,
VAVD, system (Maquet® Cardiopulmonary GmbH, Germany) (Figures 6 and 7).

The ECC was performed with an oxygenator EOS D905 (Dideco®, Mirandola, Italy)

* Membrane surface area of the oxygenator 1.1 m?

* Maximum blood flow rate of the oxygenator 5 1/min

¢ Flow index: 2.4 1/min/m?

* Mean systemic flow of ECC 4.3 l/min

® VAVD system with the arterial/venous line 3/8 in and the HSVR

¢ Residual priming or hemodilution of the patient at the start of ECC = 250 ml

¢ Level detector on the HSVR

* Surface coating” Phosphorylcholine”(Dideco®, Mirandola, Italy) (Figures 3-5)

The result of this study shows a reduction of postoperative ventilation time from the group !
to group * (mean 508 + 325 vs. 194.6 + 39.2 min), blood loss (mean 489.2 + 196.4 vs236 + 39.6 ml),

duration of stay in intensive care unit (mean 3.6 vs. 1.9 days) and need for blood transfusion
(mean 0.4 +0.7 vs. 0.1 + 0.3 units/patient).

The study also highlights that the systems used in the first two groups were very big in rela-
tion to the patients (BSA, pathologies, physiological needs), and the postoperative impact of
these systems on the patients can be compared to an artificial increase in ECC time [10-17].
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3. Development of ECC with a holder system for five external pumps

In parallel with this study, we have continued to develop the McECC concept because it was
not possible to set up a new CPB console.

In 2006, we decided to test an Heart Lung console: HL30 machine (Maquet® Cardiopulmonary
GmbH, Germany), which was marketed only in the late 1990s. The circular base of the CPB
HL30 console consists of the housing of emergency batteries, a large part of electronics and
five wheels. This particular configuration has allowed to lower the centre of gravity and,
therefore, it has permitted to provide a CPB console with greater stability.

The HL30 has very lightweight modular roller pumps because they consist largely of alloy.

From the initial test, it was clear that this concept console could progress into an CPB capable
of housing a holder system that authorises the remote placement of oxygenator and HSVR at
the height of the patient’s shoulder, together with the external pumps.

Therefore, I have created a prototype that has been submitted to Maquet® Cardiopulmonary
GmbH, Germany. This society has produced this prototype without making any modifica-
tions. Furthermore, the Maquet® society has made several resistance tests of the materials
in order to homologate it by giving it the name of Holder System U.Borrelli (Figures 8-10).

Figure 9. Prototype of the holder system, profile view.
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Figure 10. Prototype the holder system, front view.

In September 2007, our goal was achieved by placing on the CPB HL30 console the definitive
Holder System. It was positioned using an additional mast and a four-point attachment sys-
tem. The set is very stable and flexible, the weight of the overall holder system equipped with
four roller pumps is 33 kg.

We placed a light at the top of the CPB console to ensure a good observation of the inner area
of the heads of the roller pumps that are grey in colour. A second light at the bottom is ori-
ented toward the oxygenator and HSVR (Figures 11 and 12).

Haolder Sysiem W Pump

With Conlral
the external Panel
pumps

Syslemic

pump

Figure 11. CPB console with the holder system, profile view.



158 Advances in Extra-corporeal Perfusion Therapies

Electromic Feee suction pamyp Awriic rest asplration Blood exrdioplegls pump
yennas clamp anil

lelt vont pump

Arterial §Y

t 1% in

ereheal
periusion pamp
Caniral af 16 Begalive Slandby
iy prastar ad hard Sy stemb wurd |n anrtlc
om e venoun line shcll venous reseryols pump ilheecibens

Figure 12. CPB console with the holder system, top view.

4. Optimisation of the circuit and the CPB console with a holder
system

The holder system calibrates the CPB console against the ECC circuit to optimise its perfor-
mance. The triangular shape of the holder system allows its remote placement of the CPB
console, its distal end is near the surgeon’s left hip. This has the effect of freeing up space for
the different operators who are around the patient (Figures 12 and 13).

The concept of the CPB console with a holder system, has given us the possibility of reduc-
ing the lengths of lines of aspirations of +/-50%. The length of the arterial line of 3/8 in is
+/— 100 cm (from the output of the arterial filter of the oxygenator up to the connection of the
arterial cannula). Furthermore, the length of the venous line of 3/8 in is also +/- 100 cm (from
the venous cannula up to the connection of the HSVR inlet). Therefore, there is a massive
reduction of the air/blood surface, blood/contact materials, the dead space of the system and
the priming volume (as a reminder: 100 cm of tubing 3/8 in contains 68 ml of liquid). All the
dead spaces of the circuit are reduced to a minimum and it is very easy to perform an autolo-
gous priming retrograde (RAP) without any significant variation in the patient’s volemia,
including arterial line, arterial filter and antegrade autologous priming of the venous line
(VAP) before the start of CPB [11] (Figures 12-14).
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VAVD
Controller

Figure 13. Position of the CPB console in the operating room.

4.1. Example of the circuit and the oxygenator and HSVR used

Alternative 1

* For a patient whose body surface is inferior or equal to 1.9 m?

* Flow index: 2.4/min/m?

* Oxygenator Quadrox—I Small Adult (Maquet® Cardiopulmonary GmbH, Germany)
* Membrane surface area of the oxygenator 1.3 m?

* Maximum blood flow rate of the oxygenator 5 I/min

* Surface coating Bioline the oxygenator of the circuit of the ECC and the compatible HSVR
with VAVD (Maquet® Cardiopulmonary GmbH, Germany)
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Figure 14. ECC circuit for adult patients with the holder system.

* VAVD system and arterial /venous line 3/8 in
¢ Level detector on the HSVR

® Retrograde autologous priming (RAP), including arterial line, arterial filter and antegrade
autologous priming of the venous line (VAP)

* Residual priming or hemodilution of the patient at the start of ECC =250 ml
Alternative 2

e For a patient whose body surface is superior to 1.9 m?
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¢ Flow index: 2.4 1/min/m?
¢ Oxygenator INSPIRE 6 FM (LivaNova® Mirandola, Italy)
* Membrane surface area of the oxygenator 1.4 m?
* Maximum blood flow rate of the oxygenator 6 ]/min

* Surface coating Phosphorylcholine the oxygenator of the circuit of the ECC and the com-
patible HSVR with VAVD (LivaNova® Mirandola, Italy)

* VAVD system and arterial/venous line 3/8 in
¢ Level detector on the HSVR

* Retrograde autologous priming (RAP), including arterial line, arterial filter and antegrade
autologous priming of the venous line (VAP)

* Residual priming or hemodilution of the patient at the start of ECC =300 ml
Alternative 3

¢ For a patient whose body surface is superior to 2.5 m?

¢ Flow index: 2.4 1/min/m?

* Oxygenator Quadrox—I Adult (Maquet® Cardiopulmonary GmbH, Germany)
* Membrane surface area of the oxygenator 1.8 m?

* Maximum blood flow rate of the oxygenator 7 1/min

* Surface coating Bioline the oxygenator of the circuit of the ECC and the compatible HSVR
with VAVD (Maquet® Cardiopulmonary GmbH, Germany)

* VAVD system and arterial/venous line 3/8 in
¢ Level detector on the HSVR

¢ Retrograde autologous priming (RAP), including arterial line, arterial filter and antegrade
autologous priming of the venous line (VAP)

¢ Residual priming or hemodilution of the patient at the start of ECC =300 ml

We routinely use the VAVD system with venous cannulas that are chosen according to their
hemodynamic characteristics (design, size, internal-external diameter, pressure drop, etc.).
The atrio-caval venous cannulae of reduced diameter have the disadvantage of slipping into
the inferior vena cava during the surgical intervention and necessitate a greater negative pres-
sure in the HSVR by the VAVD system. It is important to choose an armed venous cannula in
a diameter adapted to the right atrium and a central cage that eliminates the phenomenon of
massive suction of the right atrial wall. Venous cannulae with orifices of the central cage of
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sufficiently large size offset each other considerably reduce the incidence of this phenomenon
of chattering (Figure 15).

With an appropriate venous cannula and a venous line of 3/8 in diameter, the vacuum
required in the HSVR achieved by the VAVD system needs to simply replace the vacuum
generated by venous drainage by gravity in a venous line of 1/2 in diameter, taking into
account the internal pre-gravity of the HSVR from the right atrium of the patient to the lower
part of the HSVR.

For example, for a systemic flow of 4.5-5 1/min with a venous cannula of 33-43 Fr (TF33430
Edwards®, USA) and a venous line of 3/8 in diameter, the vacuum necessary by the VAVD
system is —20 to -25 mmHg (Figure 15).

In order to have a precise control of the VAVD system, we placed on the venous line of 3/8 in
a monitoring of the negative and positive pressure. This triggers an alarm if the values reach
-40 mmHg or + 3 mmHg. The VAVD system (Maquet® Cardiopulmonary GmbH, Germany)
has internal safeguards that protects the HSVR from pressures above +3 mmHg and below
-100 mmHg. Before each ECC intervention, we check the correct calibration of our roller
pumps (Figures 12, 13, and 15).

The optimisation of venous return with VAVD is conditioned by the optimal choice of the
venous cannula and its positioning; it improves the hemodynamics of the ECC and the

Low negative pressure
agrplied
o the VAVD sy stem

‘ ] G

Figure 15. Venous cannulae.
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patient. As the ECC becomes an arteriovenous extension of the patient’s vascular network,
the arterial flow and venous flow of the ECC must be in equilibrium. This constant ensures
an adequate arteriovenous systemic flow capable of satisfying the patient’s physiological
needs during ECC [18-22].

Reducing the surface area contact of air/blood, blood/materials, the dead space of the sys-
tem and the balance of arteriovenous flow results in a reduction of the risk of abdominal
stasis and its repercussions on tissue perfusion. This ensures stability of the patient’s blood
volume that is in the HSVR. This optimisation of the hemodynamic equilibrium gives the
possibility to widen the range of the strategies which are used during the management of
the patients who undergo surgery under ECC (reduction of hemodilution, transfusions,
etc.).

In order to limit the area contact of air/blood, blood/materials during ECC, the excess blood
volume in the HSVR is isolated in biocompatible transfer bags. If necessary, it is re-infused
to the patient during or at the end of the ECC. In general, the hematic volume in our HSVR
during ECC is 350 to 400 ml.

The shape of the lower part of the HSVR that we use is conical or cylindrical, this has the
consequence of limiting the free contact surface of the blood with the air and the biomaterials
which constitute the base part of the HSVR (wall, filters, etc.) [23] (Figures 15).
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Figure 16. CPB console with the holder system, top view.
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5. Conclusions

The optimisation of ECC management through:

* Used techniques (cardioplegia, autotransfusion system, etc.)

* Optimal choice of material (VAVD system, HSVR, surface coating, cannulas, design, hemo-
dynamic, safe and accurate monitoring, security, etc.)

¢ The reduction of contact area surface of air/blood, blood/materials, dead space of the circuit
and priming volume

¢ Hemodynamic equilibrium of the patient and ECC (arterial and venous flow)

* Accurate control of the patient’s hemodilution

It has a direct impact on postoperative patients who have undergone surgical intervention
under ECC; it could be comparable to an artificial reduction of ECC time.

For 23 years, this strategy of developing the McECC and the CPB console with the Holder
System, the circuit, the various components that constitute the ECC allowed us to operate all
types of patients with various pathologies with a safe and versatile system that is adapted to
each patient. It gave us the possibility of a different approach for fragile patients or having to
undergo paediatric, valvular or minimally invasive heart surgery.

The CPB HL30 console is very stable; thanks to its concept with its center of gravity which is
low, it allowed us to place the Holder system away from the CPB console without having any
technical problems. The assembly is very safe and flexible, the weight of the overall holder
system provided with four roller pumps is 33 kg.

For 11 years, we have realised more than 3600 cardio-thoracic surgeries in our hospital with
this concept of McECC and holder system.

This holder system was placed in 2009 on two CPB consoles at the Azienda Ospedaliera
Universitaria “Ospedali Riuniti In Trieste, Italy, where more than 4300 cardio-vascular sur-
gery were carried out with this ECC concept.

6. Future goals

Create a VAVD system with a servo controller to monitor the different pressures in HSVR
(positive and negative) with respect to the hemodynamics of the patient and the ECC (arterial
flow and venous flow).

Reduce the contact surface of the blood with air and biomaterials caused by HSVR, by cre-
ation of a safe and versatile VAVD HSVR that can be used as a closed or open system accord-
ing to the needs of the users.
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Abstract

Modified ultrafiltration is used in cardiac surgery with cardiopulmonary bypass in order
to diminish systemic inflammatory response syndrome. We aimed to show its utility for
removing pro-inflammatory agents in operated pediatric patients with congenital heart
disease and its impact at operative care. A clinical case-control trial was designed, includ-
ing patients with simple congenital heart disease operated on with cardiopulmonary
bypass in a 1-year period. We randomized them to a problem group (with modified
ultrafiltration, n = 15) and a control group (without it, n = 16), and blood samples to
measure interleukins (6 and 10); 3d and 4d complement fraction concentrations were
taken at the following times: baseline, before cardiopulmonary bypass, after it, after
modified ultrafiltration, and from the ultrafiltration concentrate. Operative clinical end
points of success were defined as hemodynamic stability, absence of morbidity, and lack of
mortality. We observed a higher significant interleukin 6 concentration in the problem
group patients at baseline, as well as a higher removal of this pro-inflammatory agent at
the ultrafiltration concentrate. Modified ultrafiltration has a positive impact over simple
congenital heart disease surgery with cardiopulmonary bypass because of removing inter-
leukin 6. We recommend its routine use when hemodynamic conditions are favorable.
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1. Introduction

Cardiopulmonary bypass (CPB) allowed the correction of several congenital heart diseases
such as intracardiac malformations, but it is well-known that this is not a harmless procedure
because it can lead to a systemic inflammatory response syndrome (SIRS), with activation of
complement, cytokines, coagulation, and fibrinolysis pathways. Factors that contribute to the
development of SIRS include blood contact with the synthetic surface of cardiopulmonary
bypass components, as well as leukocyte and endothelial activation after tissue ischemia and
reperfusion [1-5]. If there is a severe inflammatory response, it could also develop a
multiorganic dysfunction syndrome that increases morbidity and mortality of the patients at
pediatric intensive care units (PICUs). Some of the methods used to quantify the magnitude of
SRIS due to the use of CPB include measurement of blood cytokine concentrations (interleu-
kins 1 and 6), complement activation products (C3d and C4d), and also coagulation activated
factors (Von Willebrand, fibrinogen and factor VIII) [6].

There are several operative strategies for diminishing SRIS and its clinical repercussion, such
as the use of steroids, modified tubular surfaces for CPB, and ultrafiltration. Despite the single
or combined use of these strategies [7-12], ultrafiltration is the one that probably removes a
larger amount of pro-inflammatory agents, as well as water (volume) [13]. The two ultrafiltra-
tion technique modalities widely accepted for pediatric cardiac surgery are conventional
ultrafiltration (CUF) and modified ultrafiltration (MUF). CUF is applied in CPB during the
heart re-warming period and MUF right after ending CPB.

Currently, there is no enough evidence that favor the routine use of MUF [14-19], and we can
still find some controversies regarding the benefits of this technique [20-22]. In addition, most
reports of the study are focalized in adult cohorts of patients, and there is few information
provided for pediatric population that show the real impact of MUF in the re-motion of pro-
inflammatory agents due to CPB use. Therefore, we aimed to study the real utility of MUF for
re-motion of pro-inflammatory agents induced by CPB in operated pediatric patients with
simple congenital heart disease. We made a special emphasis in hemodynamic variables,
morbidity, and mortality at the operative period.

2. Materials and methods

2.1. Study design

A prospective, randomized, analytic, and clinical case-control trial was designed at the Depart-
ment of Pediatric Cardiac and Congenital Heart Surgery of a single center during a 1-year
period of time. Inclusion criteria were age < 18 years, and simple congenital heart disease that
required elective surgical treatment with CPB use for at least 30 min. Exclusion criteria were
preoperative renal failure, preoperative cardiogenic shock requiring the use of inotropics,
preoperative sepsis, and preoperative mechanical ventilatory support of <48 h, preoperative
lactate seric levels of 23 mmol/l, and cardiac reoperation. Patients were randomized into two
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study groups: problem group (with MUF) and control group (without MUF). With the use of
an electronic URNA software, a statistical person randomized the patients and told the
perfussionist, which was the only surgical team person informed about the results of random-
ization. All patients included in this study were operated on with informed consent signed by
their parents or tutors. The study was also approved by our institutional research and ethics
committee.

2.2. Modified ultrafiltration technique

Patients randomized to problem group (with MUF), when informed to the perfussionist, were
prepared for CPB with an additional MUF set. Once CPB was ended and hemodynamic
stability of the patient was provided, the surgeon was told not to remove the venous canula,
and the venous line was clamped just before its connection to the reservoir. Arterial and
venous line pathways were released in order to begin MUF with a 10-20-ml/kg/min flow.
MUF continuous flow was achieved, pumping the venous residual reservoir volume by means
of the arterial line to the patient. A 150-200-mmHg venous vacuum was applied when needed.
MUF lasted 10-20 min in order to reach a desired hematocrit level and obtain also a suitable
volume and electrolyte balance. MUF was stopped in case of hemodynamic instability. Once
ended, MUF volume was restored to the patient from the hemofilter and venous canula,
allowing the surgeon for decanulation of the patient.

2.3. Biochemical and clinical operative analysis

Biochemical and clinical results were compared between the two study groups at the operative
period. Biochemical results were the concentration of cytokine (interleukins 6 and 10) and
complement activated products (C3d and C4d). These concentrations were measured from
blood samples at the following times: TO (baseline, at the beginning of anesthesia induction),
T1 (before CPB), T2 (immediately after CPB), and T3 (immediately after MUF, in the problem
group). The same agents were measured in the MUF fluid concentrate of the problem group
after the procedure (T4). Clinical operative results were evaluated in terms of hemodynamic
instability (>20% post CPB variation with respect to previous CPB values of at least three of the
following five hemodynamic variables: heart rate, systolic, diastolic and mean blood pressure,
and central venous pressure), operative morbidity and mortality. Operative clinical end points
of success were defined as hemodynamic stability, absence of morbidity, and lack of mortality.

