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Preface

Extracorporeal membrane oxygenation (ECMO), also known as extracorporeal life 
support (ECLS), has evolved from a salvage form of life support, used only in cases 
in which all other therapies have failed, to a mainstream therapy for patients expe-
riencing acute cardiac and/or respiratory failure. Initial experiences were associated 
with poor outcomes and few survivors. Challenges to success included difficulties 
in optimal patient selection, crudely designed and implemented technologies, an 
unclear understanding of the relationship between the patient and the extracorporeal 
circuit, lack of management guidelines, and difficulties in managing complications 
and guiding patients. However, over the past 20−30 years, there has been a growing 
recognition of the potentially life‐saving benefits of the role of extracorporeal sup-
port in allowing the failing heart/lungs to heal, possibly allowing for recovery or serv-
ing as a bridge to more definitive end‐organ replacement therapy such as ventricular 
assist devices or transplantation. This evolution has reflected a long journey, one that 
continues to evolve in part due to the hard work, dedication, and overall commitment 
of those who recognize the tremendous potential of ECMO to bring hope and restore 
life to those who would otherwise die.

ECMO is a rapidly evolving and extremely complex technology. With a better under-
standing of the technology, the indications for support, patient selection, surgical 
approach, and ECMO management, the outcomes will continue to improve.

Developing a comprehensive “ECMO team” is the first step in building a success-
ful program. This team must be prepared to initiate therapy at any time and in any 
setting, from those as controlled as an operating room to those as chaotic as an 
emergency room. While the specific members of the team might vary from program 
to program, there are several key features that must be established in advance. It 
is well recognized that effective teams must communicate and work well together. 
There must be uniform trust and a collective value attached to the expertise that each 
member brings to the bedside. Additionally, there must be a willingness to embrace 
the concepts of crew resource management (CRM). The foundation of CRM is that 
every member of the team has a voice and that each voice is valued and respected. All 
members of the team must be encouraged, if not empowered, to speak up, particu-
larly when there are safety concerns. In the context of an ECMO team, membership 
must include all ECMO-related disciplines.

This book discusses general clinical topics related to the specifics of therapy. There 
are chapters on cardiogenic shock, severe acute respiratory distress syndrome, and 
generalized applications for longer-term support. The book also addresses the funda-
mental differences between veno-veno ECMO (VV-ECMO) for pulmonary support 
and veno-arterial ECMO (VA-ECMO) for cardiac or cardiopulmonary support. This 
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Chapter 1

ECMO in Cath-Lab for Coronary, 
Structural or Combined 
Percutaneous Cardiac Interventional 
High-Risk Procedure
Gabriella Rovero

Abstract

This chapter describes the use of ECMO for interventional cardiology procedures. 
In recent years, the rapid development of these techniques has allowed treatment 
of extremely complex patients, not subject to traditional cardiac surgery due to the 
very high operational risk which was, therefore, intended only for palliative medical 
therapy. These procedures are carried out by a multidisciplinary team composed of 
an interventional cardiologist, heart surgeon, anaesthetist, and perfusionist who 
collaborate closely during all phases of the patient’s hospitalisation.

Keywords: ECMO, complex intervention, heart failure, invasive cardiac support, TAVI

1. Introduction

Veno-arterial extracorporeal membrane oxygenation (V-A ECMO) is a temporary, 
mechanical, circulatory, and respiratory support system. Its main use is in patients 
with heart and/or respiratory failure, allowing complete support by ensuring continu-
ous systemic perfusion and oxygenation.

This support system has traditionally been used as “rescue” therapy in patients 
with cardiogenic shock. However, ECMO implantation in emergency conditions is 
burdened by relevant mortality and morbidity, due to high vascular complications 
and reduced coronary reserve of patients with severe aortic stenosis or complex 
coronary artery disease, especially in the presence of a reduction of the global 
systolic function. In these cases, prolonged hypotension can lead to a rapid  
deterioration of hemodynamic conditions with the development of cardio- 
metabolic shock.

Recently, the use of ECMO as support during percutaneous complex cardiac 
interventions has been proposed, especially in high-risk patients. Besides the clinical 
aspects, also some technical issues have to be taken into account, such as complex 
anatomies with an extensive ischemic area at risk and severe impaired ventricular 
systolic function.
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2. Indications

