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Abstract

International guidelines recommend the use of extracorporeal membrane oxygenation
(ECMO) and ventricular assist devices (VADs) for patients with severe cardiac and
respiratory failure who do not respond to less invasive treatments. Over the last two
decades, improvements in device biocompatibility, coupled with a deficiency of cardiac
and lung transplant donors, has led to widespread increase in use. However ECMO
and VADs remain complex, high-risk and costly interventions, and many guidelines
are based on low-quality evidence and expert opinion. There is a pressing need to
improve the evidence base to inform the appropriate use of ECMO and VADs.

The aims of the research presented in this thesis were to 1) review the outcome
measures and complications reported in the ECMO literature, 2) investigate the
patient’s pathophysiological response to ECMO, 3) review the cannulation technique
in venovenous ECMO, 4)describe the complications of ECMO and VADs, 5)
investigate a model of the inter-hospital transport of patients on ECMO, 6) investigate
the long-term survival of patients after venoarterial (V-A) ECMO, and 7) investigate
the utility of invasive investigations in patients with left ventricle assist devices.

To address these aims, the research followed the patient journey from initiation,
complications, to long-term outcomes. Its first component was a systematic review of
the outcome measures and definitions of complications being used in V-A ECMO
research. In the second, in a prospective observational study, the impact of ECMO on
the patient’s immune-inflammatory response was investigated. The third was a review
of cannulation techniques used to initiate ECMO. Fourth, a descriptive review of
common complications in patients during ECMO and VADs. Fifth was a retrospective
observational study of a model of inter-hospital transport of patients in ECMO. Sixth,
a retrospective cohort study of the long term outcomes after ECMO. The final
component was a prospective observational study of haemodynamic changes during
long-term VAD support.

This research investigated many of the current methods and techniques used in
ECMO and VADs, described the anti-inflammatory effect of ECMO, and highlighted
the long-term outcomes for patients supported using these devices. It also highlighted
the lack of high-quality evidence to inform ECMO practice globally. Through ongoing
national ECMO research projects and the ECMONet consortium, this work will form
the basis of a new international consensus on outcome and data definitions, the
development of a new registry database, and a network of ECMO providers who will
perform a large multi-centre randomised controlled trial.
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Chapter 1: Introduction

This chapter provides an introduction to advanced cardiac and respiratory diseases,
the use of extracorporeal membrane oxygenation (ECMO) and ventricular assist
devices (VADs), and the need to improve the evidence base for mechanical assist
devices.

1.1 Overview of advanced cardiac and respiratory failure — definitions,
epidemiology, severity, pathophysiology, and management

Definitions and epidemiology

Advanced cardiac and respiratory diseases have severe symptoms, are progressive
and/or irreversible, and often require invasive treatments [1]. Cardiogenic shock is at
the most extreme and acute end of the advanced heart failure spectrum. It is defined
as hypotension (systolic blood pressure <90mmHg) causing a state of critical end-
organ hypoperfusion due to reduced cardiac output [2].

The incidence of cardiogenic shock is approximately 6% of all admissions to intensive
care units (ICUs), accounting for approximately 40 000 to 50 000 patients per year in
the United States and 60 000 to 70 000 in Europe [3,4]. Acute myocardial infarction is
the commonest cause of cardiogenic shock, accounting for 80% of all cases [5]. Other
causes of cardiogenic shock are listed in Table 1.

Table 1. Common causes of severe cardiac and respiratory failure

Cardiac failure Respiratory failure
Acute myocardial infarction Adult respiratory distress syndrome
Acute on chronic heart failure Pneumonia
Arrthymias Extra-pulmonary sepsis
Fulminant myocarditis Aspiration
Primary graft failure post heart transplant Asthma
Post-cardiotomy (e.g., coronary bypass Chronic lung disease (e.g., cystic fibrosis,
surgery, valve surgery etc.) Pulmonary fibrosis)
Pulmonary embolus Primary graft failure post-lung transplant

Respiratory failure is defined by an inability to maintain normal oxygen and carbon
dioxide levels. It may be acute or chronic, and be characterised as either type 1, when
it is primarily hypoxic respiratory failure (usually defined as SaO2 <90% or PaO2 <60
mmHg), or as type 2, when inadequate ventilation results in elevated carbon dioxide
levels (>45mmHg). The commonest cause of hypoxic respiratory failure in the critical
care setting is the adult respiratory distress syndrome (ARDS), which accounts for
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approximately 10% of all ICU admissions [6]. The causes of severe respiratory failure
are listed in Table 1.

Severity classifications

Advanced heart failure is classified into multiple stages (called Interagency Registry
for Mechanically Assisted Circulatory Support [INTERMACS] stages) [7] (see Figure
1). Stages 1-3 define progressive stages of cardiogenic shock, with stage 1 — severe
hemodynamic instability despite increasing doses of inotropes — being the most
severe. These stages correlate with mortality, so that patients with INTERMACS stage
1 have mortality rates of 40-50%, while those with stage 3 have mortality rates of 20—
30%

Table 13.2 INTERMACS (Interagency Registry for Mechanically Assisted Circulatory Support) stages for classifying
patients with advanced heart failure

INTERMACS level NYHA Description Device ly survival with
Class LVAD therapy

|. Cardiogenic shock v Haemodynamic instability in spite of increasing doses of catecholamines ECLS,ECMO, | 52.6#5.6%
“Crash and burn” and/or mechanical circulatory support with critical hypoperfusion of target | percutaneous

organs (severe cardiogenic shock). support devices
2. Progressive decline v Intravenous inotropic support with acceptable blood pressure but rapid ECLS,ECMO, | 63.143.1%
despite inotropic deterioration of renal function, nutritional state, or signs of congestion. LVAD
support “Sliding on
inotropes”
3. Stable but inotrope \% Haemodynamic stability with low or intermediate doses of inotropics, but | LVAD 784+2.5%
dependent “Dependent necessary due to hypotension, worsening of symptoms, or progressive
stability” renal failure.
4. Resting symptoms % Temporary cessation of inotropic treatment is possible, but patient presents | LVAD 78.7+3.0%
“Frequent flyer” ambulatory | with frequent symptom recurrences and typically with fluid overload.
5. Exertion intolerant [\ Complete cessation of physical activity, stable at rest, but frequently with LVAD 93.0+£3.9%
“Housebound” ambulatory | moderate fluid retention and some level of renal dysfunction.
6. Exertion limited I} Minor limitation on physical activity and absence of congestion while at LVAD / Discuss
“Walking wounded” rest. Easily fatigued by light activity. LVAD as option
7.“Placeholder” 1] Patient in NYHA Class Il with no current or recent unstable fluid balance. | Discuss LVAD

as option

ECLS = extracorporeal life support; ECMO = extracorporeal membrane oxygenation; INTERMACS = Interagency Registry for Mechanically Assisted Circulatory Support;
LVAD = left ventricular assist device; NYHA = New York Heart Association.

*Kaplan-Meier estimates with standard error of the mean for 1 year survival with LVAD therapy. Patients were censored at time of last contact, recovery or heart transplantation.
Due to small numbers outcomes for INTERMACS levels 5, 6, 7 were combined®™®.

Figure 1. European Society of Cardiology ESC 2016 Heart Failure Guidelines [8]

The severity of acute respiratory failure is most commonly defined using the 2012
Berlin  definiton of ARDS [9]. These criteria use three categories
(mild/moderate/severe) based on the ratio of arterial oxygen partial pressure to
fractional inspired oxygen (PaO2/FiO:2 ratio). These categories have been shown to
correlate with mortality, with severe respiratory failure having a mortality rate of 45%.
A fourth category of PaO2/FiO.<60 — very severe respiratory failure — is also used
clinically, though is not validated [10].
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Table 2. Severity classification of respiratory failure in ARDS and mortality. ARDS
Definition Taskforce [9]

ARDS Severity PaO:/FiO2 Mortality
Mild 200-300 27%
Moderate 100-200 32%
Severe <100 45%

Pathophysiology of cardiac and respiratory failure

Following an initial cardiac or respiratory insult (e.g., low cardiac output secondary to
an acute myocardial infarction, or pneumonia with severe hypoxia and lung injury), a
cascade of events occurs, including worsening local tissue damage and hypoxia,
progressive system wide inflammatory mediator and cytokine release, multi organ
failure and eventually death [11]. The cellular injury results from the initial cellular
hypoxic injury, the resulting inflammatory cascade which leads to further hypotension
[12] and accumulation of protein rich fluid in alveoli, damaging endothelium and
alveolar lining leading to hypoxia and poor ventilation [13], and the treatments
themselves, which are required to sustain life, such as high-dose vasopressors and
inotropes, and mechanical ventilation leading to ventilator induced lung injury (VILI)
[13].

If the process can be reversed early, before the onset of organ failures, the subsequent
inevitable deterioration can be stopped and the patient can recover. Once organ failure
becomes established, however, the process becomes irreversible despite treatments,
and there is progression of multiorgan failure, and often death (see Figure 2).

Early Initiation of ECMO

/

Late Initiation of ECMO

\ < No mechanical

support

Survival

Duration of lliness

Figure 2. Stopping the descent into multiorgan failure and death: A proposed
schematic
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Medical management of advanced heart failure and cardiogenic shock

The overall goal of management of severe heart failure is to improve cardiac output
and end organ perfusion, while also unloading the heart to allow cardiac rest and
recovery. International guidelines recommend a combination of diuretics, intravenous
fluid therapy, vasodilators, inotropes and vasopressors [8,14]. Patients refractory to
pharmacological therapy often require intubation with positive pressure ventilation
(which further unloads the heart) and/or renal replacement therapy. Concurrently with
these supportive measures, patients are moved to the ICU for close monitoring, and
reversible causes such as blocked coronary arteries are diagnosed and treated
[15,16].
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Figure 3. Percutaneous mechanical heart supports available to treat cardiogenic
shock [17]

Types of mechanical cardiac supports

For patients with refractory heart failure or cardiogenic shock despite medical therapy,
mechanical heart supports can be used to improve haemodynamic and end organ
perfusion support. The intraortic balloon pump (IABP) was the first mechanical support
to be widely available, and has been used since the 1960s [18]. A small (25-50cc)
balloon is placed in the aorta, and through diastolic inflation and rapid systolic
deflation, it can reduce myocardial afterload, increase diastolic pressure and improve
coronary perfusion, although its ability to increase cardiac output is limited [4]. The
IABP SHOCK Il trial, published in 2012, compared a strategy of IABP insertion to
standard medical treatment in patients with cardiogenic shock complicating acute
myocardial infarction; there was no difference in the primary outcome of 30-day
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mortality, or in any of the secondary outcomes. Following IABP SHOCK II publication,
recommendations for IABP use were downgraded from class | to class llla in 2014
[19] and its use for cardiogenic shock has declined[20].

Several other types of mechanical cardiac assist devices are available, including the
Impella® and the TandemHeart™ (see Figure 3). These devices have been shown to
increase cardiac output and improve left ventricular unloading when compared to the
IABP [21], but no mortality advantage has been demonstrated [22]. Both modalities
are limited by the complexity of insertion (including the need for femoral arterial
surgical cut down) and cost.

For longer-term support, the gold standard for advanced heart failure is cardiac
transplantation. Cardiac transplantation has been shown to give improved duration
and quality of life, however it is limited by donor availability, and is generally not used
as an acute intervention in cardiogenic shock due to the high risk of failure (although
some countries, such as France, use it for this indication).

Management of severe respiratory failure

The treatment of severe respiratory failure focuses on maintaining adequate oxygen
and carbon dioxide gas exchange while preventing VILI [23]. Clinical practice
guidelines recommend the use of lung protective ventilation strategies, which include
low tidal volume and airway pressures, application of positive end expiratory pressure
(PEEP), and increased respiratory rate to maintain adequate carbon dioxide removal
[24]. Additional rescue therapies, including avoiding excessive fluids [25], use of
neuromuscular blockade infusion [26] and prone positioning during mechanical
ventilation [27], have been found to reduce mortality in patients with moderate to
severe ARDS.

High-frequency ventilator oscillation (HFO) is a type of mechanical ventilator support
that has been used in the past. Two large trials in 2013 showed no benefit and potential
harm [28,29], and the use of HFO devices has since been decreasing.

Lung transplantation is reserved for patients with severe and irreversible lung disease.
Similar to heart transplant programs, small numbers of donors mean very strict criteria
must be applied, and patients with acute severe respiratory failure are usually
ineligible.

Extracorporeal membrane oxygenation and VADs are primarily mechanical pumps
that circulate blood. In addition to this, ECMO devices have an oxygenator to add
oxygen and remove carbon dioxide from the blood. They may be within the body,
directly attached to the heart (intracorporeal), or attached to major blood vessels with
large tubes and circuits (extracorporeal). The ECMO system has similar components
to a cardiac bypass machine, but differs in its intent and allows longer-term support
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(days to weeks) [30]. It consists of a drainage cannula in the venous system, a
centrifugal pump, and a membrane oxygenator. Blood is returned into the aorta for
venoarterial (V-A) ECMO to support the failing heart, and is returned to the right atrium
in venovenous (V-V) ECMO for severe respiratory failure. It can be initiated quickly by
trained skilled intensivists at the bedside, without the need of advanced surgical skills
or theatre time.
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Figure 4. A schematic representation of the treatment options in the management of
severe respiratory failure and ARDS patients [31]

1.2 Introduction to extracorporeal membrane oxygenation and ventricular assist
devices

Ventricular assist devices draw blood from the apex of the left ventricle (LV), pass it
through the pump, and deliver it to the ascending aorta via an outflow graft. These are
surgically implanted devices which require journeys to the operating theatre and a
sternotomy incision. They have a drive line which leaves the device and

percutaneously exits the body to the power source. They can provide long-term
23



support, sometimes for many years. They are most often used as a bridge to
transplant, although VAD destination programs are available in some countries [32].

Figure 5. Fem-femoral venoarterial extracorporeal membrane oxygenation. Note
return cannula is femoral artery [33].

Figure 6. Single-site venovenous extracorporeal membrane oxygenation. Note both
access and return cannulae enter via the internal jugular vein [33].
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Figure 7. (A) HeartMate Il pump — a continuous, axial pump that is inserted into the
preperitoneal space. (B) A HeartMate IIl — a continuous, centrifugal pump
that is inserted directly into the left ventricular apex and remains within the
pericardial space [34].

1.3 Epidemiology and costs

In parallel with improvements in device design, the use of ECMO and VADs for adults
with severe cardiac and respiratory failure has rapidly increased over the last decade
[35,36]. The Extracorporeal Life Support Organization’s (ELSO) international
summary shows there were approximately 250 adult cases/year globally in 2009, while
in 2015 there were over 2000 [37]. In Germany, which has a larger but otherwise
similar health care system to Australia, the use of V-A ECMO for cardiac failure
increased from 96 cases/year in 2007 to 2873 cases/year in 2014, representing an
almost 2900% increase [38]. V-V ECMO cases in Germany similarly increased from
approximately 800 cases/year in 2007 to 1944 cases in 2014. The global INTERMACS
report shows large increases in the numbers of VADs being inserted, with now over
2500 casesl/year [39].
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The drivers of this increase in use include the publication of the IABP-SHOCK |l trial
in 2012, which demonstrated no benefit of IABPs for the treatment of cardiogenic
shock [40]. In addition, in 2009, the H1N1 influenza epidemic [41,42] and the
publication of the CESAR trial [43] resulted in an increased use of V-V ECMO for acute
severe respiratory failure. Furthermore, the use of VADs has also increased following
publication of two large trials, the REMATCH [44] and HeartMate Il [44] trials, which
showed more contemporary devices reduced complications and were superior to
medical management.

The high costs of ECMO for severe acute cardiac and respiratory failure places it in
the top three most expensive diagnosis-related groups in Australia, costing $243 929
per admission and a total cost of AUD$50 million per year [45,46]. In a recent study,
the average cost of a VAD for a patiant in Australia was more than double that of a
cardiac transplant, costing over $400 000 for the first 12 months [47].

1.4 Physiology and pathophysiology

Venoarterial ECMO provides support in severe cardiac failure via several
mechanisms. It improves organ perfusion and coronary blood flow by returning
pressurised and oxygenated blood into the arterial system [17]. It also supports the
heart by draining blood from the right side of the circulation, reducing preload to the
right and left ventricles.

A potential limitation of V-A ECMO is that it can increase LV afterload, which leads to
an increase in wall stress, increase in left ventricular end diastolic pressure, and can
lead to increases in oxygen demand which impede recovery [48]. Several strategies
have been proposed to improve LV unloading during ECMO, including percutaneous
and surgical LV venting, concurrent IABP use [49], and the addition of an Impella®
[50]. The large arterial cannulas may also cause lower limb ischaemia, bleeding and
infection, making it difficult to support patients on V-A ECMO beyond 2-3 weeks [51].

Ventricular assist devices drain the LV directly through the LV inflow cannula. They
reduce preload and cardiac filling pressures, LV wall stress and oxygen consumption.
Pressurised blood from the pump enters the aorta and maintains organ and coronary
perfusion, [52]. Frazier et al have shown that left ventricular assist devices (LVADSs)
can improve LV function, including reducing the size of the LV (6.8cm->5.3cm),
improve the ejection fraction (11%->22%) and lower pulmonary capillary pressure [53].
In some patients, these improvements can even allow the explantation of the LVAD
[54].

Venovenous ECMO partially supports the respiratory system by oxygenating and
removing carbon dioxide from the blood. This allows a more protective lung ventilation
strategy via the ventilator and a reduction in VILI. This was shown in the recent
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randomised EOLIA randomised trial of V-V ECMO for severe ARDS, where ECMO
patients had lower peak pressures, lower PEEPs, and lower driving pressures than
the control patients [55]. It is still unclear what the optimal ventilator settings are during
V-V ECMO [56], although high driving pressures have been shown to be associated
with worse outcomes [57].

1.5 History and development of extracorporeal membrane oxygenation and
ventricular assist devices

The history of mechanical cardiac and respiratory support dates back to the initial
discovery of bypass surgery in the operating room in the 1950s. Since then,
mechanical supports have moved into the ICU, between hospitals with ECMO
retrieval, and now to durable VADs, making it possible to support the patients to return
to their homes, often as a bridge to transplantation.

Table 3. Key historical moments and landmark trials in V-A and V-V ECMO

1990s—-
1950s 1950-60s 1970 1980 20005 2018
1953 - Improvements in | 1971 — first patient 1984 — first | 2008/9 — | ECMO
first oxygenator managed with ECMO RCT in H1N1 for
clinical enabled longer | (V-V ECMO post paediatrics | outbreak | ARDS
bypass ECMO support | trauma) [58] EOLIA
machine 1989 — 2009 — | Trial
1972 — first V-A ECMO | second CESAR
for transposition [59] RCT in RCT

paediatrics
1972 — first newborn
ECMO[60]

1979 — first RCT in V-V
ECMO [61]

The cardiac bypass machine was the first means of mechanical cardiac and
respiratory support. In 1953, John Gibbons developed the machine to provide a
bloodless operating field during the closure of a large atrioseptal defect in the
operating theatre [62]. Following this success, the whole field of cardiac surgery using
cardiac bypass developed rapidly. However, the limitations of cardiac bypass soon
became clear — those patients who could not be weaned off quickly would die within a
few hours [63].

A problem for the early bypass and ECMO circuits was the oxygenator and the
damage it caused to the blood. Initial oxygenators used direct gas exposure to
oxygenate the blood (e.g., bubble or film oxygenators) [64]. These damaged the blood,

27



leading to significant haemolysis, bleeding and thromboembolism, and carried the risk
of air embolism.

The technique improved following the development of the first (silicone) membrane
oxygenators, which mimicked the alveolar membrane in the lung (with blood on one
side and air/oxygen on the other). Oxygen, carbon dioxide and nitrogen could be
exchanged across the membrane, whilst fluid was kept out. The membrane
oxygenators were found to be less traumatic to the blood, which reduced
complications and enabled longer duration of support. Animal models supported with
these new oxygenators and circuits could be kept alive for up to four days [65]. These
changes, along with a simplified circuit, allowed ECMO to move from the operating
room to the ICU.

However the first membrane oxygenators still caused significant problems, including
platelet adhesion, cytokine and factor release leading to inflammation and thrombosis,
necessitating systemic anticoagulation [60,65]. More modern oxygenators are now
made of polymethylpentine membrane. These oxygenator membranes are also now
made of many small tubes (“hollow fibres”); gas runs through the fibres and blood runs
over the outside. The microporous membrane has become extremely thin (<0.5mm),
enabling the efficient diffusion of gas, but not blood, across the membrane. They are
more biocompatible, with less platelet and plasma protein consumption and therefore
fewer complications. They are coated with a thromboresistant coating which requires
less anticoagulation and causes fewer associated complications [66]. They are also
much smaller than early models, and have much less resistance to flow, which has
reduced the amount of blood trauma. Ongoing issues with oxygenators include the
amount of anticoagulation that is required, which must be balanced against bleeding
complications, the impact of the hyperoxygenation of the blood, and concern around
inflammation.

Pump technology developed alongside oxygenators. The first pumps were roller
pumps, which were associated with minimal haemolysis. A key problem was however
was the risk of circuit rupture if a clamp was placed on the outflow side. Centrifugal
pumps have now replaced roller pumps; they are pressure limited, so a clamp will not
lead to a circuit rupture. They also don’t require a reservoir, which has enabled
simplification and miniaturisation of design. They may also be associated with reduced
blood trauma, haemolysis, and inflammation[67].

The circuit tubing has also evolved, and now is most commonly made of
polyvinylchloride tubing. A recent development has seen them being bonded with
substances such as heparin, which make them more biocompatible, reduce platelet
adhesion and induce less inflammatory reaction [68]. These circuits may also enable
less anticoagulation, which will lead to fewer and less severe bleeding complications.
A further development has been the miniaturisation of both oxygenators and pumps,
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which has made it possible to integrate the oxygenator and pump within one system,
such as with the Cardiohelp®, making it ideal for ECMO-supported transportation [69].
Table 4. Key historical moments and landmark trials in ventricular assist devices [70]

1960s 1970s 1980s 1990s 2000s 2010s
1963 — 1978 — 1984 — Further 2001 - REMATCH 2009 -
first LVAD first electric trial — the first HeartMate I
pneumatic | used as a | electrically | pulsatile pulsatile VAD RCT DT
LVAD bridge to | driven pumps [71]
pump transplant | LVAD developed 2010 —
inserted Development of Intrapericardial
continuous flow pumps
pumps [72]
2012 -
ADVANCE
Trial
2017 -
MOMENTUM 3

pulsatile pumps

Despite these developments in ECMO technology, there remained an unmet need for
more durable support in patients whose hearts didn’t recover. Problems such as
bleeding and infection become more common the longer ECMO support continues.
Furthermore, the large percutaneous cannulas often translated into prolonged
sedation and bed rest for the patient, which led to rapid muscle loss and clinical
deconditioning, and ineligibility for transplantation. What was required was long-term
support which would allow patients to wake up, mobilise, and potentially leave the ICU.

The first of these long-term cardiac specific devices were developed in the 1980s.
These were large, extracorporeal, pneumatically driven pulsatile pumps. The pumps
lived outside the patient, so large cannulas traversed the skin, and patients remained
confined to bed.

In the 1990s the Thoratec XVE pump was developed. This was a smaller, electric
pulsatile pump that could be fully implanted into the body, usually into an abdominal
preperitoneal space called a pump pocket. This pump was much improved over earlier
versions: it stopped the problem of large cannulas traversing the skin and sitting
outside the body. The design was simplified, leading to improved durability and a
reduced need to reoperate to repair broken pumps. Since the power source was
electric, the pumps could now be driven by batteries which enabled improved patient
mobility. The main problems that persisted were ongoing device failure, bleeding and
sepsis [71].
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In the 2000s, electric pulsatile pumps were replaced by continuous flow devices, such
as the HeartMate Il continuous flow axial pump (see Figure 7). These pumps used a
rapidly spinning turbine to generate flow through the pump head. Patients with these
devices no longer had a pulse but instead had a mean arterial pressure that could be
measured by doppler ultrasound machines. These pumps were first trialled in patients
awaiting cardiac transplantation and were shown to have lower complication rates
than pulsatile pumps [72]. The lower rate of complications ultimately paved the way
for expansion of LVAD programs, and to destination programs in which long-term
LVAD support was a viable competitor to cardiac transplantation.

In the late 2000s centrifugal pumps (for example, HeartWare) began to challenge the
traditional axial design. Centrifugal pumps have a rotating impeller, and can be made
much smaller than axial devices, enabling direct implantation into the LV, permitting it
to remain within the intrapericardial space. The pump pocket, which was a potential
space for infection, was no longer required. Although not clearly shown to have a
survival benefit or reduced complications over axial pumps [73], centrifugal VADs were
desirable due to their simpler and smaller design.

The latest-generation pump, the HeartMate lll, has been available since 2014. This
uses a centrifugal mechanism, and is fully implanted into the pericardial space. Where
it differs from previous LVADs is that its impeller is fully levitated via a magnetic current
[34]. It is also significantly smaller, and has a regular fluctuating speed which induces
some pulsatility (which may reduce thrombosis).

Despite all the progress, several key challenges remain for VADs. In the short term,
bleeding and right heart failure are major early postimplantation problems. Later drive
line infections can lead to major complicaitons, including sepsis and device infection,
which are difficult to treat. Longer-term issues, such as aortic valve disease and pump
failure, are also important as destination programs become more common and VAD
patients are living longer.

1.6 Key trials in extracorporeal membrane oxygenation and ventricular assist
devices
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Table 5. Pivotal randomised controlled trials of adult ECMO and mechanical cardiac supports

including

Trial, Author, Year, Journal Type | Study Design Population Intervention Control Primary Outcome
ECMO
Zapol, 1979, JAMA [61] V-A | MCRCTin9 Severe V-A ECMO ‘ICU Hospital survival 5/42 (9.5%) vs 5/48
US centres respiratory treatments” (8.3%) p=NS
failure (not
specified)
Several paediatric trials followed,
including Bartlet [74], [75] and [76]
Morris, 1994, American Journal of | V-V | Single-centre | 40 Severe Pressure Protocolised | Primary Outcome Survival at 30 days:
Respiratory and Critical Care RCT ARDS patients | controlled mechanical ECMO 33% vs control 42% p=0.8
Medicine [77] inverse ratio | ventilation
ventilation
and ECMO
CESAR Peek, 2009 Lancet [43] V-V | MCRCT, 103 | Severe ARDS | Protocol of No specific Death or disability at 6 months
centres in UK transport and | mechanical 57/90 63% ECMO allocation survived vs
consideration | ventilation 41/87 (47%) conventional RR 0.69 0.05-
of V-V protocol 0.97
ECMOina
specialist
centre
EOLIA, Combes, 2018 NEJM [55] V-V | MCRCTin64 | Severe ARDS | V-V ECMO Protocolised | 60 day mortality 44/124 (35%) vs 57/125
2018 centres in lung (46%) RR 0.76 P 0.09.
France and protective
internationally ventilation,




NMB and

proning
Ventricular Assist Device
REMATCH, Rose, 2009, NEJM[71] | VAD | MCRCT in 20 | 129 end stage | Pulsatile Optimal Death from any cause RR, 0.52 (0.34 to
experienced heart failure Thoratec medical 0.78 P=0.001
cardiac patients not HeartMate management
transplantation | eligible for XVE
centres in US | cardiac
transplant
HeartMate Il DT (Destination VAD | MCRCT in 38 | 200 Patients Continuous Pulsatile Survival at 2 y free of disabling stroke or
therapy), Slaughter, 2009, NEJM centres in US | with advanced | HeartMate Il | HeartMate reoperation for device repair or
[44] heart failure (axial) XVE replacement 46% with HeartMate 1l vs
who were 11% with HeartMate XVE P<0.001
ineligible for
transplantation
MOMENTUM, Mehra, 2017, NEJM | VAD | MCRCT in 69 | 294 Advanced | HeartMate Ill | HeartMate Il | Survival free of disabling stroke or
[34] US centres heart failure magnetically | axial pump survival free of reoperation to replace or
patients (BTT | elevated remove the device at 6 months
or DT) centrifugal HMIII 86% vs HMII 76% P<0.001 for
pump noninferiority

MCRCT = multicentre randomised controlled trial
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Table 6. Summary of international guideline recommendations for the use of ECMO and VADs

AHA r:vsazc 2015 SCAI/ACC/HFSA/STS
ESC2016[8] 2013 Clinical Expert Consensus ECMONet ELSO
[14] 2014 Statement [52]
[19]
V-A “Temporary mechanical | lla lIb “Early TMCS may be considered | No clear recommendation. “‘ECLS is considered in
ECMO | heart supports cannot be | Level B | Class | in those who fail to stabilize or | “There is an ongoing need for | patients with a 50% mortality
recommended as a proven C show signs of improvement | controlled clinical trials and | risk, ECLS is indicated in
or efficacious treatment for quickly after initial interventions” | other high-level evidence to | most circumstances at 80%
acute cardiogenic shock. In clarify the appropriate use of | mortality risk” [30]
selected patients it may “Severe biventricular failure may | ECMO in severe refractory
serve as a bridge to definite require use of both right- and | cardiogenic shock and other
therapy” left-sided percutaneous MCS or | cardiac indications” [78]
veno-arterial ECMO”
“When oxygenation remains
impaired, adding an oxygenator
to a TandemHeart circuit or use
of ECMO should be considered”
V-V - - - - No clear recommendation | In hypoxic respiratory failure
ECMO ‘Although some  evidence | due to any cause (primary or
suggests that ECMO may be | secondary) ECLS should be
life-saving in severe ARF, the | considered when the risk of
risk-to-benefit ratio of ECMO in | mortality is 50% or greater,
this setting has yet to be fully | and is indicated when the risk
elucidated” [79] of mortality is 80% or greater
(80]
VAD lla Level CBTT Class lla - - -
lla Level B DT lla
Level B

Ila = "Moderate strength. Reasonable, can be useful/effective, probably recommended over alternatives”. Benefit >> Risk
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IIb = "weak, may be reasonable, may be considered, usefulness is unknown, unclear or not well established". Benefit=Risk
Level C = RCT or observational or registry data with limitations in design

MCS = mechanical circulatory support

TMCS = temporary mechanical circulatory support
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Although ECMO has been available for some centres since the 1950s and VADs since
the 1980s, there is a scarcity of high-quality evidence to guide clinical practice.
Furthermore, as the technology has changed rapidly, many of the older trials cannot
be directly applied to contemporary conditions. Nevertheless, a review of the major
trials, evidence base and guidelines in ECMO and VADs informs our current
understanding and guides the best direction forward (see Tables 5 and 6).

Evidence and guidelines for ECMO for cardiac failure

There are currently no published randomised controlled trials (RCTs) comparing V-A
ECMO with alternative treatments for the treatment of cardiogenic shock. Several
observational studies suggest possible benefit. In a single centre before-and-after
study, 219 patients with cardiogenic shock following acute myocardial infarction were
treated with ECMO between 2002 and 2009 [81]. These were compared to a historical
control group of 115 patients treated between 1993 and 2002 without ECMO. 30-day
survival in the ECMO group was 60%, compared with 35% in the non-ECMO group (p
= 0.003). A 2016 systematic review of observational studies suggested improved 30-
day survival when compared to IABP, although no difference compared to
TandemHeart/Impella [82].

Current international guidelines do not have consensus for the use of V-A ECMO in
cardiogenic shock (see Table 6). The 2013 AHA guideline gave a IIA Class C
recommendation, and the 2014 European guidelines recommended IIB level C
recommendation. ELSO suggests “extracorporeal life support should be considered
when the expected mortality rate is >50% and it “is indicated in most circumstances at
80% mortality risk’[30]. The guidelines in Table 6 emphasise the importance of
individual hospital experience and careful patient selection, rather than the routine
application of ECMO [83].

Evidence and guidelines for ECMO for respiratory failure

There have been four major RCTs in ECMO for adult respiratory failure during the last
four decades. The first trial was published by [61]. ECMO was used to treat patients
with severe acute respiratory failure. Hospital survival was 5/42 (9.5%) vs 5/48 (8.3%;
no significant difference). The shortcomings of this trial were that V-A ECMO was used
to treat the respiratory failure, which is no longer considered optimal, and ECMO was
initiated on average 7-9 days after initiation of mechanical ventilation, when the
disease had often become irreversible. In addition, older generations of ECMO
support were at higher risk of thrombosis and bleeding.

In the second major ECMO trial, published in 1994, patients with severe respiratory
failure underwent a strategy of V-V ECMO plus pressure-controlled inverse ratio
ventilation compared to protocolised mechanical ventilation [77]. Survival at 30 days
was lower in the ECMO group than in the mechanical ventilation group (33% vs 42%,
p=0.8). Limitations of this trial include it being a single-centre trial, and was stopped
early at 40 out of 60 planned patients due to lower survival in the ECMO group. Neither



of these first two trials is relevant to modern ECMO, because case selection,
ventilation strategies and disease management were completely different from
modern protocols, and circuit design has vastly improved [84].

The CESAR trial was published in 2009. Patients in the UK with severe potentially
reversible respiratory failure were randomised to either transfer to a specialist centre
for consideration for ECMO treatment, or to continue conventional ventilation in the
original hospital. This trial reported improvement in survival at six months without
disability after randomisation in the ECMO group compared to the conventional
ventilation group (63% vs. 47%, relative risk [RR] 0.69; 95% confidence interval [Cl]
0.05-0.97, p = 0.03, number needed to treat [NNT] 7). Limitations of this trial include
that only 65/90 (75%) actually received ECMO in the intervention arm, so it may have
been the specialist centre that provided the benefit, and the treatments in the control
arm were not standardised.

The EOLIA trial, published in May 2018, randomised patients with severe ARDS to
receive either V-V ECMO or standard protocolised mechanical ventilation strategy.
The trial included current evidence-based practices, such as continuous use of
neuromuscular blockade, and proning. The trial was stopped early due to a
prespecified stopping rule, and was therefore underpowered to answer the primary
outcome of day 60 mortality (35% vs 46%, RR 0.76, 95% CI 0.55-1.04, p=0.09). In
addition to being underpowered, 28% of control patients crossed over and had rescue
ECMO, making the interpretation of the result challenging. The interpretation of this
trial has been controversial, but many have argued that the data in aggregate suggest
a clinical benefit from ECMO over standard care, especially if initiated early rather than
late[85].