2.4. Laboratory analysis of the fluid samples

All patient samples were obtained from central or peripheral blood and collected in tubes
without heparin (vacutainer, Beckton Dickinson). A 3-ml blood sample was obtained for each
of the study times (T0, T1, T2, and T3). The same volume of T4 samples was obtained from the
ultrafiltration fluid concentrate. All of the samples were centrifugated at 3000 rpm for 15 min,
4°C, and cryopreserved in aliquots of 15 ml at —75°C. Interleukin concentrations (IL-6 and IL-
10) were measured by means of an ELISA-Sandwich technique with the use of monoclonal
antibodies (Peprotech, NJ, EUA). Complement activation products (C3d and C4d) were
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measured with the same technique, using commercial kits (Bachem, San Carlos, CA, EUA).
Optical density was determined at 450 nm in the ELISA lector. Concentrations of IL-6, IL-10
(pg/ml), as well as C3d and C4d (ng/ml) were calculated by means of a GraphPad Software v. 4.2.

2.5. Statistical analysis

Information was registered in evaluation sheets, stored in an electronic Excel page and ana-
lyzed by means of a Prisma Graphics v3.1 statistical software. Continuous variables are
presented as a mean, standard deviation, and variability ranges (minimum and maximum).
Categorical data are presented by means of frequency and percentages in relation to the
population at risk. Comparison between the two study groups was made by means of a
Student’s t-test for continuous variables. A chi-squared (X?) test was used for comparing
categorical variables with a 95% confidence interval (CI). A p-value <0.05 was considered as
statistically significant.

3. Results

A total of 31 patients were enrolled and randomized to this trial: 15 to the problem group (with
MUF) and 16 to the control group (without MUF).

3.1. Preoperative characteristics

Table 1 shows the type of congenital diseases that were operated by means of CPB in both
groups of study. There are no differences in the total number of congenital heart disease in the
studied groups, but control group (without MUF) showed more patients with AV channel
than the problem group (with MUF).

Congenital heart disease type Total series Problem group (with  Control group (without p
(n=31) n (%) MUF) (n =15) n (%) MUEF) (n =16) n (%)

Ventricular septal defect 13 (42%) 8 (52%) 5(31%) NS
Balanced AV channel 8 (26%) 1 (7%) 7 (44%) 0.04
Congenital mitral valve disease 4 (13%) 3 (20%) 1 (6%) NS
Subaortic membrane 3 (10%) 1 (7%) 2 (13%) NS
Right ventricular outflow tract obstruction 1 (3%) 1(7%) 0 (0%) NS
Double chamber right ventricle 1 (3%) 1(7%) 0 (0%) NS
Atrial septal defect 1 (3%) 0 (0%) 1(6%) NS
Total 31 (100%) 15 (100%) 16 (100%) NS

Table 1. Congenital heart disease type in the studied groups.



Utility of Modified Ultrafiltration in Congenital Heart Disease Patients Operated with Cardiopulmonary Bypass
http://dx.doi.org/10.5772/intechopen.77122

Variable Total series n (%) or Problem group (with MUF)  Control group (without MUF)
mean + SD (range) n (%) or mean =+ SD (range) n (%) or mean + SD (range)
Age (years) 4.26 +£4.11 (0.38-17.18) 37 + 14 (18-76) 31 + 11 (18-56) NS
Gender
Male 12 (39%) 8 (53%) 4 (25%) NS
Female 19 (61%) 7 (47%) 12 (75%) NS
Anthropometric data
Weight (kg) 14.9 +10.8 (4-47) 14.1 £10.4 (4-38.3) 15.9 £ 11.6 (5.3-47) NS
Height (cm) 90 + 31.1 (12-159) 94.2 + 31.2 (55-158) 86 + 31.5 (12-159) NS
Body surface area (m?) ~ 0.56 + 0.27 (0.25-1.32) ~ 0.58 + 0.31 (0.25-1.32) 0.53 £ 0.18 (0.28-0.78) NS
Circulating blood 1032 + 627 (343-2660) 1164 + 756 (343-2660) 867 =+ 385 (452-1560) NS
volume (ml)
Cardiovascular background
Previous surgery 0 (0%) 0 (0%) 0 (0%) NS
Previous catheterization 2 (6%) 0 (0%) 2 (6%) NS
Pathologic background
Preoperative infection 1 (3%) 0 (0%) 1(6%) NS
Pulmonary artery 4 (13%) 0 (0%) 4 (25%) NS
hypertension
None 26 (84%) 15 (100%) 11 (69%) NS
Syndromes
Down 3 (10%) 0 (0%) 3 (19%) NS
None 28 (90%) 15 (100%) 13 (81%) NS
NYHA/Ross pre-operative functional class
I 8 (26%) 4 (27%) 4 (25%) NS
I 21 (68%) 9 (60%) 12 (75%) NS
I 2 (6%) 2 (13%) 0 (0%) NS
Operative risk
RACHS-1 score 2.4 +05(1-3) 24+05(2-3) 2.4 +0.6(1-3) NS
Basic aristoteles 72+15(3-9) 7+12(6-9) 74+19(3-9) NS
Complete aristoteles 8.1+1.8(4-11) 7.8 1.5 (6-10) 8.4 +2.1(4-11) NS
Preoperative morbidity
Mechanic ventilation 0(0%) 0(0%) 0 (0%) NS
Preoperative inotropic 0 (0%) 0 (0%) 0 (0%) NS
support
Preoperative infection 1 (3%) 0 (0%) 1(6%) NS
None 30 (97%) 15 (100%) 15 (94%) NS
Preoperative laboratory exams
Lactate 1.2+ 0.3 (0.6-1.7) 12+0.3(0.7-1.7) 1.1+ 0.3 (0.6-1.5) NS
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Variable Total series n (%) or Problem group (with MUF)  Control group (without MUF)
mean + SD (range) n (%) or mean =+ SD (range) n (%) or mean + SD (range)
Creatinine 0.4 £0.1(0.2-0.7) 0.4 £0.1(0.2-0.7) 0.4 £ 0.1 (0.3-0.5) NS

Perfusion variables

Oxigenator type
Baby Rx 14 (52%) 7 (47%) 7 (58%) NS
Terumo SX10 6 (22%) 4 (27%) 2 (17%) NS
Terumo SX18 1 (4%) 1(7%) 0 (0%) NS
Mini max 5 (19%) 2 (13%) 3 (25%) NS
Safe Mini 1 (4%) 1(7%) 0 (0%) NS
Arterial filter use 18 (67%) 12 (80%) 6 (50%) NS
Surgical variables
CPB time (min) 81.9 + 26.9 (40-131) 76.5 4 23.7 (40-122) 87 +29.4 (41-131) NS
Aortic cross clamp time  53.7 + 23.6 (12-96) 49.5 + 21.8 (18-90) 57.6 £ 25.2 (12-96) NS
(min)
Temperature (°C) 27 + 1.6 (24-30) 27 £1.5 (24-29) 27.3 + 1.8 (24-30) NS
Anterograde 29 (94%) 14 (93%) 15 (94%) NS
cardioplegia
Blood cardioplegia 29 (94%) 14 (93%) 15 (94%) NS

Table 2. Preoperative characteristics of the studied groups.

Table 2 shows the rest of preoperative characteristics in both studied groups. Note that there
are no statistical differences in all variables analyzed between the two groups.

Although more random patients with AV channel in the control group, the rest of the preop-
erative data showed that both groups are absolutely comparable.

3.2. Biochemical operative results

Table 3 compares the concentration of pro-inflammatory agents between groups before surgi-
cal correction (T0). Note a baseline elevated concentration of IL-6 in the problem group (with

Pro-inflammatory =~ TO Problem group (with MUF) T0 Control group (without MUF) P
agent n =15 Mean + DE n =16 Mean + DE

C3d (ng/ml) 368.66 + 331.87 413.248 + 316.804 NS
C4d (ng/ml) 199.57 + 201.56 213.89 +116.72 NS
IL-6 (pg/ml) 672.249 + 433.186 246.874 & 365.69 0.0061
IL-10 (pg/ml) 239.698 + 381.517 299.618 + 370.148 NS

The words and numbers in “bold” highlight the variables that have a statistical significance (p<0.005).

Table 3. Comparison between concentrations of pro-inflammatory agents in both groups of study (with and without
MUF) at baseline (TO0).
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MUEF), without differences in both groups for the rest of pro-inflammatory agents (IL-10, C3d,
and C4d).

On the other hand, Table 4 shows a lack of statistically significant difference in the concentrations
of pro-inflammatory agents at the control group before surgical correction (T0) and after CPB (T2).

Finally, Table 5 shows the comparison between the concentration of pro-inflammatory agents
in the problem group before surgical correction (T0) and after MUF (T4). There is a statistically
significant removal of IL-6, but no difference in the concentrations of the rest of pro-
inflammatory agents analyzed (IL-10, C3d, and C4d).

3.3. Clinical operative results

Table 6 summarizes the comparison of clinical end point variables in both groups of study
(with and without MUF). There is a statistically significant decrease of hemoglobin (Hb) in the
problem group after MUF compared with the baseline level, which is not observed in the
control group.

Both groups show an increase in lactate levels and heart rate after surgery when comparing
these values with the baseline ones before CPB. Control group (without MUF) showed a
statistically significant increase in the central venous pressure after CPB compared with the
ones before CPB. There were no differences before and after CPB in the other hemodynamic
variables (systolic, diastolic, and mean blood pressures), nor in operative morbidity and
mortality. Successful clinical operative endpoints were achieved in both groups of study.

Pro-inflammatory agent TO Group control (sin UFM) T2 Control group (without P
n =16 Media + SD MUF) n =16 Media + DE

C3d (ng/ml) 413.248 + 316.804 264.33 + 198.12 NS

C4d (ng/ml) 213.89 + 116.72 210.65 + 141.13 NS

IL-6 (pg/ml) 246.874 + 365.69 289.499 + 301.913 NS

IL-10 (pg/ml) 299.618 + 370.148 387.26 + 306.07 NS

Table 4. Comparison between concentrations of pro-inflammatory agents at TO (baseline) and T2 (after CPB) for the
control group (without MUF).

Pro-inflammatory agent TO Grupo problema (con T4 Problem group (with P
UFM) n =15 Media + SD MUF) n =15 Media + DE

C3d (ng/ml) 368.66 + 331.87 379.99 + 264.64 NS

C4d (ng/ml) 199.57 + 201.56 172.89 + 139.64 NS

IL-6 (pg/ml) 672.249 + 433.186 366.31 =+ 280.25 0.0293

IL-10 (pg/ml) 239.698 + 381.517 230.453 + 352.27 NS

The words and numbers in “bold” highlight the variables that have a statistical significance (p<0.005).

Table 5. Comparison between concentrations of pro-inflammatory agents at baseline (T0) and after MUF (T4) for the
problem group (with MUF).
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4. Discussion

Cardiopulmonary bypass (CPB) is able to trigger a systemic inflammatory response syndrome
(SRIS) due to several factors that include (1) cell activation secondary to contact with CPB
synthetic surfaces, (2) mechanic stress, (3) tissue ischemia and reperfusion, (4) hypotension, (5)
non-pulsatile flow, (6) hemodilution relative anemia, (7) blood and blood products transfusion,
(8) heparin and protamine administration, and (9) hypothermic effects. CPB activates the
vessels endothelium and releases pro-inflammatory agents such as tumoral necrosis factor a
(TNF-av), interleukins, and endotoxins. These agents activate the intracellular transcription
factor as well, which increases endothelial pro-inflammatory cytokines and the molecular
expression of leukocyte adhesion.

It is a well-known fact that younger age increases the inflammatory effects of CPB even more.
Some reasons include an increased metabolic demand in these patients, hyperactivity of their
pulmonary vessels, immaturity of their organs/systems, and altered homeostasis. Risk is par-
ticularly high in neonates and young infants due to a mismatch between CPB and patient’s
size, with CPB circuit volume usually 200-300% higher than that of the patient. In addition, an
increased metabolic demand requires elevated pump flow up to 200 ml/kg/min in neonates.
Combining a relative major size of CPB with an increased perfusion rate leads to a greater
blood exposure to synthetic surfaces of the circuit components [23]. In our series, there was no
age difference between the studied groups, and it is important to highlight that none of the
groups included neonate patients for the reasons already discussed.

One of the most involved cytokines in SRIS development is, indeed, IL-6. Increased concentra-
tions of IL-6 have been reported in patients with postoperative complications and a correlation
with the posterior left ventricular wall dyskinesia detected by means of transesophageal
echocardiography has been established. IL-6 is also an endogenous pyrogen agent that acti-
vates acute phase reactant proteins. Concentration of IL-6 increases independently of the
oxygenator type, degree of hypothermia, or heparin use in the CPB circuit surfaces [24, 25].
Although in our study IL-6 concentrations were significantly higher before surgery in the
problem group than in the control group, this agent is also the one that is significantly more
removed by MUEF. This is probably the most relevant fact of our study because it shows that
the benefit of MUF in congenital heart disease surgery is the removal of IL-6, an important pro-
inflammatory agent, particularly in patients that SRIS is enhanced because of the immaturity
of their immune system. Another effect that is important to discuss is the fact that if MUF
benefits patients with simple congenital heart disease surgery as were the ones included in our
study, it would indeed improve operative outcomes in those operated on for complex congen-
ital heart disease [26]. This single fact justifies the routine use of MUF in all patients with
congenital heart disease that are operated on with CPB.

There are several additional methods, despite ultrafiltration, that had been developed in order to
diminish SRIS secondary to CPB at surgical correction of congenital heart disease in pediatric
population. Some of them are steroids (e.g., dexamethasone 10-30 mg/kg, 6-12 h before CPB),
and modified tubular synthetic surfaces in the CPB circuit. However, none of these methods are
as useful for this purpose as MUF, which is established right after ending the CPB and before
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decanulation of the patient [27]. Since 1973, different types of hemofilters have been developed in
order to remove priming volume (water) following the principle of pressure gradient, particularly
those made of polycarbonate. These filters have been replaced by the ones made out of poliarileter-
sulfonate in 1986, and later by the current generation of polyamide hemofilters. These are the most
practical ones because of its greater biocompatibility, reduced surface, and more ultrafiltration
effectiveness due to a less than physiological pressure.

The effectiveness of ultrafiltration for removing pro-inflammatory agents depends also on the
type of hemofilter and on the modality of ultrafiltration procedure used. Berdat et al. studied the
effectiveness of poliariletersulfonate filters versus polyamide ones in the two ultrafiltration
modalities for the removal of pro-inflammatory agents such as IL-6, IL-10, and TNFa [10]. They
prove that IL-6 was better removed by conventional ultrafiltration (CUF) with poliarileter-
sulfonate filter, while TNFa was better removed by modified ultrafiltration (MUF) and poliaril-
etersulfonate filter. The rest of the pro-inflammatory agents were not modified neither for the
ultrafiltration modality nor for the hemofilter type. Therefore, it seems that MUF with poliaril-
etersulfonate hemofilter is the better strategy for removing pro-inflammatory agents in pediatric
patients with congenital heart surgery. Our results are based on the ultrafiltration modality
rather than the type of filter, since the material of hemofilters that we used was variable.

It has been reported that MUF is not only useful for removing extracellular fluid excess but also
cytokines and other inflammatory agents triggered by CPB and surgical trauma. There is some
controversy in the study regarding the efficacy of filters in the removal of cytokines, as well as in
the differences between the two ultrafiltration modalities [28]. In addition, the comparative
results between both ultrafiltration modalities are difficult to interpret due to variations in the
ultrafiltration technique, equipment, definitions and objectives, and measurements of cytokines.
Finally, it is still not known if the clinical benefits of MUF are due to the removal of cytokines and
other inflammatory agents, or to the isolated reduction of tissue edema [29-33].

5. Conclusion

Based on the results of this study [34], we can say that although the baseline concentrations of
IL-6 in the patients of the problem group were higher in relation to those of the control group,
the removal of this pro-inflammatory agent by MUF was statistically significant. This indicates
that MUF is a procedure that can benefit pediatric patients with congenital heart disease
undergoing CPB because it is able to decrease the concentration of IL-6. Therefore, we consider
that the use of MUF in pediatric patients should be routinely recommended as long as hemo-
dynamic conditions allow it.
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Abstract

Cardiogenic shock (CS) still carries an unacceptably high mortality (30-60%), despite
several therapeutic approaches; the SHOCK II trial questioned the benefit of intra-aortic
balloon pump (IABP), while IMPRESS and CULPRIT-SHOCK trials confirmed hetero-
geneity in disease spectrum and patient selection for acute myocardial infarction-related
CS requiring acute mechanical circulatory support (AMCS). The heterogeneity of devices
employed as AMCS, including temporary micro-axial flow pumps (Impella), percutane-
ous bypass (TandemHeart), and extracorporeal life support (VA-ECMO), contributed to
the actual dramatic scenario, where CS is defined clinically rather than hemodynami-
cally. To date, the role of VA-ECMO is emerging as rapid strategy to mitigate mortality
rates of severe refractory states, despite the lack of data regarding the best practices of
management and flows control. VA-ECMO'’s flow represents the “dose” of treatment and
higher flows are less tolerated percutaneously requiring, to prevent deleterious pulmonary
edema and ventricular distention, additional approaches such as pulmonary, left atrial, or
left ventricular unloading. Any efforts have to be directed to (1) determine adequate man-
agement of patients on VA-ECMO, (2) define the safer duration of VA-ECMO support, and
(3) establish algorithms and techniques to predict and obtain stable weaning from ECMO
or ensure fast transition to durable VAD and/or heart transplant.