Interventional cardiology procedures, both for valvular and coronary diseases, 
have become increasingly complex in recent years. Patients to be treated often have 
multiple comorbidities that make cardiac surgery impractical because it is of very 
high risk. The development of new technologies has made it possible to treat patients 
who, until a few years ago, were destined only for palliative medical therapy. The need 
to treat these patients considered inoperable, he pushed the haemodynamist to use 
an “extracorporeal circulation” also in the haemodynamic room, in order to carry out 
very complex procedures both from a clinical and technical point of view in “safety.” 
The literature shows how ECMO or in any case an extracorporeal circulation installed 
in an emergency regime is burdened by very high mortality and morbidity, especially 
in patients who have a reduced cardiac and respiratory reserve, where prolonged 
hypotension can rapidly evolve towards cardio-metabolic shock [1–4]. Veno-arterial 
extracorporeal membrane oxygenation (ECMO), therefore, initially conceived as a 
rescue therapy in emergencies and cardiogenic shock has become a “protection” tool 
for patients and operators [5–9]. The procedures that can be performed with the aid 
of extracorporeal assistance are many and can be performed individually or com-
bined with each other, including TAVI [10–14], mitral valve [15–17] or percutaneous 
tricuspid repair, percutaneous coronary intervention [18–23], and electrophysiology 
procedures, such as ablations of ventricular tachycardias [24–26].

2.1 Main indications for the prophylactic use of ECMO

• Reduced left ventricular ejection fraction. It represents the most common indica-
tion. Patients with depressed ventricular function and aortic stenosis, whether 
or not it is associated with coronary heart disease to be submitted to TAVI, they 
may, during the stages of the procedure, not tolerate the hypotensive phase 
resulting, for example, from rapid ventricular stimulation during the release of 
the prosthesis. And as shown by the literature, the installation of ECMO in an 
emergency is burdened with a high mortality and high complication rate [10–13].

• Severe aortic valve stenosis associated with coronary artery disease involving the 
left main, treatable with concomitant TAVI and angioplasty. Angioplasty per-
formed on the left main (performed before valvular treatment) could lead, even 
in this case, to severe hypotension or potentially fatal arrhythmias in a patient 
with concomitant severe aortic stenosis, even more so if with depressed systolic 
function.

• Severe coronary artery disease (usually involving the left main or equivalent) in 
patients with severe chronic respiratory failure, even with normal left ventricular 
function. Based on our experience, it was necessary to treat a patient in work-
up for inclusion in the lung transplant list for severe and extensive pulmonary 
fibro¬sis after COVID-19 pneumonia, suffering from a 90% stenosis of the distal 
left main coronary artery, involving the ostia of the anterior descending artery 
and circumflex and had an intermediate branch of large calibre and distribution 
occluded, in a left-dominated coronary circle. Patients like this (not subject to 
coronary artery bypass surgery both due to the need for mechanical ventilation 
for cardiac surgery with probable weaning difficulties and increased infec-
tious risk, and due to the risk of damage to grafts in subsequent bipulmonary 
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transplant surgery) are exposed to a very high risk of acute respiratory failure 
with minimal cardiac defiance during the revascularization procedure. Other left 
ventricular assistance systems, such as the Impella (axial pump, without the pos-
sibility of adding an oxygenator), are, therefore, not sufficient to guarantee that 
the procedure will be safely carried out, unlike ECMO, which allows the patient 
to be kept alert, spontaneously breathing with stable hemodynamic.

• Combined valve disorders in patients with severe left ventricular impairment, for 
example, severe aortic valve stenosis or insufficiency to undergo TAVI and severe 
mitral insufficiency to undergo Mitraclip (Abbott) in the same session. The use 
of the ECMO in these cases allows the interventional procedure to be assimilated 
into real heart surgery.

• Severe coronary artery disease (“high-risk PCI”) in patients who cannot receive 
other assistance systems, such as Impella (Abiomed, Danvers, MA, USA), due to 
the presence of a mechanical aortic valve prosthesis.

• In some cases, in addition to the prophylactic action aimed at hemodynamic 
stability during the procedure, the assistance can also be used to facilitate the 
technical development of the procedure. In patients, for example, with severe 
or massive tricuspid regurgitation and severe depression of the right ventricular 
function, subjected to percutaneous repair of the tricuspid valve with the “edge-
to-edge” technique (i.e., Triclip, Abbott), the venous drainage guaranteed by the 
ECMO allows the reduction of diameters of the right ventricle and the conse-
quent reduction of the coaptation gap between the tricuspid flaps, thus favour-
ing the implantation of the clips. The conduction of assistance in these cases 
must be very accurate to avoid the return to an initial right ventricular volume, 
causing a laceration of the tricuspid flaps or the detachment of the positioned 
clips, therefore continuous transoesophageal control is essential.