The trials reviewed above highlight the many challenges in conducting clinical ECMO
research. The low patient numbers that present to hospitals, the severity of illness,
and the complexity of the intervention make completing RCTs very difficult. While there
have been only a few trials, many other observational studies of ECMO for respiratory
failure have been performed [86]. Many show potential benefit but are limited by their
non-controlled design, lack of blinding, and considerable potential for bias. ELSO
recommends considering ECMO when the risk of mortality is 50% or greater, and that
it is indicated when the risk of mortality is 80% or greater. This definition can be difficult
to apply in practice. The American Thoracic Society guideline for mechanical
ventilation in ARDS [24], as well as the ECMONet guideline for respiratory failure [79],
recommend caution, and that ongoing trials are needed to clarity the exact role of
ECMO in the treatment of severe respiratory failure.

Evidence and guidelines for ventricular assist devices
Three major trials have assessed the role of VADs in the management of advanced
heart failure. The first was the REMATCH trial [71]. This trial demonstrated that, in
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patients with end-stage heart failure who were ineligible for transplantation, a pulsatile
LVAD decreased the risk of death compared to best medical treatment (RR 0.52,
95%CI1 0.34 to 0.78, p=0.001). The device used was an early model pulsatile Thoratec
device, and there was a high rate of infection, bleeding and device malfunction. The
next trial was the HeartMate Il DT trial, published in 2009 [44]. This trial randomised
200 patients who were ineligible for cardiac transplantation, and compared a newer
generation HeartMate |l continuous flow axial device with an older HeartMate XVE
pulsatile device. The primary composite end point of 2-year survival free from disabling
stroke and reoperation to repair or replace the device was more common with the
newer HeartMate Il device than the older device (62 of 134 [46%] vs. 7 of 66 [11%)],
p<0.001, hazard ratio 0.38, 95% CI 0.27 to 0.54, p<0.001), suggesting both survival
benefits and a reduction in VAD-related morbidity. The third trial was the recent
MOMENTUM trial, which randomised 294 patients with end-stage heart failure (bridge
to transplant or destination therapy patients) to either a newer HeartMate Il (with
magnetically elevated centrifugal pump and "pulsatility") or an older continuous Axial
HeartMate Il pump [34]. This trial reported improved patient survival, and an increase
in patients free from disabling stroke or need for reoperation to replace or remove the
device at 6 months (86.2% vs 76.8%, p<0.001).

Taken together, these trials, in highly selected trial populations, support the use of
VADs over medical therapy, and also suggest that the newer miniaturised continuous
flow devices have fewer complications than older models. The 2016 European Society
of Cardiology guideline states that VADs should be considered in patients who have
end-stage heart failure despite optimal medical and device therapy in order to improve
symptoms, reduce the risk of heart failure-related hospitalisation and the risk of
premature death, and to reduce the risk of premature death in those who are not
eligible for transplantation (i.e. destination therapy) [8]. Likewise, the 2013 American
College of Cardiology guidelines suggest the use of durable mechanical cardiac
supports is reasonable to prolong survival for carefully selected patients with severe
refractory heart failure [14].

In summary, high-level evidence to guide the use of ECMO and VADs is scarce, and
is often limited to observational studies and expert opinion. Many older studies are no
longer relevant to today’s practice. Further high-quality evidence is needed to address
these gaps in the future.

1.7 Patient selection - inclusion/exclusion criteria and timing

Inclusion and exclusion criteria

The decision for clinicians to initiate ECMO and VADs is complex. It involves weighing
up multiple individual factors so that ideally only patients who will benefit are selected,
whilst patients with irreversible disease, a high risk of death or no destination are
excluded. Important factors that impact survival include the age of the patient, the
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extent and number of chronic comorbidities, the cause and reversibility of the disease,
the number of acute organ failures, acute physiological disturbance and the wishes of
the patient. The decision to start ECMO must often be done quickly in a rapidly
deteriorating patient, and therefore is often made without all information being
available. Systems factors are also important and include the location of the patient
and whether the patient needs to be transported, and the availability of resources (see
Table 7).

In addition to the above factors, initiating VADs must be considered carefully since
VAD support usually continues after hospital into the outpatient setting. Patients with
unresolved psychological issues, drug or alcohol problems, or concerns around
compliance are all relative contraindications to starting a VAD [87].

38



Table 7. Indications, absolute and relative contraindications for mechanical supports

V-A ECMO V-V ECMO VADs
Indications Post-AMI [88,89] Severe ARDS [43] Established heart
failure
Dilated Pneumonia and acute | Unable to wean
cardiomyopathy (with lung injury inotropes
an exit strategy)
Myocarditis [90] Influenza [91]
Cardiac arrest
Post-drug overdose Aspiration
[92]
Post-cardiotomy [93] Asthma
Primary graft Chronic lung disease
dysfunction post with an exit strategy
cardiac transplant [94]
Massive pulmonary Primary graft
embolus [95] dysfunction post lung
transplant [96]
Refractory arrythmias | ECMO as a bridge to
lung transplantation
Sepsis associated
cardiomyopathy
Absolute >Mild aortic Chronic/terminal lung Sepsis
Contraindications regurgitation disease and no exit
strategy
Aortic dissection Mechanical ventilation | =2 Major end organ
> 7 days failures

Chronic heart failure
with no exit strategy

Liver cirrhosis 2CHILD
B

Severe
haemodynamic
instability

Severe peripheral
vascular disease

Need for prolonged
mechanical ventilation

Uncertain neurological
status

Relative
Contraindications

Older age >65

Older age >70

Right heart failure

Chronic organ failures

Immunosuppression
[97]

Potentially reversible
end organ failure

Mechanical ventilation
>7days

VILI prior to ECMO

Uncertain neurological
status

Severe coagulopathy

=2 organ failures

Psychological issues
[87]

Drug or alcohol issues

Compliance concerns

Timing of insertion

A key decision for initiating mechanical cardiac and respiratory support is what triggers
to use and when to begin. Initiating ECMO or a VAD too early in the time course of the
disease results in patients being exposed to the risk of the devices when they
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ultimately would have recovered without them. However, initiating support too late,
(known as rescue ECMO, or inserting a VAD at INTERMACS stage 1), when organ
(renal or liver failure) are present, or following cardiac arrest, is associated with large
increases in mortality [98],[99]. Table 8 shows commonly used triggers for initiating V-
A ECMO, V-V ECMO and VAD supports.

Table 8. Commonly used triggers for initiating V-A ECMO, V-V ECMO and VAD

supports
. Ventricular assist
Venoarterial ECMO Venovenous ECMO .
devices [8]
Increasing lactate or Worsening oxygenation or CO2 LVEF<25% and VO2
malperfusion despite: removal despite: <12Kg/min
- inotropes - mechanical ventilation Unable to wean
- mechanical ventilation - high PEEP/FiO2 inotropes
- proning =3heart failure
- nitric oxide admissions/year without
obvious precipitating
cause
Progressive organ
dysfunction

Various scoring systems have been developed to improve decision-making around
patient selection. These include the SAVE score [98] for V-A ECMO, the
ENCOURAGE score for patients on V-A ECMO post-AMI [89], the RESP score for V-
V ECMO [100] and the ECMONet score for HIN1 influenza requiring V-V ECMO
[100,101]. The INTERMACS score has been used to predict outcomes post-VAD
insertion [102]. Scoring systems can predict outcomes better than individual clinicians,
as they can weigh each variable in the model more objectively and help with
prognostication [103]. Limitations of scoring systems, however, are that they only
include patients who are already on ECMO or have a VAD (and don't include patients
who are excluded), and many models have not been validated to work on an individual
patient level, but work on a population level only. Team-based decision-making is
another important factor used to reduce individual bias and improve outcomes.
Selection of patients and timing remains a major challenge, and future studies are
need to define the optimal patients and timing for the initiation of ECMO and VADs.
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1.8 Organisation of ECMO and VAD services

Centre volumes
Extracorporeal membrane oxygenation and VAD use has traditionally been limited to

high-volume centres with considerable expertise. Benefits of this include the
concentration of expertise, knowledge sharing, financial efficiencies and opportunities
for research. In addition, ECMO should be managed at centres that can both initiate
and provide long-term support therapies, such as VADs and transplant [83]. A
relationship between ECMO patient volume and outcome has been shown [104].
Likewise, the organisation of VAD services is ideally limited to only centres with
cardiac surgeons, theatres and perfusionists. It requires sternotomy, access to
operating rooms, transoesophageal echocardiography, and specialist anaesthetists,
heart failure services and VAD coordinators, and often is linked with transplant
services.

Patient retrieval

Patients with severe cardiac or respiratory failure may present to any hospital,
including smaller peripheral hospitals without advanced mechanical cardiac or
respiratory support programs. However transportation of such patients with
conventional supports is extremely dangerous and has been associated with
significant morbidity [43]. Therefore, ECMO retrieval teams/services have been
developed, staffed from the ECMO centre, to enable the safe initiation and
transportation of patients from the peripheral hospital to specialist ECMO and VAD
centres. The optimal way to organise this service has not been determined.

1.9 Outcomes after hospital

To date, much research for ECMO and VADs has focused on short-term outcomes,
including in-hospital morbidity and mortality, and costs [105]. But as hospital survival
increases following ECMO and VADs and intensive care, understanding the long-term
survival and morbidity of these patients is becoming more important. Programs such
as destination programs in VADs, which are real alternatives to cardiac transplants,
need to be evaluated in the post-hospital period, but relatively little emphasis has been
placed on these factors in research so far.

1.10 Summary of introduction

e Advanced cardiac and respiratory failure are life-threatening conditions with
mortalities in excess of 40%.

e ECMO and VADs provide temporary circulatory and oxygenation support,
enabling time for other treatments and recovery to occur.

e ECMO and VAD use has increased greatly over the last 20 years.
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Major developments have occurred in ECMO and VAD equipment over the last
50 years, including improved biocompatibility and miniaturisation.

ECMO is indicated to treat cardiogenic shock or severe respiratory failure when
failing conventional treatments.

The costs of ECMO and VADs remains extremely high, therefore good patient
selection remains essential.

VADs are used for long-term cardiac support in those patients who don’t
recover.

Although our understanding of the way these devices work and their
complication rate has improved, there remains little evidence to guide much of
their use.

Given this summary, the aims of the research presented in this thesis were to:

1) review the current reporting and definitions of outcomes and complications in
V-A ECMO literature;

2) investigate the immune-inflammatory response to ECMO;

3) review the cannulation technique in V-V ECMO;

4) describe the complications of ECMO and VADs;

5) review a critical care physician-led system of ECMO retrieval;

6) investigate the long-term survival of patients after V-A ECMO; and

7) investigate the utility of invasive investigations in patients with LVADs.
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Chapter 2: Venoarterial extracorporeal membrane oxygenation

This chapter consists of a systematic review of the current reporting, outcomes and
definitions used in V-A ECMO research. Studies were selected for study quality based
on having 2100 V-A ECMO patients and patient-centred outcomes measures. The aim
of the study was to appraise the selection criteria, outcome measures, and definitions
of complications used in current V-A ECMO studies. This work related to thesis aim 1.
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Venoarterial Extracorporeal Membrane Oxygenation: A Systematic Review of

Selection Criteria, Qutcome Measures and Definitions of Complications

Abstract
Purpose:
The purpose of this study was to systematically investigate the reporting of selection criteria
and outcome measures, and to examine definitions of complications used in venoarterial

extracorporeal membrane oxygenation studies (VA-ECMO).

Materials and methods:

Medline, EMBASE and the Cochrane central register were searched from January 2005 to
July 2017. We included all adult VA-ECMO studies. We excluded studies >12 years old,
studies with <99 patients, and studies without patient centered outcomes. Two reviewers

independently assessed search results and undertook data extraction.

Results:

Forty-six studies met the inclusion criteria, and all were retrospective, observational studies.
Inconsistent reporting of selection criteria and outcome measures was common. In-hospital
mortality was the most common primary outcome (41% of studies), followed by 30-day
mortality (11%). Bleeding was the most frequent complication reported, most commonly
defined as “bleeding requiring transfusion” (median >2 Units/day). Significant variation in
reporting and definitions was also evident for other vascular, neurological and renal

complications.

Conclusion:
This systematic review provides clinicians with the most commonly reported selection

critieeria, outcome measures and complications used in ECMO practice. However non-
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standardized definitions and inconsistent reporting limits their ability to inform practice. New
consensus driven definitions of complications and patient centred outcomes are urgently

needed.

Highlights

o This review highlights the commonly reported selection criteria, outcomes and
complications used in VA-ECMO research.

o We found inconsistent reporting and significant variation of definitions used for
complications.

o These findings highlight the problems aggregating and interpreting current VA-
ECMO research.

e New consensus driven definitions of complications and patient centered outcomes are

needed to address this.

Keywords Venoarterial; Extracorporeal Membrane Oxygenation; Heart Failure; Outcomes;

Definitions
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Abbreviations

Venoarterial (VA)

Extracorporeal Membrane Oxygenation (ECMO)

Venovenous (VV)

Extracorporeal cardiopulmonary resuscitation (ECPR)

Cardiac Index (CI) L/min/m’

Interagency Registry for Mechanically Assisted Circulatory Support (INTERMACS)
Computerised topography (CT)

Magnetic resonance imaging (MRI)

Risk, Injury, Failure, Loss, and End-stage Kidney (RIFLE) Classification
Renal replacement therapy (RRT)

National Institute for Health and Care Excellence (NICE)

Extracorporeal Life Support Organization (ELSO)

Red Blood Cells (RBCs)
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Introduction

As venoarterial extracorporeal membrane oxygenation (VA-ECMO) for cardiac failure
becomes more widespread, high quality robust evidence is crucial to inform its appropriate
use[1,2]. However, performing VA-ECMO research is challenging. It is a complex
intervention with substantial inter-center variation in technique. Complications result from
both the ECMO support and the patients' underlying illness. Furthermore, VA-ECMO for
cardiac failure is uncommon, making it challenging to perform prospective trials with

adequate power.

For clinicians, rigorous appraisal and understanding of the available data is essential to assist
their clinical decision-making and delivery of care. High quality research methods,
standardized outcome measures, and consensus driven definitions and complications are

essential to facilitate ECMO research, which will in turn lead to better outcomes|[3,4].

There has been little appraisal of the methodology and reporting used in current ECMO
studies. Although several international guidelines exist, which include various definitions of
ECMO and its complications, it is not clear how these have been adopted into practice[5-7].
The aims of this study were to systematically investigate the reporting of selection criteria
and outcome measures, and to examine the common definitions of complications used in

current VA-ECMO studies.
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Methods

The protocol for this review was prospectively registered with PROSPERO (International
prospective register of systematic reviews; (CRD42015030031). We adopted the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines for

reporting this review|[8].

Search Strategy
MEDLINE, EMBASE, and Cochrane central register of controlled trials (CENTRAL) were
searched up to June 2017 for relevant studies. We manually searched systematic reviews and

searched references of relevant studies.

Inclusion and exclusion criteria

We included interventional and observational studies of ECMO for cardiac and respiratory
failure in English language (see search strategy in Supplemental Digital Content). Studies
were excluded if they were pathophysiological studies without patient-centred outcomes, if
they had <99 patients, if there were co-interventions where the focus was not ECMO, all
nonhuman studies, and paediatric studies (age less than 18 years). Studies that were over 12
years old were excluded to account for the rapidly changing nature of the ECMO field.
Studies that had a mixture of modes were excluded if the predominant type of ECMO was

venovenous (VV) or extracorporeal cardiopulmonary resuscitation (ECPR).

Study Selection and data extraction
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All screening and data extraction was completed using Covidence software[10]. Titles and
abstracts of all identified studies were screened by two of three authors (AB, AS, VB), with
discrepancies resolved by consensus. Full text review of eligibility was conducted by three
authors independently (AB, VB, AS) and relevant data was extracted in duplicate from
included studies. Discrepancies were resolved by discussion and adjudication by a fourth

author (CH).

Qutcomes
The primary focus was the reporting of patient selection (inclusion, exclusion, and diagnostic
groups), ECMO management, primary and secondary outcomes, and definitions of

complications.

Analysis
The comparison between the number of patients in single centre versus multicentre studies
was performed using chi square test (SPSS (Version 24 SPSS Inc, Chicago, IL, USA). No

formal meta-analysis was performed on this descriptive systematic review.

Results

Selected studies

The initial search yielded 2885 articles, of which 2309 were excluded through title and
abstract review, leaving 575 potentially meeting our inclusion criteria. After a complete text
analysis, 529 were excluded, leaving 46 studies, encompassing 20375 patients (Figure 1 and

Supplemental Digital Content - Tables 1 and 2).

Description of studies
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Of the 46 studies evaluated, all were observational and retrospective in design, with no
randomized controlled trials. Thirty-seven (80%) were single centre studies, while nine
(20%) were multicentre. There were no single centre cohort studies, and only 3 multicentre
cohort studies. The ECMO modality was mixed (e.g VA plus VV or ECPR) in 13/46 (28%)).
Multicentre studies had larger median numbers of patients compared to single centre studies
(322 vs 154; P<0.01). However there were no differences in the number of prospective
studies, interventional studies or in the use of multivariate analyses (See Supplemental

Digital Content - Table 2).

Patient selection (Table 1).

An indication for ECMO was reported in forty-three (94%) studies, with the most common
indication being “cardiogenic shock™ and “refractory heart failure”. Several terms, such as
“heart failure refractory to treatment” were also used interchangeably. Thirty-three (72%)
studies had specific physiological criteria (e.g., cardiac index [CI]) for initiating ECMO. The
threshold for initiating ECMO for the 10 studies which reported a cardiac index was variable,
with a median CI <2.0 L/min/m” (range <1.5-2.4 L/min/mz) and a median for systolic blood
pressure <80 mmHg (range 60-90 mmHg). Forty-three (94%) studies reported diagnostic
groups, with the commonest being post-cardiac surgery (57%), followed by ECMO post-
cardiac or respiratory transplantation (28%) and ECMO post-acute myocardial infarction
(26%). Only 16 (37%) studies reported any exclusion criteria. A median age cut off of <80

years old was reported in 3 studies (range 65-80).

ECMO Management (Table 2)
The details of the ECMO pump were specified in 27 (59%) studies. Ten (22%) studies

reported routinely using 2 or more brands of pumps, and Rotaflow® (Maquet), Capiox®
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(Terumo) and Cardiohelp® (Marquet) were the most commonly reported. The type of
oxygenator was reported in 23 (50%) studies, with Quadrox® and Affinity® (Medtronic)
being the most common. A heparin anticoagulation strategy was reported in 24 (52%). The
ECMO cannulation site was the most commonly reported information on cannulation 32
(69%). Sixteen (35%) studies reported the use of backflow cannulas with 9 (20%) performing

these routinely, and 5 (11%) performing these on a selective basis.

Complications (Table 3)

Bleeding was the most commonly reported complication in 28 (61%) of studies. Twenty four
(52%) of these studies defined bleeding more specifically. The most common definition was
“bleeding requiring RBCs/transfusion”. Two or more units was the most common threshold
(4 studies), with studies ranging from >1 units to five units[11]. The time period used to
define the amount of bleeding was rarely reported — but ranged from less than 6 hours[12] to
30 days[13]. “Bleeding requiring surgery” (eg surgical revision of a cannula or
gastroenterological endoscopy) or “bleeding from cannulation or surgery” were the next most
common definitions. Several studies used definitions from Extracorporeal Life Support
Organization (ELSO), European coronary artery bypass graft (ECABG) bleeding definition,
or the Interagency Registry for Mechanically Assisted Circulatory Support (INTERMACS)

bleeding definitions (Supplemental Digital Content: Definitions Used in Studies).

Vascular complications were reported in 26 (57%) studies and 23 (38%) studies defined this
in more detail. Ischaemia or thromboembolism were the commonest definitions: ischaemia
(45%) was defined in several studies as “pallor, pulselessness, gangrene”[14] or diagnosed
“clinically and corroborated by 2D ultrasound”’[12]. No studies defined thromboembolism. In

one study, compartment syndrome was defined as compartment pressure >30 mmHg[12],
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fasciotomy was defined as “fasciotomy for compartment syndrome”, and amputation rates
were also reported. “Vascular injury requiring surgical repair” in 17 (37%) studies was
defined in one study as “vascular injury requiring surgery, but not repair on removal”[15].
Neurological injury was reported in 25 (54%) studies, with many studies reporting the
incidence of stroke or intracranial haemorrhage (ICH). However the method of diagnosis was
only reported in 5 (11%) studies mostly commonly as “evidence of ischaemia or blood on

computerised topography (CT) or magnetic resonance imaging (MRI) scans”[15-19].

Renal failure was reported in 24 (52%) studies. Acute kidney injury requiring renal
replacement therapy (RRT) was the most common definition, followed by the Risk, Injury,
Failure, Loss, and End-stage Kidney (RIFLE) classification (Supplemental Digital Content).
Whether the RRT was initiated before or during the ECMO was not specified. Infection or
sepsis was reported in 19 (40%) studies, but the majority had no stated criteria or definitions.
Other less commonly reported complications included: cannula infection in 8 (17%) studies
and equipment failure in 9 (20%) studies. Equipment failure was most commonly described
as a circuit change in 5 (11%) studies, but also included oxygenator change and circuit

thrombosis.

Outcomes measures (Figure 2)

A single primary outcome was reported in 21 (46%) of studies. The most common was in-
hospital mortality in 19 (41%), followed by 30-day mortality in 5 (11%). In 23 (50%) studies
there were multiple primary outcomes, and these were most commonly assessing mortality
across multiple time points. A non-mortality primary outcome was the focus of 9 other

studies, including vascular complications in 4 (9%)[12,20-22], bleeding events in 2
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(4%)[23,24], central nervous system (CNS) complications in 2 (4%)[17,18] and infection in

one (2%)[25] study.

Discussion

This systematic review describes the most commonly reported patient selection criteria,
ECMO management strategies, and outcome measures used in VA-ECMO studies and
clinical practice. We found the reporting of these domains was highly variable and
inconsistent. We found substantial variability in the definitions used for complications. These

findings have significant implications for the interpretation of current VA-ECMO research.

Similar to previous systematic reviews of VA ECMO [26,27], the vast majority of ECMO
studies were single centre, retrospective, observational studies with a high potential for bias,
and there were no randomized controlled trials. This reflects an overall low quality of

evidence to guide practice[28].

In our study, we found the selection criteria for commencing ECMO was highly variable. For
example, reporting of upper limits for age, number of organ failures, duration of mechanical
ventilation and the type of disease process differed between studies. In one study, the
threshold to commence ECMO was a cardiac index of <1.5 L/min/m” for entry[29], while
another only required an index of <2.2 L/min/m*[25]. These factors have been shown in
published predictive models to have an important impact on overall outcomes [30]. Many
studies also combined venovenous and extracorporeal cardiopulmonary resuscitation patients

with VA-ECMO patients. The overall result is that very different patient populations enter
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into each study, which in turn limits the ability to compare studies or draw firm conclusions

[31].

We found the daily management of ECMO was poorly reported, with approximately 50% or
fewer of studies including information on equipment or technique. ECMO is a complex
intervention, and many individual aspects can impact outcomes. Poor description of the
technique can limit the ability to reproduce and generalise to other systems, as well as limits
the ability to compare across studies, as was recently observed in a meta-analysis of backflow
cannulas[32]. The reporting was most detailed for cannulation site, type of ECMO pump,

anticoagulation use, and weaning protocols.

The primary outcome reported in the studies was also highly variable, and most had a short-
term focus. Short term outcomes can be insensitive to the effect of interventions[33] and
maynot be as important to the patient or their family. As survival rates continue to improve in
intensive care, functional outcomes, morbidity and long term survival are becoming more
important measures of an intervention. This is reflected in the recent NICE guidelines for
heart failure which recommend a combination of mortality and functional outcomes[34]. In
our study, 50% of studies also had multiple primary outcomes, which can lead to reporting
bias, as multiple outcomes increase the chance of false positive results, especially when not

defined a priori.

The reporting of complications in the studies was also inconsistent, and few utilized
standardized definitions, such as the Extracorporeal Life Support Organization (ELSO) or the
Interagency Registry for Mechanically Assisted Circulatory Support (INTERMACS)

definitions. A bleeding event was defined in some studies as “bleeding requiring
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RBC’s/transfusion”, while in others a specific threshold was chosen, such as the number of
units of RBC transfused per day. The time period used to define the event was also variable —
from 6 hours up to 30 days. Descriptors such as “bleeding requiring surgery” were common
but are subjective and are difficult to interpret between studies. Poor descriptions and
subjectivity were also common in descriptions of ischaemia, thrombosis, acute kidney injury,
stroke or intracranial haemorrhage, infection and cannula related infections. Selective
reporting of complications can also lead to important other complications being missed'®. For
example, only reporting bleeding rates from femoral cannulation may miss other

consequences such as lower limb ischaemia or amputation.

As ECMO becomes more common, ECMO research needs to move from smaller, single
center studies to well-designed prospective trials, using consensus-based selection criteria,
standardized definitions and patient-centered outcome measures. The result of the
inconsistent reporting and the lack of standardization of definitions of complications
described in this systematic review is that it reduce the capacity of metaanalyses to derive
meaningful conclusions to inform clinical practice[35]17. This review highlights the problems
aggregating and interpreting current VA-ECMO research, and highlights the need for future

development of consensus driven definitions of complications and patient centered outcomes
This review has a number of strengths. It was conducted using high quality systematic review
methodology. A highly sensitive search strategy was developed which was independently

reviewed by an information specialist in order to comprehensively cover the literature. In

order to keep the studies current, the search was restricted to the last 12 years.
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There are several limitations of this study. Studies with <99 patients were excluded as per
this previous systematic review [9], however this may have excluded some lower volume
centers. We also focused on studies with patient related clinical outcomes, which meant

excluding certain pathophysiological studies.

Conclusion

This systematic review provides clinicians with the most commonly reported
selection criteria, complications and outcome measures used in VA-ECMO studies and
clinical practice. Clinicians need to be aware of the overall low quality of VA-ECMO studies,
the inconsistent reporting of selection criteria and outcomes, and the lack of standardized
definitions of complications. Consensus-based definitions and longer term outcomes are

urgently needed to address this issue.
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Figure 1: Venoarterial ECMO flow diagram 2006-2017
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Table 1: All Studies Reporting Patient Selection Criteria for VA-ECMO

Selection Criteria  Specific or Defined Criteria Total studies no, (%)
Indications Cardiogenic shock/refractory cardiac failure 29/46 (63%)
Post cardiotomy cardiogenic shock 18/46 (39%)
Cardiac arrest 12/46 (26%)
Failure to wean from bypass 6/46 (13%)
Any indications reported 43/46 (94%)
Specific Presence of or refractory to inotropes 19/46 (41%)
Physiological Cardiac index (median < 2.0 L/min/m?, range 1.5-2.2) 10/46 (22%)
Criteria SBP (median <80mmHg, range 60-90) 10/46 (22%)
Presence of IABP* 19/46 (41%)
Lactate (median > 4 mmol, range 3-4) 3/46 (7%)
Any specific physiological criteria 33/46 (72%)
Diagnostic Post cardiac surgery 26/46 (57%)
Category Post transplantation surgery (cardiac and/or respiratory) 13/46 (28%)
Post acute myocardial infarction 12/46 (26%)
Cardiomyopathy 12/46 (26%)
Myocarditis 6/46 (13%)
Acute decompensated heart failure 4/46 (9%)
Any diagnostic category reported 43/46 (94%)
Exclusions Malignancy 4/46 (9%)
Age (Median >80, Range 65-80) 3/46 (7%)
Irreversible organ damage 3/46 (7%)
Death expected within 24hours 3/46 (7%)
Multiple runs of ECMO 2/46 (4%)
Trreversible neurological damage 2/46 (4%)
Mechanical ventilation >7 days 1/46 (2%)
Not for resuscitation order 1/46 (2%)
Any exclusions reported 17/46 (37%)

ECMO - Extracorporeal membrane oxygenation; *SBP - Systolic blood pressure; * IABP —
Intra-aortic Balloon Pump



Table 2: Studies reporting ECMO Management

Management Details Reported Total Studies n, (%)
Equipment Type of ECMO pump 27/46 (59%)
Type of oxygenator 23/46 (50%)
TABP use 19/46 (41%)
Methodology Anticoagulation use 24/46 (52%)
Routine heparin administration 16/46 (35%)
Bolus plus routine heparin administration 8/46 (17%)
ECMO Weaning Protocol 20/46 (43%)
Left ventricular venting 5/46 (11%)
Cannulation Any Site 32/46 (69%)
Femoral-femoral 31/46 (67%)
Femoral-axillary 9/46 (20%)
Central 18/46 (39%)
Method of cannulation 25/46 (54%)
Percutaneous 22/46 (48%)
Open/Surgical 11/46 (24%)
Backflow indication 16/46 (35%)
Routine 11/46 (24%)
Selective 5/46 (11%)

ECMO - Extracorporéal membrane oxygenation; IABP — Intra-aortic Balloon Pump
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Table 3: Reporting and Definitions of ECMO Complications

Complication  Reported Common definitions used Total Studies n,
(%)
Bleeding 28/46 (61%)  Bleeding requiring RBC’s/transfusion 7/46 (15%)
(median >2 units, range 1-5U)
>1Unit 4/46 (9%)
>2Units 1/46 (2%)
>3Units 1/46 (2%)
>4Units 1/46 (2%)
>5Units 1/46 (2%)
Bleeding requiring surgical intervention 4/46 (9%)
Bleeding from cannulation or surgery 3/46 (7%)
ELSO' or ECABG? or INTERMACS? definitions 3/46 (7%)
Any bleeding definition 24/46 (52%)
Vascular 26/46 (57%)  Ischaemia or thromboembolism 21/46 (46%)
Complications Vascular injury requiring surgical repair 17/46 (37%)
Compartment syndrome 3/46 (7%)
Fasciotomy 3/46 (7%)
Amputation 3/46 (7%)
Any vascular complications defined 23/46 (50%)
CNS Injury 25/46 (54%) CVA or ICH (not further defined) 8/46 (17%)
Blood or ischaemia on CT/MRI 5/46 (11%)
INTERMACS or ICD-9 or CPC scale definitions 3/46 (7%)
Any CNS injury definition 23/46 (50%)
Renal Failure  24/46 (52%)  AKI requiring renal replacement therapy # 10/46 (22%)
RIFLE classification 3/46 (7%)
KDIGO®, AKIN or ICD9 codes each 3/46 (7%)
Any renal failure definition 21/46 (46%)
Infection/ 19/46 (41%)  Sepsis (not defined) 4/46 (9%)
Sepsis CDC® or INTERMACS? definitions each 4/46 (9%)
Positive sputum or blood cultures 2/46 (4%)
Any Infection/sepsis definition 17/46 (37%)
Cannula 9/46 (20%) Local cannula site infection 4/46 (9%)
Infection Positive cultures 2/46 (4%)
CLABSI or CRI criteria 2/46 (4%)
Any cannula infection definition 8/46 (17%)
Equipment 9/46 (20%) Circuit change 5/46 (11%)
Failure Oxygenator change 4/46 (9%)
Circuit thrombosis 2/46 (4%)
Equipment failure defined 9/46 (20%)

ECMO - Extracorporeal membrane oxygenation; ELSO — Extracorporeal life support organization; CNS — central
nervous system; ICH — Intracranial haemorrhage; CVA — Cerebrovascular accident; RIFLE - Risk, Injury, Failure,
Loss, and End-stage Kidney definition; RRT — Renal replacement therapy; RBCs — Red blood cells; CT —
Computerized Tomography; MRI — Magnetic resonance imaging; INTERMACS - Interagency Registry for
Mechanically Assisted Circulatory Support; CDC — Centers for Disease Control; CLABSI - Central Line
Associated Blood Stream Infection ICD-9 — International classification of diseases. ECABG — European coronary
artery bypass graft bleeding definition; CPC — Cerebral performance category; KDIGO — Kidney disease:
improving global outcomes definition;
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Chapter 3: The impact of venovenous extracorporeal membrane oxygenation on
cytokine levels in patients with severe acute respiratory distress
syndrome

This chapter describes a single-centre observational study, conducted in Regensburg,
Germany, of the interaction between V-V ECMO and the immune-inflammatory
response of patients undergoing V-V ECMO for severe ARDS (the primary aim).
Secondary aims were to investigate the impact of mechanical ventilation and mortality
has on inflammation. This work related to thesis aim 2.
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The impact of venovenous extracorporeal membrane
oxygenation on cytokine levels in patients with severe acute
respiratory distress syndrome: a prospective, observational study

The inflammatory response is central to the pathogenesis of
acute respiratory distress syndrome (ARDS), and if severe or
unchecked, can lead to endothelial injury, end organ failure
and death.! Venovenous (VV) extracorporeal membrane
oxygenation (ECMO) has been shown to reduce mortality
in patients with severe ARDS.Z3 Little is known about the
associated inflammatory/cytokine response of these patients
on the commencement of ECMO, and what impact this has
on overall outcomes.

Currently, conflicting data exist on whether ECMO is
overall pro- or anti-inflammatory.# Exposure of blood to non-
endothelialised surfaces has been shown to activate pro-
inflammatory cytokines.!57 However, ECMO also restores
oxygen supply to hypoxic tissue and enables ultraprotective
lung ventilation (eg, tidal volumes of 3-5 mL/kg), which may
reduce ongoing ventilator-induced lung injury (VILI) and organ
failure.®
Understanding the inflammatory response of patients with
ARDS who undergo VV ECMO is important. Many current
therapeutic strategies are focused on influencing it, such
as reducing VILI through lung-protective ventilation.2-39
Cytokine removal has been discussed as a therapeutic target
to control excessive inflammation. Inflammatory mediators
may also enable better prognostication and improved patient
selection.>10

Our primary aim was to examine the immuno-inflammatory
response in patients undergoing VV ECMO for severe ARDS.

Methods

Population and setting

From January 2009 to August 2015, all consecutive adult
patients with ARDS who underwent VV ECMO in the University
Hospital Regensburg (UKR), were included in the study. The
UKR is a tertiary referral hospital in Germany which operates a
regional ECMO referral service and performs over 100 ECMO
runs per year. Patients were excluded if they had incomplete
data on their cytokine levels, or if they did not have ARDS
(eg, patients with chronic fibrotic diseases who were being
bridged to lung transplantation, or patients who had had a
near-drowning).

A J C Burrell, M Lubnow, T B Enger, V B Nanjayya, A Philipp,
M V Malfertheiner, D Lunz, T Bein, V A Pellegrino and T Miiller

ABSTRACT

Objective: The immunoinflammatory response is
central to the pathogenesis of acute respiratory distress
syndrome (ARDS). However, little is known how this is
affected by venovenous (VV) extracorporeal membrane
oxygenation (ECMO). Our objective was to investigate
the factors that influence the inflammatory response

of patients with ARDS undergoing VV ECMO, and

to analyse the impact of this response on hospital
mortality.