Keywords: ECMO, myocardial recovery, cardiogenic shock, ventricular unloading,
VA-ECMO, Impella, ECLS, ECPELLA, ECMO dose retrieval
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1. Introduction

Cardiogenic shock (CS) continues to exhibit a high mortality rate (30-60%), despite several
therapeutic approaches; recent data derived from the SHOCK II trial [1] questioned the benefit
of intra-aortic balloon pump (IABP) in the treatment of the CS. Subsequently, IMPRESS [2] and
CULPRIT-SHOCK [3] confirmed heterogeneity in disease spectrum (using a non-hemodynamic
clinical definition for CS) and patient selection for AMlI-related cardiogenic shock requiring
acute mechanical circulatory support (AMCS) with alternative strategies to counterpulsation
such as temporary micro-axial flow pumps (Impella), percutaneous left atrium-aortic bypass
(TandemHeart) and venoarterial extracorporeal membrane support (VA-ECMO) [4]. In this dra-
matic clinical scenario, VA-ECMO is emerging as an alternative strategy to mitigate such elevated
mortality. Although a beneficial effect on peripheral perfusion/circulation has been demonstrated
with VA-ECMO implantation in patients affected by CS, there is a potential for increasing load-
ing conditions into the left ventricle potentially compromising transition to myocardial recovery.
Contemporary VA-ECMO systems are now widely used with a broad spectrum of configura-
tions. Due to case mix and implantation timing differences (from report to report and depending
on the institutions), outcomes have wide variability and are limited by its retrospective nature
and lack of granular profiling prior and after support. The timing of the implantation potentially
accounts for further differences in outcomes between different institutions. Central cannula-
tion, when feasible, warrants the best peripheral flows, the best cardiac perfusion, and unloads
adequately both ventricles but is still complicated by a high incidence of bleeding and need of
multiple re-sternotomy. Moreover, central VA-ECMO is not always bedside available. Despite
the growing experience in the use of VA-ECMO, the target flow has still not been identified, and
in literature, there is a lack of data regarding best practices with management. Indeed, VA-ECMO
flow represents the “dose” of the treatment: the lower dose corresponding to lower flow may be
readily achieved through percutaneous cannulation, while the higher the dose or higher flow can
be obtained through larger cannulas (Figure 1) and may require modifying VA-ECMO configu-
ration during support aiming to prevent the common complications due to overflow. However,
a higher flow warrants optimal peripheral organ perfusion, lower venous pressure, and higher
mean pressure. The decongestion of the venous side appears a critical factor in recovery end-
organ function and is pivotal both for renal and liver function recovery. The building of the circuit
should always aim at the lowest venous pressure to restore a normal perfusion pressure despite
low continuous flow pressure. On the other hand, high flow not only induces highly turbulent
flows, increasing shear stress, and damaging platelets but also increase the quota of shunt and
the left ventricular afterload. The latter mechanism may explain the increased risk of pulmonary
edema and moreover the reduced hazard of myocardial recovery [5].

Preventing pulmonary edema is one of the principal targets to reduce the biologic impact of
VA-ECMO and possibly to maintain the patients extubated and even ambulatory. A large
number of possible approaches have been described to aim through a small-incision pul-
monary, left atrial, or left ventricular unloading, thus preventing pulmonary edema. The
implantation of a double ECLS (extracorporeal life support) circuit (surgical with CentriMag
or percutaneous with TandemHeart) thus aiming to reduce all the possible complications due
to the need of an oxygenator [6-8] represents one of the possible solutions.
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Central ECMO (large cannula]
. BiVAD (f owygenator not necessary)
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Figure 1. ECMO configuration tailored on needed flow. Representation of the existing relation from type of cannula, site
and technique of insertion and flow rates. The figure defines that according to the needed flow the operator may utilize
different approaches starting from lower flows provided with a femoral percutaneous small nonocclusive cannula (blue
dot) reaching the higher flows with a large cannula in central ECMO or BiVAD.

Today, the first indication of treatment is myocardial recovery as clearly shown both from
data coming from leading centers in the VA-ECMO implantation and ELSO registries [9, 10].
This target is more frequently achieved in myocarditis or potentially reversible diseases [11]
and stresses the importance of etiological diagnosis at the moment of implantation to define
the strategy of implantation. To warrant optimal outcomes, many efforts have to be directed
to:

1. Determine adequate management of patients on VA-ECMO.
2. Minimize the time the patient is on VA-ECMO.

3. Establish algorithms and techniques to predict and obtain stable weaning from VA-ECMO.

When pathology is reversible, probably, the quality of myocardial unloading can potentially
make an essential difference in the platform for transition (recovery vs. VAD and/or heart
transplant). Recent data support the need to reason about a transition to a midterm platform
as soon as a stable organ perfusion and function have been warranted, possibly between day 7
[12] and before day 14 [13]. Data emerging on the beneficial effect of early myocardial unload-
ing on the acutely failing hearts with temporary micro-axial flow pumps continue to arise
[14-16]; however, there is no clear consensus or longitudinal hemodynamic data to support
a specific combination or transition strategy for severe refractory, hemometabolic, and/or
biventricular cardiogenic shock, and although it appears that the most commonly described
combination is VA-ECMO with LV unloading via an Impella device, the emerging alternative
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of high-profile biventricular support with combination of Impella 5.0 and RP or percutaneous
biatrial VA-ECMO is also possible.

This chapter aims to evaluate best practices and strategies that can be implemented to prevent
and reduce ventricular distention and to increase the likelihood of recovery and survival dur-
ing and after VA-ECMO support.

2. Incidence of complications and ECMO configuration

VA-ECMO currently represents the most effective minimally invasive circulatory support
system. VA-ECMO has evolved and can now be placed quickly at the bedside, in the medical
unit, or in the cardiac intensive care unit. It provides oxygenation, it is the best option in the
setting of associated lung injury, it can be placed peripherally (without thoracotomy), and it
is the only percutaneous option for biventricular support. It may provide sufficient support
to enable adequate tissue perfusion even in cardiac arrest, and it is a suitable device for acute
resuscitation of a patient in shock, even if mortality for cardiogenic shock did not significantly
change and is still ranging between 50 and 70% [17].

Moreover, many publications have disclosed a dramatic burden of complications using per-
cutaneous VA-ECMO leading to higher costs and ethical discussions on the right clinical set-
tings for its clinical adoption [9, 18-20].

Looking critically at the landscape of effects and complications of different configurations
of mechanical circulatory support and specifically of VA-ECMO emerges the importance to
select the right device and the right VA-ECMO's configuration to warrant the best outcome.
The crucial factor in selecting the device and the VA-ECMO's configuration is the amount of
flow needed to restore organ function. Venous oxygen saturation has been indicated by many
authors as a good goal to direct VA-ECMO perfusion [21].

Percutaneous VA-ECMO appears fitted to restore peripheral flows when the patient experi-
ences a moderate reduction of cardiac output. When the patient needs higher flows, the risk
of pulmonary edema and left ventricular distention increases [22], and additional cares may
be necessary to unload the left ventricle and eventually to restore pulmonary function after
pulmonary edema [23-25].

Although a beneficial effect on peripheral perfusion/circulation has been demonstrated with
VA-ECMO implantation in patients affected by cardiogenic shock, there is a potential for
increasing loading conditions into the left ventricle potentially compromising transition to
myocardial recovery. Contemporary VA-ECMO systems are increasingly being used with a
wide spectrum of configurations.

3. Destination of VA-ECMO

Contemporary registries and center reports support the ultimate finality of therapy for acute
decompensated heart failure being myocardial recovery [26]. When pathology is reversible,
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the time to recovery on the basis of the etiopathology of the disease plays a pivotal role
together with the modality of support aiming to help myocardial healing [27].

Therefore, if during the acute phase of VA-ECMO implantation the “dose” is a critical fac-
tor to recovery the end-organ function, the complementary goal is to reduce the biologic
impact of support and favor myocardial healing. Many data are emerging in support of a
role of myocardial unloading to reach this aim [28]. Data coming out from experimental
data on animal and computer simulations seem to support the hypothesis that ventricular
unloading is more effective than atrial unloading. Data emerging on the beneficial effect of
early myocardial unloading on the acutely failing hearts with temporary micro-axial flow
pumps continue to arise; however, there is no clear consensus or data to support a specific
combination or transition strategy for severe refractory, hemometabolic, and/or biventricular
cardiogenic shock.

VA-ECMO has multiple effects on the left ventricular myocardium:

* The decrease of venous return and the volume work may reduce the wall tension of the
heart and subsequently the LVEDV and LVEDP.

* The increase of arterial pressure (MAP) and reduction of venous pressure improve the
pressure gradient and then the myocardial perfusion.

* The increase of blood pressure increases afterload and the pressure work of myocardium
affecting the Frank-Starling law.

The overall effect of the decrease in volume work and the increase in pressure work depends
on the “dose” of VA-ECMO as well as myocardial function and its response to these phenom-
ena. Peripheral ECMO with a high flow may further increase afterload due to the reversal of
flow in the most of the aorta [29, 30].

The real question remains if myocardial unloading is always beneficial or potentially detri-
mental by increasing the complexity of management and when is indeed indicated the transi-
tion from ECMO support to ECMO + LV unloading.

Although it appears that the most commonly described combination is VA-ECMO with LV
unloading via an Impella device, the emerging alternative of high-profile biventricular sup-
port with the combination of Impella 5.0 and RP or percutaneous biatrial ECMO is also pos-
sible valuable solutions [31].

Many contradictory data are emerging regarding the effect of VA-ECMO on LV contractile
function. LV afterload before ECMO is related to systemic arterial pressure, and the Starling
curve generated before initiation of ECMO flow predicts the filling pressure associated with
any target SV at that systemic pressure. The addition of ECMO flow or alterations solely
in SVR does not alter the relationship between filling pressure and native LV SV, and then
the abrupt increase of afterload due to the ECMO flow may be useful to predict ventricular
distension during ECMO support [32].

In the presence of severe LV dysfunction, the left ventricle is unable to eject a sufficient volume
of blood against the increased afterload caused by the ECMO flow, resulting in impairment of
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various parameters of LV performance [33-35] and, in extreme situations, the aortic valve can
remain closed even during systole.

When VA-ECMO is established due to ongoing cardiogenic shock, it is possible to measure
PCWP and LV SV directly. The additional systemic flow conferred by ECMO may be offset by
volume reduction of venous return that may cause a reduction in PCWP. When VA-ECMO is
established for cardiogenic shock due to right ventricle failure, PCWP is typically low, and the
LV is relatively afterload insensitive.

The presence of a pulse pressure depends (without IABP) on the stroke volume of the left ven-
tricle. The absence of arterial pulsatility may prove an appropriate level of support (60-80%
of the predicted cardiac output allowing for the remaining 20—40% to pass through the lungs
and heart). However, on the other end, it indicates also the inability of the myocardium to
overcome the superimposed afterload worsened by a decreased preload and volume work.

When mitral regurgitation is absent, and a significant amount of blood returns in the LV, blood
may stagnate within the left ventricle and at the aortic root. The persistent closure of the aortic
valve may increase the risk of thrombus formation and subsequent embolic. Besides, the reduc-
tion of the stroke volume and of the transmitral flow due to VA-ECMO, the increase of the
PCWP, the persistent venous return from thebesian and bronchial veins lead to overdistension
of the LV. The distention of the LV measured in terms of LVEDV leads to an LVEDP; impairing
coronary perfusion pressure may further worsen the ischemic subendocardial injury to the
myocardium. In some instance, left ventricular distension may cause tethering of a previously
competent mitral valve causing functional mitral insufficiency due to annular dilation. In this
scenario, a pulmonary artery catheter may demonstrate an increase in the telediastolic pulmo-
nary capillary occlusion pressure. The presence of severe mitral regurgitation may worsen left
atrial hypertension congesting the pulmonary bed leading to pulmonary edema and even hem-
orrhage. Functional assessment of the heart in a partially bypassed state can be challenging, but
transesophageal echocardiography may aid in confirming aortic valve opening as well as by
providing an assessment of the variations of the left ventricular end-diastolic dimension after
VA-ECMO institution. The serial evaluation of LVED and of the PCWP should be routinely
used during VA-ECMO to give a prompt indication to LV unloading when the simple physio-
pathologic and/or eventual simulation models do not already suggest the need of an unload-
ing. Recently, the option to first unload and then evaluate the need of VA-ECMO has been
prompted. The increase in systemic pressure, in this scenario, is slight, and a modest increase
in PCWP would accompany the increase in LV afterload without a significant change in LV SV.

When VA-ECMO is established for cardiogenic shock due to acute LV failure, the magnitude
in afterload change depends on the increase of systemic pressure. In this scenario, if PCWP is
already high and without a substantial improvement in LV contractility, a dramatic rise in PCWP
with LV distension is expected. LV and pulmonary venous distension lead shortly to a massive
acute pulmonary edema and blood stasis in the left heart with a serious risk of thrombus forma-
tion. Prompt diagnosis and a high suspicion have to be kept in this situation as it is imperative
to both unload the central circulation while maintaining a minimal LV SV. The effectiveness of
oxygenation and drainage is a vital factor for the diagnosis as if the patient is well drained and
perfused; the diagnosis of pulmonary edema may be masked by ECMO. VA-ECMO differs from
the standard cardiopulmonary bypass circuit due to the absence of a venous reservoir halting
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the possibility to control the amount of venous return to the left heart during VA-ECMO; the
blood volume bypassing the venous cannula due to incomplete drainage or coursing through
the bronchial circulation returns to the left heart; this represents the additional LV output to
VA-ECMO flow in the systemic circulation. While this additional flow may be altered by changes
in circulating blood volume (e.g., diuresis), the LV will require a preset inflow pressure warrant-
ing to deliver a target SV (to prevent blood stasis) depending on the Starling relations. The risk
of ventricular distention after initiation of VA-ECMO is related to the preinitiation EF in a setting
of high afterload sensitivity as contractile strength is reduced. Even a moderate reduction in pre-
ECMO EF (less than 50%) may predict high PCWP after VA-ECMO institution, due to the abrupt
increase of systemic pressure and afterload when peripheral cannulation is accomplished.

Placed in the setting of hypotension and cardiogenic shock, the increase in MAP after initia-
tion of VA-ECMO is associated with a significant increase in PCWP and decrease in LV SV,
counteracting the emptying of the ventricle and its work.

Careful management of patients on VA-ECMO should include monitoring of intravascular
volume status, MAP, and PCWP.

Volume status should be managed in a way to warrant a minimally acceptable LV SV, while
the MAP should be kept down acting on VA-ECMO flow rates and by pharmacologic manip-
ulation of SVR. VA-ECMO flows can be reduced in an attempt to reduce afterload. However,
this maneuver may not be possible if it compromises oxygen delivery and end-organ perfu-
sion due to the inability of the heart to produce a compensatory increase in native cardiac
output. The value of PCWP depends on LV contractility and MAP but not on the method by
which MAP is controlled while maintaining a minimal LV SV.

LV overload and distension except for pulmonary edema may induce increased wall stress and
myocardial oxygen consumption [36]. During acute decompensation of chronic heart failure
leading to cardiogenic shock, the left ventricle is compliant, and the mitral valve is frequently
incompetent as a result of chronic annular dilation and mitral valve leaflet tethering. Mitral
regurgitation in this setting decompresses the left ventricle to some extent but may result in
elevation of left atrial pressure and pulmonary edema [21, 37]. In contrast, acute myocarditis
or myocardial infarction is associated with a noncompliant left ventricle and competent mitral
valve. LV distension in this setting will result in a significant rise in intraventricular pressure
and wall tension, which could be detrimental to the damaged myocardium, and reduced coro-
nary blood flow, causing subendocardial myocardial ischemia [38]. Aortic regurgitation should
always be kept into account in ECMO patients due to its potentially detrimental effects [39].

Commonly, myocardial recovery on VA-ECMO support is suggested by an increase in pulse
pressure and by improved contractility on echocardiography, but the appearance of pulsatility
on the arterial waveform may also reflect a worsening volume overload. Tracking PCWP or
repeat echocardiographic assessment may help to ascertain to manage the patient at the best.

The ultimate test of myocardial recovery, however, is accomplished by assessing hemo-
dynamic stability on minimal or no support. Under adequate heparinization, the “dose”
of VA-ECMO can be decreased to achieve ~1 L/min of flow or the cannulas can be briefly
clamped to ascertain the ability of the native ventricle to handle the full cardiac output.
When the myocardium has recovered, during the weaning phases or temporary withdrawal,
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Weaning from ECMO: Algorithm

Step 1 Eticlogy of heart failure | Compatibility with Heart Recovery (consider Biopsy when feasible)

-Monitor sVio2, Lactates, Delivery 02 to meet peripheral demanc
Step 2 Hemodynamic Stability -Recovery from HemoMetabolic Disturbances
-Pulsatile Arterial Waveform for 24h (NO volume overload)
-Baseline MAP>70mmHg in absence or low dose of catecholamines
PaO2/FiO2=100
If FiD2 gas flow is 21% consider bridging from V-A to V-\ ECMO

Step 3 Pulmonary Function

Doppler-echocardiography:

Step 4 Toleration of full weaning trial  .£0MO Flow decressed to 56%-33% of its baseline
~ECMO Flow decreased 19 1-1 5Lmin

AVO2: miked Venous 02 Saturstion

MAP: Mean Arterial Pressure -Step 1-2-3-4 are validated
VEF: Central Venous Pressure ——  Consider ECMO Removal -Minimal ECMO support
WTI: Mean Arterial Pressare -LVEF220-25%

TOSa: Lateral mitral annulus peak =Aortic VTI 212cm

systalic velocity -TDSaz6omys

Figure 2. Flow-chart for ECMO management.

Embedding the Unloading Phylosophy during «crash and burn»

W CPO < 06 W and
monoventricular failure el T
Impella
[PRPi =1,5)
\___ 2 PO <06Wand
biventricular fallure
(PAPi <0,9)
If Smioke Effect,
Increased PCWF, Ventricular
High-Flows needed Unleading
A\ If Mitral Regurgitation
ar
Mechanical Aortic
COPO= Cardiae Power Output (MAP x CO x 0.022) Prosthesis
PAPI= Pulmonary Artery Pubsatily Index [Pulmonary Sys PA-Dia PA/Right Atrial Pressure) Unloading
PCWP= Pulmonary Capillary Wedge Pressure \.._ -

* Choose the Impella model on the basis of the needed supplemental cardiac power output. For
lowest CPO values direct ECMO or BIVAD could be justified

Figure 3. Flow-chart describing the suggested therapeutical strategy according to patient’s clinical conditions and needs.

acceptable contractility on echocardiography and stable hemodynamics (MAP, CVP and
heart rate) has to be checked. We provide a schematic view of the Flow-chart for ECMO
management form step 1 to step 4 and complete weaning (Figure 2). Hypotension, a rising
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CVP, atrial fibrillation, and a poorly contractile myocardium on echocardiography suggest
weak recovery and a high risk of need of support [40, 41]. Recently, the group of Esposito
and Kapur [42] has suggested a facilitating effect in withdrawal when the patients have
an Impella in place to sustain left ventricular function. This knowledge, merged with the
knowledge of the need of a short period of ECMO support and to the capability of Impella to
interrupt the vicious cycle leading the patient to biventricular failure, may suggest the adop-
tion of Impella when cardiac power output falls under 0.6 and IABP is judged not enough
to maintain adequate end-organ perfusion [43], in this case ECMO need has to be evaluated.
In Figure 3, it has been represented a scheme of the associations between patients’ clinical
conditions and the suggested therapeutical strategy to face patients” hemodynamic needs.