3. Pre-procedural phase

A “Heart Team” made up of interventional cardiologists, cardiac surgeons,  clinical 
cardiologists, cardio anesthesiologists and perfusionists discusses the clinical charac-
teristics of all patients. The traditional cardiac surgery option is excluded due to the 
high operative risk (Euroscore II, STS score, and Syntax score), and the percutane-
ous option is chosen for the treatment of the diseases in question. But even these 
procedures are not free from risks, and in certain situations (clinical or technical), it 
is necessary to carry them out using mechanical assistance to the circulation. Several 
factors push the Heart Team to perform coronary or percutaneous valve procedures 
in ECMO assistance, [27] including acute heart failure, hemodynamic instability, 
reduced ejection fraction, need for support with inotropic drugs, extremely high sur-
gical risk, technical aspects, particularly, for complex myocardial revascularizations 
with large areas of myocardial risk and risk of haemodynamic destabilisation during 
the procedure. Hemodynamic instability is defined as the need for inotropic drugs to 
maintain an average arterial pressure > 65 mmHg, while electrical instability refers to 
the presence of relapses of ventricular arrhythmias sustained in the last 24 hours.

In addition to routine instrumental and laboratory tests (ECG, chest x-ray, blood 
chemistry with control of blood counts, renal and hepatic function, and a particular 
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focus on coagulation screening), a transthoracic or transoesophageal echocardiogram 
is performed if required by the underlying pathology. All patients are then subjected 
to an aortic CT angiography, which allows to evaluate the course, calibres, presence, 
and extent of atheromasia/calcifications or other alterations (e.g., aneurysms and 
thrombotic apposition) along the entire arterial tree and, therefore, allows to choose 
which is the best site for the assistance installation.

In some patients, especially those who are suffering from valvular pathologies 
with reduced ejection fraction and/or pulmonary hypertension, the infusion of 
Levosimendan in the 24–48 hours preceding the procedure may be useful in order 
to make them arrive at the best possible compensation conditions for the procedure. 
This may favour the weaning of the patient from extracorporeal circulation and limit 
or in any case reduce the need for the use of inotropic drugs in the intra- or post-
procedural period.

4. Circuit and cannulation techniques

The standard configuration for interventional cardiology procedures is a periph-
eral veno-arterial extracorporeal membrane oxygenation (V-A ECMO), with can-
nulation of the femoral artery and vein. They are usually using high-flow arterial 
cannulas (18-20Fr) and multistage venous cannulas with the distal end positioned in 
the superior vena cava under fluoroscopic guidance (Figures 1–3).

Cannulation can be performed under echography guidance, with percutaneous 
technique (with the use of percutaneous devices of haemostasis, such as Proglide 
(Abbott Park, IL, USA) or Manta (Teleflex, USA)) or with surgical isolation of the 
femoral vessels, depending on the anatomical characteristics of the patient. Based 
on the pre-procedural CT analysis, arterial cannulation sites other than the femoral 
arteries can be chosen, when these are not suitable for use due to insufficient calibres 
or extreme atheroma (Figures 4–6).

The most frequently used alternative site is the axillary artery, which, in most 
cases, has an adequate calibre to ensure systemic perfusion with the advantage 
of offering an antegrade flow and is rarely affected by atheromatous or calcific 
processes.

Figure 1. 
Placement of the venous cannula in the superior vena cava.
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The standard circuit, consisting of venous and arterial lines connected to a centrif-
ugal pump, oxygenator, and heat exchanger, can be processed according to the needs 
deriving from the patient’s pathology or technical characteristics of the procedure. 
For example, it may be necessary to unload the left ventricle (i.e., TAVI procedures 
in cases of severe aortic regurgitation), which is carried out with the introduction of 
catheters of adequate calibre in the left ventricle (not less than 6 Fr) inserted with 
transseptal or transaortic approach or in the pulmonary artery through the femoral or 
jugular vein and connected on the venous line (Figures 7 and 8).

The use of a percutaneous left ventricular drainage that limits ventricular dis-
tension, in cases of severe aortic regurgitation [28], guarantees greater procedural 
hemodynamic stability and facilitates the release of the aortic valve prosthesis for 
the correction of the regurgitation itself (in fact, it allows to obtain the almost total 
absence of systolicization of the left ventricle, a function similar to rapid ventricular 

Figure 2. 
Control of venous cannula positioning.

Figure 3. 
Venous cannula in superior vena cava.
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stimulation, limiting the risk of “pop up” of the valve prosthesis). Limiting ven-
tricular distension and the consequent increase in oxygen consumption is a crucial 
factor in limiting the hemodynamic and arrhythmic instability of a heart in critical 
conditions and can, therefore, represent strength in the treatment of situations, such 
as cardiogenic shock or the complications of percutaneous interventions. In fact, 
the ECMO protects the entire organism from the low cardiac output deriving from 
a condition of cardiogenic shock, but paradoxically the least protected organ is the 
heart itself because it undergoes distension of its cavities with an increase in oxygen 
requirements (Law of Laplace) and, therefore, the risk of ischemia. The possibility of 
draining the left cavities reduces this problem and makes the manoeuvres to remedy 
any complications more effectively (i.e., defibrillation in case of serious arrhythmias 
or repositioning of an aortic prosthesis for massive regurgitation).