Design and setting: A prospective observational study
of all consecutive patients with severe ARDS who had
VV ECMO at a tertiary German ECMO centre from
2009 to 2015. Patients without complete datasets
were excluded. Cytokines (interleukin [IL]6, IL8 and
tissue necrosis factor [TNF]() and inflammatory markers
(white cell count and C-reactive protein) were assessed
before ECMO initiation and on Days 1, 5 and 10, before
explantation and at explantation.

Results: A total of 262 adult patients undergoing VV
ECMO were analysed. Their median Sequential Organ
Failure Assessment score was 12, Pao,/Fio, ratio was

64 mmHg, and overall in-hospital mortality was 34%.
Cytokine levels fell quickly within 24 hours and fell
further over the first 5 days. Extra-pulmonary ARDS was
associated with higher IL6 and IL8 levels compared with
pulmonary ARDS. Mechanical ventilation with positive
end-expiratory pressure > 15 cmH,O before ECMO
was associated with higher IL6, IL8 and TNF( levels.
Driving pressures above 19 cmH,O before ECMO were
associated with higher IL8 levels. Non-survivors had
higher IL6 and IL8 levels for the duration of ECMO.
Conclusion: Cytokine levels, on average, fall rapidly
after initiation of VV ECMO, which may be related to
the reduction of invasiveness of mechanical ventilation.
Higher cytokine levels are associated with extra-
pulmonary causes of ARDS, more aggressive mechanical
ventilation before VV ECMO, and mortality.

/\/ Crit Care Resusc 2017; 19 (Suppl 1): 000-000
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ECMO indication and support

ECMO was initiated in patients with severe, potentially
reversible respiratory failure, with a Pao,/Fic, ratio of

< 80 mmHg on a positive end-expiratory pressure (PEEP)

of = 15 cmH,0O, and/or refractory respiratory acidosis (pH

< 7.25), despite optimisation of conventional therapy.
The ECMO circuit consisted of a centrifugal pump and a
coated polymethylpentene oxygenator. Cannulation was
performed percutaneously with the Seldinger technique. In
most cases, a single-lumen access cannula (21-23Fr) was
inserted into the inferior vena cava via the femoral vein,
and a short return cannula (15-19Fr) was inserted into
the right internal jugular vein. Mechanical ventilation was
initiated according to the institution’s standard protocol,
and included an open-lung strategy with protective lung
settings according to published guidelines.!! Specifically,
for mechanical ventilation during ECMO, tidal volume was
rapidly de-escalated to an ultra-low volume (3-5 mL/kg)
while the PEEP level was titrated individually to prevent
atelectasis. Information on ECMO settings, manufacturers
and the institutional protocol for patient management has
been described previously'2 and is in the Appendix (online
at cicm.org.au/Resources/Publications/Journal).

Data collection

De-identified information relating to pre-ECMO, procedural
and post-ECMO characteristics was registered prospectively
in the UKR ECMO database. The database contained patient
demographic data and information on cardiorespiratory and
laboratory parameters, duration of stay and complications.
All patients were followed up until in-hospital death (non-
survivors) or hospital discharge (survivors). The study was
approved by the local ethics committee of the UKR, which
waived the requirement for individual patient consent.

Laboratory data

Blood samples were collected daily from all patients. An
extended laboratory investigation (including plasma levels
of interleukin [IL]6, IL8 and tissue necrosis factor [TNF]()
was done before ECMO initiation, on Days 1, 5 and 10,
before explantation and at explantation. The samples were
transported to the laboratory immediately after drawing.
IL6 levels were measured straight away and IL8 and
TNF( levels were frozen and analysed weekly. The IL6 level
was analysed using electrochemiluminescence (Cobas
e411, Roche Diagnostics), and IL8 and TNF{levels were
analysed by chemiluminescence (Immulite 1000, Siemens
Healthcare Diagnostics), according to the manufacturer’s
specifications.

Study endpoints and definitions

The primaryendpointofourstudywas to analyse the pattern
of immunoinflammatory biomarkers over time in patients
with ARDS receiving ECMO. Three subgroup analyses

were performed. The first compared the inflammatory
response between patients with ARDS of pulmonary origin
(primary lung failure) and patients with ARDS of extra-
pulmonary origin (secondary lung injury). Pulmonary ARDS
included bacterial, viral or aspiration pneumonia; extra-
pulmonary ARDS included lung failure secondary to sepsis
or multitrauma.

The second analysis assessed the association of ventilator
settings and cytokine levels. Ventilator settings before
ECMO initiation were divided into above-median and below-
median values, and the associated interleukin levels for
each group were compared over the first 5 days. The third
subgroup analysis compared the cytokine patterns between
survivors and non-survivors.

Statistical analysis

We show continuous variables as medians with
interquartile ranges (IQRs), owing to their non-normal
distribution. Categorical data are shown as frequencies
with percentages. Differences in plasma concentrations of
immunoinflammatory mediators across diagnostic groups
were assessed using the P, Mann-Whitney U or Kruskal—
Wallis tests, as appropriate, for categorical, 2-group
continuous and multiple-group continuous variables. The
cytokine level changes over time were analysed using
multilevel models that account for repeated measures
on the same individual. For more detailed information
see Appendix E1. The repeated-measures analysis was
performed using Stata, version 11.2 (StataCorp). All other
statistical analyses were performed using SPSS, version 22.0
(SPSS) and SigmaPlot, version 12.0 (Systat).

Results

During the study period, 426 patients underwent VV ECMO
for severe respiratory failure. A total of 114 patients with
incomplete data and 50 patients requiring ECMO for non-
ARDS were excluded, leaving 262 patients in the study
population. The median age was 49 years (IQR, 37-60
years), the median SOFA score was 12 (IQR, 8-15), and the
median duration of ECMO was 8 days (IQR, 5-14 days).
Overall hospital mortality was 90/262 (34%).

Patients with extra-pulmonary ARDS had higher pre-
ECMO lactate levels, higher SOFA scores, and longer
durations of pre-ECMO mechanical ventilation, compared
with patients with pulmonary ARDS (Table 1). Ventilation
settings before ECMO initiation were similar between
groups. Mortality on ECMO (30% v 18%), hospital duration
(37 days [IQR, 18-60 days] v 25 days [IQR, 1440 days]),
and in-hospital mortality (40% v 32%) were higher for extra-
pulmonary ARDS. In contrast, patients with extra-
pulmonary ARDS had shorter durations of ECMO support
(7 days [IQR, 4-10 days] v 10 days [IQR, 6—16 days]).

2 Critical Care and Resuscitation » Volume 19 Supplement 1 » October 2017

71



ORIGINAL ARTICLES

Table 1. Characteristics of patients with pulmonary v extra-pulmonary ARDS

Total population Pulmonary ARDS Extra-pulmonary ARDS
Characteristic (n =262) (n=159) (n=103)
Median age, years (IQR) 49 (37-60) 51 (39-60) 46 (30-58)
Women, n (%) 76 (28%) 51 (32%) 25 (24%)
Median duration of pre-ECMO ventilation, days (IQR) 1(1-5) 1(1-3) 3(1-7)
Median pre-ECMO illness severity (IQR)
Pao:/Fioz ratio (mmHg) 64 (52-85) 64 (52-86) 62 (52-82)
Pacoz (mmHg) 64 (53-79) 67 (54-83) 60 (50-71)
Norepinephrine dosage (mg/h) 1.7 (0.6-3.3) 1.5 (0.5-3.0) 2.0 (1.0-4.0)
Arterial pH 7.22(7.15-7.32) 7.23 (7.15-7.32) 7.21(7.16-7.32)
Serum lactate (mmol/L) 22(1.2-4.7) 1.8 (1.1-3.3) 2.9 (1.4-6.7)
SOFA score 12 (8-15) 11 (8-14) 13 (11-16)
Median pre-ECMO ventilation parameter (IQR)
Tidal volume/kg PBW (mL/Kg) 7.0 (6.0-8.2) 7.1(6.0-8.3) 7.0 (6.1-8.1)
Driving pressure (cmH,0) 19 (16-22) 20 (16-22) 18 (16-22)
PEEP (cmH.0) 15 (13-18) 15 (12-18) 15 (13-18)
Peak Pressure (cmH.0) 35 (30-38) 35 (30-38) 35 (31-40)
Median hospital support duration, days (IQR)
ECMO 8 (5-14) 10 (6-16) 7 (4-10)
Mechanical ventilation 12 (7-19) 12 (8-22) 11 (7-16)
Intensive care 26 (16-40) 23 (15-37) 30 (17-42)
Hospital 29 (16-48) 25 (14-40) 37 (18-60)
Mortality on ECMO, n (%) 59 (22) 28 (18) 31(30)
In-hospital mortality, n (%) 89 (34) 48 (32) 41 (40)

ARDS = acute respiratory distress syndrome. IQR = interquartile range. ECMO = extracorporeal membrane oxygenation. SOFA = Sequential Organ
Failure Assessment score. PBW = predicted body weight. PEEP = positive end-expiratory pressure.

Figure 1. Cytokine changes according to cause of ARDS
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Figure 1 shows the trajectories of cytokine levels during the pulmonary ARDS had higher pre-ECMO IL6 levels (1338 pg/
study period. The baseline cytokine level was significantly mL [IQR, 214-8120 pg/mL] v 349 pg/mL [IQR, 79-3111 pg/
higher in patients with extra-pulmonary ARDS compared mL]; P <0.01), and IL8 levels (154 pg/mL [IQR, 55-223 pg/
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study period, from multilevel models

Pulmonary v non-pulmonary ARDS*

Table 2. Estimated associations between type of ARDS, survival status and cytokine levels during the

In-hospital survivors v non-survivors*

Variable % Changet 95% CI P % Changet 95% ClI P

IL6 -59.9% —78.73 to —24.29 0.01 -70.4% —84.42 to -43.92 <0.01
L8 -52.7% —72.59 to -18.39 0.01 -76.8% —86.37 to —-60.40 <0.01
TNF( —6.7% —24.57 t0 15.33 0.52 -23.2% -38.02 to —4.85 0.02
wccec 9.77% -12.95 to 38.41 0.43 53.6% 22.03 10 93.36 <0.01
CRP -5.16% —27.70 to 24.41 0.70 17.7% -10.62 to 54.93 0.25

ARDS = acute respiratory distress syndrome. Cl = confidence interval. IL = interleukin. TNF = tumour necrosis factor. WCC = white cell count.
CRP = C-reactive protein. * Reference category in the comparison groups. 1 Per cent change of geometric mean of the cytokine level in the
comparison group (pulmonary ARDS or in-hospital survivors) compared with the reference group (non-pulmonary ARDS or non-survivors).

mL] v 110 pg/mL [IQR, 36-338 pg/mL]; P = 0.02). The
multilevel model (Table 2) showed that in the extra-
pulmonary ARDS group, the geometric mean of the IL6
level was 59.9% higher compared with the pulmonary
ARDS group (95% Cl, 24.29-78.73%; P = 0.01). Similarly,
the IL8 level was higher in the extra-pulmonary ARDS group
(difference in geometric means, 52.7%; 95% CI, 18.39—
72.59%; P = 0.01). The IL6 and IL8 levels dropped rapidly
after ECMO initiation, particularly over the first 5 days,
and then remained stable. TNF( levels were not different

between groups with different causes of ARDS. In contrast,
the white cell count (WCC) was only mildly elevated before
ECMO, and increased in the extra-pulmonary ARDS group
in Days 1-5. C-reactive protein (CRP) also increased from
pre-ECMO to Day 1, then fell in the next 10 days.

Pre-ECMO mechanical ventilation

The associations between the cytokine levels in three
different sub-groups, based on their pre-ECMO ventilation
status, are shown in Figure 2. The top three graphs in

Figure 2. Cytokine changes according to ventilation settings (PEEP, driving pressure and tidal volume)
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Figure 2 compare the trajectory of cytokine levels in the
group who received PEEP >15 cmH,O with those who
received PEEP < 15 cmH,O. The IL8, IL8 and TNF(levels
were higher in patients who had PEEP > 15 cmH,O (Table 3).
The bottom three graphs in Figure 2 show the trajectories
of cytokines in patients who had tidal volumes of < 7 mL/
kg v those with tidal volumes > 7 mL/kg. The multilevel
modelling showed that the level of cytokines did not differ
significantly between the two groups over the duration of
the study (Table 3). Similarly, the cytokine level variation
over time was compared between patients who received
mechanical ventilation with driving pressure < 19 c¢cmH,0
and > 19 cmH,O (Figure 2, middle three graphs). The
multilevel modelling showed higher IL8 levels in patients
who had a driving pressure >19 cmH,O0. There was no
difference in IL6 or TNF{ levels.

In-hospital survival

Figure 3 shows the differences in IL6, IL8 and TNF(levels
between in-hospital survivors and non-survivors. ECMO
non-survivors had higher pre-ECMO median IL8 levels than
survivors (1237 pg/dL [IQR, 148-17 246 pg/dL] v 400 pg/dL
[IQR, 89-2850 pg/dL]) and higher median IL8 levels (260 pg/
dL [IQR, 76-1786 pg/dL] v 83 pg/dL [33-326 pg/dL]). Pre-

ECMO median TNF{levels were not different between the
groups (31 pg/dL [IQR, 16-60 pg/dL] v 25 pg/dL [IQR, 16—
48 pg/dL]). These differences persisted over Day 1. IL8 levels
remained higher on Day 5 and at explantation. WCCs were
significantly higher in non-survivors than survivors (Table
3). The levels of CRP were not different between survivors
and non-survivors. The multilevel modelling showed higher
IL6, IL8 and TNF({levels in non-survivors during the study
duration. There was a marked reduction in cytokine levels
after ECMO initiation in both groups for IL6 and IL8, which
lasted until ECMO Day 5. In contrast, for TNF{(, a reduction
occurred after Day 1.

Discussion

In this large, prospective, cohort study of patients with
severe ARDS, we found that cytokine levels decreased rapidly
after VV ECMO initiation. We showed that extra-pulmonary
ARDS was associated with distinctly higher interleukin
levels, and higher PEEP and driving pressures before VV
ECMO were associated with higher cytokine levels. High
cytokine levels were associated with an increased risk of in-
hospital mortality.

study period, from multilevel models

Pre-ECMO PEEP 2 15 cmH,0O

Table 3. Estimated associations between pre-ECMO ventilation parameters and cytokine levels during the

Pre-ECMO driving pressure = 19 cmH,O

Pre-ECMO tidal volume > 7 mL /kg

v <15 cmH,0* v <19 cmH,0* v <7 mLkg*
Variable % Changet 95% ClI P % Change* 95% CI P % Change$ 95% ClI P
IL6 1504 2964 to 383.51 < 0.01 18.4 -38.18 to 126.73  0.61 -743 -51.97 to 7841  0.82
L8 825 3.93 to 220.36 0.04 104.0 17.5 to 254.19 0.01 6.1 -39.3510 8552 0.84
TNFa 455 17.71 10 79.83 < 0.01 14.9 —6.9 to 41.89 0.2 2213 —-1.14 to 50.87 0.06

ECMO = extracorporeal membrane oxygenation. PEEP = positive end-expiratory pressure. Cl = confidence interval. IL = interleukin. TNF = tumour
necrosis factor. TV = tidal volume. * Reference category in the comparison groups. T Per cent change of geometric mean of the comparison group
cytokine level (PEEP = 15 cmH,0) compared with the reference group (PEEP < 15 cmH,0). £ Driving pressure was calculated as peak pressure minus
the PEEP (in cmH,0) and grouped according to > 19 cmH,0 and < 19 cmH,0."§ TV per kg of predicted bodyweight (TV/kg PBW) was calculated
based on the equation by the ARDSnet trial," and TV/kg PBW of > 7 mL/kg or < 7 mL/kg were compared.

Figure 3. Cytokine level changes for hospital survivors and non-survivors
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Effect of ECMO on cytokine levels

VV ECMO patients constitute a heterogeneous population
with a wide range of underlying diseases and comorbidities.
Patients with ARDS already have high levels of circulating
inflammatory mediators before initiation of ECMO. Previous
studies have shown that extracorporeal circuits may be pro-
inflammatory in addition to the underlying illness.5815
However, many of these studies have investigated
cardiopulmonary bypass (CPB). CPB differs from ECMO in
its shorter duration, a concomitant surgical insult and the
ischaemia—reperfusion injury.®

In a randomised controlled trial of extracorporeal CO,
removal (ECCO,R) combined with ultralow tidal volumes
(3 mL/kg) v conventional protective ventilation (6 mL/kg),
a reduction in IL6 over the first 3 days with ECCO,R was
observed, and levels were unchanged in the control arm.
It is not clear whether this was an effect of the lower tidal
volumes, or of the ECCO,R device.'® In our study, levels
of all cytokines fell rapidly (Figure 1). Several potential
mechanisms could account for this. V¥V ECMO allows for a
highly protective lung ventilation and partial lung rest. The
improved oxygen delivery may have resulted in a reduction
in metabolic and inflammatory activation. The ECMO circuit
itself may also absorb cytokines. It seems that the induction
of inflammation by ECMO shown in experimental models
may be too small to be of clinical relevance, as the levels
of cytokines are very high in patients with ARDS. However,
these hypotheses need testing in future studies.

Routinely used markers such as CRP and WCC are slow
to react and reflect the extent of acute inflammation poorly.
In contrast, IL6 has a central role in leucocyte growth
and activation and is a key acute-phase reactant with a
rapid onset and a short half-life. It has been shown to be
a predictor of severity of ARDS." IL8 is a key neutrophil
chemotactic stimulus that recruits neutrophils from the
blood to the pulmonary site,!” and activates neutrophil
degranulation.!® TNF( is pro-inflammatory factor too, and is
thought to play an important role in the development of
shock, rising after 30-90 minutes and activating other
inflammatory mediators.'®

The differences between levels of cytokines, WCC and
CRP show the complexity of the inflammatory response.
ARDS is a syndrome that may have several phases, from
an initial acute inflammatory exudative phase (Days 1-86),
to a subacute proliferative phase (Days 7—14), or fibrotic
phase (= Day 14).1° In our population, the median time
for initiation of ECMO was 1 day from intubation (IQR, 1-
5 days). Concomitant treatments such as antibiotics,
haemofiltration?® or hydrocortisone for septic shock may
haveinfluenced the level of cytokines. However, the rapidity
and size of the drop suggests these factors cannot fully
explain the magnitude of cytokine level decrease.?!

Effect of cause of ARDS on cytokine levels

The aetiology of ARDS results in distinct patterns of disease.
Pulmonary ARDS is more likely to have a local alveolar
inflammatory response, but extra-pulmonary ARDS primarily
results from vascular endothelial damage mediated through
the bloodstream.?2 In our study, the patients with extra-
pulmonary ARDS had higher scores for illness severity and
higher mortality. They also had significantly higher IL6,
IL8 and TNF(levels. In contrast, the CRP level and WCC,
markers commonly used in clinical practice to judge severity
of disease, were not significantly different from those of
patients with pulmonary ARDS. Routine measurement
of interleukins, which have a faster and more extensive
response to inflammation, may therefore be a useful tool
for early recognition of a grave prognosis.

Effect of mechanical ventilation on cytokines:
biotrauma

Lung-protective ventilation in ARDS has been shown to
reduce the inflammatory response, and to improve overall
outcomes.2>2° VY ECMO can potentially facilitate an
even further reduction of VILI by using ultra-protective
settings. We found that PEEP levels = 15 cmH,0 and driving
pressures =19 cmH,O at baseline were associated with
elevated cytokine levels up to Day 5. Driving pressure is
directly related to the stiffness of the lung and, therefore,
indicates severity of ARDS, as shown in the recent study by
Amato and colleagues.’ However, the association between
cytokine levels and mechanical ventilation is complex. It is
likely that patients with higher driving pressures also had
higher illness severities, so we cannot separate the effects
of mechanical ventilation from the underlying illness.
Prospective randomised studies are necessary to further
explore the direct impact of ventilator settings on cytokines.

Cytokines and mortality

Previous studies have shown that IL6, IL8 and CRP levels are
associated with mortality in ARDS, although these results
have not been consistent. IL6 level was a predictor of mortality
in a heterogeneous population of ECMO patients,” but not
predictive in another trial.28 In the current study of VV ECMO
patients, non-survivors showed persistently increased levels
of IL6, IL8 and TNF( before and during ECMO support (Table
2 and Figure 3). Excessive activation of the inflammatory
response has been associated with a risk of progression to
multiple organ dysfunction and death.?? This has formed the
basis for potential therapeutic interventions aimed at curbing
the inflammatory process. However, these interventions have
to be assessed in the light of our results, which showed a
massive decrease in cytokines levels within 24 hours by the
implementation of ECMO and the associated reduction of
aggressiveness of ventilator use alone.
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Strengths and limitations

The strengths of our study include the prospective design,
the large number of patients with ARDS on VV ECMO
and the extensive dataset. The study limitations include its
non-randomised study design, which means that causality
cannot be proved. A control group of patients without
VV ECMO would be desirable. However, it is questionable
whether patient datasets with comparable disease severity
could be collected, as VV ECMO was initiated in many
patients as a rescue procedure.

Conclusions

Our study showed that cytokine levels, on average, fall
rapidly after initiation of VV ECMO. The magnitude of this
decline makes it likely that this is related to the decrease
of aggressiveness of mechanical ventilation, which was
the major change in treatment after implementation of VV
ECMO. Higher cytokine levels before and during VV ECMO
are associated with extra-pulmonary causes of ARDS, a
more invasive mechanical ventilation (shown by a higher
PEEP and driving pressures), and are associated with an
increased risk of death. Finally, this article must be seen
in the context of a dedicated issue that explores multiple
aspects of extracorporeal life support in the critically ill.28-31
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Chapter 4: Cannulation techniques for initiating venovenous extracorporeal
membrane oxygenation

This chapter presents a published review of the various cannulation techniques that
are available for initiating V-V ECMO. The primary aim in this chapter was to describe
an ultrasound guided percutaneous technique used by intensive care specialists, and
to compare the advantages and disadvantages of this technique against those of
alternatives. It also contains reviews of the process of cannula selection, site selection,
explanation, and the training aspects of ECMO cannulation. This work related to thesis
aim 3.
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Abstraot: The cannulation technique used during veno-venous extracorporeal membrane oxygenation (VV

ECMO) insertion can have a major impact on a patients’ overall outcome. We have developed a technique

that aims to combine speed and effectiveness, with minimal risk. The steps include: (I) percutaneous

cannulation using the Seldinger technique; (IT) ultrasound guided access and positioning of cannulas; (IIT)

femoro-femoral circuit configuration with a later option of high flow; (IV) a no skin cut serial dilation

technique; (V) non-suturing securing of cannulas and (VI) a non-surgical manual pressure technique of

explantation. The following is a discussion around these techniques and their various advantages and

disadvantages.
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Introduction

Optimal cannulation technique is essential for the initiation
and management of patients with severe respiratory
failure requiring veno-venous extracorporeal membrane
oxygenation (VV ECMO). Cannulation must be rapid and
with a technique that minimizes tissue trauma, which can
lead to bleeding and transfusion requirements, reoperation,
infection risk and longer-term morbidity. Inappropriately
positioned cannulas can result in poor circuit flows,
recirculation and inadequate support. Moving malpositioned
cannulas can expose the patient to non-sterile parts of the
cannula and increase the risk of infection. Poorly secured
cannulas can lead to catastrophic decannulation. In the
following discussion, we will describe in detail the VV
ECMO cannulation techniques that have been developed
in our hospital in over 25 years of practice and discuss the
various advantages and disadvantages of each technique.

© Journal of Thoracic Disease. All rights reserved.
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Surgical versus percutaneous cannulation

The surgical or “open” cut down procedure was the preferred
method of venous cannulation until the 1990s (1). This
technique could either be a direct cut down to expose the
vessel, which required a large incision, or a smaller proximal
incision to expose the vessels, with a second more distal
incision to enable percutaneous tunneling of the cannulas to
the vessel opening. This facilitated a lower angle of incidence
with the vessel, and reduced infection risk and bleeding (2).
The advantages of the surgical technique include direct
visualization of the anatomy, confirmation of cannula entry
into the vessels, and purse string sutures for haemostasis (3).
Since the 1990s, the development of thin-walled wire-
reinforced cannulas and improved quality and availability
of ultrasound (US) machines has enabled the percutaneous
technique to become more widespread. Rather than moving
an unstable patient to the operating room, clinicians can

7 Thorac Dis 2018;10(Suppl 5):5616-5623
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Table 1 Percutancous versus open surgical cannulation insertion. See text for discussion and references

Variables Percutaneous insertion Open/surgical cut down
Infection rates Low Mod/high

Availability of cannulators with skill set Widespread Limited

Bleeding risk Low Mod/high

Speed of insertion Fast Slow (if requires move to OR)
Lymphocele risk Low Moderate

Decannulation

Simple compression

Operative/reconstruction

OR, operating room.

Table 2 A comparison of cannulation configurations (5). See text for discussion and references

Variables Femoro-femoral Femoro-jugular Dual lumen cannula
Speed of insertion Fastest Moderate Moderate
Preparation areas One Two One

Recirculation risk Potentially high

Potentially moderate

Potentially low, but high when poor position

Blood flow, L/min 2-6 2-7 3-5

Insertion complexity Simple Moderate Potentially complex
Imaging requirements Vascular/TTE Vascular/TTE +/- TOE Vascular/TOE/Il
Patient mobilization potential Complex Complex Less complex
Infection risk potential High High Low

Risk of air embolism during removal Low Moderate™ High*

*, especially if spontaneously breathing. TTE, transthoracic echocardiogram; TOE, transoesophageal echocardiogram; Il, image intensifier.

perform the cannulation at the patient’s bedside, which
may be in the intensive care unit (ICU) or emergency
department (4). More importantly, there is an awareness
that the amount of bleeding, infection risk, lymphocele and
timeliness can be improved (see Table 1)

Femoro-femoral VYV ECMO cannulation

The femoro-femoral (“fem-fem” or bifemoral) VV ECMO
cannulation configuration has both the access (drainage)
and return cannula inserted via the common femoral veins.
Blood is accessed from one cannula positioned in the
inferior venous cava (IVC), pumped through the oxygenator
of the ECMO circuit and returned to the patient at the level
of the right atrium (RA) via the contralateral femoral vein.

Advantages of fem-fem configuration

There are a number of factors that make the fem-fem

© Journal of Thoracic Disease. All rights reserved.

jed amegroups.com

configuration advantageous for VV ECMO (Zable 2).

Speed and simplicity of circuit

The left and right femoral veins are usually large and
easily accessible and enable rapid central access for
the initiation of VV ECMO. Both veins are accessible
at the groin so only one area of the body requires
preparation. Furthermore, the femoral area allows rapid
access to the femoral artery if veno-arterial (VA) ECMO
support is required. Fem-fem cannulation can also be
inserted without the requirement of transoesophageal
echocardiogram (TOE) or radiology, which add to the
complexity of cannulation and may be difficult to arrange
during ECMO retrievals.

Safety and complications

All ECMO cannulation is associated with significant risks

7 Thorac Dis 2018;10(Suppl 5):5616-5623
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to the patient. The advantage of the femoral veins is that
they are almost always accessible and require less skill for
insertion. Adverse effects such as bleeding can usually be
controlled with local pressure. The main alternative to
femoral cannulation includes the internal jugular vein (IJV),
which is used in both femoro-jugular (fem-jug) and dual
lumen configurations. The major risk is pneumothorax,
which although uncommon, can be fatal in patients with
severe respiratory failure. The large diameter dual lumen
catheter can be particularly challenging to place. Accidental
distal hepatic vein or right ventricle cannulation can
occur from misplaced wires and dilators, and can result in
catastrophic bleeding or pericardial tamponade, as occurred
in two patients out of 72 cannulations in one study (2).
Other specific complications to IJV cannulation include
cannula movement, cerebral venous congestion and air
embolism upon removal (6). Patients with long-term central
venous lines may also develop superior vena cava (SVC)
stenosis which poses significant risk during IJV cannulation
but is often not easy to exclude prior to cannulation.

ECMO blood flow

The maximum blood flow of an ECMO circuit is
particularly important in patients with high cardiac outputs
and severe respiratory failure: if the circuit cannot capture
a sufficient proportion of cardiac output, then ongoing
hypoxia is likely (7). The fem-fem configuration can
support between 2-6 L/min of blood flow which is usually
adequate. The fem-jug configuration may theoretically
enable higher blood flows, as the return cannula directs
flow directly across the tricuspid valve, and was found to
have higher flows than atrio-femoral configurations (8).
However, in a recent retrospective study, blood flows were
similar (4.1 vs. 4.0 L/min, P=0.5) between fem-fem and
fem-jug configurations (9). Blood flow rates are usually
limited by flow into the access cannula which likely explaing
this non-significant difference between the two configurations.
The dual lumen catheter also has more limited maximum
flows [typically, the 23 Fr cannula allows a maximum flow of
3 L/min, the 27 Fr cannula is limited to 4.5 L/min, and the
31 Fr double lumen bicaval (DLB) cannula allows not more
than § L/min (5)]. In practice, a poorly positioned dual lumen
cannula can result in low ECMO flows and/or high recirculation,
resulting in hypoxia. In our practice, if inadequate flow results in
hypoxia following a fem-fem cannulation, we insert an additional
IJV access cannula. This “high flow” configuration enables
improved blood flow and oxygenation (10).

© Journal of Thoracic Disease. All rights reserved.
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Interbospital and intrabospital transport

The transport of ECMO patients is logistically complex and
associated with multiple risks for the patient (11). This may
oceur in interhospital transports, or in intrahospital transports
to the operating room (OR) or to radiology. The fem-fem
configuration allows for positioning of the ECMO console
at the foot of the bed, either attached to the bed itself or on
a stretcher bridge. All tubing can be safely positioned on the
lower half of the bed away from the patient’s head and airway.
In both dual lumen and fem-jug configurations there is a
requirement for tubing to run near to the patient’s head along
with ventilation circuits. In the fem-jug configuration tubing
needs to run along the length of the patient whether the
console is positioned at the head or the foot of the bed. This
can lead to difficulties turning the patient, accidental cannula
dislodgment, or kinking of tubing with circuit compromise.

Disadvantages of fem-fem configuration (Figure 1)
Recireulation

Recirculation occurs when returned blood is withdrawn
though the access cannula rather than flowing forward
through the pulmonary circulation (12). In fem-fem
cannulation, the return blood is directed toward the
SVC rather than the tricuspid valve, potentially creating
abnormal flows away from the valve and more recirculation.
Fem-jug and dual lumen configurations have potentially less
recirculation as they direct the blood towards the tricuspid
valve. In practice, we have found that recirculation is rarely
a problem if >8 cm of separation of cannulas tips in the
inferior vena cava (IVC) can be maintained.

Infection

Although there is no definitive comparative data on risk of
infection, extrapolating rates from central venous catheters
(CVCs) may suggest that infection rates may be higher with
dual femoral access (13) compared with single access in the
IJV. The dual lumen cannula may therefore have the lowest
rate of infection when compared to configurations that
require femoral cannulation.

Challenging access and cannulg position

Morbidly obese patients can make exposure of the femoral
vessels challenging, and IVC filters are a contraindication to
femoral cannulation, and require alternative access. Taller

7 Thorac Dis 2018;10(Suppl 5):5616-5623
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Figure 1 Recirculation during fem-fem VV ECMO. (A) Inadequate separation of access and return cannulas can lead to high recirculation;

(B) adequate separation of access and return cannulas will reduce recirculation. VV ECMO, veno-venous extracorporeal membrane

oxygenation.

patients may have a distance from groin to the RA/IVC
junction that exceeds the length of a cannula.

Mobilization

Femoral cannulation was traditionally thought to be a
contraindication for mobilization. However, we have found
that this can be done safely if appropriately trained staff are
present. A key advantage of the dual lumen cannula is that
mobilization can be more easily managed.

Cannula selection

Cannula selection is a critical component of any ECMO
configuration. Fem-fem ECMO requires the selection
of two long (50-55 c¢m) cannula capable of reaching the
central circulation. Consideration needs to be given to the
desired ECMO blood flow, size of the vessels, as well as the
percentage of recirculation.

Options for the access limb include both multi-stage
(multiple access points) and single-stage (access only from
tip of catheter) cannula. Only a single stage cannula should
be used for the return limb of the circuit, as multistage
return cannulas cause significant recirculation. The
multistage cannula has a flow profile that allows blood
to enter via a number of holes along the distal length of
the cannula (usually 20-30 c¢m). In the femoral position,

© Journal of Thoracic Disease. All rights reserved.
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this means that blood can be accessed not only from the
distal tip of the cannula in the IVC, but all the way down
to the iliac vessels. The theoretical advantage of this
catheter is that it is less likely to be compromised by access
insufficiency, therefore maintaining high access flows (14).
It also has the ability to access blood a distance from the
central circulation, resulting in less recirculation.

Sizing

Increasing cannula diameter will improve the maximum
blood flow through the circuit but is also more likely to
result in vessel and tissue damage. The size of the cannula
on the access side of the circuit is especially important, as
cannula that are too small result in impaired blood flow,
higher revolutions per minute (RPM) with potential for
blood trauma, and access insufficiency. Several methods
of estimating cannula size can be used. One method is to
calculate the patients cardiac output, and then estimate
the peak flow through a cannula using the information
provided by the manufactures. Our technique is to place
the largest cannulas possible that are safe, based on the
size of the femoral vessels. We do this by measuring the
diameter of the femoral vessels on US. The diameter of the
femoral vessel at the insertion point is measured and the
circumference of the vessel calculated using the formula wD.
The result in millimeters will give the largest French size

7 Thorac Dis 2018;10(Suppl 5):S616-5623
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Figure 2 Abdominal X-ray showing the longer course of the left-

sided femoral cannula.

cannula capable of being passed. For example:

< Measured vessel diameter =10 mm;
< Calculated circumference: D =3.1x10 mm =31 mmy;
<%  Maxsize of cannula =31 F.

It is important that the cannula is smaller than the maximum
size of the vessel in order to allow some venous drainage around
the cannula (3). If >2/3 of the vessel is occluded by the cannula,
then oedema, stasis, and severe venous hypertension can lead
to deep vein thrombosis, lower limb venous congestion and
catastrophic ischemic injury. For the majority of patients, we use
19-25 Fraccess and 17-21 Fr return.

Site selection

There is no clear evidence that one side is better than the
other when choosing access or return orientation. Factors
to consider are that the left femoral/iliac vein is more
tortuous than the right, the angle with the IVC is sharper,
and it is marginally longer as it crosses in front of the aorta
(see Figure 2). The length of the vein in particular can
lead to problems during advancing and positioning of the
cannulas. In general, we place the access cannulas on the left
in small stature patients as the shorter right side may lead to
exposure of the proximal multistage holes and air embolism.
And return cannulas are in general placed on the right in
tall stature patients as a left sided return cannula may not
reach the RA/IVC junction, leading to reduced separation
(<8 cm) and recirculation.