4. IABP during ECMO

Intra-aortic balloon pump (IABP) has long been clinically applied to augment pulsatility,
decrease afterload, and improve blood flow in native coronary arteries and bypass grafts [44, 45].

The inflations and deflations of the 30-50 ml balloon delivered by the IABP device are syn-
chronized with cardiac cycle: the deflation just before systolic ejection aims to decrease after-
load and improve LV ejection, while the inflation during diastole warrants increased diastolic
perfusion aiming at improve coronary, cerebral, and visceral blood flow.

Despite the controversial data from the Intra-Aortic Balloon Pump in cardiogenic SHOCK
(TABP-SHOCK) II trial [1], IABP currently remains one of the most commonly used mechani-
cal circulatory support devices in the treatment of acute heart failure. When administered
promptly, it can play a critical role in the rescue of patients with acute myocardial damage,
reversing the ongoing vicious cycle leading to death. It has been shown in animal models that
IABP may improve several parameters of LV performance during VA-ECMO support [46].
Currently, several centers use IABP during VA-ECMO therapy to reduce LV afterload and
warrant pulsatility in the end-organ capillary bed [47]. In a group of 219 patients treated with
VA-ECMO after cardiac surgery, Doll et al. [18] found that the use of IABP during ECMO
support was associated with a significantly higher survival rate. Ma et al. [48] reported 54
adult patients with acute heart failure who received combined ECMO and IABP support, all
of whom showed improvements in terms of overall circulation. Thirty-four of the patients
were successfully weaned from mechanical circulatory support, and 21 (39%) survived to
hospital discharge. Petroni et al. [49] showed that adding an IABP to peripheral VA-ECMO
was associated with improved LV function, and discontinuation of intra-aortic balloon pump-
ing was associated with higher pulmonary artery wedge pressure, increased LV end-, and
end-diastolic diameters, while decreasing pulse pressure (15 + 13 versus 29 + 22 mmHg;
P = 0.02) [49]. Park et al. [50] did not find any mortality or morbidity benefit with IABP in
the group of 96 VA-ECMO-treated patients with cardiogenic shock due to acute myocardial
infarction. Recent data coming out from the Shock trial suggest that cardiac power output
(CPO = cardiac output x MAP x 0.022) may be the best predictor of the effectiveness of IABP
during impending cardiogenic shock [51]. Impella or VA-ECMO is needed when CPO is very
low or upgrading of the MCS is necessary. Eventually the upgrade to ECMO or ECPELLA
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(VA-ECMO + IMPELLA) may portend both optimal perfusion and ventricular unloading aim-
ing to myocardial recovery. Etiologic definition and eventual correction of the cause should
be mandatory to increase the chance of recovery.

A marked increase in systemic blood pressure caused by VA-ECMO and retrograde aortic
ECMO flow may increase cardiac afterload, together with severe systolic dysfunction, result-
ing in LV overload with a subsequent increase in left atrial pressure, severe pulmonary edema,
myocardial ischemia, elevated pulmonary pressures, blood stasis, and potential thrombus
formation, jeopardizing ventricular recovery.

Echocardiographic monitoring should be strictly recommended to detect a fluid overload
early, and a Swan-Ganz catheter should be inserted to measure the pulmonary capillary
wedge pressure to detect high left ventricular filling pressures as an indicator for left ven-
tricular distension. Ventilation with low tidal volumes and positive end-expiratory pressure
(PEEP) has been suggested to keep the lung open. A higher PEEP is advisable in patients with
ongoing pulmonary edema. Early extubation is feasible and desired when the patient has a
low risk of pulmonary edema because optimal unloading.

To date, there are several possibilities to decrease the likelihood of left ventricular distension
on ECMO, but the cohort of patients who benefit from left ventricular venting is unclear.

Decreasing afterload leads to a decrease in workload and O, consumption. In case of an
extremely poor left ventricular function, it is advisable to administer inotropes with a suf-
ficient mean arterial pressure of 50-60 mmHg. Physiologic lactate levels, normal pH levels,
and regular central venous saturations as a guide and flow rates of 2.5-4 L/min are probably
sufficient in most cases. Even if sometimes lower pump flow rates also reduce the perfusion-
related afterload [21].

Intra-aortic balloon pumping (IABP) concomitant to retrograde aortal perfusion is seen con-
troversial as the inflated balloon in the descending aorta might hinder proper perfusion. IABP
counterpulsation is a device that inflates and deflates a 30-50 cm balloon in the descending
aorta. The balloon inflations and deflations are synchronized with cardiac cycle, and, therefore,
deflation just before systolic ejection may decrease afterload and improve LV ejection. Moreover,
increased diastolic pressure on IABP could also improve coronary blood flow [52, 53].

Despite the general expectations that IABP is useful during VA-ECMO for a supposed “perfu-
sion benefit” which indeed is overcome by ECMO blood flow, our belief is that the rationale of
the combined use of VA-ECMO and IABP is to provide a pressure unloading to the left ven-
tricle especially when a certain amount of residual SV is provided by the native circulation.

Although in a very unstable patient ECMO can stabilize end organs and restore their func-
tion, the lack of left ventricular unloading and reduced ventricular work threaten the myocar-
dium worsening the already impaired myocardial performance superimposing an extremely
high afterload further compromising wall tension and myocardial oxygen demand. Multiple
studies have shown that coronary perfusion worsens, especially if the patient is cannulated
peripherally. Because relative cerebral or coronary hypoxia occurs in many situations due to
a “watershed” effect, it is imperative to check blood saturations at multiple sites to determine
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if perfusion is adequate everywhere to avoid to misdiagnose the “Harlequin syndrome” due
to inadequate mixing of the two parallel circulations (ECMO and native heart) [23, 54, 55].

As a matter of fact, IABP should be already in place at the time of VA-ECMO implantation,
as stated by ELSO Guidelines 2017 [www.elso.org]. For those patients who do not have one,
it should be placed via the contralateral femoral artery, associating earlier the hemodynamic
effects of IABP to those of VA-ECMO; from a mechanistic point of view IABP could neutralize
some of the unwanted effects of VA-ECMO [56].

The role of IABP in patients suffering from cardiogenic shock should be highlighted as (I)
it is rapidly deployable at any hospital and therefore reduces the duration of “uncontrolled
shock”; (II) it allows, thereafter, safe transport to MCS units; (III) it does allow foe exploiting
the same vascular access for Impella implant; and (IV) it has a major role in weaning from
VA-ECMO and therefore reduces the burden of the complications related to ECLS.

Despite the controversial data from the intra-aortic balloon pump in cardiogenic SHOCK
(IABP-SHOCK) II trial, which could not demonstrate a survival benefit for the IABP applica-
tion, IABP currently remains one of the most commonly used mechanical circulatory sup-
port devices in the treatment of acute heart failure. The bad news is that for none of the
percutaneous devices, used in LV venting, a survival benefit has yet been documented in
adequately sized randomized clinical trials (RCTs). A meta-analysis, by Cheng et al., includ-
ing a total of 100 patients in three small RCTs with the TandemHeart and the Impella PL2.5
pump did not see a survival benefit in comparison to the IABP, despite better hemodynamic
effects [57].

When administered in a timely manner, IABP can play a critical role in the rescue of patients
with acute myocardial damage. It has been shown in animal models that insertion of IABP
during VA-ECMO support may improve several parameters of LV performance and can
reduce mean arterial pressure as well as oxygen saturation in the coronary sinus [24].

The combination of IABP and VA-ECMO can be found in the nationwide Japanese Diagnosis
Procedure Combination national inpatient database; IABP combined with VA-ECMO was
associated with reduced mortality and successful weaning from VA-ECMO. They also con-
cluded, of course, that randomized controlled studies are required to confirm the mortality-
reducing effect of the combination of IABP and VA-ECMO [57].

Despite the lack of clarity, in a systematic literature search, the use of concomitant IABP with
ECMO is widespread. IABP was present in approximately 55% of all ECMO cases reviewed,
stretching across all etiologies of cardiac failure beyond acute myocardial infarction (AMI).

The rationale for concomitant IABP use is primarily for LV venting [58]. The incremental ben-
efit of IABP support for afterload reduction and increasing organ perfusion in the presence of
ECMO support is relatively minimal. Regarding improved diastolic pressures and coronary
flow, despite the previously held belief of an estimated 11% survival benefit from pooled
analyses of retrospective studies of IABP use in AM], it is now known from the prospective
and randomized IABP-SHOCK 1II study that the use of IABP in this cohort had no survival
benefit [59].
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Early IABP, or, when CPO is very low and Impella offering the adequate flow, would sig-
nificantly impact the management of cardiogenic shock as it would avoid the administra-
tion of “toxic doses” of inotropes, allowing for smoother transition to VA-ECMO and routine
unloading of the LV [44-60].

Even though, the combined use of IABP and VA-ECMO or Impella and VA-ECMO is well
described to improve the hemodynamic facilitating and supporting conditions for recovery
or ventricular assist device implantation [61, 62].

Recently, a simulation published on the ASAIO Journal [63] has supported the relevance of opti-
mal medical management, fluid removal while minimizing VA-ECMO flow, reducing blood
pressure, and eventually adding inotropes to reduce PCWP and prevent pulmonary edema
[64]. Recent clinical data support this notion for different clinical settings and do not advocate
a routine combination of VA-ECMO and IABP. Clinical studies have shown a slight reduction
in PCWP, LV dimensions, and pulmonary edema in-line with the computer simulation [65].

Patients showing PCWP above 25 mmHg or a virtually non-ejecting LV will require interven-
tional or surgical adjunct measures, which theoretically reduce PCWP by more than 5 mmHg.
It has to be kept in mind that sometimes when you think of adding an unloading is too late
for the patient, a proactive management reasoning on the patient characteristics and hemo-
dynamics is pivotal.

In a recent computer simulation, this combined approach showed only limited LV unloading,
although pulsatility and increased stroke volume were noted. The CPO before VA-ECMO
implantation and the native heart stroke volume after VA-ECMO implantation could be rel-
evant determinants of the effectiveness of IABP also during VA-ECMO perfusion (Figure 3),
while a low PAPi may push toward biventricular support with Impella or TandemHeart.

5. Differences between atrial and ventricular unloading

When echocardiographic monitoring discloses surrogates of low contractility, LV distention
or high filling pressure (PCWP) of the left ventricle, inotropic support should be considered or
up titrated to increase contractility of the myocardium, and volume load should be assessed
and eventually treated. Other conditions to be considered as drivers for unloading need have
been represented in (Figure 4).

There are different drivers for atrial or ventricular unloading (Figure 5).

The kind of left side’s chamber decompression is strictly related to the mechanism of pulmo-

nary congestion and left ventricular distension. The variables that need to be kept in mind are:

* Adequacy of venous drainage: if the venous drainage may be considered poor, placement
of pulmonary artery or left atrial drainage (comprised septostomy) may be sufficient.

¢ Mitral regurgitation: atrial drainage may be sufficient to unload the ventricle if a significant
mitral regurgitation impedes the distension of the left ventricle.
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* Reversibility of left ventricle damage: ventricular unloading is pivotal to increase the
chance of recovery.

* Aortic regurgitation: addressing aortic valve may be needed to avoid blood recirculation
and stagnation.

Figure 6 shows the decisional process of management of conditions that may require unload-
ing if not properly treated, the only condition where unloading seems to be mandatory is
smoking effect or slow flow through the MV. Figure 7 shows the possible surgical invasive,
minimally invasive and percutaneous approaches aiming at ventricle unloading. When atrial
unloading may be sufficient, a percutaneous left atrial septostomy may be accomplished,
which allows blood from the LA to drain down its pressure gradient into the right atrium
(RA) to then be drained via the venous cannula. This procedure is quite common in many
hemodynamic lab especially used to treat pediatric patients. A cannula may also be placed
into the LA through a transseptal puncture to facilitate drainage [66]. In addition, the left
atrium or left ventricle can be directly cannulated allowing blood to be vented into the venous
arm of the ECMO circuit. The transition to a BiVAD (TandemHeart or Centrimag or Rotaflow)
could be considered if the oxygenator is no longer needed [67]. Finally, the use of a left ven-
tricular assist device such as the Impella (Abiomed, Danvers, MA) or BiPella (left and right
Impella RP) [68] to provide left ventricular decompression as well as forward flow has been
described and is gaining success due to its ease also bedside.
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Figure 4. Factors driving unloading need in crash and burn patients. It has to be considered the possibility of unloading
LV if signs of fluid overload (high pulsatility and LV distension at Echo and hemodynamic data) are not effectively
treated with diuretics. Unloading is needed when there is low or absent LVEF, absent pulsatility without vasodilatation,
smoking effect or slow flow through the MV.
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Figure 7. Surgical invasive, minimally invasive and percutaneous approaches to ventricle unloading.

Left-to-right shunt can achieve effective decompression of the left ventricle in the setting of
VA-ECMO at the presence of atrial communication (atrial septal defect or patent foramen
ovale); atrial shunt can be, however, created also artificially with a percutaneous blade or
balloon septostomy [69]. The procedure may be fruitful to induce pulmonary decongestion
reducing atrial pressure and pulmonary edema but led to a suboptimal LV decompression.

An alternative way to perform atrial unloading, under guidance by bedside transoesophageal
echocardiography, is by transseptal puncture and placement of a drain (8 Fr to 15 Fr). The
percutaneous atrial transseptal cannula can then be placed and connected to the inflow part
of the ECMO circuit, thus, decompressing the pulmonary circulation [70].

The left ventricle can be vented directly by placing a transaortic vent through the axillary
artery or by echocardiography-guided insertion of a pigtail catheter into the left ventricle
through the aortic valve and connected to the inflow part of the ECMO circuit [71]. Fumagalli
et al. [72] achieved the decompression with a catheter placed percutaneously through the
aortic valve into the left ventricle. The blood drained from the left ventricle was pumped into
the femoral artery through the VA-ECMO circuit. The normalization of left heart filling pres-
sures led to the resolution of pulmonary edema, and the patient underwent successful heart
transplantation. Barbone et al. [73] claimed LV unloading with a 7 Fr pigtail catheter inserted
into the left ventricle via the femoral artery contralateral to the arterial outflow cannula. Using
this approach in three different patients, the authors described resolution of LV distension
and prevention of lung congestion without major complications. However, a so long and tight
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Figure 9. Optimal Arterial Pressure on VA-ECMO (Copyright from ASAIO).

line may be argued ineffective to warrant a large amount of drainage as it is generally needed.
Indeed, a recent paper indicates an algorithm to select the right dimension of the pig aiming
to reach the right unloading flow [74].

An alternative approach to LV decompression is the percutaneous insertion of a venous can-
nula into the pulmonary artery and connection of this cannula to the inflow part of the ECMO
circuit [75]. A small (15 Fr) venous cannula may be placed percutaneously to the pulmonary
artery and connected to the ECMO circuit to decompress the left heart and to facilitate LV
function. Surgical minimal invasive access to directly drain the pulmonary artery has been
also suggested.

Impella (Abiomed Inc., USA) is a catheter-based transaortic axial flow pump that can be intro-
duced through a percutaneous femoral approach. The device is placed across the aortic valve
and pumps up (2.5-5 L/min) of blood on the basis of the model (2.5, CP or 5 L) from the left
ventricle to the ascending aorta. The 2.5 and the CP are placed in the groin percutaneously
while the 5.0 is generally placed surgically in the right axillary artery to warrant to the patient
the possibility to be extubated and ambulatory.

Koeckert et al. [75] reported the use of Impella LP 2.5 for left ventricle decompression in a
70-year-old man with acutely decompensated heart failure who was placed on VA-ECMO for
cardiogenic shock with severe pulmonary edema and respiratory failure. Both devices were
successfully weaned on day 5 after myocardial recovery. Narain et al. [76] described a case
involving 31-year-old man with fulminant myocarditis treated with the Impella device and
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Figure 10. Patient survival from end-organ function to myocardial recovery.

VA-ECMO. On full mechanical circulatory support, the hemodynamic status improved, and
both systems were explanted after 48 h. Many centers are now moving toward the adoption
of Impella as bailout for weaning and to unload the ventricle during VA-ECMO even if many
warnings have been expressed regarding the risks to add more complexity to the management
of an already complex patient [77, 78]. Figure 8 shows the pathophisiology of Left Ventricle dis-
tention due to ECMO (Figure 8-1) and the effects of adding Impella during ECMO (Figure 8-2).

Figure 9 shows all the possible surgical and percutaneous solutions to unload the left cir-
culation, preventing pulmonary edema and, possibly, facilitating the myocardial recovery
when the underlying disease is potentially reversible. According to what said before, to reach
patient survival, from end-organ function to myocardial recovery, we should balance arterial
pressure, flow rate and unloading passing through IABP if necessary. The delicate balance of
this therapeutical strategy is described in Figure 10.

6. Arterial pressure management during ECMO

While maintenance of flows is crucial to the care of the patient on VA-ECMO, attention must
also be paid to the mean arterial pressure, as the end organs require both a cardiac output and
a perfusion pressure for optimal function and a low venous pressure. A goal MAP >65 mmHg
may be used as a starting point but can be adjusted either lower or higher given individual
circumstances keeping in mind that the differential pressure between MAP and LAP is the
driving force of organ perfusion and function. On the other side, MAP should never exceed
90 mmHg to limit afterload and to promote forward flow, especially when peripheral
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cannulation limits the adequacy of drainage and leaves a remarkable amount of blood stag-
nating in the lung bed. A recent paper on the ASAIO Journal showed an inverse relation-
ship between mortality and MAP in VA-ECMO but not in VV-ECMO (Figure 10) [79]. In the
hypotensive patient, MAP may be increased by manipulating either CO or SVR. The total
cardiac output of the body is composed of native cardiac output and VA-ECMO flows. Thus,
hypotension may potentially be corrected by increasing VA-ECMO flows and its contribution
to total CO. Assuming a centrifugal pump, this may be achieved by administering volume
or by increasing the RPMs of the pump. If the problem is related to SVR, such as with septic
shock, a vasoconstrictor may be needed to increase MAP, although this must be weighed
against the effect of increased afterload and the increase in pressure work of the left ventricle.

Many different policies exist on the management of arterial pressure during VA-ECMO: one
concern is about the equivalence of MAP in patients with or without pulsatility. Physiologic
autoregulation is pivotal for end-organ perfusion and particularly for the brain and kidney.
Many studies dealt with ideal MAP value in the ICU patient, the most identify a cutoff of
65 mmHg, as a value usually sufficient also if the study [80] suggested a MAP of 75-85 as
protective for acute kidney injury in patients with a previous history of hypertension. To our
knowledge, however, there has been only few studies examining optimal MAP for patients on
ECMO and evidences in support of every practice are still weak.

