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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 

surgery, valve surgery etc.) 

Chronic lung disease (e.g., cystic fibrosis, 

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%  

 

 
 

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 definition 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/FiO2 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/FiO2<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 PaO2/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). 

 

 
 

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].  

 

  
 

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 II 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 I to class IIIa in 2014 

[19] and its use for cardiogenic shock has declined[20].  

 

Several other types of mechanical cardiac assist devices are available, including the 

Impellaâ and the TandemHeartTM (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.  

 

 
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 
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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 II pump – a continuous, axial pump that is inserted into the 

preperitoneal space. (B) A HeartMate III – 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 cases/year [39]. 
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The drivers of this increase in use include the publication of the IABP-SHOCK II 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 II [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 Impellaâ 

[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 (LVADs) 

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 

1950s 1950–60s 1970 1980 1990s–
2000s 2018 

1953 – 

first 

clinical 

bypass 

machine  

Improvements in 

oxygenator 

enabled longer 

ECMO support 

1971 – first patient 

managed with ECMO 

(V-V ECMO post 

trauma) [58] 

 

1972 – first V-A ECMO 

for transposition [59] 

 

1972 – first newborn 

ECMO[60] 

 

1979 – first RCT in V-V 

ECMO [61] 

1984 – first 

RCT in 

paediatrics 

 

1989 – 

second 

RCT in 

paediatrics 

2008/9 – 

H1N1 

outbreak 

  

2009 – 

CESAR 

RCT  

ECMO 

for 

ARDS 

EOLIA 

Trial  

 

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, 
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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 CardiohelpÒ, 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 – 

first 

pneumatic 

LVAD 

pump 

inserted 

1978 – 

LVAD 

used as a 

bridge to 

transplant 

1984 – 

first 

electrically 

driven 

LVAD 

Further 

electric 

pulsatile 

pumps 

developed 

2001 – REMATCH 

trial – the first 

pulsatile VAD RCT 

[71] 

 

Development of 

continuous flow 

pumps [72] 

2009 – 

HeartMate II 

DT  

 

2010 – 

Intrapericardial 

pumps  

 

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 II 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 III, 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 

 
 
 



Table 5. Pivotal randomised controlled trials of adult ECMO and mechanical cardiac supports 

Trial, Author, Year, Journal Type Study Design Population Intervention Control Primary Outcome 

ECMO       

Zapol, 1979, JAMA [61] V-A MCRCT in 9 
US centres 

Severe 
respiratory 
failure 

V-A ECMO “ICU 
treatments” 
(not 
specified) 

Hospital survival 5/42 (9.5%) vs 5/48 
(8.3%) p=NS 

Several paediatric trials followed, 
including Bartlet [74], [75] and [76] 

      

Morris, 1994, American Journal of 
Respiratory and Critical Care 
Medicine [77] 

V-V Single-centre 
RCT 

40 Severe 
ARDS patients 

Pressure 
controlled 
inverse ratio 
ventilation 
and ECMO 
 

Protocolised 
mechanical 
ventilation 

Primary Outcome Survival at 30 days:   
ECMO 33% vs control 42% p=0.8 
 

CESAR Peek, 2009 Lancet [43] V-V MCRCT, 103 
centres in UK 

Severe ARDS Protocol of 
transport and 
consideration 
of V-V 
ECMO in a 
specialist 
centre 

No specific 
mechanical 
ventilation 
protocol 

Death or disability at 6 months 
57/90 63% ECMO allocation survived vs 
41/87 (47%) conventional RR 0.69 0.05-
0.97 

EOLIA, Combes, 2018 NEJM [55] 
2018 

V-V MCRCT in 64 
centres in 
France and 
internationally 

Severe ARDS  V-V ECMO Protocolised 
lung 
protective 
ventilation, 
including 

60 day mortality 44/124 (35%) vs 57/125 
(46%) RR 0.76 P 0.09. 
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NMB and 
proning 

Ventricular Assist Device       

REMATCH, Rose, 2009, NEJM [71] VAD MCRCT in 20 
experienced 
cardiac 
transplantation 
centres in US 

129 end stage 
heart failure 
patients not 
eligible for 
cardiac 
transplant 

Pulsatile 
Thoratec 
HeartMate 
XVE  

Optimal 
medical 
management 

Death from any cause RR, 0.52 (0.34 to 
0.78 P=0.001  

HeartMate II DT (Destination 
therapy), Slaughter, 2009, NEJM 
[44] 

VAD MCRCT in 38 
centres in US 

200 Patients 
with advanced 
heart failure 
who were 
ineligible for 
transplantation  

Continuous 
HeartMate II 
(axial)  

 

Pulsatile 
HeartMate 
XVE 

Survival at 2 y free of disabling stroke or 
reoperation for device repair or 
replacement 46% with HeartMate II vs 
11% with HeartMate XVE P<0.001  

MOMENTUM, Mehra, 2017, NEJM 
[34] 