© Journal of Thoracic Disease. All rights reserved.
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The insertion technique

We prefer an US-guided percutaneous insertion technique,
with serial dilation using a Seldinger technique (15).
There is no skin incision. This technique results in a
snug passage of the cannula through both the skin and
femoral sheath. This technique results in minimal bleeding
and has the theoretical advantage of decreased risk of
infection, particularly for a long VV ECMO run. Using this
technique, we have found near 100% successful cannulation
rates. This has been replicated in other groups (16).

Us

US-guided vascular access has been shown to improve
success rates for insertion of central venous lines, and
decrease complications such as infections, mechanical
complications, and thrombosis, compared to the landmark
techniques (17). Avoiding these complications is even more
important for ECMO cannulation, where large dilators
and cannulas can cause significant damage and morbidity.
While inadvertent arterial puncture is not usually a problem
during CVC insertion, in unwell anticoagulated ECMO
patients this can result in prolonged bleeding or hematoma
formation requiring operative management (18).

US and insertion technique

Two trained cannulators perform the procedure. Both
groins are prepared, cleaned and draped.

We employ both vascular US with a linear probe for the
guided insertion of wires and transthoracic echocardiography
with a phased array probe to confirm the wires are in
the correct vessel and to position the cannulas (19).
We begin with a pre-scan (an US of the vessels prior to
sterile scrubbing) to assess for any barriers to cannulation,
such as small size of the vessels, thrombosis or stenosis. US
is then used to guide the shallow angle passage of the needle
into the common femoral vein in real-time, by continuously
visualizing the tip of the needle in the US field (20). This
technique ensures a single pass of the needle into the vessel.
Non-visualised techniques of insertion into the vessel may
result in steep or off-center penetration that can make
subsequent dilation more difficult and increases the risk of
vessel perforation or kinking of the guide wire.

We use soft 140-180 cm J-tipped wires to minimize
the risk of damage to venous structures or the heart and
confirm their position in the IVC using a subcostal view

7 Thorac Dis 2018;10(Suppl 5):5616-S623
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Figure 3 Two-person technique of serial dilation during fem-fem
VV ECMO cannulation. VV ECMO, veno-venous extracorporeal

membrane oxygenation.

Figure 4 Ultrasound-guided positioning of the return cannula in
the IVC. TVC, inferior venous cava.

of the heart. We also intermittently check the position of
the wires throughout the procedure to confirm there has
been no wire migration. In difficult cases, such as tortuous
vessel or repeated kinking of the wire, we may employ
stiffer wires (such as an Amplatz Super Stff™ Guidewire,
Boston Scientific, USA). However, this requires careful
monitoring to ensure the wires do not migrate inwards
as the risks of internal damage are higher with a stiffer,
straight tipped wire.

Serial dilation (Figure 3)

Without the use of a skin incision, we serially dilate the
cannula passage, stepping up by one dilator (2 French sizes)
sequentially leading to a gradual stretching of the skin,
subcutaneous tissue and insertion point into the vessel. The
primary cannulator advances the dilator, while the second
cannulator continuously moves the wire in and out of the

© Journal of Thoracic Disease. All rights reserved.
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dilator, ensuring the wire is not being kinked. If kinking
begins to occur, there is increased resistance of the wire
being moved in and out. The second cannulator can inform
the primary cannulator to retract the dilator and adjust
the technique. If a kink forms on the wire, the wire should
be withdrawn a few centimeters past the kink prior to
continuation of cannulation (14).

At the end of cannula insertion, we use US to assess for
any complications which may have occurred during the
procedure, such as hematoma formation, pseudoaneurysm,
or arterial transection, and therefore steps can be taken to
mitigate these effects.

Cannula positioning (Figure 4)

Correct cannula positioning is essential for effective VV
ECMO blood flow. It is important to get this correct the
first time, as advancing the cannulas later can result in loss
of sterile field and infection risk. In all forms of VV ECMO
the return cannula needs to be positioned in the RA. This
allows for oxygenated returning blood from the extra-
corporeal oxygenator to be directed into the right heart and
subsequently pumped into the pulmonary circulation.

Positioning of the access cannula in fem-fem cannulation
can require some skill. The cannula tip needs to be
positioned high enough into the central venous circulation
to maximise blood flow, but far enough away from the return
cannula to minimise recirculation. We aim to position the
tip of the access cannula in the IVC just distal to the junction
of the hepatic vein. At this site, the IVC is often non-
collapsible even when hypovolemic as it is held open by the
liver architecture. In this position there should be 7-10 cm of
separation between the tips of the two cannulas (with the tip
of the return cannula 4-5 cm into the RA).

Imaging for positioning

There are a number of modalities that can be used to
confirm the position of cannula in the fem-fem configuration
(see Table 3). These include both transthoracic echocardiogram
(T'TE) and TOE echocardiography, plain radiography and
image intensifiers (IT).

Underwater seal connections and administration
of heparin

Once inserted, each cannula is flushed and locked with
approximately 1,500 units of heparin (in 150 mL of normal
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Table 3 Imaging methods for confirming position of cannulas. See
text for discussion and references

Variables Ultrasound X-ray/Il
Location and availability Bedside Radiology
Repositioning cannulas Immediate May be delayed
Reliability High High

Skill requirement Moderate Low

I, image intensifier.

saline) to prevent clot formation (total approx. 3,000
units). The heparin bolus is omitted in patients with active
bleeding, and heparin is started once bleeding has settled.
Next the cannulas are connected to the ECMO circuit using
an “underwater seal” technique. This involves continuously
dripping water from a syringe onto the connections as they
are joined and ensures no air bubbles are present.

Cannula securing

Once the cannulas have been correctly positioned they
are secured. Needle and suture techniques are commonly
described, but can cause ischemia of the skin, are a nidus
for infection and also can lead to inadvertent puncturing
of the cannulas and/or circuit. We prefer to use a large
Tegaderm at the skin insertion sites and self-adhesive
dressings or “Grip-Locks”, in a minimum of two places
securing the length of the cannula. It is important that the
first Grip-Lock is not too far away from the insertion site as
this can allow movement and the potential for inadvertent
decannulation (21).

Sedation

All patients who undergo cannulation for VV ECMO
should be intubated prior to the procedure. Patients
requiring VV ECMO usually have a high work of breathing
and the risk of air embolism during cannulation is high.
Once cannulation is complete sedation may not be required.
The patient may be able to be desedated and even extubated
in some circumstances. As an example, in patients with
cystic fibrosis, early extubation should be attempted to
facilitate coughing and respiratory physiotherapy.

Explantation

Following a successful VV ECMO weaning study, the
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cannulas are removed using a manual compression technique.
Heparin is stopped for 2 hours prior to removal (22).
The patient should be positioned supine and prepared for
the procedure. Care is taken to remove any clot that has
formed on the tip of the cannula. Firm manual pressure for
20 minutes is used and sufficient in the majority of cases. If
there is ongoing bleeding after this, then this is continued for a
further 20 minutes. Rarely a suture can be placed, or operative
management is required for recalcitrant bleeding (23).

Training and accreditation

VV ECMO cannulation is a technically challenging and
highly invasive procedure with high inherent risks for
bleeding, tissue injury and air embolism. All staff undergo
regular training, accreditation, supervision, and practice
including in the animal lab to ensure the procedure is done
in a standardised manner to minimize the potential risk to
patients.

Conclusions

US-guided percutaneous fem-fem cannulation has
advantages of being quick and simple to insert, with minimal
complications and adequate blood flows in the majority of
patients. Disadvantages include insufficient blood flow in a
subset of patients, and the potential for recirculation. VV
ECMO cannulation requires a balanced analysis of these
factors in order to tailor the correct techniques for the right
patient.
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Chapter 5: Complications of mechanical circulatory and respiratory support

This chapter is a published review of the current literature of the complications that
occur during ECMO and VAD support. The primary aim of the work was to describe
the incidence and mechanisms of early and late complications of patients undergoing
ECMO and VADs. This work related to thesis aim 4.
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CHAPTER

« Complications of
mechanical circulatory
and respiratory support

Aidan J.C. Burrell*'', Robert F. Salamonsen**, Deirdre A. Murphy"*

Intensive Care Unit, The Alfred Hospital, Melbourne, VIC, Australia® School of Public Health
and Preventative Medicine, Monash University, Melbourne, VIC, Australia’ Department of
Epidemiology and Preventative Care, Monash University, Melbourne, VIC, Australia® Intensive
Care Unit, Cabrini Hospital, Malvern, Melbourne, VIC, Australia®

sooto  INTRODUCTION

poos5  The last 20 years have seen great advances in mechanical circulatory and respiratory
support (MCS) technology. Improved biocompatibility and a reduction in the size
and complexity of the devices have led to a clear reduction in MCS-caused compli-
cations [1]. Despite these improvements, patients continue to experience high
morbidity and mortality [2,3]. The devices are complex, with multiple mechanical
parts that can fail. They are invasive and technically difficult to insert, have large
nonendothelialized surfaces, and continue to require systemic anticoagulation.
Furthermore, the patients themselves are becoming more complex and critically
unwell at the time of implantation, contributing to high periprocedural complication
rates and long-term morbidities.

p0090 Complications in MCS typically occur in a bimodal pattern. Early complications
are usually related to insertion and severe critical illness, while the late, second
peak occurs with sepsis and inadequate support leading to multiorgan failure [4].
Between these two periods, many other complications also can occur as detailed
in Fig. 16.1.

p0095 This chapter will emphasize the clinical aspects of MCS complications. Part 1
will focus on the complications of extracorporeal membrane oxygenation
(ECMO), including venoarterial (VA) and venovenous (VV) ECMO and ECMO car-
diopulmonary resuscitation (ECPR). Part 2 will focus on the short-term and long-
term complications of ventricular assist devices (VAD). The aim is for clinicians
to gain a greater understanding of the incidence and mechanisms of these problems,
and to assist them with decisions about the appropriateness of MCS in a particular
patient.
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soos  PART 1: ECMO-RELATED COMPLICATIONS

soozo0  INTRODUCTION

potoo  Commencing ECMO support for the critically unwell patient is associated with a sub-
stantial number of potential complications in addition to its benefits (see Table 16.1).
Cannulationrequires the opening of major blood vessels with the potential for signifi-
cant tissue distuption. The ECMO circuit itself is a hyperoxic, large nonendotheli-
alized blood/circuit interface, which stimulates significant systemic inflammatory

too10 Table 16.1 Complication Rates for Venovenous and Venoarterial ECMO

Complications VV ECMO Rate (%) VA ECMO Rate (%)
Oxygenator clot 13.6 8.8
Oxygenator failure 9.1 6.6
Pump malfunction 1.5 0.8
Mechanical clots (other) 5.5 5.8
Rupture 0.6 0.2

Bleeding complications

Gastro intestinal bleeding 6.1 4.4
Cannulation site bleeding 18.2 18.5
Surgical site bleeding 10.5 20.2
Tamponade 1.5 51
Pulmonary hemorrhage 6.1 3.1

Medical complications

Hemolysis 5.8 5.6
DIC* 3.3 3.3
CNS infarction by CT/US 2.0 3.8
CNS hemorrhage by US/US 3.9 2.2
Renal failure requiring dialysis 9.9 10.5
Hemofiltration 17.6 131
Inotropes 41.0 54.2
Infections “culture proven” 175 13.0
° — =

Limb ischemia 0.9 3.1
Limb compartment syndrome 0.3 0.8
Limb amputation 0.2 0.5

DIC* =dlisseminated intravascular coagulopathy.
Modified and presented with permission from the Internationat Summary ECMO, Registry of the
Extracorporeal Life Support Organization (ELSO). Ann Arbor, Michigan, July, 2016;2016:1-26.

Fraser, 978-0-12-810491-0

To protect the rights of the author(s) and publisher we inform you that this PDF is an uncorrected proof for internal business use only by the author(s), editor(s), reviewer(s), Elsevier and
typesetter SPi. It is not allowed to publish this proof online or in print. This proof copy is the copyright property of the publisher and is confidential until formal publication.

90



These proofs may contain colour figures. Those figures may print black and white in the final printed book if a colour print product has not been planned. The colour
figures will appear in colour in all electronic versions of this book.

B978-0-12-810491-0.00016-3, 00016

498 CHAPTER 16 Mechanical cardiac and respiratory related complications

response and coagulation disturbance [5]. High negative pressures in the pump
can lead to blood trauma, coagulopathy, and oxidative stress [6].

soozs  BLEEDING AND COAGULOPATHY

po105  Significant bleeding is the most common complication during ECMO, occurring
between 20% to 40% of patients. It has been shown to be an independent predictor
of mortality [7]. It is most commonly defined in the literature as “bleeding requir-
ing surgery.” However, significant variation exists between studies on bleeding,
where complications may range from minor cannula site bleeding to the devastat-
ing complication of intracranial hemorrhage (ICH) (see the section “Neurological
Complications” of ECMO).

p0110 According to the Extracorporeal Life Support Organization (ELSO) registry,
which includes data from over 20,000 adult patients, the most common bleeding sites
include open wounds at cannula sites (15.1%), surgical sites (13.6%), pulmonary
hemorrhage (7.4%), and cardiac tamponade (1.5%-5.1%) [8]. Periprocedural
bleeding can be a particular problem. Even relatively minor interventions, such as
intercostal catheter insertion, bronchoscopy, or cannula wounds, can lead to dispro-
portionately large or even fatal bleeding, despite a relatively normal coagulation
profile on testing [8]. Mucosal bleeding from the nasopharynx or gut can also be trou-
blesome. ECMO-related risk factors include arterial cannulation, open rather than
percutaneous cannulation, and central cannulation [7].

p0115 Multiple factors lead to the coagulopathy of ECMO. Thrombocytopenia and
platelet dysfunction result from platelet activation on the circuit surface, shear stress,
and dilution [9], Acquired vWF, heparin-induced thrombocytopenia (HITS), and
hyperfibrinolysis may also contribute (see the section “Other Hematological
Complications”). Systemic anticoagulation aims to prevent thrombus formation
but can contribute to bleeding in some patients. Finally, the underlying illness of
the patient may also cause bleeding, including multiorgan dysfunction syndrome
(MODS), liver disease, or disseminated intravascular coagulopathy (DIC).

soosc  THROMBOSIS

po120  Thrombosis can occur anywhere along the ECMO circuit, most commonly at sites of
stasis or increased turbulence, as well as intravascularly. Oxygenator thrombosis is
the most common site and is seen more frequently in VV (13.6%) than VA ECMO
(8.8%) [10], possibly related to the inflammatory and prothrombotic state in sepsis;
hyperoxia may also be a factor [11]. Clots in the oxygenator can cause significant
hemolysis, increased resistance to flow, and reduced oxygenation and carbon dioxide
(CO,) transfer efficiency (see Fig. 16.2). This presents clinically as an increase in
transmembrane pressure drop and falling postoxygenator PaO, levels. If severe, it
requires immediate circuit change.

p0125 Thrombosis is less common in other parts of the circuit but does occur in the
pump head, cannulae, and circuit tubing (5.5%) [10]. This may manifest clinically
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FIG. 16.2
Oxygenator thrombosis.

as reduced circuit flow if near occlusive, but more commonly as a slow reduction in
flow of unclear origin. Of particular concern is thrombus in cannulas or in vessel
walls that can dislodge during decannulation to cause pulmonary embolism in the
venous circulation and/or distal ischemia, commonly in the lower limbs, in the arte-
rial circulation.

Thrombus formation is a result of blood-surface interaction. Platelets adhere to
the nonendothelialized circuit surface and are activated, setting up a cascade of
events leading to fibrin and thrombus formation [12]. Further fibrin deposition
results in mature thrombus formation that can become occlusive or embolize (see
“Cannulation Complications” section). The main risk factors for thrombosis during
ECMO support are increased duration of support, no anticoagulation, lower ECMO
flows (especially <1 L/min), and an underlying prothrombotic state in the patient.
For more information, please refer to Chapter 19.

Newer low-resistance oxygenators with a lower propensity to develop thrombin
at the membrane have been shown to have longer life than older generations [13].
Modern centrifugal pumps and heparin bonding to the circuit have also reduced
anticoagulation requirements, leading some to trial low dose or even no anticoagula-
tion protocols [14].

OTHER HEMATOLOGICAL COMPLICATIONS

Hemolysis

Hemolysis occurs in 5%—-18% of ECMO patients. It usually results from circuit-
related red blood cell (RBC) damage but may also be also due to the patient’s under-
lying illness. Excessive (< —700 mmHg) negative pressure on RBCs results in either
cavitation or release of gaseous microbubbles, leading to increased shear stress and
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irreversible damage. Risk factors include the development of clot within the circuit
or near the cannula orifices or excessive centrifugal pump speed (>3500min™")
[15]. RBCs may also be damaged as they pass fibrinous clot in partially thrombosed
oxygenators or centrifugal pumps. Severe hemolysis (free hemoglobin >50 mg/dL)
has been shown to be associated with a greater than three-fold increase in risk of
death [16], probably due to a combination of overwhelming of scavenging systems,
depletion of nifric oxide stores, and the release of nephrotoxic myoglobin [14].

sooas  Heparin-induced thrombocytopenia syndrome (HITS)

po145  HITS is a rare (1%) but potentially serious acquired autoimmune condition that
occurs in patients exposed to heparin. It is due to generation of antibody to platelet
factor 4 and subsequent immune complex formation on repeat exposure to heparin
[8]. This results in a prothrombotic state, and patients present with unusual clotting,
frequently both venous and arterial.

sooso  Disseminated intravascular coagulation (DIC)

po150  Thisrare (3%—5%) and potentially catastrophic complication can present with simul-
taneous bleeding and thrombosis. It can be triggered by thrombosis in the circuit,
leading to a consumptive coagulopathy, and requires a circuit change [8]. It may also
be related to the underlying condition (e.g., sepsis or pregnancy).

sooss  Hyperfibrinolysis

po155  Excessive fibrinolysis leading to bleeding is known as hyperfibrinolyisis. Typically,
generalized coagulopathic bleeding occurs, e.g., mucus membrane oozing. Labora-
tory values show falling fibrinogen levels of <200 mg/dL, very high levels of
p-dimer, and relatively normal levels of platelets [17]. This results from subacute
oxygenator thrombosis and improves post exchange of the oxygenator.

sooso  GANNULATION COMPLICATIONS

po1t60  ECMO cannulation differs from other types of indwelling cannulation devices as
they are large diameter (15-27 Fr), in situ for prolonged periods, and the capacity
to change cannulas is often limited. Insertion may damage vessels leading to bleed-
ing or thrombosis and also injure surrounding structures such as nerves, leading to
chronic pain.

p0165 Cannulation may be via an open/surgical cutdown approach, or via a percuta-
neous Seldinger procedure [18]. Open cutdown enables direct vision and control of
the vessels and correct sizing of cannulas. However, the larger open wound can be
more prone to bleeding and infection (see Fig. 16.3). Percutaneous techniques
have become more widespread, although this method may have a higher risk of
damage to the vessel wall, such as puncturing the back wall of the vessel. Inad-
vertent cannulation of the wrong vessel can lead to devastating complications
(such as CVA post carotid artery cannulation) and critical time delays.
A variety of methods can be used by proceduralists to confirm that the correct ves-
sel has been identified (see Table 16.2).
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FIG. 16.3

Surgical site bleeding following open venoarterial cannulation. Anterograde backflow cannula
in situ.

o015 Table 16.2 Methods to Confirm Vessel Anatomy During Cannulation

p0170

0065
p0175

More Reliable Less Reliable

Realtime ultrasound (US) guidance Palpation/landmark/anatomical methods
US confirmation of wire in the IVC or aorta Color of aspirated blood
X-ray/fluosocopy of guidewire Oxygen saturations

Pressure transduction

External bleeding at the time of cannula placement can be significant. Also prob-
lematic is covert bleeding, such as hematoma formation in the thigh or retroperito-
neal bleeding, which can result from either perivascular bleeding tracking backward
or from perforations during cannulation in stiff tortuous femoral vessels as they tra-
verse the pelvic brim. Covert bleeding is harder to control and may be associated
with a worse outcome, e.g., when retroperitoneal, where it can cause renal failure.

Arterial cannulation

Arterial cannulation is associated with higher complication rates than venous, espe-
cially in the presence of peripheral vascular disease [19]. The incidence of arterial
damage through cannulation ranges from 5.6%—-8% [10,20]. Intimal damage can
result from the guidewire, the dilator, or the cannula. The large diameter of the can-
nulas can completely occlude the vessel, preventing any distal flow unless a back-
flow cannula is inserted. The artery usually requires surgical reconstruction upon
decannulation.
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p0180 The most frequently used site for peripheral arterial return VA ECMO is the com-
mon femoral artery. The femoral artery allows rapid access to a large vessel, and
many clinicians are familiar with this site. Subclavian artery return is an alternative
that may reduce risk of differential hypoxia and is tolerated for longer periods (see
Venoarterial ECMO).

sooro  Peripheral cannulation

po185  However, upper limb hyperperfusion may result from increase arterial flow and
venous obstruction, leading to arm swelling and brachial plexus nerve injury [21].

p0190 Lower limb ischemia occurs in 3.1% of VA ECMO patients and 0.9% of VV
ECMO patients [10] and, if severe, can require fasciotomy and amputation [22].
The mechanisms include cannula-related obstruction of flow, thrombosis, or embo-
lization. Diagnosis is often delayed as patients are often sedated and unable to com-
municate pain, and nonpulsatile flow may be difficult to detect using the Doppler
probe. Early insertion of percutaneous backflow cannulae can prevent these compli-
cations (see Fig. 16.3). They direct blood from the circuit in an anterograde fashion
via the superficial femoral artery or, rarely, in a retrograde fashion via the posterior
tibial/dorsalis pedia artery to improve perfusion in the ipsilateral limb. Although the
cannulae can be challenging to insert, they are becoming more widely used [23].

soors  Venous cannulation

po195  Venous cannulation is associated with less damage compared with arterial cannula-
tion, although it still may result in significant complications, such as bleeding, infec-
tion, and deep vein thrombosis (DVT). In the case of internal jugular vein
cannulation, care must be taken to prevent the wire traveling across the tricuspid
valve as it can lead to right ventricle puncture and cardiac tamponade [24].

sooso  ECMO cardiopulmonary resuscitation (ECPR)

pozoo  ECPR presents a uniquely challenging situation for cannulation due to a lack of arte-
rial pulsatility, movement during ongoing CPR, and reduced arterial volume during
CPR. Often it is necessary to interrupt CPR in order to place wires in the correct
vessel (see Table 16.2). Percutaneous cannulation failure is significantly higher in
ECPR, necessitating higher rates of femoral cut downs [25], as are complications
such as inadvertent cannulation of the incorrect vessel.

sooes  Central cannulation

po205  Central cannulation during ECMO allows direct access to the aorta, enables higher
ECMO flows, and avoids the problems of differential hypoxia (see “Venoarterial
ECMO?” section). It is associated with much higher rates of bleeding and infection
[26]. Furthermore, physiotherapy, general ICU care, and extubation are impeded
with central cannulation.
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sooeo  INFECTION AND SEPSIS

po210  Infection and sepsis during ECMO lead to increased length of stay and are indepen-
dently associated with higher mortality [4,27]. The incidence of infections on ECMO
ranges from 13%—64% depending on how infection is defined [28]. While many
studies do not define it, ELSO defines it as “culture proven infections.”

p0215 Important ECMO-related risk factors include the presence and site of ECMO
cannulae and the duration of support [29]. Other patient factors include prolonged
ICU stay, immunosuppression, high sequential organ failure assessment (SOFA)
scores, exposure to antibiotics, and multiple indwelling medical devices. In addition,
a recent outbreak of mycobacterium chimera from infected heater coolers has also
lead to infections in small numbers of cases [30].

p0220 Ventilator-associated pneumonia (VAP) is the most common infection, with a
rate of 55 per 1000 ECMO days [31]. It typically occurs after 1 week (median
day 8), and Pseudomonas, Enterobacteriaceae, and multiresistant Staphylococcus
aureus (MRSA) are the most commonly isolated bacteria. Although the extracorpo-
real circuit usually supports any deterioration in respiratory function, significant
hemodynamic deterioration may result.

p0225 Bloodstream infection occurs at a rate of 14-16 per 1000 ECMO days and typ-
ically occurs around day 8 [31]. Diagnosis can be difficult, as typical signs of sepsis,
such as fever, may be masked by cooling in the extracorporeal circuit. Possible
sources include bacterial translocation from the gastrointestinal tract [32], cannulae,
VAP, and mediastinitis [27]. Gram-negative bacteria are the most common
(Pseudomonas, Enterococcus species, Escherichia coli, and Stenotrophomonas
maltophilia) as well as Staphylococcus aureus and Candida species [31].

p0230 Cannula infections occur at a rate of 7.1 per 1000 ECMO days, typically between
days 12 and 23 [31]. Percutaneous cannulae break down the usual protective skin
barrier and provide an entry portal for bacteria. Micro-pistoning of the cannula
through the insertion point may also increase infection risk. Bacteria-induced biofilm
surrounding the cannulae may lead to antibiotic resistance: see Chapter 21 for more
details. Bleeding with hematoma formation also increases the risk of subsequent
infection, making good cannulation technique mandatory. Escherichia Coli (24%),
Enterococcus species (19%), and gram positives such as Coagulase-Negative Staph-
ylococci (19%) were the pathogens most frequently associated with cannula
infection.

p0235 Patients on ECMO are also at risk for other types of infections, including
mediastinitis, gastrointestinal infection, and sinusitis, reflecting the overall severity
of illness in this population.

sooes  NEUROLOGICAL COMPLICATIONS

poz4o  Neurological damage, in particular intracranial hemorrhage (ICH) and cerebrovas-
cular accidents (CVAs), represents devastating complications during ECMO and
is often fatal [33]. When defined narrowly, i.e., ICH and CVA alone, the incidence
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varies from 6%—-8% [10,34]. Using a more broad definition, including subarachnoid
hemorrhage (SAH), coma, and anoxic brain injury, the estimate increases to
13%-50% [35].

p0245 Multiple mechanisms make the brain vulnerable to injury during ECMO. Antico-
agulation, hypoxia, hypotension, sepsis, ischemia reperfusion injury, and critical ill-
ness are all important. In a prospective study of neurological outcomes after ECMO, 9
out of 10 patients who died without evidence of stroke had histopathological evidence
of hypoxic/ischemic lesions of vascular origin [35]. Rapid reductions in CO, after
ECMO initiation have also been associated with cerebral vasospasm and ischemic/
hemorrhagic injury; thus, such reductions should be avoided. Finally, VA ECMO
can cause direct embolization to the cerebral arteries via retrograde aortic flow.

p0250 ECPR patients represent a subgroup with a particular vulnerability to neurolog-
ical damage. Prolonged native low flow states can lead to catastrophic ischemic inju-
ries. ECPR appears to improve survival with good neurological outcome compared
to conventional CPR, probably as a result of improved intraarrest cerebral blood flow
[36]. Although there was initial concern that ECPR could create survivors with
severe neurological disability, this doesn’t appear to be the case [37]

sotoo  INADEQUATE SUPPORT

po255  Inadequate support on ECMO means exposing the patient to the risk of MCS without
the benefits. In VV ECMO, this leads to greater dependence on the ventilator
(through increased tidal volumes and higher pressures), which can lead to further
ventilator-induced lung injury (VILD) [38]. In VA ECMO, failure to support the
circulation results in ongoing shock [39] and higher doses of inotropes. Common
reasons for inadequate support include access insufficiency and hypovolemia as well
as pump and oxygenator failure.

p0260 Access insufficiency occurs when the negative pressure around the inflow can-
nula causes the vein to collapse around it. This leads to occlusion of flow into the
cannula, resulting in high negative pressures, cavitation of RBCs, and hemolysis.
Low circulating volume, high pump speed, small cannula size, poor cannula position,
inadequate sedation, coughing, and raised intraabdominal pressure can all cause this
problem [15].

p0265 Renal failure is one of the most common complications associated with ECMO,
with 15%—46% patients requiring renal replacement therapy (RRT) ([10,28]. Hemofil-
tration is often indicated for loss of glomerular filtration, profound acidosis, or to
manage fluid balance. Patients requiring hemofiltration prior to ECMO have higher
mortality rates; in one study, however, initiation of hemofiltration during ECMO was
not associated with worse outcomes [40]. There is still conjecture whether the ECMO
is causative, or whether the pathology necessitating ECMO is more important [41].

p0270 Multiorgan dysfunction syndrome (MODS) is a complex and potentially end-
stage condition that is a common cause of death on ECMO [42]. Inadequate or
delayed resolution of initiating injury, inadequate support, recurrent sepsis, and pro-
longed illness all contribute. Patients post ECPR are at an especially high risk [43].
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so105  MECHANICAL FAILURE

po275  Mechanical complications include failure of any part of the circuit, pump, or oxy-
genator. The incidence is between 0.5%—13.6% during ECMO support, and compli-
cations can present as catastrophic bleeding or sudden loss of ECMO flow.
Mechanical failures have been associated with higher rates of infection [31].

p0280 Gas embolism (1.4%) is a life-threatening condition where gas is entrained into
the venous/access side. Potential sources of air include taps that are accidently
opened, fractures or tears at joints between components (0.4%), or tubing damage
from clamping or erosion from the use of alcohol cleaning products. Small leaks
can be difficult to see or hear but over time can be sufficient to fill the pump with
air, resulting in sudden airlock and cessation of ECMO flow. Entrainment of gas on
the return side is uncommon but can result in massive gas embolism with cata-
strophic ischemic injury and death.

p0285 Cannula dislodgement, although rare, may occur during transportation or turning of
patients, with catastrophic results. Damage to the porous oxygenator capillaries result-
ing in plasma leak is now rare with current generation oxygenators. Other complica-
tions, such as pump malfunction and heat exchanger malfunction, can also occur.

soto  SPECIFIC PROBLEMS RELATED TO TYPE OF SUPPORT

pozoo  Table 16.3 lists some of the more specific complications of ECMO by mode of
operation. Following is an in-depth summary of each of these complications.

too20 Table 16.3 Specific Complications of ECMO by Mode
Specific Complications of ECMO by Mode

Venoarterial ECMO
Differential hypoxia
Left ventricular distension
Venovenous ECMO
Recirculation
Right heart failure
ECMO cardiopulmonary resuscitation
Severe neurological injury

soi1s  VENOVENOUS ECMO

p0295  Recirculation during ECMO support occurs when oxygenated blood from the return
cannula is recirculated via the access cannula without delivery to the patient. If
significant, it leads to inadequate ECMO support, causing potentially severe sys-
temic hypoxia and end-organ damage. The risk of recirculation increases with the
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configuration type (femoral-femoral and femoral-jugular the highest, dual lumen
cannulation the lowest if positioned correctly), the distance between the cannulae
(highest risk <10cms apart), and during higher ECMO flow rates [44].

p0300 Cor pulmonale, or right ventricular failure that occurs secondary to severe pul-
monary disease, can occur in patients undergoing VV ECMO [45]. The incidence
is not known, but factors likely to contribute include increased pulmonary vascular
resistance secondary to hypoxic pulmonary vasocontriction, high levels of PEEP,
and volume overload. Patients may present with increasing hemodynamic instability
while on VV ECMO, necessitating inotropic support and ECMO reconfigurations
such as venoarterial-venous (VAV) ECMO.

sorz0  VENOARTERIAL ECMO

so125  Peripheral cannulation

po305 LV distension can occur during peripheral VA ECMO when the LV is inadequately
decompressed [46]. Normally, VA ECMO is effective at reducing LV volume over-
load by removing volume from the venous system, causing a reduction in LV preload.
However, blood returning via ECMO to the aorta causes increased LV afterload, which
the failing LV may not be able to accommodate. This results in a reduction or even
cessation in native blood flow, and, ultimately, in LV stasis and distension. Aortic
regurgitation (AR) exacerbates this problem. It may also diminish intramyocardial
microvascular flow. Worsening valvular regurgitation (aortic or mitral) and poor for-
ward flow can lead to intractable pulmonary edema. This is usually fatal unless the
process is reversed. Treatment options include: increasing forward flow through the
aortic valve via inotropes, increasing peak positive end pressure (PEEP), atrial septost-
omy, L'V venting, and concomitant Impella usage [47].

p0310 Differential hypoxia occurs in peripheral VA ECMO. The combination of
improving native cardiac function with poor respiratory gas exchange leads to the
circulation of deoxygenated blood through the native pulmonary circulation into
the aorta. This blood preferentially supplies the proximal aortic branches, such as
the major cerebral and coronary vessels, while the remainder of the systemic circu-
lation is well supported by the ECMO circuit. Differential hypoxia can lead to
catastrophic cerebral anoxic injury if not recognized and reversed.

so130  PATIENT-RELATED COMPLICATIONS
so13s  PRE-ECMO SEVERITY OF ILLNESS

po315  The patient’s condition at the time of MCS initiation has a major impact on the over-
all incidence and severity of complications. Factors such as SOFA score [48,49],
duration of prior mechanical ventilation, lactate, ETCO,, and the number of organ
failures [30] are important predictors of complications and outcomes and feature
strongly in predictive scores such as the SAVE [51] score and RESP [50] score.
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so140  TIMING AND NATURAL HISTORY OF THE DISEASE

po320  Delays in initiating MCS, with resulting prolonged periods of shock or hypoxia, lead
to the establishment of ventilator- induced lung injury (VILI), irreversible organ fail-
ures, and death [46]. There is some evidence that earlier initiation of MCS is asso-
ciated with improved outcomes in cardiac arrest patients [43,52] and cardiac
transplantation [53,54]. However, “preemptive” initiation may unnecessarily expose
patients to the risks of MCS while providing minimal benefit. Many experts believe
earlier initiation of ECMO will lead to improved outcomes; however, the data sup-
porting this practice is currently inconclusive.

soiss  ETIOLOGY

p0325  Despite similar degrees of illness severity, certain conditions are associated with
reduced complications and better outcomes. VV ECMO for the HINI respiratory
outbreak in 2009 was associated with consistently better outcomes than for other
forms of pneumonia, especially extrapulmonary ARDS [55]. VA ECMO for myocar-
ditis and postcardiac and lung transplantation graft dysfunction is also associated
with fewer complications and improved outcomes. In general, acute etiologies of
severe cardiorespiratory failure are more likely to reverse, whereas acute or chronic
causes are more likely to require ongoing supports such as durable VAD support and
cardiac or lung transplantation [56].

o150 LONG-TERM COMPLICATIONS OF ECMO

p0330  As survival post ECMO has improved, longer-term morbidity has become a more
important consideration for patients and their clinicians. Cognitive impairment
and psychological problems, including anxiety (34%), depression (25%), and post-
traumatic stress disorder (PTSD) symptoms (16%), are common; they are also higher
than for age-matched controls [57,58]. Much is related to prolonged critical illness
rather than to ECMO per se. In the CESAR frial, patients in both VV ECMO and
conventional treatment groups had comparable rates of depression, anxiety, and cog-
nitive impairment, but both were higher than matched confrols at 6 months [59].