Clearly, the physiology of VA-ECMO patients is considerably different from other critically ill
patients. Several studies identified to determine the optimal pressure on cardiopulmonary bypass
(CPB) during cardiac surgery [81-83] and the majority supports a MAP higher than 70 mm Hg
on CPB. VA-ECMO is quite different from CPB: CPB is usually initiated electively for patients on
stable patients, while VA-ECMO intervenes on an unstable circulatory condition. Moreover, the
circuit is not open as in the CPB, the heart is not arrested, and there is not a reservoir to avoid pul-
monary fluid overload. The heart is in a dynamic parallel circulation with ECMO aiming to reach
an equilibrium to eject against incoming blood flow from the ECMO circuit. The amount of work-
load may often be incompatible with the failing heart performance of most VA-ECMO patients.
VA-ECMO could induce increased afterload and further worsen myocardial dysfunction. If a lower
MAP could have the rationale to permit the heart to eject against a lower resistance decreasing the
myocardial oxygen demand, the clinical impact of hypotension on the patient in cardiogenic shock
has to be carefully judged. Furthermore, it may not be suitable to compare the MAP of patients
with and without pulsatility because patients without pulsatility may require a higher MAP for
end-organ perfusion. It may not be suitable to compare the MAP of patients with and without
pulsatility because patients without pulsatility may require a higher MAP for end-organ perfusion.

Pulsatility is a dynamic property due to the interaction between the two concurrent parallel circu-
lations; indeed a loss of pulsatility may signal worsening myocardial function, while the appear-
ance of pulsatility or an improvement in pulse pressure may signal recovery. However, the loss of
pulsatility may also suggest that VA-ECMO flows are too high, so reducing the amount of blood
managed from the impaired native circulation. The higher the ECMO flows, the more blood that
drains into the circuit causing a more significant decrease in LV preload, stroke volume, and
pulse pressure. Total bypass, where the ECMO circuit takes over 100% of the cardiac output,
creates a flat, non-pulsatile arterial tracing and signifies the lack of ejection of blood from the left
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ventricle. A recent study from Sakir Akin and the Erasmus group has shown how the peripheral
recovery of pulsatility is a predictor of recovery that should push to weaning of ECMO [84].

Reduced pulsatility may also reflect a decrease in intravascular volume or a mechanical cause
of decreased venous return (i.e., atrial tamponade) that may cause a decrease in LV preload
leading decreased stroke volume and pulse pressure.

VA-ECMO reduces the volume work of the right ventricle through the decreased RV pre-
load, while pulmonary edema may cause hypoxic pulmonary vasoconstriction worsening
pulmonary hypertension and increasing RV pressure work. If this setting, the right ventricle
may be unable to pump to the left side of the heart, flattening arterial pressure waveform and
decreasing the stroke volume. Nitric oxide with inodilators such as milrinone and dobuta-
mine (which will also provide inotropic assistance) are needed. If systemic pressures allow,
nitroglycerin or nitroprusside may also be utilized.

7. Conclusions

Today, the first indication of treatment is weaning from ECMO and myocardial recovery.
This target is more frequently achieved in myocarditis or potentially reversible diseases and
stresses the importance of etiological diagnosis at the moment of implantation to define the
strategy of implantation. In Figure 11 there is a flow chart that clarifies how VA-ECMO should
be managed, according to the etiology, to reach the weaning from ECMO goal and myocardial
recovery, analysing the phases of the hemodynamic support and detecting unloading need
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Figure 11. Flow chart on VA-ECMO management according to etiology.
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VA-ECMO has to be deemed as temporary short-term support, and the risks related to the
permanence of an oxygenator must focus on a rapid transition to further MCS systems. The
assessment of left atrial pressure (direct or indirect) should be a mandatory tool in patients
with VA-ECMO to increase the chance of recovery or transition to next support or treatment.
When left atrial pressure is deemed increased in surgical unloading, or percutaneous unload-
ing has to be considered preferring whenever possible ventricular unloading especially when
mitral regurgitation is absent.

Randomized trials and registries will have to answer some of the open questions the clinician
has to solve daily, dealing with the patient on VA-ECMO:

* Which goal directs the “dose” of VA-ECMO?

* Does one VA-ECMO configuration fit all?

e When unload before and when after VA-ECMO institution?

¢ Which clinical and hemodynamic profiles favor upfront VA-ECMO with LV venting?
¢ To vent or not to vent?

* When is vent mandatory?

* How vent without harm the patient?

* Should we transition to durable LVAD or BiVAD as soon as the end organs recovers?

* What are the granular aspects of management that should be included in trial design for
VA-ECMO and LV venting?
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Abstract

Considerable progress has been made in component technology, circuitry, and clinical
practice related to extracorporeal membrane oxygenation (ECMO). These advances allow
prolonged support with fewer complications when compared to the past eras. Long-term
support cases were frequently reported with indications including respiratory failure,
cardiac failure, bridge to transplantation, extracorporeal cardiopulmonary resuscitation
(ECPR), and even ambulatory extracorporeal membrane oxygenation (ECMO) support.
The common complications associated with ECMO, including thrombosis, hemorrhage,
nosocomial infection, neurological injury, vessel injury, multiple organ failure and
mechanical failure, and the disease process of patients remain limiting factors. In spite
of the complications, ECMO remains the only possible option in treatments for patients
requiring long-term respiratory or cardiopulmonary support. In this chapter, the recent
advances in long-term ECMO support are reviewed. Clinical etiology of patients placed
on long-term ECMO support, the various circuit configurations, clinical and technical
issues, management aspects, and clinical outcomes are discussed.

Keywords: extracorporeal membrane oxygenation (ECMO), long-term ECMO, critical
care medicine, respiratory failure, cardiopulmonary failure, cardiac failure, blood
oxygenator, blood pump

1. Introduction

In its earliest application, extracorporeal membrane oxygenation (ECMO) was used as a
rescue therapy in support of patients with acute circulatory or respiratory failure. The first
reported use of ECMO was to support a 24-year-old trauma patient suffering from acute
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respiratory failure, where venoarterial ECMO provided 75 h of life-sustaining support in 1972
[1]. Despite initial barriers to widespread adoption, by the 1990s, a growing body of litera-
ture demonstrated a clinical benefit to ECMO in certain patients. Advances in ECMO tech-
nology, critical care, rehabilitation, and comorbidity management have resulted in increased
adoption of ECMO, with ever-increasing duration of ECMO runs. In 2003, there were 1606
patients supported with ECMO [2], with this number increasing to 2895 by 2011 [3] and more
than 6600 cases in 2015 [4]. Although the mean duration of ECMO support is approximately
1 week, reports of over 7 months exist in the literature. Long-term ECMO, defined as 3 weeks
or longer of ECMO support, has become increasingly prevalent, with many centers reporting
success in long-term support.

In general, the initial indications for long-term ECMO support are the same as short-term
ECMO support, and it is the patient’s recovery which dictates the duration of use. Table 1
lists respiratory indications for ECMO support, with diagnosis, average run duration, and
percent survival stratified by age group. Despite the ability of ECMO to treat both respira-
tory and circulatory conditions, it is the patients with severe respiratory failure who are most
commonly supported on long-term ECMO. In contrast, patients with cardiogenic shock are
typically transitioned to ventricular assist device (VAD) therapy or heart transplant prior
to 3 weeks of ECMO support. The most prevalent respiratory indications for long-term
ECMO include bacterial and viral pneumonia, acute respiratory distress syndrome (ARDS),
and acute respiratory failure in the adult and pediatric populations. In the neonatal patient

Age group  Diagnosis Average run duration (h) % survival
Neonatal Congenital diaphragmatic hernia 257 51
Persistent pulmonary hypertension of newborn 155 77
Sepsis 144 72
Respiratory distress syndrome of newborn 136 84
Meconium aspiration syndrome 133 94
Pediatric Viral pneumonia 317 66
Bacterial pneumonia 283 60
Aspiration pneumonia 242 69
Acute respiratory failure, non-ARDS 226 52
Adult Viral pneumonia 325 65
ARDS, non-post-op/trauma 313 54
Acute respiratory failure, non-ARDS 275 55
Bacterial pneumonia 261 61
ARDS, postop/trauma 256 57

Table 1. Average ECMO run duration and % survival by age group and diagnosis, 2016 data [4].
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population, meconium aspiration syndrome, persistent pulmonary hypertension of the new-
born, congenital diaphragmatic hernia, sepsis, and respiratory distress syndromes are more
prevalent.

2. Indications and outcomes

The decision to support a patient with ECMO is based on the severity of cardiopulmonary
dysfunction, the response to conventional therapy, as well as patient and family preferences
for the aggressiveness of treatment. The duration of ECMO use, in contrast, is dependent on
patient recovery and the patient’s ability to transition to alternative therapies. Indeed, patient
and family preferences for the duration of aggressive critical care must be considered, and
honest explanations of ECMO outcomes must be provided.

Unfortunately, the data necessary to predict patient outcomes on long-term ECMO support
remain limited. Instead, case series and case reports guide much of the decision-making, and
key examples are described later.

2.1. Respiratory failure

Respiratory failure remains the condition most commonly supported with long-term ECMO,
with ARDS the inciting respiratory insult in many cases. When supporting a patient with
severe respiratory failure with ECMO, clinicians must consider strategies for decannulation,
which currently include patient recovery and lung transplantation. Despite increased accep-
tance of ECMO as a long-term therapy, it is currently unable to support patients outside of
the intensive care unit (ICU), and does not allow for patients to return to activities of daily liv-
ing. The ideal scenario for these patients is a full recovery, and there are increasing reports of
patients recovering from long-term ECMO support for severe respiratory failure. The longest
reported ECMO run with recovery is in a 26-year-old drowning victim, who was supported
for 117 days on ECMO [5].

In patients unlikely to recover their native pulmonary function, or in patients with progres-
sive underlying respiratory failure, ECMO may be utilized as a bridge to lung transplantation.
The longest reported successful bridge to transplant required ECMO support of 155 days [6].
In these cases, ECMO provides the needed gas-exchange function, allowing for reduced reli-
ance on mechanical ventilation. The principle advantage of this strategy lies in the ability to
liberate patients from mechanical ventilation, allowing some patients to talk, eat, and ambu-
late, which serve to prevent pre-transplant deconditioning. There are two patient populations
who receive ECMO as a bridge to lung transplantation: patients with chronic respiratory
failure who are listed for transplantation prior to ECMO initiation and those patients without
history of respiratory failure, who are only listed for transplantation after ECMO therapy has
begun.

In the setting of acute respiratory decompensation, it is unlikely for a patient’s transplant
candidacy to improve beyond their baseline—instead, the role of ECMO in these patients is
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to prevent their deconditioning and to avoid transplant-precluding complications. As such,
the contemporary management of patients with respiratory failure exceeding the abili-
ties of conventional support measures involves ECMO support followed by urgent lung
transplantation, as the prolonged ECMO use continuously exposes patients to the risk of
complication.

Acute respiratory decompensation occurs not infrequently in patients who are listed for
lung transplantation. For these patients, the use of ECMO provides necessary gas-exchange
function in the setting of inadequate native lung function. The use of ECMO in these
patients has been widely reported, and the algorithms guiding this management strategy
are maturing. One single-center experience reports the use of ECMO as a bridge to lung
transplant over a 9-year period, in which the median duration of ECMO use was 12 days
(interquartile range—IQR 6.25 to 18.75) [7]. In the series of 72 patients, 56% of patients
were successfully bridged to transplant, with 38% surviving for up to 2 years. Notably, the
patients were free from mechanical ventilation for a mean time of 10.2 days (SD 18.8 days),
and 69% of patients were ambulatory while on ECMO. A similar experience was reported
on 31 patients who were bridged to lung transplantation using ECMO over a 5-year period
at two institutions [8]. They report ambulation while on ECMO in 18 patients, liberation
from the ventilator in 3 patients, and a median duration of ECMO use of 11 days (IQR
3.5-17). Five patients were on ECMO for over 21 days, with one patient requiring 53 days
of support. Of note, 7 of the 31 patients were not listed for transplantation prior to ECMO
cannulation.

The decision to support patients with acute or acute-on-chronic respiratory failure with
ECMO is a challenging one, and no single guideline exists to aid in decision-making. Even so,
multiple high-volume pulmonary transplant and ECMO centers have published their expe-
rience with ECMO as a bridge to transplant. A typical decision tree is shown in Figure 1
(adapted from Biscotti et al. [7] and Hoopes et al. [8]). Note that the clinical management deci-
sions are highly center specific, and these treatment algorithms must be adapted to appropri-
ately fit the clinical setting.

Continuous advancement in the technology of ECMO as well as improvements in critical
care and rehabilitation have improved the outcomes of all ECMO patients, including those
requiring long-term support. A study describing the course of 127 patients placed on ECMO
for respiratory failure between 2006 and 2010 found an overall survival to decannulation of
64%. In the stratified analysis, they found that 59, 31, and 52% of patients survived after being
placed on ECMO for 10 days or less, 11-20 days, or more than 21 days, respectively. They
found no statistically significant difference in survival between the 45 patients who were sup-
ported on ECMO for 10 days or less, and the 10 patients who were supported long term
(p=0.39) [9]. Similarly, a study of 55 patients placed on ECMO for severe ARDS demonstrated
no significant difference in hospital or 30-day mortality, with 27% of patients supported for 3
or more weeks expiring versus 43% of patients supported less than 3 weeks [10]. These data,
albeit limited, provide evidence for cautious optimism in the care of patients with severe
respiratory failure.
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Figure 1. General treatment algorithm for ECMO as a bridge to lung transplant. Note that implementation details are
highly dependent on clinical setting.
2.2. Circulatory collapse

The use of long-term ECMO for the treatment of cardiogenic shock is less common than for
respiratory failure, as many are transitioned to VAD therapy before their tenure on ECMO
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would be considered long term (21 days). Reports of patients being supported on venoarte-
rial ECMO for prolonged durations do exist in the literature, however. In one study, a patient
unable to wean from cardiopulmonary bypass following re-do sternotomy and aortic valve
replacement was supported with venoarterial ECMO for 33 days postoperatively before being
successfully weaned and decannulated [11]. Unfortunately, this patient ultimately suffered
a cerebrovascular accident and died in a high-dependency unit. In a cohort of 98 patients
receiving ECMO for refractory cardiogenic shock, Rousse et al. reported a median duration
of ECMO use of 8 days, with the maximum duration of 81 days [12]. This cohort suffered 50%
mortality, with 30% of patients recovering to normal cardiac function, 13% of patients receiv-
ing a heart transplant, and 7% of patients transitioned to VAD therapy.

The decision to provide long-term ECMO support for these patients is largely dependent on
their presumed recovery path, and it is the patients who are poor candidates for VAD support
who are typically supported on venoarterial ECMO in the long term. These patients must be
aggressively medically optimized, as the goal of the ECMO therapy is in recovery of native
cardiac function prior to decannulation. Indeed, some patients will not recover native cardiac
function, will never become transplant candidates, and are unsuitable for VAD as a destina-
tion therapy. Management of these patients is a significant challenge both medically and ethi-
cally, and the family must frequently be updated in the plan of care.

3. ECMO circuit configuration

3.1. Cannulation strategies

Initial cannulation strategies for long-term ECMO are identical to short-term ECMO support,
with the goal of achieving adequate blood flow to support gas-exchange requirements, while
minimizing recirculation between the cannulae. For patients with isolated respiratory failure,
venovenous cannulation is possible. If hemodynamic support is required, or if there is sig-
nificant pulmonary hypertension, venoarterial ECMO may be necessary. For the expeditious
initiation of ECMO, percutaneous cannulation of femoral and jugular vessels is preferred, as
it allows for initiation of ECMO at the bedside in a rapid manner.

As the patient’s tenure on ECMO becomes prolonged, however, cannulation must not only
provide appropriate cardiopulmonary support but must also provide long-term stability and
allow for rehabilitation with possible ambulation. In general, long-term femoral cannulation
is not preferred due to infectious risk as well as relative limit to mobility associated with
access to the femoral vessels.

For isolated respiratory support, early transition to a double-lumen internal jugular cannula
(Avalon Elite®), placed under echocardiographic or fluoroscopic guidance, has proven to be
beneficial in many centers. Since the double-lumen internal jugular cannula allows for full
mobility of the lower extremities, these patients are able to ambulate and undergo physical
therapy with the goal of limiting deconditioning. This double-lumen cannula does impose a
restriction to flow, however, and careful patient selection is required.
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For patients with cardiogenic shock or pulmonary hypertension, the cannulation options are
more limited. In principle, the cannulae must provide venous drainage as well as return of
oxygenated blood to the arterial system with adequate return pressure to provide end-organ
perfusion. In the acute cannulation of patients with cardiopulmonary collapse, the common
femoral artery is the preferred vessel for arterial cannulation in adults. Of note, the presence
of the arterial cannula in the common femoral artery can compromise distal limb perfusion,
and insertion of a distal perfusion catheter is often required. Unfortunately, the groin access
required for cannulation of the common femoral artery limits mobility and may be deleteri-
ous to rehabilitation.

Although there is no commonly accepted cannulation site for long-term venoarterial access,
one reported technique is cannulation of subclavian vessels [13]. This technique is reported
to provide adequate flows and improved ambulation options. Technically, this cannulation
method requires a small infraclavicular incision, anastomosis of a synthetic arterial graft with
the subclavian artery in an end-to-side fashion, and direct insertion of the cannula into the
arterial graft. Naturally, decannulation from this arrangement requires a surgical procedure
with either explant or close ligation of the arterial graft.

In cases where there is right heart dysfunction or severe pulmonary hypertension, venoar-
terial ECMO through femoral vein and femoral artery is the traditional means of decom-
pressing the right ventricle. In patients with a congenital atrial septal defect, a less invasive
technique can be employed, in which a dual-lumen cannula is placed under fluoroscopic or
echocardiographic guidance [14]. This goal of this configuration is to direct the oxygenated
blood returned from the ECMO circuit through the atrial septal defect and into the left atrium,
thus reducing the blood delivered through the right ventricle. This configuration promotes
ambulation, as the dual-lumen venovenous cannula is inserted through the internal jugular
vein. Both animal and human studies have shown success with creation of an atrial septos-
tomy in conjunction with venovenous ECMO for the treatment of pulmonary hypertension
[15]. If this technique cannot provide adequate right ventricular unloading, central cannula-
tion is required, with two primary configurations.