VAD MCRCT in 69 
US centres 

294 Advanced 
heart failure 
patients (BTT 
or DT) 

HeartMate III 
magnetically 
elevated 
centrifugal 
pump 

HeartMate II 
axial pump 

Survival free of disabling stroke or 
survival free of reoperation to replace or 
remove the device at 6 months  
HMIII 86% vs HMII 76% P<0.001 for 
noninferiority 

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

 ESC2016[8] 
AHA 

2013 

[14] 

ESC 

revasc 

2014 

[19] 

2015 SCAI/ACC/HFSA/STS 

Clinical Expert Consensus 

Statement [52] 
ECMONet ELSO 

V-A 

ECMO 

“Temporary mechanical 
heart supports cannot be 
recommended as a proven 
or efficacious treatment for 
acute cardiogenic shock. In 
selected patients it may 
serve as a bridge to definite 
therapy” 

IIa 
Level B 

IIb 
Class 
C 

“Early TMCS may be considered 
in those who fail to stabilize or 
show signs of improvement 
quickly after initial interventions” 
 
“Severe biventricular failure may 
require use of both right- and 
left-sided percutaneous MCS or 
veno-arterial ECMO” 
 
“When oxygenation remains 
impaired, adding an oxygenator 
to a TandemHeart circuit or use 
of ECMO should be considered” 

No clear recommendation. 
“There is an ongoing need for 
controlled clinical trials and 
other high-level evidence to 
clarify the appropriate use of 
ECMO in severe refractory 
cardiogenic shock and other 
cardiac indications” [78] 

  

“ECLS is considered in 
patients with a 50% mortality 
risk, ECLS is indicated in 
most circumstances at 80% 
mortality risk” [30] 

 

V-V 

ECMO 

- - - - No clear recommendation 
“Although some evidence 
suggests that ECMO may be 
life-saving in severe ARF, the 
risk-to-benefit ratio of ECMO in 
this setting has yet to be fully 
elucidated” [79] 

In hypoxic respiratory failure 
due to any cause (primary or 
secondary) ECLS should be 
considered when the risk of 
mortality is 50% or greater, 
and is indicated when the risk 
of mortality is 80% or greater 
[80] 

VAD IIa Level C BTT 
IIa Level B DT  

Class 
IIa 
Level B 

IIa  - - - 

IIa = "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 



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 
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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 [CI] 
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%CI 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 II DT trial, published in 2009 [44]. This trial randomised 
200 patients who were ineligible for cardiac transplantation, and compared a newer 
generation HeartMate II 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 II 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 III (with 
magnetically elevated centrifugal pump and "pulsatility") or an older continuous Axial 
HeartMate II 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]. 
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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 

cardiomyopathy (with 
an exit strategy) 

Pneumonia and acute 
lung injury 

Unable to wean 
inotropes 

 Myocarditis [90] Influenza [91]  

 Cardiac arrest   
 Post-drug overdose 

[92] 
Aspiration  

 Post-cardiotomy [93] Asthma  
 Primary graft 

dysfunction post 
cardiac transplant [94] 

Chronic lung disease 
with an exit strategy 

 

 Massive pulmonary 
embolus [95] 

Primary graft 
dysfunction post lung 
transplant [96] 

 

 Refractory arrythmias ECMO as a bridge to 
lung transplantation  

 

 Sepsis associated 
cardiomyopathy 

  

Absolute 
Contraindications 

>Mild aortic 
regurgitation 

Chronic/terminal lung 
disease and no exit 
strategy 

Sepsis 

 Aortic dissection Mechanical ventilation 
> 7 days 

≥2 Major end organ 
failures 

 Chronic heart failure 
with no exit strategy 

Liver cirrhosis ≥CHILD 
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 

 
 
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 H1N1 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.  

 
  

Venoarterial ECMO Venovenous ECMO Ventricular assist 
devices [8] 

Increasing lactate or 
malperfusion despite: 
- inotropes 
- mechanical ventilation 

Worsening oxygenation or CO2 

removal despite: 
- mechanical ventilation 
- high PEEP/FiO2 

- proning 
- nitric oxide 

LVEF<25% and VO2 

<12Kg/min 
Unable to wean 
inotropes 
≥3heart failure 
admissions/year without 
obvious precipitating 
cause 
Progressive organ 
dysfunction  
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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 
 

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

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

• 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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1.11 Thesis structure 
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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 ≥100 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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Figure 1: Venoarterial ECMO flow diagram 2006-2017 
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Figure 2: Studies reporting outcome measures 
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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 
Post cardiotomy cardiogenic shock 
Cardiac arrest 
Failure to wean from bypass  
Any indications reported 

29/46 (63%) 
18/46 (39%) 
12/46 (26%) 
6/46 (13%) 
43/46 (94%) 

Specific 
Physiological 
Criteria 

Presence of or refractory to inotropes 
Cardiac index (median ≤ 2.0 L/min/m2, range 1.5-2.2) 
SBP (median ≤80mmHg, range 60-90) 
Presence of IABP# 
Lactate (median ≥ 4 mmol, range 3-4)  
Any specific physiological criteria 