p0335 Other long-term physical problems may follow cannulation, such as femoral
nerve damage and chronic pain, brachial plexus injuries, arterial stenosis leading
to claudication, pressure areas from prolonged immobilization, and poor wound
healing following initiation of immunosuppression post transplantation.

p0340 ECMO is a temporary intervention that usually lasts for a maximum of 2-3 weeks.
While ventricular assist devices share many of the same early complications with
ECMO, they often remain in situ for months and often years. In Part 2, we detail
the early and late complications of VAD support and address the important overlap
areas with ECMO.
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sotss. PART 2: COMPLICATIONS IN DURABLE VAD SUPPORT

po345  Since the advent of continuous flow (CF) VADS in the early 21st century, VAD sup-
port is increasingly well tolerated and is becoming a realistic alternative to heart
transplant. In the United States, the implant strategy is increasingly destination ther-
apy (DT) (46%) followed by bridge-to-transplant (BTT) (30%), and bridge-to-
decision (remaining 24%) [60]. As use of DT strategy increases, avoiding the com-
plications that occur with increasing frequency with longer support, e.g., infection
and mechanical failure, is particularly important.

p0350 Heart transplantation continues to be a limited resource available only to a minor-
ity of patients with advanced heart failure. Therefore, destination VAD support,
which is well tolerated and offers good quality of life and symptomatic control with
a low risk of complications, is of increasing importance. This remains somewhat
elusive, unfortunately, as complications of long-term support remain considerable.
According to the seventh annual report (2015) of the Interagency Registry for
Mechanically Assisted Circulatory Support INTERMACS), 70% of patients had
amajor adverse event related to VAD support within 1 year of implantation (infec-
tion, bleeding, device malfunction, stroke, and death), as shown in Fig. 16.3 [60].
Some complications of durable VAD support can occur at any stage of support,
for example, thrombosis and right heart failure. Others are more specific to the
temporal course (see Fig. 16.1 and Table 16.4).

soteo  GOMPLICATION RATES IN PULSATILE VADS

p0355  Design improvements and advances in the technology and management of continu-
ous flow VADS have reduced the rates of the most significant complications com-
pared to the rates with pulsatile VADS. New complications, however, have emerged
with continuous flow pumps (e.g., gastrointestinal bleeding related to angiodysplasia
and aortic insufficiency) and may potentially be related to lack of pulsatile flow and
LV afterload differences [61]. Fully implantable continuous flow VADs now
account for greater than 90% of the devices implanted, and they will be the focus
of the remainder of this chapter [60] (see Table 16.4 and Fig. 16.4).

sot65  BLEEDING

po3so  As with ECMO, bleeding is the most common adverse event following VAD implan-
tation [62-65]. Bleeding complications impact greatly on morbidity and contribute
to mortality events. In the setting of major bleeding, anticoagulation is necessarily
reduced, predisposing the patient to thromboembolic complications. Increase in
blood transfusion requirements can lead to allosensitization, which has a negative
impact on survival after heart transplantation in non-MCS-supported patients [66].
Allosensitization can also lead to difficulty in crossmatching for transplantation
and to longer duration of support. In a study of 468 HeartMate II (Abbott, Abbott
Park, IL, USA) BTT patients, bleeding, as defined by the requirement for 2 or more
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units of blood in a 24 h period, was associated with a significant decrease in survival
at 1 year following transplantation (82% vs. 94%, p < 0.03) [67].

p0365 Early postoperative bleeding related to surgery is a significant complication.
However, bleeding can be nonsurgical (e.g., epistaxis, gastrointestinal bleeding, gen-
itourinary tract bleeding) and out of proportion to the degree of anticoagulation or
antiplatelet treatment. The mechanisms are complex and can include alterations in
hemostasis due to the underlying heart failure state (e.g., coagulopathy from liver
dysfunction related to chronic right heart failure and congestion), surgery (blood
loss, hemodilution), and mechanical support (altered rheology and platelet dysfunc-
tion due to high shear stresses).

p0370 Comparing studies quoting bleeding rates can be difficult due to nonstandardized
definitions. The INTERMACS description, (see Box 16.1) while providing standard-
ization, is lacking in detail.

p0375 Acquired von Willebrand Syndrome (AvWBS) is common in VAD support
[68,69]. Loss of high molecular weight (HMW) multimers is due to a conformational
change in the von Willebrand protein, exposing the A2 domain to proteolysis by
ADAM TS 13 (A Disintegrin and Metalloprotease with Thrombospondin Type
I Motifs). This occurs with the high shear stresses seen in vitro with VAD support.
High molecular weight von Willebrand multimers induce platelet activation and
aggregation; their loss, therefore, explains the bleeding seen in the AvWBS, which
may occur in the absence of a bleeding stimulus.

p0380 AvWBS is practically ubiquitous in CF VADS, and additional mechanisms are
required to explain the bleeding diathesis commonly seen. Reduction of pulsatility
may confribute, and in one study of HeartMate II patients, lowered pulsatility as
demonstrated by a pulsatility index <4.6 and lack of aortic valve opening was asso-
ciated with an increase in major nonsurgical bleeding [70].

booto Box 16.1 INTERMACS DEFINITION OF BLEEDING

p0030 An episode of SUSPECTED INTERNAL OR EXTERNAL BLEEDING that results in one or more of
the following:

* Death

* Reoperation

* Hospitalization

* Transfusion of red blood cells as follows:
po055 If transfusion is selected, apply the following rules:

* During the first 7 days post implant
p0065 Adulis (>50 kg): > 4U packed red blood cells (PRBC) within any 24 h period during first 7 days
post implant.
* After 7 days post implant
po075 Any transfusion of packed red blood cells (PRBC) after 7 days following implant, with the
investigator recording the number of units given. (record number of units given per 24 h period).

p0080 Note: Hemorrhagic stroke is considered a neurological event and nof a separate bleeding event.
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Tamponade
Perioperative bleeding can lead to cardiac tamponade, which is more common in
VAD patients than in other cardiac surgery patients. In the modern era, reporting reo-
peration for tamponade occurs in 30%-40% of patients [71,72], while in the pulsatile
VAD era, reoperation for tamponade was even higher at 40%—60% [73].Tamponade
in LVAD patients may present as low pulsatility and rising CVP (and left atrial pres-
sure if monitored), combined with low-flow alarms from the VAD. There may be an
increase in suction events and/or ventricular tachyarrhythmias. With LVAD support,
intracardiac pressures are lowest in the left ventricle throughout the cardiac cycle,
and this often collapses first.

Any unstable patient requires urgent echocardiography (often transesophageal) to
evaluate this problem. Tamponade may occur late (ten days or more after surgery)
and may follow clinical events such as pacing wire removal.

Gastrointestinal hemorrhage

Gastrointestinal (GI) hemorrhage accounts for significant morbidity with continuous
flow pumps and is the most frequent cause of bleeding in Heartmate II-supported
patients [68]. It occurs with increasing frequency later in the patient course and is
the most common cause for readmission to hospital [74]. It is ten times more frequent
in patients with continuous flow VADS as compared with pulsatile flow (0.63 events
per patient year [EPPY]in CF VADS vs. 0.068 EPPY in pulsatile flow VADS) [75]. It
is seen more frequently with axial flow VADs (HeartMate IT) than with the centrifugal
HeartWare HVAD (Medtronic Inc, FL, USA) (19%-30% vs. 10%—13%)
[65,68,76,77]. GI bleeding is more common with increasing age, so some centers alter
their anticoagulation approach on this basis [78]. Gastrointestinal bleeding is associ-
ated with a significant increase (7.4-fold) in subsequent thromboembolic events, most
probably due to a reduction in the intensity of anticoagulation management [78].

Heyde’s syndrome

The association of CF LVAD support and GI bleeding related to arteriovenous
malformations is of major importance. This is a well-recognized syndrome in severe
aortic stenosis [79]. More recently, it has been described also in prosthetic valve
dysfunction [80].

Confributors to angiodysplasia may include nonpulsatile flow, high shear stress,
and AvWBS. Angiodysplasia-related bleeding frequently is recurrent and resolves
with heart transplantation. It is seen particularly in older patients and with reduced
pulsatility. Pump designs such as HeartMate 3 (Abbott, Abbott Park, I, USA), which
aim to reduce circulatory shear stresses and preserve pulsatility, may help to reduce the
incidence of GI hemorrhage related to angiodysplasia and AvWBS [81]. However, this
has not resulted in a change in the rate of GI hemorrhage, as seen in the Momentum 3
trial (15% in both the HeartMate IT and HeartMate 3 cohorts) [82].

Upper and lower GI bleeding can be seen from a range of sources other than
angiodysplasia, including peptic ulceration, oesophagitis, colonic polyps, and diver-
ticular disease [76].
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sotss  THROMBOSIS

po415  Bleeding and thrombotic complications are infrinsically linked, and the optimum
balance between prevention of bleeding and prevention of thrombosis can be diffi-
cult to achieve.

p0420 Thrombosis and thromboembolism are significant complications. Anticoagula-
tion and antiplatelet medication aim to prevent such complications. There is no stan-
dard antithrombotic protocol recommended for all patients with VAD support, and
there is considerable variability in published approaches [83]. Older patients are at
risk from both bleeding and thrombotic side effects [76]. Relaxation of anticoagula-
tion targets may in turn lead to more thrombotic side effects, which, although less
frequent, are more likely to be fatal. The interplay between inflammation and sepsis
is well known, and increasing the intensity of antithrombotic therapies may be a rea-
sonable approach during intercurrent septic episodes. Factors potentially associated
with thrombotic events in mechanical support are summarized in Table 16.5.

soto0  Pump-associated thrombosis

po425  Thrombus can develop on any part of a continuous flow pump at any point during
mechanical circulatory support.

p0430 Pump thrombosis affected 8.1% of 382 patients in the HeartWare ADVANCE
study (BTT and continued access protocol trial), at a rate of 0.08 per patient years
[84]. One-year survival in that study was 69% versus 85% for patients without pump
thrombosis. A sudden sharp increase in pump thrombosis events with HeartMate IT
was described in three large-volume centers, with a dramatic increase in rate for
pumps implanted after March 2011, approximately, compared with implants prior
to that date. Confirmed pump thrombosis at 3 months occurred in 8.4% of patients
in January 2013 versus 2.2% in March 2011 [85]. An INTERMACS study confirmed
the small but significant increase in pump thrombosis and pump exchange in
20112012 compared with the 2008-2009 era. Freedom from pump thrombosis
was 99% in 2008-2009 but had dropped to 94% by 2010-2011 [86]. The cause
for this increase is not clear, with no manufacturing changes to explain it. Hypotheses
for the increase in rate include using lower pump speeds to maintain aortic valve
opening, a shift to destination therapy, and a change in anficoagulation intensity
due to hemorrhagic concerns [87].

t0030 Table 16.5 Factors Associated With Thrombosis in VAD Support

Patient-related factors Procoagulant state of advanced heart failure
Infection

Atrial fibrillation

Reduced anticoagulant intensity
Thrombophilia

Heparin-induced thrombocytopenia

Pump factors Design, e.g., sintering with HeartWare pump earlier version
Anatomic and surgical Angulation of cannula, trabeculation
factors Reduced blood flow in acrtic root
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so195  Right heart failure

po435  Right heart failure after LVAD implantation is one of the most common complications,
reportedly occurring in 20%—50% of patients post-VAD implant, and is a significant
cause of mortality [60,88,89]. Patients with RV failure after LVAD have lower sur-
vival to transplant, to recovery, or with continuing support at 180 days [90]. Definitions
vary, making it difficult to compare different case series. The INTERMACS definition
of right heart failure after VAD implantation requires 7 days of support (suggesting
that transient right heart failure is virtually inevitable). The incidence in the INTER-
MACS 7 report was 0.57 EPPY in the 20082011 era and 0.49 EPPY in the 20122014
era. There was an increased incidence of right heart failure as a cause of death in more
debilitated patients INTERMACS 1-2 vs. 4-7) [60].

p0440 Right heart failure can occur at different time points: acute (less than 48 h), early
(48 h—14 days), and late (after 14 days) [91]. The etiology of acute, early, and late
right heart failure differs (see Table 16.6).

p0445 Late right heart failure is increasingly recognized as one reason patients may
fail to thrive after LVAD implant [92]. In a study of 537 HeartMate II destination
patients, Rich and colleagues described late right heart failure associated with treat-
ment with inotropes and hospitalization for more than 30 days after VAD implan-
tation [93]. Late right heart failure occurred in 8% of patients with a median time to
diagnosis of 1.3 years after VAD implantation. Late heart failure had a significant
effect on mortality, quality of life, and functional capacity.

p0450 Numerous preoperative scoring systems to predict right heart failure have been
proposed [92,94-98]. Many of these are derived from small individual center popu-
lations and from the era of pulsatile support, and may not be generalizable to other
centers’ experience. Their number indicates that not one scoring system is perfect or
widely accepted [99].

po455 Management of RV failure after LVAD will be described comprehensively in
Chapter 17.

10035 Table 16.6 Mechanisms of Right Heart Failure During VAD Support

Depressed right ventricular (RV) function post bypass
Preexisting RV failure

Blood product use

Negative effects of ventilation and increased RV afterload
Hemodynamic interaction of the LVAD and the right heart

* Septal shift (parallel ventricular interdependence)
o Loss of the interventricular septal contribution to RV systolic function
* In-series ventricular interdependence
o Hemodynamic loading of the marginal right heart with increase in cardiac output, i.e.,
the right heart must pump what the LVAD delivers
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so200  Infection

posso  Like ECMO, infection in the setting of LVAD support causes increased morbidity
and mortality, and is a significant risk factor in transplant surgery for BTT patients
[60,100].

p0465 Infection can be device related (driveline or pump pocket) or non-device related.
In the era of pulsatile VADs, infection was a major cause of morbidity and the lead-
ing cause of mortality in the REMATCH study [89]. The rate of device- related infec-
tion in the Heartmate IT and the HeartWare BTT trials were 0.37 EPPY and 0.29
EPPY, respectively [63,65]. In the HeartMate II postapproval destination trial, the
rate had fallen but was still significant at 0.22 EPPY.

p0470 The occurrence of sepsis post-LVAD implant increases mortality [101,102]. Nos-
ocomial infection can have very significant consequences as bloodstream infection
in the setting of an implanted device is generally impossible to eradicate and often
requires antibiotic treatment for the lifetime of the device. This causes antibiotic
selection pressure, and antibiotic resistance can emerge, potentially leading to an
increase in complications during and after transplantation. Destination VAD patients
are at increased risk of septic complications, which may be due to the prolonged
nature of support. Obesity and diabetes are also independent risk factors for infec-
tious complications [102,103].

p0475 Prevention of infection is a key goal at every point of the patient’s journey as per
Table 16.7.

soz05  Driveline infection

po4so  The driveline is a critical source of ascending infection if driveline colonization
occurs. Biofilm formation by typical organisms involved in driveline infections
(e.g., staphylococcus species, pseudomonas) means that eradication is very difficult
[104]. Essentially, any serious driveline infections that are refractory to treatment
may necessitate an entire new VAD and driveline insertion—at substantial physio-
logical and financial cost

o040 Table 16.7 Measures to Prevent Infection in VAD Support

Pre-VAD implant Removal of preexisting lines that may be colonized
During VAD implant Strict asepsis by all team members
Post operatively Attention to hand hygiene by all team members (medical, nursing,

allied health, ward support, and cleaning staff) in ICU, wards,
outpatient setting

Avoid excessive sedation in ICU

Prevention of ventilator-associated pneumonia and other
nosocomial infections (e.g., head up 30°)

Pressure injury care

Removal of lines and catheters once no longer required
Antimicrobial stewardship
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so2t0  Multisystem organ failure

poass  One of the main complications in the ICU following LVAD support is the develop-
ment of multiorgan failure. The etiology of this is complex, and it may follow a com-
bination of other complications, such as infection, right heart failure, etc. Advanced
heart failure is a proinflammatory state. Inflammation in continuous-flow VAD
implantation can be associated with the development of multisystem organ failure
[105]. The level of inflammatory markers vary with INTERMACS profiles, with
highest level of preimplant IL-6 seen in INTERMACS profile 1 patients [106].

p0490 Timing of support is crucial, and the debility of the patient at the time of implan-
tation correlates with the development of multisystem organ failure. This may
become less common with the trend to implant at INTERMACS 3—4 and beyond.
Preoperative optimization of hemodynamics and treatment of right heart function
may also be very important. Also, implantation of VAD support as a bridge to a deci-
sion in more debilitated patients allows evaluation of those who will benefit as well
as optimization of those who are at INTERMACS 1 or 2 [107].

p0495 Postoperatively, early and prompt treatment of complications such as tamponade,
bleeding, sepsis, and right heart failure, including timely mechanical support where
indicated, may also help prevent the development of multiorgan failure, which can be
considered the sequelae of a variety of insults.

soz15  Vasoplegic shock

posoo  Vasoplegic shock can occur in up to one-third of patients post implant and in a minor-
ity of cases can be very severe [108,109]. The presence of hypotension should
prompt early investigation and management of conditions such as sepsis, right heart
failure, and tamponade as well as other complications. Mechanisms of vasoplegic
shock may include relative deficiency of endogenous vasopressin, preoperative med-
ications such as angiotensin-converting enzyme inhibitors, and inflammation post-
cardiopulmonary bypass [109].

so220  Arrhythmia

po505  Arrhythmias are common after LVAD placement, occurring in 25%—60% of patients
with continuous flow VADS [110]. The most important predictor of post-LVAD
venfricular arrhythmia (VA) is pre-LVAD VA [110-112]. Ventricular arrthythmias
have previously been considered relatively benign in an LVAD population. As is
not the case in other heart failure populations, arthythmias may not cause sudden
cardiac death as the LVAD itself provides alternative support to the native heart
[113-115]. Reports of patients with prolonged ventricular arthythmia without loss
of consciousness are common. The mechanism hypothesized is a Fontan-type uni-
ventricular circulation with passive flow though the right ventricle in the setting of
low pulmonary vascular resistance [116]. The effect of VAs on morbidity, mortal-
ity, and quality of life are undoubted, however [117]. Arthythmia affecting the
right heart can reduce delivery to the left ventricle and cause acute left ventricular
suction events. Arrhythmias may also be the result of suction events. Prolonged
VAs may be associated with right heart failure and acute kidney injury. They
increase readmission rates to hospital and cause a significant deterioration in
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quality of life. Arrthythmia is most common early post-VAD implantation in the
first 2-4 weeks, but a significant proportion of patients can have arrhythmia later
posthospital discharge. Causes are multifactorial and may include electrolyte dis-
turbance preoperatively. In addition, myocardial scars in the setting of ischemia,
scar formation from the VAD implant, prolongation of the QT interval, and right
heart failure are possible causes [118]. However, primary prevention of VAD-
related arrhythmias with an automated implantable cardioverter defibrillator
(AICD) is controversial. A recent metaanalysis failed to detect any mortality ben-
efit from AICDs implanted in a continuous flow VAD population [112]. There are
potential downsides to this therapy, with infection-related complications, electro-
mechanical interference, and inappropriate shocks. Thus, future randomized trials
to guide therapy would be useful.

s0225  LONG-TERM COMPLICATIONS

soza0  Neurological

pos1o  Neurological events are the primary cause of death post-VAD implant, accounting
for 18% in the most recent INTERMACS report [60]. The annual risk of stroke in
patients with an LVAD is approximately 15% per year [119,120]. Stroke-related
morbidity is also very high and may significantly impair functional capacity in sur-
vivors. Systemic infection is consistently reported to increase the stroke risk in VAD
support [119-121].

p0515 Stroke can be ischemic or hemorrhagic in nature. The etiology of stroke in
mechanical support is multifactorial [122,123]. Risk factors for stroke include device
thrombosis, preexisting medical comorbidities, e.g., atrial fibrillation and aortic
valve closure. The most significant risk remains infection, which doubles the risk
[123]. Elevated mean arterial pressure (MAP) and prior stroke are also significant
risk factors. In a study of risk factors for neurological events in a HVAD BTT
and continued access protocol trial, Teuteberg found that atrial fibrillation and aspi-
rin dose <81 mg/day were independent risk factors for ischemic stroke (6.8% of
patients). Mean arterial pressure >90 mmHg, aspirin <81 mg/day, and International
Normalized Ratio (INR) > 3.0 were independent risk factors for hemorrhagic stroke
(prevalence 8.4%) in multivariable analysis [122]. Hemorrhagic stroke has a much
greater survival impact than ischemic stroke [122,124]. There was preponderance of
right hemispheric infarction, a likely site for cardiogenic emboli via the innominate
artery. The authors hypothesized that the seemingly paradoxical link between lower
aspirin and hemorrhagic stroke may be explained by hemorrhagic transformation of
thromboembolic stroke.

so235  Device failure/mechanical issues

pos20  Device failure is exceedingly rare with the current generation of continuous flow
VADS. In the landmark Heartmate IT destination therapy trial, the failure rate for
HMII was 0.06 per patient-year compared with 0.51 per patient-year with the Heart-
mate XVE [62,125]. In the majority of patients who required pump exchange in this
trial, the cause of exchange was due to damage to the percutaneous lead. There was
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no episode of pump failure. Similarly, in the ADVANCE BTT HVAD study, device
failure was rare, with the majority of pump exchanges occurring because of infection
or pump thrombus [65].

so240  Outflow graft obstruction

po525  Outflow graft obstruction can present with late heart failure, and may be difficult to
diagnose. Sources of obstruction may be graft stenosis, cannula thrombus, or extrin-
sic compression/kinking. Gated cardiac computed tomography angiography (CTA)
of the pump may diagnose an outflow graft problem. Intravascular ultrasound may
also be useful [126]. Novel approaches to treatment include endovascular stenting
[127]. This less common complication should be considered in any patient who is
showing signs of insufficient support in the absence of other causes, such as right
heart failure and aortic insufficiency. The symptoms and signs may mimic pump
thrombosis, and indeed pump thrombosis and outflow graft obstruction may coexist.
A search for this complication is, therefore, important as it will change the nature of
the pump-exchange surgery [126,128].

soa5  Aortic valve and aortopathy

pos3o  Continuous flow VAD support alters local hemodynamics and can affect valvular
function and cause ultrastructural changes in heart tissues. Aortic valve commissural
fusion and leaflet thickening leading to aortic stenosis and regurgitation is common in
VAD support with both pulsatile and CF VADS [129-131], although it is more fre-
quent with CF VADs [132]. This complication occurs de novo in patients with normal
valves preoperatively and progresses over time [132,133]. Preexisting aortic regurgi-
tation may worsen in severity. Mechanisms may include high shear stress on the ven-
tricular aspect of the valve and lack of aortic valve opening. Aortic regurgitation is
frequently eccentric and continuous throughout the cardiac cycle [132]. It is difficult
to evaluate severity using conventional echocardiographic parameters, and alternative
approaches have been proposed [ 134]. Aortopathy may also confribute to a worsening
of aortic regurgitation [132,135,136]. Hemodynamically significant aortic regurgita-
tion or stenosis will limit efficiency of left ventricular unloading and can cause cardiac
failure symptoms, leading to a requirement for surgery. The time-dependent nature of
aortic insufficiency is of particular concern for destination support.

szzo  CONCLUSION

p0535  MCS support in critically unwell patients is associated with multiple complications
despite improvements in technology over the last 20 years. These may be related to
initiation of the support, the device itself, or to the patient population and underlying
illness. Reducing and preventing MCS complications remains an important goal for
the future uptake of this technology, particularly in the pursuit of improving patient-
centered outcomes and longer-term support.
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Chapter 6: Retrieval of adult patients on extracorporeal membrane oxygenation
by an intensive care physician model

This chapter describes a single-centre, retrospective observational study investigating
the retrieval of patients on ECMO to a specialist ECMO centre. The primary aim was
to assess the feasibility of an intensivist-led team for ECMO retrieval. In addition, the
safety, complications and outcomes of retrieved patients were compared to those
patients initiated on the supports at the ECMO centre. This work related to thesis
aim 5.
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Abstract: The optimal staffing model during the inter-
hospital transfer of patients on extracorporeal membrane
oxygenation (ECMO) is not known. We report the compli-
cations and outcomes of patients who were commenced on
ECMO at a referring hospital by intensive care physicians
and compare these findings with patients who had ECMO
established at an ECMO center in Australia. This was a
single center, retrospective observational study based on a
prospectively collected ECMO database from Melbourne,
Australia. Patients with severe cardiac and/or respiratory
failure failing conventional supportive treatment between
2007-2013 were placed on ECMO via a physician-led
model of ECMO retrieval, including two intensivists in a
four person team, using percutaneous ECMO cannulation.
Patients (198) underwent ECMO over the study period, of

which 31% were retrieved. Veno-venous (VV)-ECMO
and veno-arterial (VA)-ECMO accounted for 27 and 73%
respectively. The VA-ECMO patients had more intra-
transport interventions compared with VV-ECMO trans-
ported patients, but none resulting in serious morbidity or
death. There was no overall difference in survival at 6
months between retrieved and ECMO center patients:
VV-ECMO (75 vs. 70%, P = 0.690) versus VA-ECMO (70
vs. 68%, P =1.000). An intensive care physician-led team
was able to safely place all critically ill patients on ECMO
and retrieve them to an ECMO center. This may be an
appropriate staffing model for ECMO retrieval. Key
Words: Extracorporeal membrane oxygenation—respira-
tory failure—cardiac failure—retrieval—interhospital
transportation—long term outcomes.

Patients with severe cardiac and/or respiratory
failure may require extracorporeal membrane oxy-
genation (ECMO) as a supporting therapy (1).
Many hospitals do not have the expertise or equip-
ment for the provision of ECMO, and transfer to
an ECMO-capable hospital may be required. How-
ever, the inter-hospital transfer of such critically ill
patients is associated with significant risk (2). This
risk may be decreased with the provision of ECMO
at the sending hospital by a specialized team and
subsequent inter-hospital transfer of the patient on
ECMO.
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Previous studies of ECMO retrieval have
reported that ECMO provision at the sending
hospital has generally been undertaken by a sur-
geon for the cannulation and a perfusionist for
circuit management (3-5). In Victoria, Australia,
we have developed an intensive care physician-led
ECMO retrieval service for the provision of
ECMO for critically ill patients with severe car-
diac and/or respiratory failure who require inter-
hospital transfer. The aim of this study was to
report the complications and outcomes of patients
who were commenced on ECMO at a referring
hospital and compare these findings with patients
who had ECMO established at The Alfred Hospi-
tal. Our hypothesis was that an intensive care
physician-led model of ECMO retrieval is feasi-
ble, safe and is associated with satisfactory patient
outcomes.
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PATIENTS AND METHODS

Setting

The Alfred Hospital is a 400-bed tertiary univer-
sity teaching hospital in Victoria, Australia. This
facility is a referral center for ECMO, major trauma,
heart and lung transplantation, hyperbaric oxygen,
burns, and cystic fibrosis patients for the states of
Victoria, South Australia and Tasmania, servicing a
total population of over 6 million people.

The Alfred Hospital intensive care unit (ICU)
has 20 critical care physicians, 45 beds and approxi-
mately 2400 admissions per year. There are 17 criti-
cal care physicians who are trained to initiate
peripheral veno-arterial ECMO (VA-ECMO) and
veno-venous ECMO (VV-ECMO), including per-
cutaneous cannulation and management of the
ECMO circuit.

Indications for ECMO

The indication for VA-ECMO included refrac-
tory left ventricular failure with evidence of persis-
tent shock despite high dose inotropes (i.e.,
adrenaline or noradrenaline >0.3 pg/kg/min), pul-
monary edema formation despite positive pressure
ventilation or persistent right ventricular failure
despite pulmonary artery vasodilator therapy.
The indication for VV-ECMO included refractory
respiratory failure as a result of an acute deteriora-
tion with a potentially reversible cause. Specific
entry criteria included an inability to maintain oxy-
gen saturation >88% or pH >7.20 with 100%
inspired oxygen fraction and optimal positive end
expiratory pressure (PEEP) titration, while main-
taining a safe lung ventilation mode, including a
plateau pressure <35 mm Hg and tidal volume
<6 mL/kg.

Contra-indications to ECMO included presence
of additional severe chronic organ failure (liver,
lung or renal), presence of severe acute brain
injury, known malignancy and/or age >75 years.
Specific contra-indications for VA-ECMO included
cardiac arrest with an initial cardiac rhythm of asys-
tole or >60 min from arrest to return of spontane-
ous circulation, severe chronic pulmonary artery
hypertension with right ventricular failure, severe
aortic or mitral valve regurgitation with poor left
ventricular function, late presentation of cardio-
genic shock as indicated by lactate >15 mmol/L or
the development of purpura. Contra-indications to
VV-ECMO included end stage irreversible or
chronic pulmonary processes (i.e., interstitial lung
disease/pulmonary fibrosis, bronchiolitis obliter-
ans), lung transplant >30 days, requirement for

immunosuppression (other than during the first 30
days post lung transplant) and/or microcirculatory
failure with established purpura.

Population

All patients from January 2007 to April 2013
treated with ECMO at The Alfred Hospital ICU
were included in this study. Patients were either
commenced on ECMO at a referral hospital and
then transported (“retrieved”) or had ECMO initi-
ated at The Alfred (“ECMO center”). Patients
with cardiac failure were commenced on VA-
ECMO, whilst those with respiratory failure were
commenced on VV-ECMO.

ECMO retrieval program

The ECMO retrieval service for the southern
states of Australia (Victoria, Tasmania, and South
Australia) commenced in 2007. Transportation of
patient on ECMO is by either road ambulance or
fixed wing medical aircraft. The retrieval team
comprised three medical staff, and one paramedic
or ECMO trained critical care nurse. From 2007
2009, the two intensive care physicians were accom-
panied by a perfusionist. Cannulation and subse-
quent transport management was managed by the
intensivists, while all ECMO related management
(priming and maintenance) was undertaken by the
perfusionist. From 2010-2013, the role of the perfu-
sionist was incorporated into the intensive care
physician role, and a retrieval physician from
Ambulance Victoria (Adult Retrieval Service) was
added to the team to assist with non-ECMO patient
management during transport.

All referrals for ECMO were evaluated by The
Alfred Hospital on-call intensive care physician.
For those cases considered appropriate for retrieval
on ECMO, the team departed from the ICU with
all the necessary equipment including cannulae,
ECMO console, rotary pump, oxygenator, primed
circuit, and all disposables.

Upon arrival, the patient was then assessed by the
retrieval team for ECMO suitability. If the patient
had shown no signs of improvement and they met
our inclusion criteria, the patient was placed on
ECMO and retrieved. ECMO referrals that were
deemed not suitable for ECMO (either too well or
too unwell) were excluded from this study.

Patients were established on ECMO at the refer-
ring hospital with ultrasound guided percutaneous
cannulation using a Seldinger technique. A 3000 U
heparin bolus was used for all patients unless active
bleeding was present at the time of cannulation.
For VV-ECMO, the femoral vein was accessed
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with a 21 Fr multi-stage venous cannula (Maquet,
or Biomedicus, 55 cm length). A 19 Fr single stage
return cannula was positioned in the right atrium
predominantly via the contralateral femoral vein
due to the relative ease and speed of insertion of
the femoral route. If complicated, a shorter single
stage return cannula was placed into the internal
jugular vein (Maquet or Biomedicus, 25 cm length).
For VA-ECMO, return to the femoral artery used
a 17 or 19 Fr cannula. For patients on VA-ECMO,
a 9 Fr retrograde perfusion cannula was inserted
under ultrasound guidance into the superficial fem-
oral artery to prevent leg ischemia at the time of
cannulation at the distal hospital. On occasion dur-
ing difficult cases, the perfusion cannula was
inserted once returned to the ECMO center. Trans-
thoracic and/or upper abdominal ultrasound was
used to confirm guide-wire and venous cannula
positions during cannulation. If patients had
already been commenced on ECMO by the refer-
ring hospital, then console and rotary pump were
changed to Alfred Hospital equipment, and the
patient was transported by the Alfred ECMO
retrieval team.

ECMO circuit and maintenance during transport
and at The Alfred Hospital

The ECMO circuit comprised a centrifugal pump
(Rotaflow, Maquet, Rastatt, Germany) and oxygen-
ator (Quadrox Bioline, Maquet, Rastatt, Germany).
The circuit was heparin bonded. No heater unit was
used during retrievals. Mechanical ventilation was
continued during transportation using an Oxylog
3000 (Draeger Medical, Inc., Libeck, Germany).

In The Alfred Hospital ICU, daily management
of each patient was carried out by ICU medical and
nursing staff. VV-ECMO was maintained until lung
recovery, with regular trials of weaning of ECMO
support. VA-ECMO was maintained until cardiac
recovery, or as a bridge to left ventricular assist
device or cardiac transplantation. Venous cannulas
were removed in the ICU with 30 min external
pressure applied, whilst arterial cannulas were
removed surgically in the operating theatre.

Data collection

Demographic, severity of illness, and in-hospital
outcome data were extracted from the ECMO
database. Post discharge outcome data were col-
lected from medical records. Data on complica-
tions/interventions and physiological changes
during the retrieval were collected from ambulance
and medical records.
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Demographic variables included height, gender,
cardiac and respiratory disease, and predefined co-
morbidities. We assessed severity of illness at the
time of ECMO initiation by oxygenation status, lac-
tate level, renal function, inotrope doses and, for
patients on VA-ECMO, troponin levels and echo-
cardiography data. APACHE II and III scores
were calculated during the first 24 h of admission
to The Alfred Hospital ICU.

The following complications during retrieval
were recorded: bleeding requiring blood transtu-
sion, leg ischemia (VA-ECMO), air embolism,
urgent interventions (ECMO pump failure requir-
ing hand cranking, loss fresh gas flow, monitor fail-
ure, transport delays during retrieval (minor <2 h,
significant >2 h), and difficulty of cannulation (nil,
difficult, failed) as reported by the cannulator.

The primary outcome measure was mortality at
six months. Secondary outcomes included complica-
tions related to ECMO cannula insertion, liver
dysfunction (defined as 2X increase in ALP/AST/
GGT/bilirubin), ventilation days, need for renal
replacement therapy, bleeding requiring surgery,
number of units of packed red blood cells, cerebro-
vascular accident (defined as either ischemic stroke
with clinical manifestations or any intracranial hem-
orrhage on brain CT scan), days on ECMO, ICU,
and hospital length of stay and survival to hospital
discharge.

The study was approved by The Alfred Human
Research Ethics Committee (HREC number
296/11).