The first central cannulation technique involves venous drainage from the right atrium and
return of oxygenated blood into the pulmonary artery. Technically, this is accomplished
through a median sternotomy or thoracotomy, with insertion of the venous drainage can-
nula into the right atrial appendage, and a synthetic arterial graft is anastomosed to the main
pulmonary artery in an end-to-side fashion. The arterial cannula is inserted into this graft. In
the patient with pulmonary hypertension, this configuration requires that the ECMO circuit
pumps against this high-resistance pulmonary vasculature. This is rarely an issue, however,
as even the vasculature of severe pulmonary hypertension has a lower driving pressure than
systemic arterial pressure, and modern ECMO circuits have little difficulty driving blood
through the systemic circulation. One major advantage of this configuration is that it places
the arterial return in the main pulmonary artery, benefiting from the systemic-embolus pro-
tection afforded by the pulmonary vasculature. Additionally, cannulae can be tunneled out
of the subcutaneous tissues and skin without access to upper or lower limbs, promoting
mobility.
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Central cannulation between the right atrium and left atrium can also be a strategy to mitigate
pulmonary hypertension or right heart dysfunction [16]. In this case, venous blood is drained
from the right atrial appendage, passed through the ECMO circuit for gas exchange, and
oxygenated blood is returned to the left atrium. Again, cannulae for this technique can be tun-
neled allowing for mobility. Unfortunately, the invasiveness of the thoracotomy or median
sternotomy is required, and there is no “pulmonary filter” to mitigate the consequences of
ECMO circuit embolism, with a theoretical increase in the risk of stroke.

In a long-term ECMO patient, physicians may need to transition between cannulation sites, due
to changes to patient’s support needs, desire to promote mobility, as well as cannulation site
complications such as infection, hemorrhage, or inadequate distal perfusion. Continuous reeval-
uation of the appropriateness of cannulation must be performed, as a highly mobile patient on
venovenous ECMO will likely fare better than a bedbound patient supported by a venoarterial
configuration. Additionally, long-term ECMO patients may suffer unusual cannulation site and
hardware complications. The securing sutures of cannula must be frequently examined, as they
may pull from the skin or break during long-term support. Additionally, cannulae are subject
to prolonged periods of fatigue, which may lead to early failure. In this author’s experience

Drainage  Return Cannulation Mobility Decannulation Embolization Comments
Site

Femoral Jugular vein Rapid, Low Bedside Pulmonary

vein bedside

Jugular Jugular vein Rapid, High Bedside Pulmonary

vein bedside

Jugular Jugular vein Lengthy, OR High Bedside Systemic Requires fluoroscopy

vein with atrial or transesophageal

septostomy echocardiography for

positioning

Femoral Femoral artery Rapid, Low Bedside vs. OR  Systemic Possible limb

vein bedside ischemia, Consider
distal perfusion
catheter

Subclavian Subclavianor  Lengthy, OR High OR Systemic Possible limb

vein axillary artery ischemia, vascular
complications

Right Pulmonary Lengthy, OR High OR Pulmonary Requires chest

atrium artery exploration for
bleeding

Right Left atrium Lengthy, OR High OR Systemic Requires chest

atrium exploration for
bleeding

Right Aorta Lengthy, OR High OR Systemic Requires chest

atrium exploration for
bleeding

Table 2. Possible cannulation sites.
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with long-term cannulation in an ovine model, evidence of impending cannula failure has been
detected (and repaired) on multiple occasions (unpublished data) (Table 2).

3.2. Circuit maintenance and component exchange

Due to the prolonged duration of component use in patients on long-term ECMO, component
failure is a realistic possibility. Catastrophic failures, such as component rupture and hemor-
rhage, are managed through emergent circuit exchange. As such, a primed backup circuit
should be available for emergent exchange at all times.

More gradual failures can occur in both the pump and the oxygenator, requiring exchange
of these components. For the pump, failure can occur due to thrombus formation (typically
on the impeller or bearing) causing decreased pump performance and increased hemolysis.
This can be detected by trending pump rotational speed, blood flows, and plasma-free hemo-
globin (PFH). A PFH level of approximately 10 mg/dL is generally acceptable, with a level
over 50 mg/dL suggestive of excess hemolysis [18]. Rapid changes in PFH are perhaps more
informative than the absolute value, and any rapid increase in PFH should be investigated. Of
note, it is critical that blood samples be obtained gently while measuring PFH, as hemolysis
can occur during sample acquisition causing an erroneously high reading.

Oxygenator failure can occur as a result of several conditions. The most acute failure is rupture
of the fiber bundle, allowing sweep gas to enter the blood path and placing the patient at risk for
an air embolism. Slow decline in oxygenator performance can occur due to protein deposition
on the membrane, condensation buildup inside the gas passage, or the development of throm-
bus within the oxygenator. Condensation buildup can be prevented by periodically increasing
the sweep gas to a high flow rate (10 LPM) for several seconds to blow the condensate into the
exhaust. Care must be taken not to reduce the patient’s CO, by maintaining this high sweep for
a prolonged period. A flashlight can be used to examine the oxygenator (and tubing) for throm-
bus. Any thrombus visible on the oxygenator outlet side is impetus for oxygenator exchange,
as this thrombus is at risk of embolization. Any other thrombus greater than 5 mm or enlarging
may also warrant component or circuit exchange [17]. Finally, oxygenator performance may
slowly decline as a result of protein deposition on the membrane. There is no reliable test to
identify this as the cause of poor oxygenator performance, thus any oxygenator that cannot
generate an exhaust oxyhemoglobin saturation of at least 95% is a candidate for exchange [18].

4. Complications

The use of ECMO for long-term support can lead to any number of complications. Although
a multitude of complications can occur during long-term ECMO support, the typical com-
plications are related either to cannulation, anticoagulation, concomitant organ failure, or
infection. A meta-analysis by Cheng et al. reports complication rates on 1866 adult patients
receiving ECMO as rescue therapy for the treatment of cardiogenic shock [18]. The rates of
complications from this analysis are as follows: lower extremity ischemia—16.9%, lower
extremity fasciotomy or compartment syndrome —10.3%, lower extremity amputation—4.7%,
stroke—5.9%, neurologic complication—13.3%, acute kidney injury—>55.6%, kidney injury
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requiring renal replacement therapy—46.0%, major bleeding—40.8%, re-thoracotomy for
bleeding or tamponade—41.9%, and significant infection —30.4%. These complications are
discussed below.

4.1. Vascular complications

Vascular trauma secondary to cannulation is highly dependent on the selected cannulation
strategy. Complications such as perforation of major vessels and arterial dissection are seri-
ous issues that can lead to extensive local bleeding, retroperitoneal hematoma formation, and
limb ischemia. Perforation of the right atrium is relatively rare, while perforation or dissection
of the femoral vessels, subclavian vein, or carotid artery is the more common form of vascular
trauma [19, 20].

Compartment syndrome of the cannulated limb can occur in a subset of patients. Secondary
complications of compartment syndrome include, but are not limited to, limb ischemia, neu-
rologic deficits, or amputation of the affected limb. The first line of treatment for compart-
ment syndrome is an urgent fasciotomy of the affected limb to release the elevated pressure
and restore tissue perfusion [18, 19, 21]. Often, it is the detection of compartment syndrome
that is challenging, especially if the patient is intubated and sedated, as they cannot report
the altered sensation. As such, it is prudent to document distal perfusion after cannulation
with a pulse exam (and Doppler if necessary) and to reexamine at frequent intervals (every
few hours by nursing). Laboratory signs such as an elevated lactate, creatine phosphokinase,
or myoglobin may be suggestive of compartment syndrome, and further investigation may
be necessary. Of note, measurement of compartment pressures often provides little clinical
guidance.

Limb ischemia can occur in the absence of compartment syndrome and is a frequent compli-
cation of ECMO therapy. The presence of a cannula within an artery (especially with percu-
taneous femoral artery cannulation) may lead to inadequate distal perfusion. This inadequate
perfusion is exacerbated by hemodynamic instability, the need for vasopressors, thromboem-
bolism, compression of the femoral artery and vein, or vascular trauma during cannulation.
This risk is mitigated by the usage of a distal perfusion cannula, which is a standard practice
at many high-volume ECMO centers [20].

4.2. Hemorrhage

Despite widespread use of antithrombotic surface coatings on ECMO equipment, it remains
standard of care that patients on ECMO are on therapeutic anticoagulation. In the majority
of patients, unfractionated heparin is used to mitigate the risk of thrombotic events, with the
subsequent increased risk of both minor and major bleeding events. The 2014 Extracorporeal
Life Support Organization (ELSO) guidelines on anticoagulation therapy provide definitions
of both major and minor bleeding events. Major bleeding events are defined as a drop in
hemoglobin by at least 2 g/dL within 24 hours, loss of 20 mL/kg of blood within 24 hours,
the requirement of at least one 10 mL/kg packed red blood cells (PRBC) transfusion within
24 hours, or the need for reoperation or re-cannulation secondary to bleeding [22]. Blood loss
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in ECMO patients may present as bleeding at cannulation sites (or at the sites of other vascular
access), or may present as a retroperitoneal hematoma, mediastinal hemorrhage (especially
in post-operative patients), cardiac tamponade, pulmonary hemorrhage, gastrointestinal (GI)
bleeds, intracranial hemorrhage, epistaxis, and hematuria, among others [18].

Minor bleeding is defined by ELSO as a loss of less than 20 mL/kg/day of blood or a require-
ment of 10 mL/kg or less of PRBC transfusion per day. The most significant concern of minor
bleeding events is progression to a major bleeding event, and thus these harbingers must be
investigated. Any major bleeding event while on ECMO therapy is known to greatly increase
patient mortality [22].

4.3. Thrombosis

Thrombosis is a common occurrence and a concern for patients on prolonged ECMO therapy.
Exposure of the patient’s blood to foreign substances, non-physiological shear stress, endo-
thelial injury, immobility, alteration of normal blood flows, and critical illness increases the
risk of a thrombotic event. In order to mitigate this risk, most modern ECMO circuits are lined
with antithrombotic surface coatings that reduce the risk of thrombosis. While cannulated,
patients are typically anticoagulated with unfractionated heparin, although there is the risk
of developing heparin-induced thrombocytopenia. For these patients, or other patients with a
contraindication to unfractionated heparin, direct thrombin inhibitors or factor XIla inhibitors
should be used. Naturally, these options carry a risk of hemorrhagic complication, may be
more difficult to titrate, and may pose difficulty in the reversal of anticoagulation if necessary
for hemorrhage or procedures [22].

The development of thrombus not only occurs within the patient’s native vasculature, but
thrombus can develop throughout the ECMO circuit. Oxygenators, connectors, and stopcocks
are needed for thrombus formation, due to disrupted local blood flow patterns, non-physio-
logic shear stresses, and foreign surfaces. Thrombus developed within the ECMO circuit can
embolize, and cerebrovascular event such as ischemic stroke and limb ischemia secondary to
thromboembolism are of major concern [19].

4.4. Cerebrovascular events

Cerebrovascular events, while on prolonged ECMO therapy can be devastating, leading to
increased mortality, permanent neurological deficits, and, in bridge-to-transplant patients,
loss of transplant candidacy. Any sudden change to neurologic function in the ECMO patient
warrants further workup, including full neurological examination and imaging. If applicable,
sedation should be weaned to facilitate accurate neurological examination. Cerebrovascular
events can be broadly categorized into hemorrhagic or ischemic stroke. The prolonged expo-
sure to therapeutic anticoagulation places these patients at an increased risk of hemorrhagic
stroke [19]. As discussed, hemorrhagic stroke is classified as a major bleeding event, and
immediate management is necessary.

Despite therapeutic anticoagulation, patients are also at risk for ischemic stroke, as a result
of thromboembolism. As discussed in the section on thrombosis, prolonged ECMO therapy
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creates disturbances to blood flow, presence of a foreign body, endothelial injury, chronic ill-
ness, and non-physiologic shear stress—all of which increase the risk of thromboembolism.
For patients on venoarterial ECMO, or in patients with an atrial septal defect or pulmonary
arteriovenous malformation, thrombus from the ECMO circuit can travel to the systemic cir-
culation and potentially embolize in the cerebral vasculature.

Cerebral ischemia can also occur without embolus. In patients on venoarterial ECMO with
blood return in the femoral artery, it is possible for the great vessels to receive poorly oxy-
genated blood from the dysfunctional lungs, while the remainder of the body is perfused
by well-oxygenated blood from the ECMO circuit. This phenomenon, known as Harlequin
syndrome, can lead to chronic cerebral hypoxia [23]. Like other cerebrovascular events, this
condition warrants immediate investigation and remedy. There are multiple solutions to this
inadequate mixing, ranging from repositioning of the arterial return cannula within the femo-
ral artery, conversion to veno-venoarterial ECMO (which delivers oxygenated blood to the
right atrium as well as the arterial circulation), central cannulation of the aorta, or operative
cannulation of the subclavian vessels.

4.5. Acute kidney injury

Acute kidney injury (AKI) secondary to ECMO therapy is a relatively common occurrence and is
associated with a fourfold increase in mortality when it progresses to chronic kidney disease or
end-stage renal failure. The development of AKI is common in critical illness and the underlying
disease process necessitating ECMO initiation places the patient at risk for AKI. Additionally,
ECMO itself can exacerbate the progression of AKI, due to potential changes to renal perfusion,
chronic inflammation resulting in renal injury, changes to endocrine homeostasis, as well as the
risk of exposure to nephrotoxic substances during a period of prolonged critical care [24].

4.6. Infection

Patients on long-term ECMO therapy are at significant risk of infectious complications. The
combined presence of critical illness, chronic blood-contacting medical devices, and an ICU
stay greatly increase the likelihood of infection. Patients on long-term ECMO who develop a
systemic infection have an increased mortality rate, possibility for loss of transplant candidacy,
and increased complexity of care. Many patients decompensate to a level requiring ECMO as
a result of an infectious process, with pneumonia a common presenting condition. Due to the
presence of indwelling cannulae, bloodstream infection is a major concern in caring for the
ECMO patient. For the long-term ECMO patient, prolonged exposure to nosocomial patho-
gens is of particular concern, as these pathogens are likely to exhibit multidrug resistance.
Cannula site infections may also occur, which require re-cannulation at a distant site, as well
as debridement and drainage of the infected cannulation site. Infection at a cannulation site
places patients at risk for vascular complications, such as hemorrhage, hematoma, arteriove-
nous fistula formation, or development of an aneurysm or pseudoaneurysm. Treatment of the
infected ECMO patient can be a particular challenge, and consultation with Infectious Disease
specialists is often required. The gas exchange requirements of the ECMO circuit result in the
development of a large surface area, which results in a large foreign attachment site for bacteria.
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Development of biofilms and reduced antimicrobial penetration within the ECMO circuit are
factors which contribute to difficult treatment of these patients [18, 19, 25, 26].

5. Rehabilitation

Like all patients with organ failure, patients requiring ECMO therapy for cardiac or respi-
ratory failure are critically ill and are subject to ICU-related complications, deconditioning,
and muscle wasting. In the earliest applications of ECMO, patients were highly sedated and
immobilized. With technological developments and advancements in ECMO patient man-
agement, the once sedated ECMO patient has now been awakened and extubated. In the
population of patients with respiratory failure, the awake ECMO technique showed promis-
ing results, with improved survival over sedated ECMO patients and mechanically ventilated
patients. Currently, patients on ECMO frequently receive physical therapy, with ambulatory
physical therapy the goal for many patients.

Physical therapy in the ECMO patient begins with stationary strengthening and mobility
exercises, performed supine while in their ICU bed. These typically consist of core strength-
ening, limb raises, and stretching. The patient is then progressed to exercises while sitting on
their bed, with strengthening of their core and limbs, as well as sitting balance as a goal. When
tolerating this, the patient can be transitioned to a chair to be out of bed for a period of each
day. With assistance, the patient on ECMO can stand and then ambulate [27].

Patients who cannot ambulate due to either preexisting mobility deficits or incompatible can-
nulation sites can exercise using a stationary bicycle or an upper body hand bike. In general,
access of the femoral vessels limits the ability of patients to ambulate while on ECMO, and for
the long-term ECMO patient, transition to other cannulation sites may be necessary. Notably,
femoral cannulation is not an absolute contraindication to ambulation, and many centers
ambulate patients on ECMO despite venous and arterial access to the femoral vessels.

The approach to ambulatory physical therapy begins with patient preparation, with many
centers electing to free the femoral vessels from cannulation as a first step. With adequate
ECMO oxygenation, patients may then be extubated if possible; if patients are not candi-
dates for extubation, placement of a tracheostomy can facilitate secretion management, wean-
ing from the ventilator, and weaning of sedation. Following these preparatory procedures,
the patient is ready to begin active physical therapy, culminating in ambulation. This is a
resource-intensive task, requiring physicians, nurses, perfusionists, respiratory therapists,
physical therapists, and assistants. Particular attention must be paid to cannula management,
as cannula dislodgement has significant adverse consequences [28].

6. Ethical considerations

Since the earliest use of ECMO for short-term life support, the technology has produced ethi-
cal dilemmas. The earliest ECMO systems exposed patients to significant risk of morbidity
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and mortality, and it was not until maturation of the technology and critical care that ECMO
could clearly demonstrate benefit to patients. The decision to cannulate a patient and initiate
ECMO therapy is viewed as the pinnacle of aggressive modern critical care, and early identi-
fication of a decannulation strategy can pose an ethical concern. This is particularly important
for patients who are unlikely to recover and will not be a candidate for transplantation. For
the patient supported on ECMO for a prolonged duration, the principle ethical concern arises
when determining that continuation of ECMO therapy is futile, and this section explores the
concept. Indeed, the ethical dilemmas surrounding ECMO may have contributed to the use of
ECMO for long-term treatment, as disagreements between the patient’s family and treatment
teams can result in prolonged duration of ECMO therapy.