19/46 (41%) 
10/46 (22%) 
10/46 (22%) 
19/46 (41%)  
3/46 (7%) 
33/46 (72%) 

Diagnostic 
Category 

Post cardiac surgery  
Post transplantation surgery (cardiac and/or respiratory) 
Post acute myocardial infarction 
Cardiomyopathy 
Myocarditis 
Acute decompensated heart failure  
Any diagnostic category reported 

26/46 (57%) 
13/46 (28%) 
12/46 (26%) 
12/46 (26%) 
6/46 (13%) 
4/46 (9%) 
43/46 (94%) 

Exclusions Malignancy 
Age (Median ≥80, Range 65-80) 
Irreversible organ damage 
Death expected within 24hours 
Multiple runs of ECMO 
Irreversible neurological damage  
Mechanical ventilation ≥7 days 
Not for resuscitation order  
Any exclusions reported 

4/46 (9%) 
3/46 (7%)  
3/46 (7%)  
3/46 (7%)  
2/46 (4%) 
2/46 (4%)  
1/46 (2%) 
1/46 (2%) 
17/46 (37%) 

ECMO - Extracorporeal membrane oxygenation; *SBP - Systolic blood pressure; # IABP – 
Intra-aortic Balloon Pump 
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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%) 
IABP use  19/46 (41%) 

Methodology Anticoagulation use 
  Routine heparin administration  
  Bolus plus routine heparin administration 

24/46 (52%) 
16/46 (35%) 
8/46 (17%) 

ECMO Weaning Protocol 20/46 (43%) 
Left ventricular venting 5/46 (11%) 

Cannulation Any Site 
  Femoral-femoral 
  Femoral-axillary  
  Central 
Method of cannulation 
  Percutaneous 
  Open/Surgical 
Backflow indication 
  Routine 
  Selective 

32/46 (69%) 
31/46 (67%) 
9/46 (20%) 
18/46 (39%) 
25/46 (54%) 
22/46 (48%) 
11/46 (24%) 
16/46 (35%) 
11/46 (24%) 
5/46 (11%) 

ECMO - Extracorporeal 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  
(median ≥2 units, range 1-5U) 
  ≥1Unit 
  ≥2Units 
  ≥3Units 
  ≥4Units 
  ≥5Units 
Bleeding requiring surgical intervention 
Bleeding from cannulation or surgery                    
ELSO1 or ECABG2 or INTERMACS3 definitions  
Any bleeding definition 

7/46 (15%) 
 
4/46 (9%) 
1/46 (2%) 
1/46 (2%) 
1/46 (2%) 
1/46 (2%) 
4/46 (9%) 
3/46 (7%) 
3/46 (7%) 
24/46 (52%) 

Vascular 
Complications 

26/46 (57%)  
 

Ischaemia or thromboembolism 
Vascular injury requiring surgical repair  
Compartment syndrome 
Fasciotomy 
Amputation  
Any vascular complications defined 

21/46 (46%) 
17/46 (37%) 
3/46 (7%) 
3/46 (7%) 
3/46 (7%) 
23/46 (50%) 

CNS Injury 25/46 (54%)  
 

CVA or ICH (not further defined) 
Blood or ischaemia on CT/MRI 
INTERMACS or ICD-9 or CPC scale definitions  
Any CNS injury definition 

8/46 (17%) 
5/46 (11%) 
3/46 (7%) 
23/46 (50%) 

Renal Failure 24/46 (52%)  
 

AKI requiring renal replacement therapy # 
RIFLE classification 
KDIGO6, AKIN or ICD9 codes each  
Any renal failure definition 
 

10/46 (22%) 
3/46 (7%) 
3/46 (7%) 
21/46 (46%) 
 

Infection/ 
Sepsis 

19/46 (41%)  Sepsis (not defined) 
CDC6 or INTERMACS7 definitions each 
Positive sputum or blood cultures 
Any Infection/sepsis definition 
 

4/46 (9%) 
4/46 (9%) 
2/46 (4%) 
17/46 (37%) 
 

Cannula 
Infection 

9/46 (20%)  
 

Local cannula site infection 
Positive cultures 
CLABSI or CRI criteria  
Any cannula infection definition 
 

4/46 (9%) 
2/46 (4%) 
2/46 (4%) 
8/46 (17%) 
 

Equipment 
Failure 

9/46 (20%)  Circuit change 
Oxygenator change 
Circuit thrombosis 
Equipment failure defined 

5/46 (11%) 
4/46 (9%) 
2/46 (4%) 
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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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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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 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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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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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. 
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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. Iinitiation 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 H2O and driving pressure >19 cm H2O) 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 illness 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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• 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; 

• 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; 

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

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

• 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: 

• improving international collaboration, e.g. ECMONet, Australian and New 
Zealand ECMO collaborators; 

• development of a core outcome set to standardise the reporting of ECMO 
studies; 

• the increasing role of RCTs in guiding practice; and 
• 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.   

• 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. 

• 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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• 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.   

• 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. 
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