Statistical analysis

All analyses were performed using SPSS Version
21 for Mac. Categorical variables were compared
between groups with a Fisher’s exact test, and con-
tinuous variables were compared using a student #-
test or Mann-Whitney as appropriate. Missing data
were excluded from the analysis.

RESULTS

Over a 7 year period, 198 patients underwent
ECMO at The Alfred Hospital by intensive care
physicians (Figure 1). Of these 62 (31%) were
retrieved and 136 (68%) were placed on ECMO in
The Alfred. VA-ECMO was undertaken in 144/198
(72%), and accounted for 25/62 (40%) of those
retrieved whilst VV-ECMO was used in 54/198
(27%) overall and accounted for 37/62 (59%) of
those retrieved.

The baseline demographics and indications for
retrieved patients and at ECMO center patients for
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FIG. 1. Summary of Retrieval and ECMO Center patients and 6 month survival.

VA-ECMO is shown in Table 1 and VV-ECMO in
Table 2.

The most common mode of transport for
retrieved patients was road (67%), with the remain-
der by fixed wing aircraft (33%). The median dis-
tance travelled for VV-ECMO patients was 57 km
(range 5-724 km) and for VA-ECMO patients was
25 km (range 5-650 km).

For VA-ECMO patients, a higher number of
those retrieved were female (72 vs. 36% P =0.01).
The ECMO center group were more likely to be
post cardiac surgery, including post heart transplant,
and/or to have undergone central VA-ECMO.

For VV-ECMO patients, retrieved patients were
more likely to be smokers, and have a high body-
mass index, but less likely to have chronic respira-
tory disease, cystic fibrosis, or be immunosup-
pressed. Retrieved patients were more likely to
have the diagnosis of HIN1 influenza pneumonia,
while ECMO center patients were more likely to
be postoperative or post lung transplant. The early
period of our study coincided with an increase in
incidence of HIN1 requiring VV-ECMO during
2007-2008. Of the VV-ECMO patients, 11 (27%)
required VV-ECMO because of HINI infection.

Surgical intervention at the referral hospital for
cannulation placement was not required for any of

the retrievals. All patients assessed by the retrieval
team as being suitable for ECMO were successfully
percutaneously cannulated and retrieved back to
The Alfred Hospital.

The outcomes for VA-ECMO patients are shown
in Table 3 and VV-ECMO in Table 4. There was
no difference in survival at ICU discharge, hospital
discharge and 6 months between retrieved and
ECMO center VA-ECMO or VV-ECMO patients.
Both VV and VA-ECMO retrieved patients had
shorter length of stay compared with ECMO
Center patients.

In the VA-ECMO patients, 6/25 (24%) of
retrieved patients ultimately bridged to either ven-
tricular assist device (VAD) or underwent cardiac
transplantation, while only 14/119 (11%) of the
ECMO center did (P=0.11). Retrieved VA-
ECMO patients had higher rate of stroke (21 vs.
4% P =0.015).

No patients died during the transport, and com-
plications events that occurred during the transport
are detailed in Table 5. Four (16%) of VA-ECMO
patients required urgent interventions, which
included hand cranking in three patients (two for
battery failure, and one for low-flow due to hypo-
volemia). In one patient, there was transient hyp-
oxia due to loss of oxygen flow to the oxygenator.
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TABLE 1. Veno-arterial ECMO baseline demographics

Retrieved N =25 ECMO Center N =119 Total N =144 P value
General Characteristics
Age, (years) 50 (30-56%) 48 (37-59) 48 (36-58) 033
Male 9 (36%) 86 (72%) 95 (66%) 0.001
Body Mass Index, (kg/m?) 25 (24-28) 24 (22-27) 25 (22-27) 033
Comorbidities
Current or Ex smoker 4 (17%) 31 (28%) 35 (26%) 0.27
Ischemic Heart disease 7 (30%) 28 (25%) 35 (26%) 0.61
Diabetes Mellitus 2 (8%) 14 (12%) 16 (12%) 0.58
Baseline Creatine, (mmol/L) 3 (13%) 22 (20%) 25 (18%) 0.57
Previous Heart Failure 6 (27%) 63 (58%) 69 (53%) 0.010
Previous Cardiac Transplant 1(4%) 17 (15%) 18 (13%) 0.17
Factors present at ECMO initiation
pH 7.2 (7.0-7.3) 72 (7.0-74) 7.2 (7.0-7.3) 0.97
PaO,/FiO, 139 (75-292) 123 (72-289) 130 (72-289) 0.57
Lactate, (mmol/L) 3(1-9) 6 (3-11) 6 (3-10) 0.033
International Normalized Ratio 1.5 (1.1-1.5) 1.7 (1.3-24) 1.7 (1.3-23) 0.28
Troponin I, (ng/L) 27 (0-89) 3 (0-20) 3(0-32) 0.08
Creatinine, (mmol/L) 132 (84-195) 117 (90-167) 118 (90-168) 0.80
Not intubated 0 (0%) 18 (16%) 18 (13%) 0.036
Cardiac Arrest 12 (52%) 50 (45%) 62 (47%) 0.65
APACHE 11 22 (15-27) 22 (15-26) 22 (15-26) 0.89
APACHE III 64 (41-98) 64 (51-88) 64 (50-89) 0.71
Indication
Cardiomyopathy 8 (34%) 20 (18%) 28 (21%) 0.10
Arrest/Acute Coronary Syndrome 8(34%) 19 (17%) 27 (20%) 0.09
Post Cardiac Transplant 0 {0%) 35 (32%) 35 (26%) 0.001
Post Lung Transplant 0 (0%) 15 (12%) 15 (10%) 0.015
Postoperative VA-ECMO 4 (16%) 63 (52%) 67 (46%) 0.001
Central VA-ECMO 0 (0%) 30 (25%) 30 (209%) 0.002
Data presented as number (percentage) or median (interquartile range).
TABLE 2. Veno-venous ECMO baseline characteristics
Retrieved N =37 ECMO Center N =17 Total N =54 P value
General Characteristics
Age, (years) 36 (25-50) 36 (25-50) 36 (25-52) 0.96
Male 19 (51%) 11 (64%) 30 (55%) 036
Body Mass Index, (kg/m®) 29 (25-39) 23 (21-25) 28 (22-35) 0.02
Pregnant 2 (5%) 0 (0%) 2 (3%) 0.20
Comorbidities
Current or Ex smoker 16 (43%) 2 (11%) 18 (33%) 0.049
Chronic Respiratory Disease 7 (18%) 9 (52%) 16 (29%) 0.011
Chronic Immunosuppression 7 (18%) 7 (41%) 14 (25%) 0.08
Cystic Fibrosis 2 (5%) 5(29%) 7 (13%) 0.015
Previous Lung Transplant 0 (0%) 6 (35%) 6 (11%) 0.000
Prior Cardiac Arrest 4 (10%) 2 (11%) 6 (11%) 0.79
APACHE II 17 (13-19) 18 (9-27) 17 (13-22) 0.045
APACHE III 75 (59-91) 62 (41-81) 59 (45-72) 0.25
Factors present at ECMO initiation
PaO,/FiO, 79 (62-120) 70 (56-143) 76 (61-99) 0.36
Lactate, (mmol/L) 1(1-3) 3(1-3) 1(1-3) 0.09
Prior ICU duration, {days) 2 (1-3) 0 (0-3) 2 {0-2) 0.08
Prior Ventilation duration, (days) 2 (1-5) 1(0-1) 1(0-2) 0.006
Indication
Bacterial Pneumonia 12 (34%) 7 (41%) 19 (35%) 053
Viral Pneumonia 15 (40%) 0 (0%) 15 (27%) 0.002
ARDS, Non Pneumonia 10 (27%) 5 (29%) 15 (27%) 0.86
Post Lung Transplant 0 (0%) 5(29%) 5(9%) 0.001
HIN1 10 (27%) 1(5%) 11 (20%) 0.18
Postoperative 1Q2%) 4 (23%) 5 (9%) 0.042

Data presented as number (percentage) or median (interquartile range).
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TABLE 3. Veno-arterial ECMO outcomes

Retrieved N =25 ECMO Center N =119 Total N =144 P value
Bleeding Requiring Surgery 8 (57%) 44 (54%) 52 (54%) 1.00
Vascular Surgery 14 (17%) 25 (22%) 29 (22%) 078
Cerebral Vascular Accident 5(21%) 5(4%) 10 (7%) 0.015
Ventilation, (days) 6 (2-12) 7 (2-12) 12 (7-26) 0.69
Renal Replacement Therapy 14 (87%) 75 (67%) 89 (69%) 0.15
Died on ECMO 7 (30%) 16 (14%) 23 (17%) 013
Red Blood Cells, (units) 8 (7-11) 13 (5-23) 11 (5-22) 0.11
ECMO duration, (days) 8 (4-10) 6 (4-11) 7 (4-11) 077
Bridge to VAD or Transplant 6 (24%) 14 (11%) 20 (14%) 0.11
Intensive Care duration, (days) 12 (7-23) 17 (9-44) 16 (8-26) 026
Hospital duration, (days) 25 (1241) 41 (22-63) 38 (20-60) 0.010
Died in Hospital 7 (28%) 32 (26%) 30 (27%) 0.90
Died at 6 months 6(31%) 30 (29%) 36 (29%) 1.00

Data presented as number (percentage) or median (interquartile range).

One patient had bleeding from a cannula site
requiring blood transfusion during transport and
one had an ischemic leg post cannula insertion
which resolved after a retrograde perfusion cannula
was inserted at The Alfred Hospital. Three patients
on VV-ECMO required urgent interventions: two
required hand cranking (hypotension second to
hypovolemia, and battery failure) and one patient
had noradrenalin commenced due to persistent
hypotension. One patient on VV-ECMO developed
suspected pneumothorax which improved once the
intercostal catheters were recommenced on suction
in the ambulance (8%) and had ECMO cannula
insertion classed as “difficult” with prolonged time
required to dilate the vessel and insert the cannula.
In one patient, the return femoral vein cannula
could not be passed, so return via the internal jugu-
lar vein was successfully used.

DISCUSSION

In this study, we found all patients with severe
cardiac or respiratory failure had ECMO success-
fully established in a referral hospital by an

intensive care physician-led team before trans-
porting to the tertiary ECMO center. There were
no life-threatening complications during transport
and the patients had similar survival rates to
patients who had ECMO commenced in the ter-
tiary center.

Our transport model differs from most previous
reports in that a surgeon or anesthetist and/or per-
fusionist were not part of our retrieval team (2-7).
In a large Swedish study of predominantly VV-
ECMO in adult and pediatric patients, all cases of
cannulation were undertaken by a surgeon often
with an additional scrub nurse in the team or from
the retrieved hospital (8). The remainder of the
transport was managed by an ECMO physician and
ECMO specialist nurse. Adult VV-ECMO survival
was 65/93 (70%), while survival in VA-ECMO was
4/8 (80%). In a previous Australian report (4), For-
rest et al. described the retrieval of predominantly
VV-ECMO patients utilizing two separate teams.
One team consisted of a surgeon, anesthetist, and
perfusionist for cannulation and commencement of
the circuit, and a second medical team undertook

TABLE 4. Veno-venous ECMO complications

Retrieved N =37 ECMO Center N =17 Total N =54 P value
New Liver Dysfunction 3 (8%) 3(17%) 6 (11%) 0.07
Ventilation duration, (days) 14 (9-26) 20 (8-25) 14 (9-26) 0.86
Renal Replacement Therapy 23 (62%) 9 (52%) 32 (59%) 0.07
Bleeding Requiring Surgery 3 (8%) 1(5%) 4 (7%) 0.91
Red Blood Cells, (units) 6 (4-11) 11 (5-20) 7 (4-13) 0.16
ECMO duration, (days) 9 (5-11) 10 (5-20) 9 (5-14) 027
Died on ECMO 5(13%) 3 (17%) 8 (14%) 0.69
Intensive Care duration, (days) 18 (12-28) 23 (15-36) 20 (13-30) 0.13
Hospital duration, (days) 23 (15-35) 43 (22-60) 28 (19-44) 0.007
Died in Hospital 9 (24%) 4 (23%) 13 (24%) 0.61
Died at 6 months 7 (29%) 3 (23%) 10 (27%) 0.69

Data presented as number (percentage) or median (interquartile range).
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TABLE 5. Veno-venous and veno-arterial transportation details and complications

VV-ECMO N =37 VA-ECMO N =25 P value
Patient Complications 1Q2%) 2 (8%) 0.56
- Cannula site bleeding - 1(4%)
- Leg ischemia - 1(4%)
- Pneumothorax 1(@2%) -
Urgent Interventions 3 (8%) 4 (16%) 0.43
- Hand cranking 2(5%) 3 (12%)
- Loss of oxygen flow - 1(4%)
- Noradrenalin for low BP 1(3%) -
Difficult Cannulation 3 (8%) 5(20%) 0.17
Significant Delay 6 (16%) 1(4%) 0.23
Distance Travelled (km) 57 (13-265) 25 (10-76) 0.007
Range (km) 5-729 5-650 -

Data presented as number (percentage) or median (interquartile range).

the retrieval. That staffing model successfully
retrieved 38 patients on VV-ECMO and 2 on VA-
ECMO. The median retrieval distance was 250 km
(range 12-1 960 km) with 65% transported by road
ambulance, 25% by fixed wing aircraft and 10% by
helicopter. Survival to hospital discharge in that
study was 87% in the VV-ECMO patients and 50%
(1/2) in the VA-ECMO patients.

These models of ECMO transport involved large
numbers of staff, creating logistical challenges and
multiple transport vehicles to accommodate all
team members (9). Our model based on a team of
four people, with two intensive care physicians with
support from a retrieval physician and nurse or
paramedic, has advantages including being a
smaller team without commitments to the operating
theater, enabling rapid mobilization, and the use of
a single transport vehicle. Furthermore, both inten-
sivists had skills across all ECMO related domains
(priming, cannulation, and maintenance) which is
advantageous for trouble-shooting during transpor-
tation. With intensive care physician cannulation
using an ultrasound guided Seldinger approach,
cannulation was successful in 100% of cases. This
approach reduces the complexity and time required
to commence ECMO compared with a surgical
approach.

Survival in both our VV-ECMO (70%) and VA-
ECMO groups (68%) was relatively high compared
with other reports, and compares favorably with
the outcomes from the Extracorporeal Life Support
Organization (ELSO) database for in hospital mor-
tality rates of VV-ECMO and VA-ECMO (39 vs.
55% survival respectively) (10). Studies of longer
term outcomes have reported even lower long term
survival rates post ECMO ranging from 35-42%
(11,12). Possible factors include our relatively
young population, and the higher numbers of trans-
plant patients in our population (9-26%).
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In the VV-ECMO group, a large proportion of
our patients had VV-ECMO commenced for HIN1
pneumonia. Previous work suggests this group may
have a better survival rate (78-87%) with ECMO
support compared to other indications (4,9,13). In
our VA-ECMO patients, a total of 20/144 (14%)
went onto bridge to VAD or cardiac transplant.
These procedures generally have higher survival
rates compared with other indications for VA-
ECMO support (14-16), possibly related to the
selection of less unwell patients who are eligible for
VAD or transplant. In our study the rates of
retrieved versus ECMO center patients undergoing
these procedures were 24 versus 11% (P =0.11).
Larger studies are needed to see if differing rates
of VAD or transplantation between retrieved ver-
sus ECMO center groups has an impact on overall
outcomes.

Our findings differ from a pediatric ECMO
retrieval study which showed decreased survival for
retrieved ECMO patients compared with children
placed on ECMO at the ECMO center hospital (75
versus 97% in-hospital survival) (17). Other studies
have shown no difference between these groups.
For example, Clement et al. (5) showed no differ-
ence between retrieved and ECMO center patients
in 112 pediatric transfers. Wagner et al. (18)
showed a 30 days survival of 66% of retrieved
ECMO patients compared with 56% at the ECMO
Center, however the majority (17/23) of these were
VV-ECMO. Huang et al. (19) showed similar sur-
vival for 31 retrieved VA-ECMO patients as
ECMO center VA-ECMO patients at 32%.

In our study, successful cannulation and provi-
sion of ECMO was achieved in all cases. In more
VA-ECMO cases, the cannulation was described as
“difficult”, and this was predominantly related to
difficulty passing the wire or dilating the femoral
artery.
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Few major complications occurred during trans-
port. This finding differs from previous reports
which found adverse event rates ranging up to 42%
(3,4,9,20). For example, Foley et al. (9) reported an
adverse event rate of 16% in 100 ECMO retrievals
(10 electrical failure, 3 circuit breakages, 1 circuit
rupture, oxygenator thrombosis, oxygenator leak-
age). Forrest et al. (4) reported a 42% rate of
minor complications during 38 VV-ECMO and 2
VA-ECMO retrievals.

One unexpected finding in our study was a
higher rate of stroke in the retrieved VA-ECMO
group compared with the ECMO Center group.
The reason for this is unclear. Heparinization was
protocolized for all patients, and none of the
retrieved group had central ECMO which has been
previously reported as being a risk factor for stroke
(21). Further studies will need to investigate this
association.

Strengths and limitations

This study is one of the first to report that an
intensivist led retrieval team can safely commence
transport patients severe heart and respiratory fail-
ure on ECMO with few clinically significant com-
plications or delays. It includes detailed
information on intratransport complications of both
VV and VA-ECMO. It is however limited by its
retrospective nonrandomized study design. More
detailed ventilator data was not available to calcu-
late Murray scores, nor were detailed transporta-
tion times. Differences in baseline characteristics,
illness severity, and indications between retrieved
and ECMO center patients may have influenced
outcomes between the two groups. Finally the
model proposed requires adequate staffing of the
ICU, which may limit generalizability to ICUs with-
out available staff.

CONCLUSION

This study demonstrates that an intensive care
physician-led team was able to safely place patients
with severe cardiac or respiratory failure on ECMO
and transport to an ECMO center. Patients under-
going this management strategy showed the same
overall survival as patients placed on ECMO at the
ECMO center. We conclude that an intensive care
physician-led team may be an appropriate strategy
for ECMO retrieval.
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Chapter 7: Long-term survival of adults with cardiogenic shock after venoarterial
extracorporeal membrane oxygenation

This chapter describes a single-centre, retrospective cohort study of the long-term
outcomes of patients after V-A ECMO for cardiogenic shock. The primary aim was to
describe the long-term survival of the subgroup of patients who were weaned from V-
A ECMO. The secondary aims were to investgiate baseline factors which would predict
the long-term outcomes, and whether these could be used to develp a relaible
predictive model. This work related to thesis aim 6.
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ARTICLE INFO ABSTRACT
Keywords: Purpose: This study was designed to examine the long-term survival of patients who survived to be weaned from

Extracorporeal membrane oxygenation
Cardiogenic shock

Heart failure

Survival

Long-term

venoarterial extracorporeal membrane oxygenation (VA ECMO) and to determine which factors present at initi-
ation and during ECMO predict long-term survival. We further sought to develop the preliminary long-term out-
come after VA ECMO score that would predict patient outcome and to assess its accuracy at various time points.
Methods: We conducted a retrospective, observational cohort study of all patients with cardiogenic shock treated
with VA ECMO at the Alfred Hospital, Australia, from January 2007 until February 2013. Overall, 125 patients
underwent ECMO, and 104 patients were successfully weaned and formed the study population, with a median
follow-up of 21 months (range, 0-84).
Results: Survival rates of those weaned from ECMO at 3 months, 12 months, and 2 years were 87%, 79%, and 71%,
respectively, corresponding to overall survival rates at 3 months of 90 (72%) of 124; at 12 months, 80 (65%) of
122; and 24 months, 57 (57%) of 100. Ischemic heart disease, higher lactate and higher bilirubin at initiation of
VA ECMO, and a longer duration of renal replacement therapy during ECMO were all independently associated
with decreased length of survival. Long-term survival was found to be highly related to the number of these
risk factors present up to 2 years afterward.
Conclusion: Good long-term survival can be achieved in patients who have been successfully weaned from VA-
ECMO. The factors present at initiation and during ECMO can relate to altered risk of long-term survival.

© 2015 Elsevier Inc. All rights reserved.

1. Introduction

Refractory cardiogenic shock and circulatory failure are conditions,
which carry mortality rates in excess of 70% despite aggressive treatments
[1-9]. Venoarterial (VA) extracorporeal membrane oxygenation (ECMO)
has emerged as a useful rescue therapy for the temporary stabilization
of such patients allowing more definitive treatment or recovery from
the acute disease process. Although it has been shown that ECMO is asso-
ciated with improved short-term survival [4,7,9-18], the longer term sur-
vival of this population once weaned off ECMO is less well described.

Studies of longer term outcomes after VA ECMO (ranging from 1
year to 10 years) have shown overall survival rates ranging from 17%
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to 40% [2,4,6-9,19]. To date, few of these studies have investigated the
outcomes of the subgroup of patients who has been successfully
weaned from ECMO and if factors present at ECMO initiation influence
long-term survival.

In view of high in-hospital mortality, costs, and resource require-
ment, it is important to determine predictors of longer term outcomes.
The aim of our study was to describe the long-term survival of the sub-
group of patients at a university affiliated hospital who was weaned
from VA ECMO and to identify if there were factors present at initiation
or during ECMO therapy that might predict long-term survival. We fur-
ther sought to develop a preliminary score that would predict patient
outcome and to assess its accuracy at various time points.

2. Materials and methods
2.1. Study population

All consecutive patients from January 1, 2007 to February 28, 2013,
managed with VA ECMO at The Alfred Hospital in Melbourne,

Please cite this article as: Burrell AJC, et al, Long-term survival of adults with cardiogenic shock after venoarterial extracorporeal membrane
oxygenation, ] Crit Care (2015), http://dx.doi.org/10.1016/j.jcrc.2015.05.022
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Australia, were assessed. Patients who survived to be weaned from
ECMO formed the study cohort. Based on the indication for ECMO, pa-
tients were classified into 2 major groups and a number of subgroups
as follows: all patients who had ECMO instituted during or after any op-
erative procedure (eg, heart or lung transplantation and cardiac sur-
gery) were classified as “postoperative ECMO.” All other patients were
classified as “medical ECMO” patients even if they later underwent an
operation after initiation of ECMO. This group included (bridge to ven-
tricular assist device [VAD] or cardiac transplant or bridge to recovery
[BTR]} patients. Postoperative ECMO was further classified as either
central or peripheral.

2.2, Setting

The Alfred Hospital is a quaternary referral teaching hospital in Mel-
bourne, Australia, which offers heart and lung transplantation for South
Eastern Australia covering a population of more than 7 million people.
The intensive care unit (ICU) has more than 2800 admissions each
year. The Alfred Hospital operates a regional ECMO referral service for
cannulation and retrieval of patients requiring ECMO at other hospitals
and is a member of the Extracorporeal Life Support Organization.

2.3, Extracorporeal membrane oxygenation circuit, indications, and program

The ECMO circuit used was a continuous flow device with a centrif-
ugal pump (Rotaflow; Maquet, Rastatt, Germany) and oxygenator
(Quadrox Bioline; Maquet). All lines were heparin bonded. Cannulation
was performed peripherally via the femoral artery and vein or centrally

via ascending aorta and right atrium. Where a percutaneous femoral ar-
terial return line was used, a smaller (9F catheter) antegrade perfusion
cannula was inserted into the superficial femoral artery to prevent distal
limb ischemia.

The decision to institute ECMO was made by the treating intensivist
or cardiac surgeon (for intraoperative cardiac support) after consulta-
tion between different treating units and based on locally available
guidelines [20]. Cases in the operating theater were cannulated either
centrally or peripherally by cardiothoracic surgeons. All other patients
had peripheral cannulation performed by intensive care specialists. If
considered possible, cannulation while a patient was conscious and
without endotracheal intubation was preferred. Indications were not
defined by a specific protocol but typically included severe and refracto-
ry circulatory failure with evidence of persistent shock despite maximal
treatments where a potential for recovery or transplantation was be-
lieved to exist. Refractory shock was defined as any one of poor tissue
oxygenation; cardiac index less than 2.0 (L/min/m?); persistent hypo-
tension or pulmonary edema, despite inotropic and vasopressor sup-
port; invasive ventilation where indicated; and optimal ICU care. The
following criteria were typically considered contraindications to provi-
sion of ECMO: death expected within 12 to 24 hours, irreversible
organ damage, malignancy, age older than 65 years, drug or alcohol de-
pendence, or irreversible cardiac pathology in patients who were not
suitable for transplantation or VADs. Daily management of each patient
was carried out by a single trained bedside nurse under the supervision
of the intensive care team, with daily coagulation and hemolysis
monitoring and regular echocardiography to assist hemodynamic
management. If a patient was unable to be weaned and had not

Table 1
Differences between medical and postoperative ECMO survivors
Medical, n = 50 Postoperative, n = 54 Total, n = 104 P

General characteristics
Agey 50 (36-56) 48 (34-58) 49 (36-58) 32
BMI, kg/m?, 26 (24-29) 24 (20-26) 25 (22-28) 01
Male 35 (48%) 37 (51%) 72 (68%) 87

Comorbidities
IHD 14 (13%) 9 (8%) 23 (22%) .16
Diabetes mellitus 8(7%) 7 (6%) 15 (14%) .66
Chronic renal failure 8(7%) 11 (10%) 19 (18%) .56
Previous heart failure 16 (15%) 39 (37%) 55 (52%) .01
Previous cardiac transplant 4(3%) 12 (11%) 16 (15%) .05

Diagnosis
Cardiomyopathy 19 (18%) 1(1%) 20 (19%) .01
Acute coronary syndrome 16 (15%) 1(1%) 17 (16%) .01
cA 30 (28%) 16 (15%) 46 (44%) 01
Posttransplant (heart or lung) 1(1%) 44 (42%) 45 (43%) .01
Postcardiac surgery® 0 (0%) 9 (8%) 9 (8%) .01

Factors present at ECMO initiation
Retrieved 13 (12%) 1(1%) 14 (13%) 01
Central cannulation 4(3%) 24 (23%) 28 (26%) .01
Bilirubin, gmol/L 20 (10-40) 29 (16-48) 24 (12-43) 09
pH, U 7.28 (7.05-7.44) 7.22 (7.14-7.35) 7.24 (7.12-7.40) 09
ALT, UL 244 (57-700) 31 (18-135) 90 (25-315) 01
Lactate, mmol/L 5.6(2.9-69) 6.7 (4.1-8.6) 6.4 (3.6-10.9) 19
INR 1.5(1.2-1.9) 2.1(1.5-25) 1.7 (1.3-2.2) 01
Troponin I, ug/L 1.4(0.1-33.3) 11.1 (3.4-30.9) 44 (0.2-32.9) 13
Creatinine, mg/dL 133 (83-201) 103 (78-141) 114 (84-163) .01
APACHE 11l score 82 (50-101) 60 (51-75) 64 (51-88) 03

In-hospital complications
Bleeding needing surgery 17 (23%) 23 (31%) 40 (54%) .25
Vascular surgery 12 (11%) 13 (12%) 25 (24%) .85
Cerebral vascular accident 6 (12%) 2 (4%) 7 (7%) a1
New liver dysfunction 15 (14%) 18 (17%) 33 (31%) 72
RRT. h 24 (73-491) 161 (33-497) 218 (67-494) .60
Red blood cells, U 12 (8-24) 22 (10-32) 11 (7-23) 39
Days on ECMO 8(5-11) 7 (5-9) 7 (5-10) 52
ICU days 19 (12-36) 19 (9-28) 19 (10-29) 24
Hospital days 38 (22-55) 53 (31-73) 43 (28-65) 02

Results are presented as median (and interquartile range) or n (%).

# Post-left ventricular assist device insertion, 5; double valve replacement, 1; postmyomectomy, 1; and other, 2.
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developed multiorgan failure, then a VAD insertion and/or listing for
cardiac transplantation was considered. Red cell transfusion was
administered for acute bleeding with hemodynamic instability or
symptomatic anemia.

24. Post-ECMO care

Patients were weaned using a standardized protocol involving daily
echocardiographic assessment and titration of inotropes. Once weaned
off, patients were managed in the ICU until stabilized, then discharged
to the ward for ongoing care. This involved extensive medical input, re-
habilitation, physiotherapy, occupational therapy, and nursing support.
Patients were offered rehabilitation services before them being
discharged home. Patients with VADs and heart and lung transplanta-
tion had additional educational and support programs, with the major-
ity eventually discharged home with a carer.

All patients were followed up at the Alfred Hospital in outpatient de-
partments, where ongoing care was facilitated by surgical, medical,
transplantation, and allied health services. If deemed stable, they
could be discharged to the care of their own local physician, with 3 to
6 monthly follow-up at the Alfred Hospital.

2.5. Study design

Data were collected retrospectively from a prospectively updated
local registry of ECMO patients and from the ICU clinical database. Fur-
ther clinical details were obtained from review of patient medical re-
cords, outpatient notes, and pathology services. The following
demographic data were collected: age, sex, body mass index (BMI),
smoking history, past heart transplant, past heart failure, past ischemic
heart disease (IHD), past liver dysfunction, past diabetes mellitus, past
hypertension, and past chronic renal disease (estimated glomerular fil-
tration rate less than 60 mL/min for >3 months). The following param-
eters were collected at ECMO initiation: cardiac arrest (CA) in the
previous 48 hours, arterial blood gas, lactate, arterial partial pressure
of oxygen to inspired oxygen fraction ratio, liver function tests, interna-
tional normalized ratio (INR), troponin I, urea, creatinine, echocardiog-
raphy data, and APACHE III scores. Additional variables recorded
included bleeding requiring surgery, presence and duration of renal

replacement therapy (RRT), cerebrovascular accident (CVA), new liver
dysfunction, number of days on ECMO, total units of packed red blood
cells, days in ICU, and total days in hospital. When ECMO was initiated
at other hospitals, severity of illness scores and number of units of
blood were calculated only after arriving at the Alfred Hospital. Long-
term survival status was determined by a patient’s date of last contact
with Alfred Hospital heart failure or transplant services, including out-
patient, emergency records, and mortuary records. Data collection for
follow-up of patients was closed in February 2014. No assessments of
functional status were made.

2.6. Ethics statement

This study was approved by the Alfred Health Human Research
Ethics Committee (project no. 585-13). Patient consent was not obtain-
ed; therefore, patient records/information were anonymized and
deidentified before analysis.

2.7. Outcomes

Primary outcomes were time to death after weaning from the ECMO
and survival status at 12 months.

2.8. Statistical analysis

All analyses were performed using SPSS version 21 for Mac (Chicago,
IL). Group comparisons were performed using Pearson y test for cate-
gorical variables and Mann-Whitney or Student t tests for continuous
variables as appropriate depending on distribution of data. A logistic re-
gression model was used to assess the univariable factors that were as-
sociated with 12 months’ survival. Multivariable Cox proportional
hazards regression modeling was used to identify factors independently
associated with survival using backward stepwise selection of variables
with univariate Pvalues <.1. The 4 identified predictors of survival were
then used to derive the long-term outcome after VA ECMO (LOVE) score
in the following way: continuous predictors were dichotomized into bi-
nary variables by assessing the discriminatory ability of clinically rele-
vant univariate “cut off” values to predict survival at 12 months.
3 coefficients for each dichotomous predictor were then derived from

VA ECMO
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Cardlac
Transplan(
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Fig. 1. Twelve-month survival outcomes post-VA ECMO based on ECMO classification and indication.
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Table 2
Survival at 12 months

Table 3
Cox regression analysis: HRs for overall mortality

Survivors Nonsurvivors Univariate Univariate Multivariate
n= 80" n=21 OR® P HR® (5% CI) P HR* (95% CI) P
Demographics Demographics
Age/10,y 49(+13) 51(+17) 105(075-148) .77 Age/10,y 1.18 (0.87-1.58) .28 - =
BMI, kg/m?® 250 (£6) 245 (+6) 1.01 (0.89-1.14) .87 BMI, kg/m® 1.05(0.85-1.16) .34 - =
Male 47 (66%) 16 (76%)  1.73 (0.63-4.70) .28 Male sex 168 (0.63-449) 29 - =
Ex or current smoker 17 (68%) 8(32%) 1.73 (0.63-4.80) .29 Ex or current smoker 163 (0.71-3.71) 25 - -
Previous heart failure 38 (53%) 14 (66%) 1.90 (0.69-5.21) .21 Previous heart failure 147 (0.65-335) 35 - -
IHD 14 (18%) 7(33%)  217(0.75-623) .16 HD 2.85(1.28-637) .010 4.74(1.57-1431) .006
APACHE III score 55.0 (£34) 74.0(+36) 1.02 (0.53-1.03) .07 APACHEIII score 1.02 (1.00-1.03) .024 - -
Diagnosis Diagnosis
Cardiomyopathy 16 (22%) 1(5%) 0.17 (0.02-1.37) .09 Cardiomyopathy 0.18 (0.02-130) .09 - -
Acute coronary 14 (87%) 2 (13%) 049 (0.10-2.38) .38 Acute coronary syndrome 044 (0.11-1.83) .27 - -
syndrome PLTx 144 (0.45-421) 50 - -
PLTx" 10 (13%) 2 (10%) 0.74 (0.15-3.65) .70 Postcardiac transplant 1.06 (0.46-245) .89 - -
Postcardiac transplant 24 (30%) 8 (38%) 1.35(048-3.70) .55 Postcardiac surgery 158 (0.47-531) 46 - -
Postcardiac surgery 6 (7.5%) 3(143%) 2.05(047-5.01) 34 Medical 053 (0.23-1.23) .14 - -
Medical ECMO 37 (52%) 7(33) 048 (0.17-1.30) .15 Pre-ECMO insertion
Pre-ECMO insertion Retrieved from another 0.27 (0.04-198) .20 - -
Retrieved from another 14 (19%) 0 (0%) 0.99 (0.55-0.00) .99 hospital
hospital Central cannulation 2.38(1.08-524) .032 - -
Central cannulation 17 (23%) 10 (47%) 3.13 (1.15-855) .026 CA prior 062 (0.27-1.44) 27 - -
pH, U 72(£03)  72(+02) 008(0.01-1.17) .06 pH.U 0.13 (0.02-1.00) 051 - -
Lactate, mmol/L 6.2 (£55) 76(£66) 1.15(1.03-1.28) .015 Lactate, mmol/L 1.09(0.89-1.18) .062 1.17(1.04-1.32) .008
Bilirubin/10, umol/L 20(+26) 36(£30) 1.19(099-143) .06 Bilirubin/10, umol/L 1.10(1.03-1.18) .006 1.14(1.04-124) .006
INR 16 (+08) 22(+1.1) 202(1.15-355) .014 INR 1.40(1.14-1.71) 002 - -
Creatinine, mg/dL 116 (£77) 118 (£90) 099 (0.99-1.01) .84 Troponin I, ug/L 0.95 (0.98-101) .85 - -
Noradrenaline L1 (E17) 0.8 (+15) 087(062-1.22) 42 Creatinine, mg/dL 0.99 (0.95-1.00) .78 - =
dose/10, ug/min In-hospital complications
Adrenaline dose, yg/min 7(£7) 87(4+10) 098(0.95-1.03) .57 ECMO bridge VAD/OHTX ~ 0.49 (0.11-2.09) 33 - -
In-hospital Complications ECMO BTR 0.67 (0.27-168) 39 - -
ECMO bridge to 12 (17%) 2(10%)  054(0.11-2.61) 44 Days ventilated/10, h 1.01(1.00-1.02) 001 - -
VAD/OHTx Bleeding requiring surgery 2.53 (0.81-7.85) .11 - -
ECMD BTR 27 (84%) 5(16%)  0.58(0.19-1.80) .33 Renal replacement 3.72(1.10-1252) 034 - =
Bleeding requiring surgery 26 (51%) 11(73%)  2.65(0.76-9.33) .13 Renal replacement 1.15(1.02-1.28) .022 1.20(1.05-1.37) .009
RRT 40 (64%) 17 (85%)  3.56 (0.95-13.30) .058 hours/100
Renal replacement/10,h  14.8 (+£32) 49.7 (£47) 103 (1.00-1.05) .012 New liver dysfunction 1.95 (0.87-432) .10 - -
New liver dysfunction 16 (23%) 12 (57%) 3.75 (1.38-10.15) .008 VA 2.01 (0.62-698) .24 - =
In-hospital CVA 5 (7%) 2(10%) 2.50 (0.55-11.44) .24 Red blood cells/10, U 1.25(1.01-145) .003 - -
Ventilation duration, h/10 326 (+33.7) 65 (£35)  1.02 (1.00-1.03) .004 Days on ECMO 1.07 (1.02-1.14) 007 - -
Red blood cells/10, U 11(+15) 26(+17) 155(1.16-207) .003 Days in ICU 1.02 (1.00-1.04) 014 - =
Days on ECMO 7(45) 11 (£9) 1.11(1.02-122) 016 Days in hospital 1.00 (0.89-1.00) .18 - =
Days in ICU 23 (17 25 (+24 1.03 (1.00-1.06) .022 N
Dazs o Hosgital 55 5147; ( ) ( * Hazard ratio and 95% ClL.