A reported case of a 44-year-old patient who received 37 days of venovenous ECMO for severe
Klebsiella pneumonia offers an insight into the ethical conundrum facing patients, their family,
and the medical team. The case reports that the patient was not a candidate for lung transplant
and was treated with long-term venovenous ECMO due to severe respiratory failure. With
radiographic signs of irreversible lung damage, the treatment team recommended discontinu-
ation of ECMO. The patient’s family would not accept this outcome, however, and despite
support from the hospital ethics board to withdraw care, threats of medicolegal action chal-
lenged the transition to comfort care. Ultimately, the patient died on day 88 of ECMO after
deteriorating with septic shock. This case highlights important guidelines to be established to
prevent ethical disagreements with patients and family members. Specifically, the authors sug-
gest that ECMO centers specify (1) guidelines for patient selection, (2) consent process, (3) fam-
ily engagement and education, (4) protocols for circuit configuration and concomitant care, (5)
duration of ECMO therapy, (6) futility, (7) managing impasse, and (8) Quality Assurance [29].
The authors specify that the consent process should include indications for ECMO withdrawal
in case of futility and further indicate that venoarterial ECMO of greater than 3 weeks or
venovenous ECMO for greater than 3 months should be considered as unusual circumstances.

The management of ECMO therapy in patients without a decannulation strategy is further com-
plicated when the patient is awake and an active participant in their care. A case report by Moon
et al. presented a 53-year-old patient on venovenous ECMO for acute respiratory failure [30].
After 4 weeks of ECMO treatment, recovery of native lung function appeared unlikely, and a
lung transplant was suggested to the patient. The patient refused transplantation due to cost and
unspecified personal concerns, however. After discussion with the center’s ethics committee, a
written do not resuscitate (DNR) was obtained and the plan to forgo further oxygenator changes
was agreed upon. After 95 days of ECMO therapy, however, the patient showed signs of radio-
graphic improvement, and he was successfully weaned off ECMO care after 104 days. Due to
the novelty of prolonged ECMO therapy, it remains a challenge for physicians to fully define the
futility of treatment, as it is unclear which patients will recover on prolonged ECMO treatment.

In 2013, a physician survey was conducted to examine the nature of authoritative decision-
making during venoarterial ECMO care [31]. The purpose of the study was to assess physician
attitudes toward the doctor-patient engagement in ECMO therapy versus a medical profes-
sional dominated form of decision-making. This survey of 179 physicians concluded that the
majority of physicians with experience in administration of venoarterial ECMO are in favor of
physicians having authority for decision-making. The majority of the physicians surveyed also
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felt that authority in decision-making should extend to termination of venoarterial ECMO ther-
apy against the wishes of the patient’s surrogate. They credited this finding to the perceived
complexity of the technology and the inability to properly inform and educate the patient and
patient surrogates. Without suitable patient and patient surrogate understanding of the com-
plex treatment plan, proper joint decision-making in ECMO therapy may be difficult to achieve.

The ethical dilemmas surrounding long-term ECMO therapy highlight the importance of
maintaining good rapport with both the patient and their family. The technology surround-
ing ECMO is complex, and it is important for the physicians to have honest conversations
with patients and their families to ensure that the benefits, risks, and limitations of ECMO
therapy are well understood. One can envision a future where technological and therapeutic
advancements obviate the need for careful navigation of ethical issues, but at present, the
onus is on the physician to bridge the gap between patient preferences and realistic outcomes.

7. Future directions

If current trends are indicative of the future, ECMO will continue to be used for long-term
respiratory and circulatory support, with the duration of support continuing to increase.
Currently, animal studies in ECMO are focusing on high-mobility devices, with the current
designs being compact, paracorporeal, and portable. The immediate goal of these devices is
to allow the patients to freely ambulate with minimal assistance, with the long-term goal of
allowing patients to leave the ICU, and possibly leave the hospital.

Advances in control systems may allow for the development of adaptive ECMO systems,
which can automatically modify the blood and sweep gas flows to match the metabolic
demands of patients. These devices aim to allow for increased mobility, greater device effi-
ciency (and smaller size), and improved safety. Currently, such devices are in benchtop or
animal studies, without incorporation into clinical practice. In one study of six adult pigs
placed on venovenous ECMO, a control system was able to maintain automated blood and
sweep gas flows over a 6-hour period [32]. Other such reports exist in the literature, and
ECMO is ripe for application of advancements in biomedical engineering.

One further area of investigation is the use of novel surface coatings to reduce the need for
anticoagulation and improve the biocompatibility of the ECMO circuit. Development in this
area will reduce the risk of hemorrhagic and thromboembolic complications associated with
ECMO and may prove to reduce immune cell activation and infectious complications as well.
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Abstract

Heart failure is a common and debilitating disease with about 40 million affected world-
wide. While there has been some improvement in the optimal medical therapy over the
last two decades there is a worldwide stagnation in the number of heart transplantations
which is only available to a very few selected patients. The emergence and progress in
mechanical circulatory support strategies over the same period has provided a real hope
for those patients who have otherwise similar life expectancy to terminal cancer patients.
Devices like the IABP have been around for longer but it was the advent of extracorpo-
real pulsatile and especially the so-called second and third generation ventricular assist
devices that provided a real progress in the surgical treatment of heart failure. Devices like
the HeartMate II and the HeartWare MVAD found widespread application as intracorpo-
real continues-flow left ventricular assist devices. Initially the licences were for bridge to
transplantation but more and more patients are now receiving these devices as destina-
tion therapy. There are certain specific complications like device thrombosis, bleeding and
driveline infection that are related to these devices and are the focus of current research
and development so that over the next decade or so that we can anticipate that newer
devices may provide a direct alternative to transplantation with the advantage of its avail-
ability off the shelf. The ensuing increased usage of these devices will possibly reduce the
cost to more affordable rates for the health care providing institutions worldwide which
will make them available to millions of patients who have otherwise a very bleak outcome.

Keywords: heart failure, heart transplantation, mechanical circulatory support,
ventricular assist devices, VAD complications

1. Introduction

Heart failure (HF) is a common condition affecting 37.7 million people worldwide. In majority
of affected patients it can be debilitating chronically if not immediately lethal in some. The bur-
den on the affected individual as well as the wider society is considerable. Currently the best
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available treatment for worsening end-stage HF despite optimal medical therapy is considered
to be heart transplantation with the caveat that it is available for only very few patients who are
deemed eligible to be accepted on the waiting lists and survive long enough without precluding
end-organ dysfunction for a suitable organ to become available. For the rest the outcome is very
poor with an average survival of 50% at 5 years after diagnosis of HF, rates comparable with the
diagnosis of cancer. While early extra-corporeal pulsatile mechanical circulatory support has
been around since 1960s, it was the advent of continues flow intra-corporeal ventricular assist
devices (VAD) that made this treatment widely available as longer term option to advanced HF
patients. Last decade has seen a worldwide surge in the use of long-term left ventricular assist
devices (LVAD) that has given a new hope to patients together with new challenges. These
challenges are based around chronic driveline infections, right ventricular failure, neurologi-
cal events and the dilemma between thrombosis and bleeding. Recently the focus of research
and development has shifted towards alleviation of these complications and development of
comprehensive strategies and pathways for acute and chronic HF patients.

2. Heart failure

Heart failure (HF) is one of the most common causes of death while it affects about 37.7 mil-
lion people worldwide and was identified as an epidemic in 1997 [1, 2]. In majority of patients
it can have a debilitating effect chronically if the initial insult is survived. The burden on the
affected individual as well as the wider society is substantial. Poor exercise tolerance, chronic
lethargy and depression with constant anxiety of sudden death together with frequent hospi-
talizations are among those factors limiting patients’ quality of life (QOL). The burden to the
society is highlighted by 1-4% of all hospital admissions in Europe and US being due to HF
with an average stay of 5-10 days and readmission rates of about 25% within 1 month and
50% within 2 months after discharge [3].

Over the last two decades the management of HF has improved with optimal medical ther-
apy including ACE-Inhibitors, 3-Blockers, loop-diuretics and Spironolactone together with
implantable defibrillators and resynchronisation devices. However the best available therapy
for advanced HF is heart transplantation with the caveat that it is available for only very few
patients who are deemed eligible to be accepted on the waiting lists and survive long enough
for a suitable organ to become available. For the rest the outcome is very poor with an average
survival of 50% at 5 years and 10% at 10 years after diagnosis of HF. This rate has not changed
in the last 20 years whereas the survival when diagnosed with cancer has doubled in the last
40 years. Therefore there is much potential for alternative treatment options of which the
ventricular assist devices present a real hope.

3. Mechanical circulatory support

3.1. Emergence of ventricular assist devices

The relative short history of mechanical circulatory support in clinical use started with the
invention of the cardiopulmonary bypass machine early 1950s that allowed safe operations
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on the open heart. The first device to temporarily support the circulation other than for heart
operations was reported in 1962 in the form of intra-aortic balloon pump (IABP) [4, 5]. The
research into the development of more substantial mechanical circulatory assist devices that
was initiated by the National Institutes of Health (NIH) in the US was responsible for most
of the progress that followed from the 1960s onwards. Funded by the NIH we had the first
reported clinical use of an intra-corporeal and then extra-corporeal ventricular assist devices
in 1963 and 1966 respectively by DeBakey’s group [6]. A total artificial heart (TAH) was devel-
oped in Baylor College of Medicine and then implanted in 1969 by Cooley. Much progress
in the following 30 years has been around sizeable extra-corporeal devices that were driven
pneumatically with substantial consoles. These were relatively successful so-called first gen-
eration short-term devices with pulsatile flow pattern allowing patients in acute heart failure
to bridge to recovery or transplantation but were burdened with high rates of mortality and
morbidity. Patients were bed-bound, unable to mobilise and could only be supported for few
days to weeks. The lack of long-term durability of these devices was the main factor to restrict
the use only as a short-term bridge to transplantation.

The next big step towards more usable devices took shape around the millennium with a
new so called second generation devices that were smaller therefor implantable and intra-
corporeal. These pumps provided a continues flow (CF) pattern generated by an axial rotor
which was suspended mechanically in its casing. The lack of pulse was a shock to the medical
community that required some debate and time to get over. These CF VADs also required
thinner drivelines that helped to reduce the infections often originating from exit sites of
large cannula and drive lines of the first generation devices. To date the most commonly used
example of these devices is the HeartMate II which is still used frequently. Other rarely used
examples were Jarvik 2000 and Micromed DeBakey VAD.

Another quantum leap happened more recently in the last decade when there was a surge in
the number of implanted LVAD’s worldwide triggered by both the new licences obtained for
destination therapies and particularly with further progress achieved with newer so called
third generation devices. These devices introduced substantial progress in further miniaturi-
sation, reliability, durability and noise reduction all of which contributed to the usability and
long-term manageability of patients who now tend to envisage living with these devices for
the rest of their lives. Primary third generation device example is the HeartWare HVAD with
recent addition of HeartMate 3 both of which have a centrifugal pump that is magnetically
suspended eliminating wear-out with better durability. Miniaturisation meant that they could
be implanted entirely intra-pericardial even on smaller adults and children.

Current research focuses in reducing the much feared morbidities. Driveline infections is
one and often cited as the ‘Achilles” tendon’ of LVADs. Progress in transcutaneous energy
transmission systems (TETS) promise to avoid the need for drivelines altogether. Special
consideration of the right ventricle (RV) is required as the vast majority of VADs is placed
for the support of the left ventricle with early and late post-operative RV failure resulting in
significant increase in mortality. Strategies have been developed to predict RV failure, to pre-
ventively optimise haemodynamic parameters pre-operatively and to improve management
post-operatively. The dilemma between pump thrombosis and bleeding can be very difficult
to manage and has to be patient specific. Usual long-term strategy involves a combination
of warfarinisation and anti-platelet therapy that allows individual attention to patients’
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tendency to either “bleed” or “clot”. Another fascinating area of research is gastro-intestinal
AV-malformations and their relationship with von Willebrand factor and CF pattern of these
new devices. Newer materials are sought for better biocompatibility and reduced thrombo-
genic properties.

Due to the unique nature of patients and their LVADs most of established MCS Programs
have now comprehensive long-term management protocols involving patients’ families,
General Practitioners, local emergency departments and hospitals, ambulance services and
local government services.

3.2. Current devices

The vast majority of currently used LVADs are the HeartWare HVAD and HeartMate 3. Both
are miniaturised and fully implantable into the pericardial cavity and by the use of a centrifu-
gal pump that is magnetically levitated they avoid mechanical wear-out therefore more dura-
ble and less thrombogenic. The HVAD has a centrifugal pump that is magnetically levitated
with hydrodynamic bearings avoiding mechanical interface resulting with only one moving
part that is the pump which is driven by two motors providing a continuous flows of blood.
The HVAD System weighs at 160 g and is small enough to fit intra-pericardial in most patients
with dilated cardiomyopathy. There have been reports of two pumps for bi-ventricular sup-
port and some paediatric use to ages below 10 years all of which placed fully intra-pericardial
[7-9]. Only some restrictive cardiomyopathy and smaller children present a challenge due to
lack of intra-pericardial space. The HeartMate 3 is similar in design and function with certain
differences. These include full magnetic levitation without hydrodynamic bearings allowing
for the rotor to operate in wider RPM ranges which in turn allows flows between 2.5 and
10.0 L/min and larger gaps between the rotor and the casing reducing the haemolysis and
sheer stress to the blood. There is also an attempt to address the concerns about CF in regards
to its causative effects on AVM’s by incorporating a degree of pulsatility to the flow profile.
The Abiomed Impella device is a different approach which includes the option of percutane-
ous insertion and placement across the aortic valve with blood inlet area in the LV cavity and
outlet area in the ascending aorta reaching flows up to 5 L/min. An axial rotor is positioned
at the outlet area. Common complications include haemolysis, device thrombosis, bleeding,
vascular injury and arrhythmia [10, 11]. There are numerous other short- and long-term ven-
tricular assist devices available however these are less frequently used by the majority of
centres specialising in MCS.

3.3. Patient selection

Each patient in heart failure requires individualised assessment for suitability for MCS
implantation which proposes only one aspect of patient management. Patient and device
choice depend on the indication and purpose of the MCS implantation. Statistically over the
last decade the majority of patients treated with assist devices fall in to Intermacs classes 1-4.
Table 1 describing severity of heart failure according Intermacs classification (Interagency
Registry for Mechanically Assisted Circulatory Support) and expected survival of patients
in each category which helps to determine the urgency of the intervention as well as its type.
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Intermacs Short code Definition Expected survival: action required
level
Level 1 “Crash-and- Critical cardiogenic shock, oliguria/anuria, Hours/days: immediate intervention
burn” rising lactate levels and liver function tests  required
Level 2 “Sliding fast” Progressive decline despite inotropic Days/weeks: intervention within days
support
Level 3 “Hospital Stable but inotrope dependent Weeks/months: elective MCS vs.
bound” Transplant within weeks
Level 4 “Frequent flyer” Resting symptoms, frequent hospitalisation Months/year: elective MCS vs.
with decompensation Transplant
Level 5 “House bound”  Comfortable at rest, intolerant to minimal ~ Year/s: elective MCS vs. transplant
activity of daily living depends on other parameters
Level 6 “Walking Exertion intolerant, can only manage Year/s: elective MCS vs. transplant
wounded” normal activity of daily living depends on other parameters
Level 7 NYHA III Advanced NYHA III Years: medical management, MCS or

transplant not indicated

Table 1. Intermacs classification with definitions and management strategies.

Level 1: patients in this category usually present with fulminant myocarditis or more com-
monly after complicated myocardial infarction when primary PCI failed to restore the result-
ing acute loss of pump function of the heart. If there is sufficient evidence that the individual
would be suitable transplant candidate than a longer term MCS could be considered but in
reality in this emergency setting this evidence is lacking so that in most cases short-term MCS
device is chosen as salvage and bridge to decision. Devices to consider for these patients
include intra-aortic-balloon-pump (IABP), extra-corporeal-membrane-oxygenator (ECMO)
or more recently the Impella device or TandemHeart. While the application of ECMO usually
requires a dedicated centre, the insertion and management of IABP or Impella is less cumber-
some but only provide partial support of the circulation. Occasionally the Impella device is
also used for right ventricular support either in addition to the left sided support or in isola-
tion. There are reports from highly specialised ECMO centres achieving relatively high sur-
vival rates for ECMO application on patients with out-of-hospital-cardiac-arrest (OOHCA)
and ongoing CPR [12].

Level 2: these patients are deteriorating despite escalating inotropic support and usually
show end-organ dysfunction and not expected to survive more than days or weeks. They
are either unfit for transplantation due to end-organ dysfunction or not expected to survive
long enough for a suitable donor-heart to become available. Considerations for Level 2 pat-
ents include destination therapy or bridge to either decision or candidacy/transplantation.
Devices for this category include HVAD or HM3 among other less often used devices as well
as even less commonly used total artificial heart systems (TAH). More common than TAH is
the temporary support of the right ventricle with extra-corporeal CentriMag in addition to an
LVAD. If there is complicating respiratory dysfunction, it is easy to add an oxygenator to the
CentriMag circuit and await recovery.
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Level 3 and 4: these patients have a very poor quality of life being either hospital bound or
admitted frequently. They also often have end-organ dysfunction that precludes them from
listing for transplantation. If they are suitable for transplantation and have preferable blood
group/typing and body weight and if the geographical donor pool is preferable making heart
transplantation likely within few weeks or months then waiting for transplantation may be a
good option. However in reality in most centres in the world overcoming all of these postula-
tions and receive a successful heart transplantation is preserved to a very few lucky ones. In
vast majority patients at this level of disease progression present considerable disease burden
and require MCS in an elective fashion. Left ventricular support with HVAD and HM3 are
most commonly used. In patients with concomitant right ventricular dysfunction there are
different approaches available. Mostly, pre- and post-operative optimisation and attentive
management of the body fluid equilibrium are sufficient to prevent right ventricular failure.
Sometimes a temporary RVAD with CentriMag is required to overcome the immediate intra-
and post-operative insult to the right ventricle. A right sided Impella is also an option in this
setting.

Level 5 and 6: patients at these levels of disease progression are usually stable in the short
and medium term period therefore could be placed on heart transplant waiting lists with
close follow up to early pick up any sign of deterioration or end-organ dysfunction. Some
patients in this category present or develop pulmonary hypertension precluding them from
listing for transplantation which can be improved with an LVAD therapy rendering them into
a candidacy position. Generally these patients are not considered for MCS as the heart failure
burden is comparable with the burden of any type of mechanical support is often accompa-
nied. In the coming years this cohort of patients will become increasingly the focus when we
can significantly reduce the frequently observed complications related to MCS.