36(+80) 1.00(0.99-101) .13
(%).

# Results are presented as median (and interquartile range) or n
® OR, odds ratio and 95% CI.
© Only patients requiring VA ECMO.

a multivariable logistic regression model. Score values were derived
from the 3 coefficient with the total score representing the sum of
these values. Area under the receiver operator characteristic (AUROC)
for discrimination and calibration of all models were assessed using
the AUROC and Hosmer-Lemeshow C statistic and associated P value,
respectively. Performance of the LOVE score at different time points
(3,6, 12, 24, and 36 months) was assessed by examining cumulative
survival at 3 separate levels of risk using the Kaplan-Meier method.
Kaplan-Meier survival curves stratified by each dichotomous predictor
value were obtained. A 2-sided Pvalue <.05 was considered to be statis-
tically significant.

3. Results
3.1. Patients

Over a 6-year period from January 2007 until February 2013, 125 pa-
tients received VA ECMO for circulatory failure, and 104 patients (the

study sample)} were successfully weaned from ECMO. The median age
was 49 years (inter quartile range [IQR], 36-58), the median APACHE

Il score was 64 (IQR, 51-88), and the median duration of ECMO was 7
days (IQR, 5-10). Other baseline characteristics are shown in Table 1.

The different ECMO groups and indications are shown in Fig. 1. Fifty-
four patients (51%) had ECMO after surgery (“postoperative” ECMO),
whereas 50 (48%) either had no surgery or had surgery after ECMO ini-
tiation (“Medical” ECMO). Of 104, 28 (27%) were centrally cannulated
(all postoperative patients), whereas all other 76 (73%) of 104 patients
were peripherally cannulated. Of 54, 13 (24%) of postsurgical patients
were postlung transplant (PLTx}, 32 (59%) of 54 were postheart trans-
plant (OHTx), and 9 (16%) of 54 were posthigh-risk cardiac surgery. In
the medical group, 35 (70%) of 50 were weaned from ECMO (“BTR").
The remaining 15 patients in the medical group were either bridged
to VAD (14/15) or to cardiac transplant (1/15).

The median follow-up was 21 months (IQR, 8-35; absolute range,
0-84). Survival data were available for 99% (103/104), 97% (101/104),
66% (69/104), and 61% (64/104) of eligible patients at 6, 12, 24, and
36 months, respectively. One (1%} patient was lost to follow-up at 6
months, and 3 (3%) patients at 12 and 24 months, and 5 (5%) patients
at 36 months. The long-term survival of the study cohort was 90
(87%) of 103 at 3 months, 87 (84%) of 103 at hospital discharge, 80
(79%) of 101 at 12 months, and 57 (72%} of 79 at 24 months (Fig. 1).
The survival rates of all VA ECMO patients at 3 months was 90 (72%)
of 124; at 12 months, 80 (65%) of 122; and 24 months, 57 (57%) of 100.
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Fig. 2. Kaplan-Meier curve showing survival for those with and without IHD.

3.2. Factors related to survival at 12 months

Survivors had higher pH, lower lactate levels, lower INRs at ECMO
initiation, and were less likely to have had central ECMO (Table 2).
They also had shorter duration of RRT, lower incidence new liver dys-
function, fewer number of units of blood transfused, shorter duration
of ventilation while on ECMO, and shorter number of days on ECMO
and in ICU.

3.3. Factors associated with decreased survival

Factors associated with reduced probability of survival are shown in
Table 3. The presence of IHD (hazard ratio [HR], 4.74; confidence inter-
val [Cl], 1.57-14.31; P = .006), higher lactate (HR, 1.17; CI, 1.04-1.32;
P = .008), higher bilirubin (HR, 1.14; CI, 1.04-1.24; P = .006), and lon-
ger duration of RRT (HR, 1.20; Cl, 1.05-1.37; P = .009) was associated
with reduced survival on multivariate analysis.

3.4. Development of the LOVE score

Optimal discriminatory binary levels for the 3 continuous variables
identified as independent predictors of time-related survival were lac-
tate greater than or equal to 11 (AUROC, 0.605), bilirubin greater than
or equal to 30 (AUROC, 0.623), and RRT duration greater than or equal
to 400 hours (AUROC, 0.634). Figs. 2 to 5 show Kaplan-Meier curves
confirming differences in survival for patients stratified by the binary
levels. Long-term outcome after VA ECMO score components derived
from the 3 coefficients of these 3 variables and the presence of IHD
are shown in Table 4. Of a possible total LOVE score of 10, 3 “risk catego-
ries” were created. Group 1 (low risk, scores 0-3) had a 12-month sur-
vival of 90.6% (58/64). Survival for group 2 (intermediate risk, scores
3.5-6.4) was 69.2% (18/26). For group 3 (high risk, scores 6.5-10),
12-month survival was 36.4% (4/11). See Table 5 and Fig. 6.

3.5. Internal validation of LOVE score and survival at specific time points

Observed survival and performance of the LOVE Score at 3, 6, 12, 24,
and 36 months are shown in Table 6. Performance was best for earlier
time points, but reasonable discrimination with AUROC greater than
or equal to 0.75 was retained up to 3 years.
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Fig. 3. Kaplan-Meiercurve showing survival for those with lactate greater than or equal to
or less than 11 mmol/L.

4. Discussion

This article describes the long-term survival of patients successfully
weaned from VA ECMO after presenting with cardiogenic shock. The
survival rate was (1) higher than previously reported; (2) lower in
those with IHD, higher bilirubin, and higher lactate at the time of initia-
tion and lower in those requiring longer duration of RRT during their
ECMO; and (3) progressively lower depending on how many of the
above risk factors were present.

4.1. Survival outcomes
Survival at all time points in our population was higher than current-

ly reported by the Extracorporeal Life Support Organization registry,
which quotes survival of all ECMO patients to hospital discharge as
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Fig. 4. Kaplan-Meier curve showing survival for those with bilirubin greater than or equal
to or less than 30 gmol/L.
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only 41%[21]. Similarly previous studies looking at longer term survival
have ranged between 18% and 48% [4,7,8,11,13,16,22,23]. Several po-
tential reasons may explain this. Patients put on ECMO at our institution
may have different characteristics from those reported in other institu-
tions. However, multiple variables, including mean APACHE III score,
inotrope dosage, age, and lactate, are in keeping with other studies.
Many longer term studies have focused on postcardiotomy patients,
who may have lower overall survival [4,7]. In our population, 45 (43%)
of 104 were either postheart or postlung transplantation. However, de-
spite outcomes in transplant patient being traditionally considered bet-
ter than other groups, in our study, 12-month survival was no better:
transplanted survival, 35 (77%) of 45 vs nontransplanted patients, 45
(80%) of 56; P = .75. Furthermore, many studies have included patients
who were not able to be weaned from ECMO, whereas we specifically
excluded these. However, if the 21 patients who failed to wean are
added to the 25 patients who died during follow-up period in our
study, then the overall survival of the whole population would be 79
(63%) of 125, which still remains higher than most published studies.

Most deaths in our population occurred in the first year, with surviv-
al of 90 (87%) of 103 at 3 months and 80 (79%) of 101 at 12 months.
Compared with overall survival after other critical illnesses, this is favor-
able, with 1-year survival in acute respiratory distress syndrome, 55%
[1,4,7,11,13,16,22]; cardiogenic shock, 40% to 60% [4,10,23]; and severe
sepsis, 7% and 46% [6,19,22].

4.2. Predictors of long-term survival

To date, the factors identified as associated with worse longer term
outcomes after VA ECMO have included age and diabetes [4,6,23,24], el-
evated INR, chronic renal function [6,8,11,22,25], chronic obstructive

Table 4
Dichotomized risk factors for time-dependent survival, 3 coefficients from logistic regres-
sion for 12-month survival and derived LOVE score component

Risk factor B coefficient LOVE score
IHD 0.82 15
Bilirubin =30 gmol/L 1.01 20

RRT =400 h 1.55 3

Lactate =11 mmol/L 1.85 35

AUROC?* = 0.77 (0.64-0.90); Hosmer-Lemeshow C statistic = 4.012, P value =.778

# Combined value for the model.

Table 5
Survival within each LOVE score risk group

Risk group LOVE score Median (IQR) Survival at 12 mo
1 (Low) 03 0(+2) 58/64 (90.6%)
2 (Intermediate) 35-60 40(+15) 18/26 (69.2%)
3 (High) 6.5-10 7.0 (£25) 4/11 (36.4%)

pulmonary disease [8,11,23,26], duration of ECMO [6,24,25], and
Sequential Organ Failure Assessment Score [8,11,24,25,27-30]. This sug-
gests that both the degree of acute physiologic derangement and the
burden of chronic disease are important in determining the longer
term outcome after VA ECMO. Many of these factors were also signifi-
cantly different between survivors and nonsurvivors at 12 months, in-
cluding factors present at the time of ECMO initiation (pH, lactate, INR,
and central configuration of ECMO), during ECMO (duration of RRT,
new liver dysfunction, no. of units of blood transfused or the no. of
hours ventilated, and days on ECMO), and number of days in ICU
(post-ECMO). In patients with a history of CA, there was no obvious sur-
vival disadvantage.

We identified 4 factors independently associated with long-term sur-
vival. The presence of IHD before ECMO was a strong predictor for reduced
long-term survival. Ischemic heart disease is not only the leading cause of
death worldwide [4,26,27], it is also as a generalized marker of vascular
disease, including CVAs and renovascular disease. The association with
IHD was independent of the reason for going on to ECMO and whether
the patient was undergoing ECMO for postsurgical or medical indications.

A higher bilirubin level at initiation of ECMO was also independently
associated with worse long-term survival. Bilirubin has been shown to
be an independent predictor of longer term mortality in heart failure
[25]. The relationship between liver disease and cardiac failure is com-
plex, but mechanisms include elevated central venous pressures caus-
ing hepatic congestion and hypoperfusion. Hemolysis, another known
cause of elevated bilirubin on ECMO, occurs only after ECMO initiation
and is infrequent.

Lactate also is an established marker of acute physiologic derange-
ment and severe cellular hypoxia and dysfunction as well as marker of
adverse outcomes in many critically unwell patients, including ECMO
[24,27-30].

Finally, the duration of RRT independently predicted 12-month mor-
tality. Renal failure has been described as the most common complica-
tion of VA ECMO, ranging from 58% to 87% [4,27] and is a well-
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Fig. 6. Kaplan-Meier curve showing survival according to grouped risk score.
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Table 6
Survival and performance of LOVE score at different time points
3 mo 6 mo 12 mo 24 mo 36 mo
Observed survival 50/103 (87%) 87/103 (85%) 80/101 (75%) 45/68 (71%) 41/64 (64%)
AUROC 0.86 0.75 0.75 0.74
95% (I for AURDC 0.76-0.97 0.73-0.85 0.62-0.88 0.62-0.88 0.60-0.87
P <.001 <.001 <001 .001 .002
Hosmer-Lemeshow C Stat and P value W=7 72 = 0492 x% = 0.006 72 =0702 1% = 0408
P=279 P= 482 P= 939 P= 402 P=522

Stat indicates statistic.

established independent risk factor for mortality in critically ill patients
[31]. Interestingly, the creatinine at baseline and immediately before
ECMO was not significantly different between survivors and
nonsurvivors. It is possible that a longer requirement for RRT represent-
ed less effective ECMO support and organ perfusion leading to the
higher mortality. Other possible hypotheses include that RRT was itself
harmful, or another unmeasured factor was responsible. These could
not be confirmed with our data and are important question for future
studies.

There was no detectable relationship between the indication for
ECMO, transplantation, prior CA, or other comorbidities on the long-
term outcomes, in contrast with other studies [3,5,23]. It is not possible
to know whether this represents selection by clinicians of patients in
whom comorbidities, although present, were not considered likely to
affect long-term outcome or whether our study was underpowered to
detect an effect due to other comorbidities. Although central ECMO
was associated with worse outcomes at a univariate level, this no longer
appeared significant after controlling for other factors.

4.3. The LOVE score—predictive modeling

The LOVE score was predictive of survival at multiple time points,
and Hosmer and Lemeshow's goodness-of-fit test indicated that our
model fits the data well. Although most patients had a score of 0 to 3,
those patients with higher scores (=3.5) had much lower survival.
The median score of survivors vs nonsurvivors was 2 (£3} vs 5 (£5),
P =.001.

4.4, Clinical implications

This study shows that good long-term survival can be obtained in
patients who are weaned from VA ECMO and that preexisting comor-
bidity (the presence of IHD), the degree of physiologic insult at the
time of ECMO initiation (as evidence by lactate and bilirubin}, and fac-
tors present during ECMO (duration of RRT) all combine to influence
long-term survival.

Several previous studies have suggested that earlier initiation of
ECMO may be associated with improved outcomes [9,12,14,15,
17,18,32]. Itis unclear whether earlier initiation of ECMO before the de-
velopment of severe acidosis, acute renal failure, or high bilirubin will
result in improved long-term survival.

The LOVE score identified a subpopulation of patients who is more
likely to have poor long-term outcomes. Although this model is prelim-
inary and has only been tested on a single cohort of patients, it is possi-
ble that it might allow interventions such as aggressive management of
IHD risk factors and more intensive post-ECMO care to be targeted to
patients who are most likely to benefit. This study provides the rationale
for further prospective interventional research in this area and, in par-
ticular, validation of the LOVE score in larger multicenter cohorts.

4.5, Study strengths and limitations
Limitations of this study include that it is a single-center study, and

its retrospective nature meant it did not control for any changes in prac-
tice over the 6-year study period. In the absence of specific and

consistent protocols, it is recognized that indications and thresholds
for institution of ECMO may have changed during the study period
and have influenced the observed outcomes. Limited information on
the therapies given during the hospital stay and after discharge into
the community was included, and no information on the cause of
death or functional status of survivors was available. Patients’ survival
may have been underestimated, as status was assessed at the time of
last contact with the Alfred Hospital, which occurred for some patients
at 3 to 6 monthly time intervals. The sample size means that the study
was not powered to detect differences in survival between specific diag-
nostic groups. Furthermore, the sample size did not allow the develop-
ment of separate derivation and validation cohorts for the LOVE score,
although internal validation showed it performed well at multiple
time points. The strengths of this article are it is a large cohort of VA
ECMO survivors, the length of follow-up, the relatively low attrition
rate, and the spread of indications.

In conclusion, good long-term survival can be obtained in patients
who are weaned from VA ECMO. Factors present prior, at initiation,
and during ECMO affect long-term survival. The LOVE score may identi-
fy patients at risk for poor long-term survival based on 4 specific
risk factors.
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Chapter 8: Clinical utility of invasive exercise hemodynamic evaluation in LVAD
patients

This chapter describes a multicentre observational study of the long-term
haemodynamic and structural changes that occur in patients following the insertion of
a LVAD. The primary aim was to characterise the hemodynamic response to exercise
that occurs with patients on a continuous-flow LVAD’s. Secondary aims were to
determine whether formal exercise hemodynamic evaluation could provide a more
sensitive indicator of long-term complications that had not yet become manifest
clinically. This work related to thesis aim 7.

141



RESEARCH CORRESPONDENCE

Clinical utility of invasive exercise
hemodynamic evaluation in LVAD
patients

Aidan Burrell, MBBS,*”
Christopher Hayward, MD,*
Justin Mariani, MBBS, PhD,*¢
Angeline Leet, MBBS,” and
David M. Kaye, MBBS, PhD*"¢

From the “Department of Cardiovascular
Medicine, Alfred Hospital, Melbourne,
Victoria, Australia; *Department of Medicine,
Monash University, Melbourne, Victoria,
Australia; “Victor Chang Cardiac Research
Institute, Sydney, New South Wales, Australia;
and the “Baker IDI Heart and Diabetes
Research Institute, Melbourne, Victoria,
Australia

Implantation of a left ventricular assist device (LVAD)
improves survival, functional capacity, and quality of life in
patients with advanced heart failure.' These benefits are
mirrored by a combination of improved resting hemody-
namics, reverse remodeling,” and improved end organ
function. However, the magnitude of the benefit varies
considerably over the short-term and long-term. This varia-
bility reflects the contributory influence of factors associated
with advanced heart disease at the time of LVAD implantation,
including right ventricular dysfunction, renal impairment, and
skeletal muscle deconditioning. The benefit of mechanical
circulatory support is also often limited by the development
over time of significant, well-recognized complications,
including right heart failure, neurologic complications, aortic
regurgitation (AR),” and infection. Given that approximately
50% of patients with LVADs currently receive the LVAD as
destination therapy and patients with LVADs as bridge to
transplant are experiencing longer waitlist times, it is likely that
the incidence of intermediate and late complications will
continue to increase. In contrast to other complications, the
secondary cardiac sequelae of LVAD implantation are
progressive and may be sub-clinical in their early stages and
may be difficult to detect using evaluation imaging and
hemodynamic techniques under resting conditions.

The hemodynamic response to exercise in heart failure
per se and its impact on clinical outcomes have been well
described; however, this relationship is not well character-
ized in patients with LVAD:s. In the present study, we aimed
to evaluate in detail exercise hemodynamic responses in
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patients supported with continuous-flow LVADs and to
determine whether these data provided predictive capacity
for the development of late cardiac complications.

Detailed methods are described in the Supplementary data
(available in the online version of this article at www.
jhltonline.org). The study was performed at Alfred Hospital,
Melbourne, and St. Vincent’s Hospital, Sydney, Australia, with
the approval of institutional ethics committees under the
guidance of the Declaration of Helsinki (2008). Briefly,
symptom-limited exercise right-side heart catheterization (see
Supplementary data available in the online version of this
article at www.jhltonline.org) was performed in 48 patients
with LVADs (26 HeartWare HVAD [HeartWare Inc.], 15
VentrAssist [Ventracor], and 7 HeartMate II [Thoratec
Corporation]) approximately 5 months after LVAD insertion.
Serial echocardiography was performed as a part of ongoing
follow-up in a subset of patients. Statistical methods are
described in detail in the Supplementary data (available in the
online version of this article at www.jhltonline.org).

Resting and exercise hemodynamics are provided in
Table 1. The type of LVAD implanted was not associated
with differences in either the thermodilution cardiac output
or the LVAD output (data not shown). Mean pulmonary
artery pressure and pulmonary capillary wedge pressure
increased during exercise in association with the increasing
cardiac output, whereas pulmonary vascular resistance did
not change (Table 2). Pulmonary artery pressure responses

Table 1 Hemodynamic Indices at Baseline and at Peak
Exercise in Patients with LVADs

Rest Peak

(n =55) (n=55) p-value
Cardiac index, liter/min/m?® 2.7 + 0.6 3.9 = 1.1 < 0.05
VAD cardiac output, liter/min 5.2 *+ 1.2 6.2 + 1.1 < 0.001

Heart rate, beats/min 76 = 18 106 *+ 18 < 0.001
MAP, mm Hg 83 12 94 *16 < 0.001
Systolic PAP, mm Hg 32+12 57 %15 < 0.001
Mean PAP, mm Hg 218 369 < 0.001
Mean PCWP, mm Hg 12+6 25*+8 < 0.001
PVR, wood units N6 == 0.68 176 == 1NIRINS
Sv0,, % B == & 38 £16 < 0.001
Peak work, watts — 80 * 43

Exercise duration, minutes = — 7=53

LVAD, left ventricular assist device; MAP, mean arterial pressure; NS,
not significant; PAP, pulmonary arterial pressure; PCWP, pulmonary
capillary wedge pressure; PVR, pulmonary vascular resistance; Sv0,,
mixed venous oxygen saturation; VAD, ventricular assist device.

1053-2498/$ - see front matter Crown Copyright © 2015 Published by Elsevier Inc. on behalf of International Society for Heart and Lung Transplantation. All
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Table 2  Serial Echocardiographic Changes

Outcomes Baseline (pre-VAD) 3 months Final p-value baseline vs final
LVDD, mm 68 = 10 60 11 eull = ik < 0.001
LVSD, mm 635810 56 = 11 id 2e il < 0.01
RV function (grade) 2.0 708 2.0+ 0.7 180 NS
TAPSE, cm 1.4 £ 0.2 12203 A3 03 NS

AR grade 0.4 + 0.6% G22:==80:3 LT = (1K) NS

MR grade 1781056 1202306 170=20.5 < 0.001
TR grade 1.0 = 0.6 0.9:7=20.5 0.9 = 0.6 NS

LA volume, cm® 122 = 64 85 * 43 95 = 46 NS

RA area, cm’ 27 =7 25+ 7 236 NS
Explanted/transplanted 3/10

Death 0 0 3

AR, aortic requrgitation; LA, left atrial; LVAD, left ventricular assist device; LVDD, left ventricular diastolic dimension; LVSD, left ventricular systolic
dimension; MR, mitral regurgitation; NS, not significant; RA, right atrial; RY, right ventricular; TAPSE, tricuspid annular plane systolic excursion; TR,

tricuspid regurgitation; VAD, ventricular assist device.

“Includes 7 patients with moderate to severe AR requiring aortic valve replacement at LYAD implantation.

to exertion were heterogeneous, with pulmonary artery
systolic pressures > 60 mm Hg in 18 patients and >70 mm
Hg in 8 patients.

Intermediate-term to long-term echocardiographic follow-up
data were available in 29 patients (Table 2). Left ventricular
size was significantly reduced across the cohort. Right
ventricular function improved in 10 patients, but deteriorated
by 1 grade or more in 6 patients. Mitral regurgitation improved
by 1 grade or more in 12 patients; mitral regurgitation did not
deteriorate 1 grade or more in any patients.

AR was at least moderate in 7 patients before LVAD
insertion, and these patients underwent concomitant biopros-
thetic aortic valve replacement. In 7 patients (3 VentrAssist,
3 HeartWare HVAD, 1 HeartMate IT; p = not significant),
progression of AR of 1 grade or more developed. These
patients had impaired workload capacity (48 = 28 W vs
83 = 23 W, p < 0.05) and reduced exercise time (5 =
2 minutes vs 9 = 3 minutes, p < 0.05). Peak exercise cardiac
index was also lower in patients with AR (3.6 = 0.9 liter/min/
m? vs 46 + 1.2 liter/min/m?, p < 0.05). Baseline and
exercise pulmonary artery diastolic pressures were higher in
patients with AR (rest, 18 = 10 mm Hg vs 11 = 3 mm Hg,
p < 0.05; exercise, 31 = 12mm Hgvs 21 = Smm Hg, p <
0.05). Significant univariate markers of AR progression were
also identified, including peak pulmonary artery systolic
pressure >60 mm Hg (area under the receiver operating
characteristic curve 0.750, p = 0.021), baseline mean
pulmonary artery pressure >20 mm Hg (area under the
receiver operating characteristic curve 0.739, p = 0.019), and
peak duration of exercise <7 minutes (area under the
receiver operating characteristic curve 0.827, p = 0.007).

The aim of the present study was 2-fold. First, we aimed to
characterize the central hemodynamic response to exercise in a
large cohort of patients with continuous-flow LVADs. Second,
we aimed to determine whether formal exercise hemodynamic
evaluation could provide a potentially more sensitive indicator
of complications that had not yet become manifest clinically.
To the best of our knowledge, this is the largest multicenter
study to date to characterize the hemodynamic response to
exercise in patients with continuous-flow LVADs and to

investigate the role of this approach in detecting clinically
relevant AR at an early stage. Exercise induced a modest
increase in estimated ventricular assist device output and a
more substantial increase in the thermodilution-based assess-
ment of total cardiac output. In many patients, we observed a
rapid increase pulmonary pressures and pulmonary capillary
wedge pressure, despite normal baseline measures.

In the present study, we showed that patients who had
echocardiographic evidence of progressive AR had limited
exercise capacity and impaired cardiovascular responses
during a graded invasive exercise hemodynamic study.
Several mechanisms may account for this observation. By
increasing mean arterial pressure and cardiac output, it is
likely that exercise unmasked the presence of AR, which
may have been difficult to detect at rest. Although the peak
pulmonary capillary wedge pressure did not differ in the AR
group, it is likely that this observation was influenced by
differences in maximal workload based on previous studies
by our group and others.™” We did not identify the specific
mechanism for AR in the present study.

In conclusion, we demonstrate that invasive exercise
hemodynamic testing provides novel insights into the
integrated native and ventricular assist device circulation
performance after LVAD implantation and provides a
means of early detection of progressive AR.
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Chapter 9: Discussion and conclusion

The aim of this research was to improve the evidence base for the application of
ECMO and VADs for patients with advanced heart and lung disease. It was motivated
by the desire to improve patient outcomes after heart or lung failure through the
effective and evidence-based use of these mechanical devices.

9.1 Summary of main findings and contribution to the field

Chapter 2 highlighted that most published V-A ECMO studies are retrospective
observational studies, representing an overall low quality of evidence to guide current
practice. The specific outcome measures reported and definitions of complications
varied considerably across the studies. These issues underline the difficulty of
comparing or aggregating results across studies in systematic reviews.

Chapter 3 demonstrated that the initiation of V-V ECMO for severe respiratory failure
is followed by a striking fall of the patients cytokine levels. This finding contrasts with
previous reports that suggested the initiation of ECMO, through blood contact with the
ECMO circuit and oxygenator, is associated with increased inflammation and cytokine
levels. It is possible that this is the mechanism for V-V ECMO resulting in lower
mortality than conventional mechanical ventilation strategies, as suggested in the
EOLIA trial. The non-randomised study methodology prevented definition of the exact
cause of this reduction in cytokines, but it was concluded that less aggressive ventilation was
likely to be a key factor. linitiation of V-V ECMO decreased the invasiveness of ventilation
rapidly, and was the major acute intervention. However, to show convincingly that this was
the reason for the observed interleukin decrease, a control group without ECMO would be
needed to exclude other modulations in treatment, such as hydrocortisone or antibiotics. It
was also found that increased cytokine levels were associated with mortality.

The research showed that more aggressive ventilation prior to ECMO (positive end
expiratory pressure >15 cm H20 and driving pressure >19 cm H>O) was associated
with higher cytokine levels, which are most likely a consequence of severity of disease.
The study was not designed to prove that less aggressive ventilation will result in less
inflammation or improved patient outcomes, but does provide the rational for further
studies in this area focusing on reducing inflammation. Moreover, higher IL-6, IL-8 and
TNF-alpha levels before and during ECMO were associated with an increased risk of
death. Importantly, this study was not designed to develop new markers for prediction
of survival on V-V ECMO. As much interpatient variation in cytokine levels was
observed, it is unlikely the concentration of cytokines alone would be a valuable
predictive tool for these patients.
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Chapter 4 reported on an appraisal of the femoral-femoral approach when performing
V-V ECMO cannulation. This review also evaluated cannulation selection, site
selection, explanation, and training aspects of ECMO management. The initiation of
extracorporeal membrane oxygenation is a complex and technical process, and if
done poorly, can result in significant harm to the patient, including bleeding, vessel
damage and infection. The recently published EOLIA trial showed that 10% of
cannulations were femoro-femoral, while the rest were femoral—jugular, suggesting
ongoing worldwide practice variation [55,106]. Further research is needed to find the
optimal approach for cannulation in different services. In addition, as the number of
providers of ECMO continues to increase, an emphasis on training and credentialing
will be crucial to maintain safety of the procedure.

Chapter 5 presented a review of the common complications that occur in ECMO and
VAD patients. It highlighted that despite improvements in technology, patients still
suffer from a wide range of serious complications that contribute to significant mortality
and morbidity. It is important that caution is used when initiating such therapies. The
complications follow a biphasic distribution, with early complications related to both
the patient’s underlying iliness and to the insertion of the devices. Later complications,
such as device failure and sepsis, also remain problematic. The complications
described in this chapter continue to be a major drawback for the uptake of these
devices, and clinicians need to be aware of them in order to make sensible and
economically sound decisions for their patients.

The research described in chapter 6 demonstrated the feasibility of a mobile ECMO
retrieval service staffed by intensive care specialists. Traditionally ECMO transports
comprised of a large numbers of people, which make transportation complex, labour
intensive and slow [107]. In this study, it was shown to be possible to cannulate
patients with an ultrasound-guided percutaneous technique with a 100% success rate
and that no life-threatening complications occurred during patient transport to the
ECMO centre. This is a very reassuring result for services that are unable to provide
surgical backup support in the case of a difficult cannulation. The research also
showed that retrieved patients had similar survival rates to patients who had ECMO
commenced in the ECMO centre. This implies that a patient can present to a non-
ECMO hospital, be transported safely to the ECMO centre, and have a similar
outcome to patients already in the ECMO centre. Potential limitations of this paper are
that the intensivist model was not compared directly with either retrieval without ECMO
or with a surgically staffed ECMO retrieval team. The populations of non-EMCO
centres and ECMO centres differed at baseline, and this may have influenced the
overall outcomes. Further work in this area will enable more direct comparisons.

Chapters 7 and 8 focused on the long-term outcomes of patients after ECMO and VAD
therapy. Critical care research has traditionally focused on short-term outcomes, such
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as hospital mortality. However, it is becoming clear that survivors have high ongoing
risk of death even after hospital discharge, as well as significant morbidity [108].

The study described in chapter 7 demonstrated that patients continue to die even after
their acute stay in hospital following V-A ECMO. It showed that patients with ischaemic
heart disease, a higher lactate and bilirubin on admission, and a longer duration of
renal replacement therapy had a reduced probability of long-term survival. Although
ischaemic heart disease is not modifiable, initial lactate and bilirubin could be reduced
if ECMO was initiated earlier, raising the question of whether earlier initiation could
result in better long-term outcomes. The long term outcomes of V-A ECMO (LOVE)
score may also help clinicians select the patients who are most likely to benefit from
ECMO in the long term. It can help clinicians inform patients, family caregivers, and
other clinical staff about the long-term outcomes after critical illness, and potentially
let us target the population at highest risk for death with preventive interventions.
Limitations of this study include the small sample size and the fact that only patients
already initiated on V-A ECMO were included in the LOVE score. Other long-term
outcome studies of ECMO will be important in defining the exact role of ECMO in the
treatment of advanced heart failure.

Chapter 8 highlighted that patients with long-term VADs still suffer symptoms of
cardiac insufficiency during exercise through a limited capacity to augment their VAD
output. This study showed that increases in cardiac output during exercise were
primarily related to recruitment of native circulation. This suggests that the native
circulation continues to have an important role in the clinical management of these
patients despite the VAD, and should remain a focus for drug therapies. It was also
shown that the exercise response was different for those patients who went on to
develop late aortic valve disease, suggesting earlier subclinical disease can be
unmasked by the exercise haemodynamic testing. The implication is that more
dynamic tests should be incorporated into the testing of VAD patients, allowing earlier
identification of patients at high risk for developing aortic regurgitation.

9.2 Future work

The major pressing challenge for ongoing ECMO and VAD use is to continue to
improve the evidence base to inform clinical practice. In a recent position paper
authored by ECMONet, multiple areas for development — including further RCTs,
cohort studies which refine patient selection, improved scoring systems, and an
emphasis on long term outcomes — were identified as key areas to pursue [109]. In
addition, standardisation of data definitions and outcome measures will be important
when planning future studies and systematic reviews.

Conducting research into ECMO and VADs has been difficult for multiple reasons:
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e small patient numbers: ECMO and VADs are used only in the sickest patients,
and therefore numbers in each individual centre are low. Accumulating enough
patients to answer research questions usually requires extensive national and
international collaboration. This takes time, effort and money;

e lack of clinician equipoise to enrol patients in RCTs: individuals and hospitals
are often “for” or “against” ECMO and VADs, and therefore changing practice
can be very slow and difficult;

e lack of blinding: it is not possible to blind clinicians or patients from these
interventions, unlike in a drug trial;

e prospective consent: the urgency to initiate ECMO and VADs can often limit
the capacity of clinicians and researchers to gain consent; and

e withholding treatment may be unethical: these treatments are often used as
rescue therapies, and it is often ethically difficult to withhold the treatment in
the control arms of trials (e.g., EOLIA).

Despite these challenges, there are reasons to believe there will be great progress in
research into mechanical heart and respiratory supports:
e improving international collaboration, e.g. ECMONet, Australian and New
Zealand ECMO collaborators;
e development of a core outcome set to standardise the reporting of ECMO
studies;
e the increasing role of RCTs in guiding practice; and
e more funding of research into ECMO and VAD studies.