3.4. Peri-operative management

End-stage heart failure with diminished organ perfusion has a detrimental effect to most of
organ systems of the body. Renal dysfunction due to reduced cardiac output, liver dysfunc-
tion due to cardiac output as well as congestion, nutritional depletion due to dysfunctional
gastrointestinal absorption as well as liver dysfunction causing physical debilitation, respira-
tory dysfunction due to congestion as well as pulmonary hypertension, upwards regulation
of the systemic inflammatory responses, cognitive impairment due to hypoxia and psycho-
logical implications due to constant anxiety and burden of the disease all contribute to push
the individual into a vicious circle and downwards spiral of end-stage heart failure. Any MCS
system aiming to alleviate the underlying cardiac dysfunction is bound to fail if these organ
systems are not concomitantly addressed.

Aggressive fluid removal with high dosages of loop-diuretics and/or renal replacement
therapy in form of haemofiltration may be required on top of optimal medical therapy which
includes -Blockers, ACE-Inhibitors and Spironolactone. The achievement of the ideal fluid
equilibrium sets the right ventricle in a best possible starting position to overcome the strains
of the operation and the increased cardiac output that will be provided by the LVAD. The
use of infused phosphodiesterase inhibitors and inhaled nitric oxide can support the right
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ventricle in this immediate post-operative period. Cardiac arrhythmia needs to be treated
aggressively for the same purpose.

Intensive input from the dietitian as well as physiotherapist and psychologist represent cor-
nerstones of optimal pre- and post-operative management of patients receiving MCS.

3.5. Surgical techniques

The urgency of the procedure and the type of MCS together with the individual clinicians
and units experience determines the technique of implantation. Of course there are different
approaches to the implantation technique including bilateral small thoracotomies, avoidance
of the CPB, using more distal aortic sites for outflow-graft anastomosis and exit point of the
drive-line. We will however only discuss the most common approaches of the techniques
related to the implantation of the most commonly used devices.

The simple percutaneous insertion of IABP does not require much attention due to its com-
mon use and familiarity. The Impella device is inserted percutaneously through the femoral
or subclavian/axillary arteries with the help of Fluoroscopy and cardiac catheterisation tech-
niques. The blood inlet area is at the tip of the device which is positioned across the aortic
valve in the left ventricular outflow tract well away above the papillary muscles and the outlet
area is positioned well above the aortic valve at the level of the sino-tubular junction. Trans-
oesophageal Echocardiographic images help exactly position the inlet and outlet areas.

For the implantation of the HVAD the patient is positioned supine and draped exposing the
entire front of the trunk including cranially the jugular notch and medial two thirds of the clav-
icles for the exposure of the subclavian vessels, laterally along the anterior axillary line down to
the anterior superior iliac spinosus and further down the lateral thigh and caudally just above
the patella. The groins are kept prepared in case femoral cannulation is required for ECMO or
additional RVAD support. Standard median sternotomy and ascending aortic and right atrial
cannulation is performed for cardiopulmonary bypass (CPB). Techniques avoiding median
sternotomy therefor avoiding the need for re-do sternotomy for eventual heart transplantation
includes left anterior thoracotomy at the apex which can be localised with TTE, and right para-
sternal thoracotomy at 2nd ICS can be used with or without CPB. The LV apex is examined and
the dimple identified to centre the sewing ring around just lateral to the distal LAD. We use 16
pledged 4/0 Prolene sutures in a horizontal mattress fashion and a layer of sealant to secure the
sewing ring in position. Then while the heart is fibrillated a cross incision with a blade is made
and the coring device provided in the implantation pack is used to remove a cylindric piece of
myocardium within the sewing ring. The HVAD device is then inserted into the sewing ring
and fastened with the screw driver provided. The inflow cannula is oriented directly pointing
to the middle of the mitral valve which is confirmed with TOE images. The outflow graft is left
open momentarily for de-airing. The outflow graft is then sutured with continues 5/0 Prolene
sutures just like any other top-end anastomosis right laterally onto the ascending aorta above the
ST junction and above the SVC using a side-biting clamp. The clamp on the graft can again be
released momentarily before tying the knot for further de-airing of the LV. The driveline can now
be tunnelled across the abdominal wall with three exit points in a Z-shaped or V-shaped course
initially sub-fascial then subcutaneous. The final exit point is at the level lateral and below the
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umbilicus either on the right or the left flank depending on patients” handedness and preference
which is usually determined pre-operatively if possible. After the driveline is connected to the
driver CPB is discontinued slowly and the HVAD started and RPMs set that allow the inter-ven-
tricular septum to be straight and neither bulged to the left nor to the right. TOE is used to assess
the septum as well as right ventricular function and aortic valve opening. Volume load, inotropic
support, especially Milrinone, inhaled nitric oxide and setting of the RPMs of the LVAD can help
to fine tune the patients” haemodynamic equilibrium and prevent RV failure. This is usually the
timing for the decision to add an RVAD is made. The implantation of the HM3 is very similar
with that of the HVAD with only little differences owing to the design of the pump.

If there is the need for temporary RVAD then CentriMag is often used as extracorporeal cen-
trifugal VAD using the femoral venous cannulation for inflow and a Gore-Tex vascular graft
onto the pulmonary artery and tunnelled through the left second intercostal space paraster-
nally and above the pectoral muscle with any aortic cannula attached as outflow. If a more
long-term RVAD is required then another HVAD can be used in intra-pericardial position
using inferior RV wall or the RA as inflow access and the PA as outflow. The use of TAH could
also be considered however the evidence for long-term TAH is scanty.

3.6. Complications

We will investigate not the common complications related to any heart surgery but only
those particular to VADs. These include drive-line infections (DLI), pump thrombosis (PT),
GlI-bleeding, cerebral vascular incidents, right ventricular failure and aortic valve insufficiency.

3.6.1. Driveline infections

Overall DLI incidence is around 10-20% with higher rates observed with devices requiring a
pump-pocket or has larger diameter drivelines [13]. This rate is also dependent on patient and
procedure risk factors including hygiene, nutritional status, diabetes, urgency of the procedure
and implantation technique. Prolonged subcutaneous course is thought to prevent speedy up-
migration of potential DLI towards the pump itself with severe consequences however at the
same time it increases the potential infection sites by increasing the number of skin breakages
to allow the long course. The use of antibiotic containing products deposited at the exit site may
also help reduce the infection rate. The burial of the Dacron part of the DL below the skin allow-
ing only silicone-skin interface as well as perpendicular exit of the DL as supposed to lying
on the skin can further help reduce the DLI rates. Treatment includes targeted antimicrobial
therapy and surgical exploration with debridement and re-routing of the DL. Long-term sup-
pressive antimicrobial therapy is a not too unfeasible option to control and contain infections
that are difficult to eradicate or too close to the pump and carry high risk for operative approach.

3.6.2. Anticoagulation

Patients present with different levels of general coagulability, which is why there are rather
non-scientific terms like “clotter” and “bleeder” in existence and in use in the clinical arena.
The general state of the patients nutrition and rates of systemic inflammatory response to
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heart failure as well as to the operative insult has surely more influence to the coagulation
tendencies. The resistance to acetylsalicylic acid (ASA) is another more scientific explanation
why some patients do not respond to platelet inhibition with Aspirin therefor more prone
to thrombosis. Previous events of thrombi especially in the left ventricular cavity or in the
left atrium predispose to pump thrombosis. Device type also seems to influence the rates of
thrombosis although not proven to be statistically significant. Increased thrombosis is also
seen if for clinical reasons lower pump-flow rates are sought with corresponding low RPMs of
the device. Consideration to all of the above together with a thrombophilia workup will allow
an individualised anticoagulation regimen that requires close monitoring with the available
methods. The usual anticoagulation regimen that can be the basis includes initial heparinisa-
tion started after 12-24 h postoperative depending on chest tube drainage. Heparinisation is
guided by activated clotting time (ACT) at 160-220 s. On postoperative day one Aspirin at
around 150 mg can be introduced and later increased to 300 mg per day in single or divided
doses. Aspirin response can be measured and monitored with serum anti-Xa levels with a
therapeutic target range of 0.5-1.0. Aspirin can be supplemented or replaced with Clopidogrel
for resistance or allergy. Dipyridamol is often added to this anti-platelet regimen. Warfarin is
introduced on day three or later depending on chest tube drainage and presence of epicardial
pacing leads which require removal. The recommended target INR is between 2.0 and 3.0 for
most devices.

Surveillance of anticoagulation is routinely done by INR measurements complemented by
platelet count and serum LDH. However some centres advocate more detailed assessments
including platelet function tests, anti-Xa levels and thromboelastogram (TEG).

3.6.3. Pump thrombosis

The diagnosis of pump thrombosis is suspected primarily if there is increase in pump power
with or without pump flow changes. This is due to the fact that the driver has to spend more
power to achieve same speed of the rotor which is impeded by the presence of the thrombus
either reducing the blood inflow into the cannula or through the pump or the outflow graft or
indeed mechanically impeding the rotation of the rotor inside the pump in areas of the rotor
bearings. Further diagnostic test is the serum LDH levels which increase relative to baseline
surveillance levels. Clinical signs i.e. haematuria, of or laboratory tests for haemolysis the
likes of haptoglobin, plasma-free haemoglobin, bilirubin and fibrinolysis products can aid the
diagnosis. If the pump thrombosis is large enough to cause reduction of pump output signs
of heart failure can resurface. Cardiac imaging with Echocardiogram and/or CT Thorax for
visualisation of the thrombus in the ventricular cavity as well as assessment of ventricular fill-
ing together with manipulation of the pump speed can be carried out for further differentiate
the diagnosis.

Treatment of device thrombosis depends on the severity of the thrombus and its haemody-
namic and device related complications. This would include up-regulation of anticoagula-
tion, intravenous heparinisation, systemic thrombolysis or device exchange if the former
interventions are not successful. New approaches with intra-ventricular and/or intra-pump
thrombolysis and washout are being assessed for safety and effectiveness.
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3.6.4. Gastro-intestinal bleeding

Intractable epistaxis is mentioned but not further discussed here as often this can be managed
successfully with the input of ENT Surgeons. There are several reports and studies investigat-
ing bleeding from the entire gastro-intestinal tract (GIT). Obvious predisposing risk factors
include reflux oesophagitis, gastritis or inflammatory diseases like Crohn’s or Colitis which
may present themselves as contraindication for VAD therapy as they will be very difficult if
not impossible to manage with full anticoagulation. More intriguing concept in continues
flow (CF) LVAD therapy is the often encountered arteriovenous-malformations (AVM) that
seems to be associated with von Willebrand factor (vWF) deficiency. There are theoretical and
conceptual suggestions that the continues flow pattern of these devices are at least partially
responsible for development of AVM’s in the GIT. Simultaneously the accelerated speed of
the blood through the rotors of these CF pumps is said to be responsible for high shear forces
active on the high molecular weight vWF causing distortions/breakages leading to qualitative
changes with subsequent reduction of function in relation to platelet aggregation. This com-
bination of AVM'’s with vWF deficiency gives rise to intractable bleeding occasionally leading
to surgical intervention.

3.6.5. Cerebral vascular incidents

Intracerebral events are feared for the reason that they are often fatal. They can be of two
sometime overlapping pathophysiology namely embolic or haemorrhagic of nature. Embolic
events are more often encountered peri-operatively due to particulate matter or air from the
operative field reaching cerebral vasculature causing ischaemia. The particulate emboli can
originate from preexisting thrombi from the LV or LA cavity, atherosclerotic debris from
the aortic manipulation during cross clamping or graft anastomosis or paradoxical thrombi
crossing across an undiagnosed ASD. Therefore great care is taken in pre-operative workup
to identify these risk factors. Air emboli can be avoided with appropriate and assiduous de-
airing manoeuvres aided by CO, insufflation of the operative cavity. Later in the follow up
period haemorrhagic intracerebral events predominate in frequency and lethality although
often overlapped with embolic events that transform into haemorrhagic lesions.

3.6.6. Right ventricular failure

Management of the right ventricle in patients receiving LVADs can present itself like a
manoeuvre ‘between Scylla and Charybdis’. Bi-ventricular assist device implantation has
reportedly high mortality therefore efforts are focused into avoidance of RVAD in addition to
LVAD therapy if at all possible [14-17]. Strategies have been developed over the last decade
that include optimisation of hydrostatic status of the heart failure patients including oral and
intravenous pharmacological as well as renal replacement therapies. This effort aims to set
the right ventricular filling pressures into the optimal position on the Frank-Starling Curve
with the best possible contractility resulting from the actin-myosin relationship. In practice
this means to aim to decrease the central venous pressure down to single figures i.e. below
10 mmHg prior to the procedure if there is sufficient time available. Further fluid can be
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removed using haemofiltration during cardiopulmonary bypass if used. Other peri-operative
measures include off-pump and minimally invasive techniques to minimise systemic inflam-
matory response to the procedure, TOE guided optimisation of the position of the ventricu-
lar septum by manipulation of the LVAD speed and the use of pulmonary arterial pressure
attenuating pharmacology including intravenous phosphodiesterase inhibitors and inhaled
nitric oxide. Comprehensive heart rhythm management including resynchronisation and
anti-arrhythmic strategies are required to avoid the undesirable effects of arrhythmia to RV
function. Hybrid approaches of endocardial and epicardial ablation for supra-ventricular or
ventricular arrhythmias may represent a feasible option in some centres. Continued effort is
necessary in the long-term follow up of these patients focussing on hydrostatic optimisation
if the right ventricular function is to be kept under control.

3.6.7. Aortic valve insufficiency

The evidence is mounting that show the adverse effect of the continues flow LVADS to the
aortic valve [18-22]. Constant closure of the valve during LVAD support encourages fusion
of the leaflets leading to stenosis. More importantly the lack of physiological movements of
the leaflets during the cardiac cycle leads to worsening of mild to moderate regurgitation
with increased morbidity. Over time an increasing portion of the pump flow returns back to
the LV cavity creating a short circuit with resulting peripheral hypo-perfusion and LV filling
pressures consequently return of heart failure symptoms. Manipulation of pump speeds to
achieve sufficient aortic valve opening is proposed by large MCS Centres. Bioprosthetic aortic
valve replacement for more than mild aortic regurgitation at the time of LVAD implantation
has been advocated by experts more frequently in recent years.

3.7. Long-term management

The patient population with long-term LVAD therapy has been increasing due to the
improved technology and the management strategies of the complications. More patients are
now receiving LVADs as de-facto destination therapy as there is no other promising treatment
option available for patients who do not belong to the lucky few transplant recipients. This
increasing population require close and continued care that is very distinct and individual-
ised. A great number of regional health care services, social services and potentially family
and friends need to be involved in the care of these patients. Local emergency services and
hospitals need to be familiarised with the specific patient profiles. They need not to panic and
commence CPR if there is no pulse. They need to know that some arrhythmia is better toler-
ated than without an LVAD, that deranged anticoagulation does not always require immedi-
ate counter measures, that any infection/sepsis can have amplified detrimental effects on RV
function and anticoagulation and that their hydrostatic equilibrium may have a very small
margin of safety. Social services and local council authorities have to facilitate emergency
measure for power cuts. Relatives and friends or carers need to familiarise themselves with
the LVAD driver connections to the drive-line, batteries and power cables and what certain
alarms mean and how to contact the appropriate MCS Centre. This close monitoring and
cooperation can only be achieved with dedicated VAD coordinators taking on a central role
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between the patient and their carers, the clinicians and local emergency and social services.
Well thought through protocols taking into account the geographic particularities and cir-
cumstances are required to accommodate the needs of this distinct group of patients that is
certain to grow in numbers in the not so far future.

4. Future developments

The technology around mechanical circulatory support is evolving with an exponential speed
which makes any prediction beyond few years futile. We can however look into current work
that is focusing in the alleviation of VAD complications and is promising to become clinical
practice in foreseeable future. One of these is contactless energy transfer that is combined with
subcutaneous implantable batteries allowing transcutaneous energy transfer (TET) and avoid
the driveline passing through the skin eliminating the ‘Achilles” heel’ of MCS Systems [23].
Further work involves strategies aiming for early and more sensitive recognition and treat-
ment of certain complications especially the likes of pump thrombosis. These techniques use
remote monitoring systems with in-time assessment and intervention of pump readings and
parameters to more finely tune the VAD therapy [24]. Improved biocompatibility of materials
used and rotor design will surely be helpful to reduce thrombosis risk as well as to reduce
shear forces affecting blood components. Further miniaturisation and less invasive techniques
of implantation can be expected to become more common place in the near future and will
allow to expand the age spectrum of the recipients. Better understanding and management
of right ventricular dysfunction may be coupled with more intuitive bi-ventricular support
in order to achieve better and sustainable results. With improved results and better control of
complications one can expect to broaden the spectrum of recipients to less sick patients and
include Intermacs classes 5 and above to preemptively avoid end-organ dysfunction of heart
failure patients.

5. Conclusions

Within a relatively short period of emergence the implantation of left ventricular assist devices
have made a huge impact in treatment of end-stage heart failure patients. The development
of a new treatment method inevitably brings with it new challenges that limit its spectrum of
utilisation. LVAD specific challenges which represent the limiting factors are mainly driveline
infections, anticoagulation balances, cerebral incidents and right ventricular dysfunction. We
can be optimistic that current research will lead to progress in tackling of these challenges so
that we will be able to claim that this therapy method represents a first line management plan
for HF patients. Notwithstanding the recent encouraging attempts of widening the donor
pool to donation after circulatory death, the number of heart transplantation worldwide has
reached a plateau and is only available to very few select types of patients. The prospect of
much improved mechanical support methods for the circulation with better manageability
represents a real hope for patients in wider age spectrum as well as in earlier phases of disease
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progression. Sooner or later MCS Systems that are available off the shelf and adaptable to
each patients needs have the potential to replace heart transplantation for end-stage heart
failure. However we may want to mention here that in parallel there are endeavours in bio-
engineering and gene-manipulation which could allow speculations into the ‘off-the-shelf’
availability of authentic spare organs for each person.
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Extracorporeal membrane oxygenation (ECMO) has evolved into an exciting and
valuable tool to assist in the management of patients experiencing cardiogenic shock,
severe acute respiratory failure, or often a combination of both. While outcomes
remain less than ideal, they continue to improve with team experience, better patient
selection, and a growing understanding of the nuances of managing patients who
require mechanical circulatory support. Patients requiring ECMO are often extremely
sick and have complex problems—initiating therapy before the development of end-
organ damage is critical. Without doubt, teamwork, guidelines, and protocols are
cornerstone concepts for clinical and program success—all topics that are emphasized
in this text. The goals of this text are to further outline topics that help address some
of the key challenges providers face when considering and applying extracorporeal
support therapies to the evolving spectrum of acutely ill patients.
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