The author is working on the following projects to extend the work described in this
thesis.
e SCOPE Study
This study aims to develop a new internationally recognised core outcome set,
which will standardise outcomes measures and definitions of complications.
The methodology will include performing multiple international surveys as part
of a Delphi process.
e EXCEL Registry
The EXCEL registry will be a large, prospective, binational ECMO registry
which will collect detailed prospective data on all ECMO patients from five
centres in Australia and New Zealand. This National Health and Medical
Research Council (NHMRC)-funded project will investigate knowledge gaps,
practice variation, and provide detailed information on ECMO practice and
outcomes.
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e BLENDER trial
Concerns about oxygen toxicity during V-A ECMO has led to a group of
Australian and New Zealand investigators collaborating on the largest V-A
ECMO trial ever performed. The BLENDER trial is an NHMRC-funded trial
which will randomise patients into either a conservative or liberal oxygen target
strategy. The primary outcome will be ICU-free days at day 60. Recruitment
will begin January 2019.

e National ECMO guidelines
The author is part of a working group for a new Australian ECMO and VAD
guideline which is being developed to help standardise practice in Australia
and New Zealand, to improve collaboration, and to encourage translation of
research into practice.

Although the evidence base for VADs has improved substantially in recent years, and
large RCTs have already led to improvements in design and patient selection, many
knowledge gaps remain. Some authors have argued that for severe heart failure and
cardiogenic shock, LVAD insertion has become the standard of care [87], yet many
centres do not practise it. Ongoing work with INTERMACS will be crucial in the design
of future RCT and studies — particularly around the optimal timing of VAD insertion,
optimal patient selection, cost-effectiveness and long-term outcomes.

9.3 Strengths and limitations

This thesis identifies key gaps in the knowledge of the provision of ECMO and VADs
for critically ill patients with advanced cardiac and respiratory disease. The studies
within it covered the field of ECMO and VAD utilisation from initiation to long-term
outcomes. A range of study designs was employed, including a systematic review,
retrospective and prospective observational studies, single and multicentre studies.

One limitation of the research was the lack of interventional studies. As pointed out in
the systematic review in chapter 2, a retrospective study design is limited by many
potential biases and confounders. However, these studies will underpin the
abovementioned trials.

9.4 Conclusion

Mechanical circulatory supports evolved out of cardiac bypass circuits in the operating
theatre, with cardiac surgeons and perfusionists initiating and maintaining patients.
Over the last 40 years there has been a steady move away from the operating room,
and into the ICU, emergency department, and finally from hospital to home-based
patient care. Many factors have contributed to this change, including improvements in
the technology of the devices, the ease of initiating ECMO by non-surgeons using
percutaneous insertion techniques, the avoidance of complications, and in some
cases, robust trials to inform practice.
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This thesis and the published papers it contains contribute substantially to knowledge
in this field through improvements in the evidence base for the use of ECMO and
VADs. They highlight the lack of high-quality evidence that can be used to inform
practice, and will form the basis of important ongoing work and collaborations
designed to improve the outcomes of ECMO and VAD patients.

150



References

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

Ponikowski P, Voors AA, Anker SD, Bueno H, Cleland JGF, Coats AJS, et
al. 2016 ESC Guidelines for the diagnosis and treatment of acute and
chronic heart failure: The Task Force for the diagnosis and treatment of
acute and chronic heart failure of the European Society of Cardiology
(ESC). Developed with the special contribution of the Heart Failure
Association (HFA) of the ESC. European Journal of Heart Failure
2016;18:891-975. doi:10.1002/ejhf.592.

Thiele H, Ohman EM, Desch S, Eitel |, de Waha S. Management of
cardiogenic shock. European Heart Journal 2015;36:1223-30.
doi:10.1093/eurheartj/ehv051.

Puymirat E, Fagon JY, Aegerter P, Diehl J-L, Monnier A, Hauw-Berlemont
C, et al. Cardiogenic shock in intensive care units: evolution of prevalence,
patient profile, management and outcomes, 1997-2012. European Journal
of Heart Failure 2016;19:192—-200. doi:10.1007/s00134-009-1519-z.

Thiele H, Allam B, Chatellier G, Schuler G, Lafont A. Shock in acute
myocardial infarction: the Cape Horn for trials? European Heart Journal
2010;31:1828-35. doi:10.1016/j.jacc.2008.05.065.

Kolte D, Khera S, Aronow WS, Mujib M, Palaniswamy C, Sule S, et al.
Trends in Incidence, Management, and Outcomes of Cardiogenic Shock
Complicating ST-Elevation Myocardial Infarction in the United States. J Am
Heart Assoc 2013;3:e000590-0. doi:10.1161/JAHA.113.000590.

Bellani G, Laffey JG, Pham T, Fan E, Brochard L, Esteban A, et al.
Epidemiology, Patterns of Care, and Mortality for Patients With Acute
Respiratory Distress Syndrome in Intensive Care Units in 50 Countries.
JAMA 2016;315:788. doi:10.1001/jama.2016.0291.

Stevenson LW, Pagani FD, Young JB, Jessup M, Miller L, Kormos RL, et al.
INTERMACS profiles of advanced heart failure: the current picture. J Heart
Lung Transplant 2009;28:535-41. doi:10.1016/j.healun.2009.02.015.
Ponikowski P, Voors AA, Anker SD, Bueno H, Cleland JGF, Coats AJS, et
al. 2016 ESC Guidelines for the diagnosis and treatment of acute and
chronic heart failure. European Heart Journal 2016;37:2129-200.
doi:10.1093/eurheartj/ehw128.

ARDS Definition Task Force, Ranieri VM, Rubenfeld GD, Thompson BT,
Ferguson ND, Caldwell E, et al. Acute respiratory distress syndrome: the
Berlin Definition. JAMA, vol. 307, 2012, pp. 2526-33.
doi:10.1001/jama.2012.5669.

Thompson BT, Chambers RC, Liu KD. Acute Respiratory Distress
Syndrome. N Engl J Med 2017;377:562—72. doi:10.1056/NEJMra1608077.
van Diepen S, Katz JN, Albert NM, Henry TD, Jacobs AK, Kapur NK, et al.
Contemporary Management of Cardiogenic Shock: A Scientific Statement
From the American Heart Association. Circulation 2017;136:€232—68.
doi:10.1161/CIR.0000000000000525.

Kohsaka S, Menon V, Lowe AM, Lange M, Dzavik V, Sleeper LA, et al.
Systemic inflammatory response syndrome after acute myocardial infarction
complicated by cardiogenic shock. Arch Intern Med 2005;165:1643-50.
doi:10.1001/archinte.165.14.1643.

Matthay MA, Zemans RL. The Acute Respiratory Distress Syndrome:

151



[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

Pathogenesis and Treatment. Annu Rev Pathol Mech Dis 2011;6:147-63.
doi:10.1146/annurev-pathol-011110-130158.
Committee CWYMMFFCW, Committee MUMFFVCW, Member
BBMPFFWC, Member JBMFFWC, Member DECJMMMFFWC, Member
MHDMMFFWC, et al. 2013 ACCF/AHA Guideline for the Management of
Heart Failure: Executive Summary. JACC 2013;62:1495-539.
doi:10.1016/j.jacc.2013.05.020.
Task Force on the management of ST-segment elevation acute myocardial
infarction of the European Society of Cardiology (ESC), Steg PG, James
SK, Atar D, Badano LP, Blomstrom-Lundqvist C, et al. ESC Guidelines for
the management of acute myocardial infarction in patients presenting with
ST-segment elevation. European Heart Journal 2012;33:2569-619.
doi:10.1093/eurheartj/ehs215.
Jeger RV, Urban P, Harkness SM, Tseng C-H, Stauffer J-C, Lejemtel TH, et
al. Early revascularization is beneficial across all ages and a wide spectrum
of cardiogenic shock severity: A pooled analysis of trials. Acute Cardiac
Care 2011;13:14-20. doi:10.1001/jama.297.15.joc70035.
Werdan K, Gielen S, Ebelt H, Hochman JS. Mechanical circulatory support
in cardiogenic shock. European Heart Journal 2014;35:156-67.
doi:10.1093/eurheartj/eht248.
Stretch R, Sauer CM, Yuh DD, Bonde P. National trends in the utilization of
short-term mechanical circulatory support: incidence, outcomes, and cost
analysis. Journal of the American College of Cardiology 2014;64:1407-15.
doi:10.1016/j.jacc.2014.07.958.
Authors/Task Force Members, Konstantinides SV, Torbicki A, Agnelli G,
Danchin N, Fitzmaurice D, et al. 2014 ESC Guidelines on the diagnosis and
management of acute pulmonary embolism: The Task Force for the
Diagnosis and Management of Acute Pulmonary Embolism of the European
Society of Cardiology (ESC) * * Endorsed by the European Respiratory
Society (ERS). European Heart Journal 2014;35:3033-73.
doi:10.1093/eurheartj/ehu283.
Patel H, Shivaraju A, Fonarow GC, Xie H, Gao W, Shroff AR, et al.
Temporal trends in the use of intraaortic balloon pump associated with
percutaneous coronary intervention in the United States, 1998-2008.
American Heart Journal 2014;168:363—-373.e12.
doi:10.1016/j.ahj.2014.02.015.
Seyfarth M, Sibbing D, Bauer |, Frohlich G, Bott-Flugel L, Byrne R, et al. A
randomized clinical trial to evaluate the safety and efficacy of a
percutaneous left ventricular assist device versus intra-aortic balloon
pumping for treatment of cardiogenic shock caused by myocardial
infarction. Journal of the American College of Cardiology 2008;52:1584-8.
doi:10.1016/j.jacc.2008.05.065.
Cheng JM, Uil den CA, Hoeks SE, van der Ent M, Jewbali LSD, van
Domburg RT, et al. Percutaneous left ventricular assist devices vs. intra-
aortic balloon pump counterpulsation for treatment of cardiogenic shock: a
meta-analysis of controlled trials. European Heart Journal 2009;30:2102-8.
doi:10.1093/eurheartj/ehn202.
Slutsky AS, Ranieri VM. Ventilator-Induced Lung Injury. N Engl J Med
2013;369:2126-36. doi:10.1056/NEJMra1208707.
Fan E, Del Sorbo L, Goligher EC, Hodgson CL, Munshi L, Walkey AJ, et al.
152



[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

An Official American Thoracic Society/European Society of Intensive Care
Medicine/Society of Critical Care Medicine Clinical Practice Guideline:
Mechanical Ventilation in Adult Patients with Acute Respiratory Distress
Syndrome. American Journal of Respiratory and Critical Care Medicine
2017;195:1253-63. doi:10.1164/rccm.201703-0548ST.
National Heart, Lung, and Blood Institute Acute Respiratory Distress
Syndrome (ARDS) Clinical Trials Network, Wiedemann HP, Wheeler AP,
Bernard GR, Thompson BT, Hayden D, et al. Comparison of two fluid-
management strategies in acute lung injury. N Engl J Med 2006;354:2564—
75. doi:10.1056/NEJM0a062200.
Papazian L, Forel J-M, Gacouin A, Penot-Ragon C, Perrin G, Loundou A, et
al. Neuromuscular blockers in early acute respiratory distress syndrome. N
Engl J Med 2010;363:1107-16. doi:10.1056/NEJM0a1005372.
Guérin C, Reignier J, Richard J-C, Beuret P, Gacouin A, Boulain T, et al.
Prone Positioning in Severe Acute Respiratory Distress Syndrome. N Engl
J Med 2013;368:2159-68. doi:10.1056/NEJMoa1214103.
Ferguson ND, Cook DJ, Guyatt GH, Mehta S, Hand L, Austin P, et al. High-
Frequency Oscillation in Early Acute Respiratory Distress Syndrome. N
Engl J Med 2013;368:795-805. doi:10.1056/NEJMoa1215554.
Young D, Lamb SE, Shah S, MacKenzie I, Tunnicliffe W, Lall R, et al. High-
Frequency Oscillation for Acute Respiratory Distress Syndrome. N Engl J
Med 2013;368:806—13. doi:10.1056/NEJMoa1215716.
Extracorporeal Life Support Organization. General Guideline for all ECLS
Cases [accessed 9th June 2018] Available from: http://www.elsonet.org
2017:1-26.
Ferguson ND, Fan E, Camporota L, Antonelli M, Anzueto A, Beale R, et al.
The Berlin definition of ARDS: an expanded rationale, justification, and
supplementary material. Intensive Care Med 2012;38:1573-82.
doi:10.1007/s00134-012-2682-1.
Kirklin JK, Naftel DC, Kormos RL, Stevenson LW, Pagani FD, Miller MA, et
al. Third INTERMACS Annual Report: the evolution of destination therapy in
the United States. J. Heart Lung Transplant., vol. 30, 2011, pp. 115-23.
doi:10.1016/j.healun.2010.12.001.
Abrams D, Combes A, Brodie D. Extracorporeal membrane oxygenation in
cardiopulmonary disease in adults. Journal of the American College of
Cardiology 2014;63:2769-78. doi:10.1016/j.jacc.2014.03.046.
Mehra MR, Naka Y, Uriel N, Goldstein DJ, Cleveland JC, Colombo PC, et
al. A Fully Magnetically Levitated Circulatory Pump for Advanced Heart
Failure. N Engl J Med 2017;376:440-50. doi:10.1056/NEJMoa1610426.
Sauer CM, Yuh DD, Bonde P. Extracorporeal membrane oxygenation use
has increased by 433% in adults in the United States from 2006 to 2011.
ASAIO J 2015;61:31-6. doi:10.1097/MAT.0000000000000160.
Natt BS, Desai H, Singh N, Poongkunran C, Parthasarathy S, Bime C.
Extracorporeal Membrane Oxygenation for ARDS: National Trends in the
United States 2008-2012. Respiratory Care 2016;61:1293-8.
doi:10.4187/respcare.04760.
Thiagarajan RR, Barbaro RP, Rycus PT, Mcmullan DM, Conrad SA,
Fortenberry JD, et al. Extracorporeal Life Support Organization Registry
International Report 2016. ASAIO J 2017;63:60-7.
doi:10.1097/MAT.0000000000000475.

153



[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]
[47]

[48]

[49]

[50]

Karagiannidis C, Brodie D, Strassmann S, Stoelben E, Philipp A, Bein T, et
al. Extracorporeal membrane oxygenation: evolving epidemiology and
mortality. Intensive Care Med 2016;42:889-96. doi:10.1007/s00134-016-
4273-z.
Kirklin JK, Pagani FD, Kormos RL, Stevenson LW, Blume ED, Myers SL, et
al. Eighth annual INTERMACS report: Special focus on framing the impact
of adverse events. J Heart Lung Transplant 2017;36:1080—6.
doi:10.1016/j.healun.2017.07.005.
Thiele H, Zeymer U, Neumann F-J, Ferenc M, Olbrich H-G, Hausleiter J, et
al. Intraaortic Balloon Support for Myocardial Infarction with Cardiogenic
Shock. N Engl J Med 2012;367:1287-96. doi:10.1056/NEJMoa1208410.
Australia and New Zealand Extracorporeal Membrane Oxygenation (ANZ
ECMO) Influenza Investigators, Davies A, Jones D, Bailey M, Beca J,
Bellomo R, et al. Extracorporeal Membrane Oxygenation for 2009 Influenza
A(H1N1) Acute Respiratory Distress Syndrome. JAMA 2009;302:1888-95.
doi:10.1001/jama.2009.1535.
Pham T, Combes A, Rozé H, Chevret S, Mercat A, Roch A, et al.
Extracorporeal Membrane Oxygenation for Pandemic Influenza A(H1N1)-
induced Acute Respiratory Distress Syndrome: A Cohort Study and
Propensity-matched Analysis. American Journal of Respiratory and Critical
Care Medicine 2013;187:276-85. doi:10.1164/rccm.201205-08150C.
Peek GJ, Mugford M, Tiruvoipati R, Wilson A, Allen E, Thalanany MM, et al.
Efficacy and economic assessment of conventional ventilatory support
versus extracorporeal membrane oxygenation for severe adult respiratory
failure (CESAR): a multicentre randomised controlled trial. The Lancet
2009;374:1351-63. doi:10.1016/S0140-6736(09)61069-2.
Slaughter MS, Rogers JG, Milano CA, Russell SD, Conte JV, Feldman D, et
al. Advanced heart failure treated with continuous-flow left ventricular assist
device. N Engl J Med 2009;361:2241-51. doi:10.1056/NEJM0a0909938.
Higgins AM, Pettila V, Harris AH, Bailey M, Lipman J, Seppelt IM, et al. The
critical care costs of the influenza A/H1N1 2009 pandemic in Australia and
New Zealand. Anaesth Intensive Care 2011;39:384-91.
Thomas G. National Efficient Price Determination 2018-19 2018:1-73.
Marasco SF, Summerhayes R, Quayle M, McGiffin D, Luthe M. Cost
comparison of heart transplant vs. left ventricular assist device therapy at
one year. Clin Transplant 2016;30:598—605. doi:10.1111/ctr.12725.
Kawashima D, Gojo S, Nishimura T, ltoda Y, Kitahori K, Motomura N, et al.
Left Ventricular Mechanical Support with Impella Provides More Ventricular
Unloading in Heart Failure Than Extracorporeal Membrane Oxygenation.
ASAIO Journal 2011;57:169-76. doi:10.1097/MAT.0b013e31820e121c.
Petroni T, Harrois A, Amour J, Lebreton G, Bréchot N, Tanaka S, et al.
Intra-Aortic Balloon Pump Effects on Macrocirculation and Microcirculation
in Cardiogenic Shock Patients Supported by Venoarterial Extracorporeal
Membrane Oxygenation®. Critical Care Medicine 2014;42:2075-82.
doi:10.1097/CCM.0000000000000410.
Pappalardo F, Schulte C, Pieri M, Schrage B, Contri R, Soeffker G, et al.
Concomitant implantation of Impella(®) on top of veno-arterial
extracorporeal membrane oxygenation may improve survival of patients
with cardiogenic shock. European Journal of Heart Failure 2016.
doi:10.1002/ejhf.668.

154



[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

Smith M, Vukomanovic A, Brodie D, Thiagarajan R, Rycus P, Buscher H.
Duration of veno-arterial extracorporeal life support (VA ECMO) and
outcome: an analysis of the Extracorporeal Life Support Organization
(ELSO) registry. Crit Care 2017;21:45. doi:10.1186/s13054-017-1633-1.
Rihal CS, Naidu SS, Givertz MM, Szeto WY, Burke JA, Kapur NK, et al.
2015 SCAI/ACC/HFSA/STS Clinical Expert Consensus Statement on the
Use of Percutaneous Mechanical Circulatory Support Devices in
Cardiovascular Care: Endorsed by the American Heart Assocation, the
Cardiological Society of India, and Sociedad Latino Americana de
Cardiologia Intervencion; Affirmation of Value by the Canadian Association
of Interventional Cardiology-Association Canadienne de Cardiologie
d'intervention. J. Am. Coll. Cardiol., vol. 65, 2015, pp. e7—e26.
doi:10.1016/j.jacc.2015.03.036.
Frazier OH, Benedict CR, Radovancevic B, Bick RJ, Capek P, Springer
WE, et al. Improved left ventricular function after chronic left ventricular
unloading. Ann Thorac Surg 1996;62:675-81—-discussion681-2.
doi:10.1016/S0003-4975(96)00437-7.
Birks EJ, Tansley PD, Hardy J, George RS. Left ventricular assist device
and drug therapy for the reversal of heart failure. ... England Journal of ...
2006.
Combes A, Hajage D, Capellier G, Demoule A, Lavoué S, Guervilly C, et al.
Extracorporeal Membrane Oxygenation for Severe Acute Respiratory
Distress Syndrome. N Engl J Med 2018;378:1965-75.
doi:10.1056/NEJMoa1800385.
Schmidt M, Pellegrino V, Combes A, Scheinkestel C, Cooper DJ, Hodgson
C. Mechanical ventilation during extracorporeal membrane oxygenation.
Crit Care 2014;18:203. doi:10.1186/cc13702.
Serpa Neto A, Cardoso SO, Manetta JA, Pereira VGM, Espdsito DC,
Pasqualucci MDOP, et al. Association between use of lung-protective
ventilation with lower tidal volumes and clinical outcomes among patients
without acute respiratory distress syndrome: a meta-analysis. JAMA
2012;308:1651-9. doi:10.1001/jama.2012.13730.
Hill JD, O'Brien TG, Murray JJ, Dontigny L, Bramson ML, Osborn JJ, et al.
Prolonged extracorporeal oxygenation for acute post-traumatic respiratory
failure (shock-lung syndrome). Use of the Bramson membrane lung. Nejm
1972;286:629-34. doi:10.1056/NEJM197203232861204.
Soeter JR, Mamiya RT, Sprague AY, McNamara JJ. Prolonged
extracorporeal oxygenation for cardiorespiratory failure after tetralogy
correction. Journal of Thoracic and Cardiovascular Surgery 1973;66:214-8.
Bartlett RH, Gazzaniga AB, Jefferies MR, Huxtable RF, Haiduc NJ, Fong
SW. Extracorporeal membrane oxygenation (ECMO) cardiopulmonary
support in infancy. Trans Am Soc Artif Intern Organs 1976;22:80-93.
Zapol WM, Snider MT, Hill JD, Fallat RJ, Bartlett RH, Edmunds LH, et al.
Extracorporeal membrane oxygenation in severe acute respiratory failure. A
randomized prospective study. JAMA 1979;242:2193—-6.
Cohn LH. Fifty years of open-heart surgery. vol. 107. 2003.
doi:10.1161/01.CIR.0000071746.50876.E2.
Siderys H, Herod GT, Halbrook H, Pittman JN, Rubush JL, Kasebaker V, et
al. A comparison of membrane and bubble oxygenation as used in
cardiopulmonary bypass in patients. The importance of pericardial blood as
155



[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

a source of hemolysis. Journal of Thoracic and Cardiovascular Surgery
1975;69:708-12.
Iwahashi H, Yuri K, Nosé Y. Development of the oxygenator: past, present,
and future. J Artif Organs 2004;7:111-20. doi:10.1007/s10047-004-0268-6.
Bartlett RH. Extracorporeal Life Support: History and New Directions.
ASAIO Journal 2005;51:487-9. doi:10.1097/01.mat.0000179141.08834.cb.
Lehle K, Philipp A, Hiller K-A, Zeman F, Buchwald D, Schmid C, et al.
Efficiency of gas transfer in venovenous extracorporeal membrane
oxygenation: analysis of 317 cases with four different ECMO systems.
Intensive Care Med 2014;40:1870-7. doi:10.1007/s00134-014-3489-z.
Morgan IS, Codispoti M, Sanger K, Mankad PS. Superiority of centrifugal
pump over roller pump in paediatric cardiac surgery: prospective
randomised trial. Eur J Cardiothorac Surg 1998;13:526-32.
MacLaren G, Combes A, Bartlett RH. Contemporary extracorporeal
membrane oxygenation for adult respiratory failure: life support in the new
era. Intensive Care Med 2012;38:210-20. doi:10.1007/s00134-011-2439-2.
Haneya A, Philipp A, Foltan M, Camboni D, Mueller T, Bein T, et al. First
experience with the new portable extracorporeal membrane oxygenation
system Cardiohelp for severe respiratory failure in adults. Perfusion
2012;27:150-5. doi:10.1177/0267659111432330.
Stewart GC, Givertz MM. Mechanical Circulatory Support for Advanced
Heart Failure: Patients and Technology in Evolution. Circulation
2012;125:1304-15. doi:10.1161/CIRCULATIONAHA.111.060830.
Rose EA, Gelijns AC, Moskowitz AJ, Heitjan DF, Stevenson LW, Dembitsky
W, et al. Long-Term Use of a Left Ventricular Assist Device for End-Stage
Heart Failure. N Engl J Med 2001;345:1435-43.
doi:10.1056/NEJMo0a012175.
Miller LW, Pagani FD, Russell SD, John R. Use of a continuous-flow device
in patients awaiting heart transplantation. ... Journal of Medicine
2007;357:885-96. doi:10.1056/NEJMoa067758.
Aaronson KD, Aaronson KD, Slaughter MS, Slaughter MS, Miller LW, Miller
LW, et al. Use of an intrapericardial, continuous-flow, centrifugal pump in
patients awaiting heart transplantation. Circulation 2012;125:3191-200.
doi:10.1161/CIRCULATIONAHA.111.058412.
Bartlett RH, Roloff DW, Cornell RG, Andrews AF, Dillon PW,
Zwischenberger JB. Extracorporeal circulation in neonatal respiratory
failure: a prospective randomized study. Pediatrics 1985;76:479-87.
O'Rourke PP, Crone RK, Vacanti JP, Ware JH, Lillehei CW, Parad RB, et
al. Extracorporeal membrane oxygenation and conventional medical
therapy in neonates with persistent pulmonary hypertension of the newborn:
a prospective randomized study. Pediatrics 1989;84:957—-63.
UK collaborative randomised trial of neonatal extracorporeal membrane
oxygenation. UK Collaborative ECMO Trail Group. The Lancet
1996;348:75-82.
Morris AH, Wallace CJ, Menlove RL, Clemmer TP, Orme JF, Weaver LK, et
al. Randomized clinical trial of pressure-controlled inverse ratio ventilation
and extracorporeal CO2 removal for adult respiratory distress syndrome.
American Journal of Respiratory and Critical Care Medicine 1994;149:295—
305. doi:10.1164/ajrccm.149.2.8306022.
Abrams D, Garan AR, Abdelbary A, et al. Position paper for the

156



[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

organization of ECMO programs for cardiac failure in adults. Intensive Care
Med 2018;44(6):717-29.

Combes A, Brodie D, Bartlett R, Brochard L, Brower R, Conrad S, et al.
Position Paper for the Organization of Extracorporeal Membrane
Oxygenation Programs for Acute Respiratory Failure in Adult Patients.
American Journal of Respiratory and Critical Care Medicine 2014;190:488—
96. doi:10.1164/rccm.201404-0630CP.

Extracorporeal Life Support Organization. Guideline for Adult Respiratory
Failure [accessed 9th June 2018] Available from: http://www.elsonet.org
2017:1-32.

Sheu J-J, Tsai T-H, Lee F-Y, Fang H-Y, Sun C-K, Leu S, et al. Early
extracorporeal membrane oxygenator-assisted primary percutaneous
coronary intervention improved 30-day clinical outcomes in patients with
ST-segment elevation myocardial infarction complicated with profound
cardiogenic shock. Critical Care Medicine 2010;38:1810-7.
doi:10.1097/CCM.0b013e3181e8acf7.

Ouweneel DM, Schotborgh JV, Limpens J, Sjauw KD, Engstrom AE,
Lagrand WK, et al. Extracorporeal life support during cardiac arrest and
cardiogenic shock: a systematic review and meta-analysis. Intensive Care
Med 2016;42:1922-34. doi:10.1007/s00134-016-4536-8.

Abrams D, Garan AR, Abdelbary A, Bacchetta M, Bartlett RH, Beck J, et al.
Position paper for the organization of ECMO programs for cardiac failure in
adults. Intensive Care Med 2018;44:717-29. doi:10.1007/s00134-018-
5064-5.

Sidebotham D. Extracorporeal membrane oxygenation--understanding the
evidence: CESAR and beyond. J Extra Corpor Technol 2011;43:P23-6.
doi:10.3109/10717544.2014.923064.

Gattinoni L, Vasques F, Quintel M. Use of ECMO in ARDS: does the EOLIA
trial really help? 2018:1-2. doi:10.1186/s13054-018-2098-6.

Vaquer S, de Haro C, Peruga P, Oliva JC, Artigas A. Systematic review and
meta-analysis of complications and mortality of veno-venous extracorporeal
membrane oxygenation for refractory acute respiratory distress syndrome.
Annal-Intensive-Care 2017;7:51. doi:10.1186/s13613-017-0275-4.
Slaughter MS, Pagani FD, Rogers JG, Miller LW, Sun B, Russell SD, et al.
Clinical management of continuous-flow left ventricular assist devices in
advanced heart failure. J Heart Lung Transplant 2010;29:S1-39.
doi:10.1016/j.healun.2010.01.011.

Sheu J-J, Tsai T-H, Lee F-Y, Fang H-Y, Sun C-K, Leu S, et al. Early
extracorporeal membrane oxygenator-assisted primary percutaneous
coronary intervention improved 30-day clinical outcomes in patients with
ST-segment elevation myocardial infarction complicated with profound
cardiogenic shock. Critical Care Medicine 2010;38:1810-7.
doi:10.1097/CCM.0b013e3181e8acf7.

Muller G, Flecher E, Lebreton G, Luyt CE, Trouillet J-L, Bréchot N, et al.
The ENCOURAGE mortality risk score and analysis of long-term outcomes
after VA-ECMO for acute myocardial infarction with cardiogenic shock.
Intensive Care Med 2016;42:370-8. doi:10.1007/s00134-016-4223-9.
Nakamura T, Ishida K, Taniguchi Y, Nakagawa T, Seguchi M, Wada H, et
al. Prognosis of patients with fulminant myocarditis managed by peripheral

157



[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

venoarterial extracorporeal membranous oxygenation support: a
retrospective single-center study. J Intensive Care 2015;3:5.
doi:10.1253/circj.CJ-12-0686.
ANZIC Influenza Investigators, Webb SAR, Pettila V, Seppelt |, Bellomo R,
Bailey M, et al. Critical care services and 2009 H1N1 influenza in Australia
and New Zealand. N Engl J Med 2009;361:1925-34.
doi:10.1056/NEJM0a0908481.
de Lange DW, Sikma MA, Meulenbelt J. Extracorporeal membrane
oxygenation in the treatment of poisoned patients. Clin Toxicol (Phila)
2013;51:385-93. doi:10.3109/15563650.2013.800876.
Rastan AJ, Dege A, Mohr M, Doll N, Falk V, Walther T, et al. Early and late
outcomes of 517 consecutive adult patients treated with extracorporeal
membrane oxygenation for refractory postcardiotomy cardiogenic shock. J
Thorac Cardiovasc Surg 2010;139:302-311.e1.
doi:10.1016/j.jtcvs.2009.10.043.
Marasco SF, Esmore DS, Negri J, Rowland M, Newcomb A, Rosenfeldt FL,
et al. Early institution of mechanical support improves outcomes in primary
cardiac allograft failure. J Heart Lung Transplant 2005;24:2037—-42.
doi:10.1016/j.healun.2005.06.007.
Corsi F, Lebreton G, Bréchot N, Hekimian G, Nieszkowska A, Trouillet J-L,
et al. Life-threatening massive pulmonary embolism rescued by
venoarterial- extracorporeal membrane oxygenation 2017:1-10.
doi:10.1186/s13054-017-1655-8.
Chiumello D, Coppola S, Froio S, Colombo A, Del Sorbo L. Extracorporeal
life support as bridge to lung transplantation: a systematic review. Crit Care
2015;19:19. doi:10.1186/s13054-014-0686-7.
Schmidt M, Schellongowski P, Patroniti N, TACCONE FS, Reis Miranda D,
Reuter J, et al. Six-Month Outcome of Immunocompromised Patients with
Severe Acute Respiratory Distress Syndrome Rescued by Extracorporeal
Membrane Oxygenation. An International Multicenter Retrospective Study.
American Journal of Respiratory and Critical Care Medicine
2018;197:1297-307. doi:10.1016/j.athoracsur.2014.08.039.
Schmidt M, Burrell A, Roberts L, Bailey M, Sheldrake J, Rycus PT, et al.
Predicting survival after ECMO for refractory cardiogenic shock: the survival
after veno-arterial-ECMO (SAVE)-score. European Heart Journal
2015;36:2246-56. doi:10.1093/eurheartj/ehv194.
Combes A, Leprince P, Luyt CE, Bonnet N, Trouillet J-L, Léger P, et al.
Outcomes and long-term quality-of-life of patients supported by
extracorporeal membrane oxygenation for refractory cardiogenic shock®.
Critical Care Medicine 2008;36:1404—11.
doi:10.1097/CCM.0b013e31816f7cf7.
Schmidt M, Bailey M, Sheldrake J, Hodgson C, Aubron C, Rycus PT, et al.
Predicting Survival after Extracorporeal Membrane Oxygenation for Severe
Acute Respiratory Failure. The Respiratory Extracorporeal Membrane
Oxygenation Survival Prediction (RESP) Score. American Journal of
Respiratory and Critical Care Medicine 2014;189:1374-82.
doi:10.1164/rccm.201311-20230C.
on behalf of the Italian ECMOnet, Pappalardo F, Pieri M, Greco T, Patroniti
N, Pesenti A, et al. Predicting mortality risk in patients undergoing
venovenous ECMO for ARDS due to influenza A (H1N1) pneumonia: the
158



[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

ECMOnet score. Intensive Care Med 2012;39:275-81. doi:10.1007/s00134-
012-2747-1.

Boyle AJ, Ascheim DD, Russo MJ, Kormos RL, John R, Naka Y, et al.
Clinical outcomes for continuous-flow left ventricular assist device patients
stratified by pre-operative INTERMACS classification. J Heart Lung
Transplant 2011;30:402-7. doi:10.1016/j.healun.2010.10.016.

Persico N, Bourenne J, Roch A. Veno-arterial extracorporeal membrane
oxygenation for acute myocardial infarction-associated cardiogenic shock:
can we predict survival before decision of implantation? J Thorac Dis
2016;8:2331-3. doi:10.21037/jtd.2016.08.91.

Barbaro RP, Odetola FO, Kidwell KM, Paden ML, Bartlett RH, Davis MM, et
al. Association of Hospital-Level Volume of Extracorporeal Membrane
Oxygenation Cases and Mortality. Analysis of the Extracorporeal Life
Support Organization Registry. American Journal of Respiratory and Critical
Care Medicine 2015;191:894-901. doi:10.1097/00005650-200210000-
00010.

Aubron C, Cheng AC, Pilcher D, Leong T, Magrin G, Cooper DJ, et al.
Factors associated with outcomes of patients onextracorporeal membrane
oxygenation support:a 5-year cohort study. Crit Care 2013;17:R73.
doi:10.1186/cc12681.

Crivellari M, Pappalardo F. Femoro-jugular cannulation in veno-venous
extracorporeal membrane oxygenation PRO/CON. J Thorac Dis
2018;10:S613-5. doi:10.21037/jtd.2018.02.89.

Forrest P, Ratchford J, Burns B, Herkes R, Jackson A, Plunkett B, et al.
Retrieval of critically ill adults using extracorporeal membrane oxygenation:
an Australian experience. Intensive Care Med 2011;37:824-30.
doi:10.1007/s00134-011-2158-8.

Herridge MS, Tansey CM, Matté A. Functional disability 5 years after acute
respiratory distress syndrome. N Engl J Med 2011;364(14):1293-304.
Combes A, Brodie D, Chen Y-S, Fan E, Henriques JPS, Hodgson C, et al.
The ICM research agenda on extracorporeal life support. Intensive Care
Med 2017;43:1306—18. doi:10.1007/s00134-017-4803-3.

159