In other cases, double venous cannulation, both femoral and jugular, may be 
necessary, for example for the treatment of tricuspid regurgitation, where the encum-
brance of the single multistage cannula in the right atrium (diameter 22–23 Fr) would 
not allow the passage of catheters (with a diameter of 24Fr in the case of the Triclip) 
and the manoeuvres of percutaneous tricuspid repair. In these cases, a cannula is 

Figure 4. 
Angiographic control prior to arterial puncture at the site chosen for cannulation, performed from the 
contralateral arterial access.
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placed in the inferior vena cava with the upper end at the level of the hepatic veins 
and a second cannula in the right internal jugular vein (14–17Fr) is added, with the 
end at the level of the superior atrio-caval junction for ensuring adequate venous 
drainage (Figures 9–11).

In addition, leads can be created on the arterial line to allow procedures to be 
performed with a single arterial access (especially PCI or in TAVI procedures for the 
passage of the reference pigtail for valve implantation), obviously, in these cases, 
it must be carried out a careful evaluation of the resistance to flow deriving from 
the encumbrance provided by the catheter inside the arterial line, so that sufficient 
systemic perfusion is guaranteed without increasing the risk of haemolysis, which 
would nullify the advantage of “saving” arterial access to the patient.

5. Procedural phase—conduct of assistance

Most patients do not require intubation and mechanical ventilation, so the 
procedures can be performed with the patient in spontaneous breathing, mildly 
sedated, especially for analgesic purposes, by practising local anaesthesia at the site 
of the vascular accesses. In some cases, the interventional procedure to be performed 

Figure 5. 
Surgical femoral accesses for TAVI (A) and ECMO (B).
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requires continuous transoesophageal monitoring (i.e., Mitraclip), in these cases, it 
is preferable to practice general anaesthesia and mechanically ventilate the patient. 
In the case of intubation, lung-protective ventilation is performed during extracor-
poreal assistance and the gas supplied to the oxygenator is adjusted to achieve an 
arterial oxygen partial pressure of approximately 150 mmHg and normocapnia.

In all cases, the blood pressure is monitored and a central venous catheter is 
positioned for the measurement of the central venous pressure and the possible 
rapid administration of liquids or drugs. In addition, a bladder catheter is placed for 
monitoring diuresis.

Vascular access is performed under ultrasound guidance for the positioning of 
the small calibre introducers (usually 7-8Fr) necessary for both the positioning of 
the cannula for ECMO and for the execution of the interventional procedure. Once 
inserted, systemic heparinization is carried out, administering a quantity of heparin 
necessary to achieve an ACT (activating clotting time) of 250 sec (about 200 IU/kg). 
Once this value has been reached, the arterial and venous cannulas are positioned and 
extracorporeal circulation is started, usually in normothermia.

In most cases, total replacement of the pump and respiratory function is not 
required, but assistance is provided to the circulation, maintaining a flow equal to 

Figure 6. 
Percutaneous femoral accesses for ECMO (A) and coronary angioplasty (B).
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approximately 70% of the total theoretical flow, and calculated on the basis of the 
patient’s body surface. During the various phases of the procedure, the flow will be 
modified according to the specific needs of the procedure itself, for example, it is 
reduced to a minimum during the release of the aortic prostheses in order to avoid 
a “pop down” of the prosthesis itself inside the left ventricle conversely, during 
manoeuvres, such as coronary rotational atherectomy, the flow is increased in order 
to support the circulation and facilitate the washing of intracoronary debris. As hap-
pens in cardiac surgery operating rooms, close and continuous collaboration between 
the operators and the perfusionist is, therefore, essential.

Every 30 minutes of extracorporeal assistance, a blood gas examination and 
ACT check are performed to monitor the patient’s respiratory exchanges and meta-
bolic balance.

At the end of the procedure, the pump flow is gradually weaned. If necessary, 
inotropic drugs can be used to promote hemodynamic stability. This operation can 
take from a few tens of minutes to a few hours, depending on the patient’s needs. In 
case of impossibility of weaning (which has never happened in our experience), the 
ECMO can be kept at adequate flow, transferring the patient to the intensive care unit 
where slow weaning will be attempted in the following days.

Figure 7. 
The arrow indicates transseptal pigtails for unloading the left ventricle during the TAVI procedure for severe 
aortic regurgitation.
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Upon obtaining stable and valid hemodynamic at the complete weaning of care, 
the cannula can be removed and the protamine sulphate is administered.

In cases of surgical isolation, decannulation will be directed with surgical 
repair of the vessels (usually with the closure of previously packaged purse-string 
suture). In cases of percutaneous implantation, arterial decannulation is per-
formed, when possible, by placing and inflating at low atmospheres, a haemostasis 
balloon of adequate calibre (usually at least 2 mm greater than the diameter of 
the external iliac artery) upstream from the cannulation site, by crossover of 
the femoral arteries or through a guide inserted in the radial artery and pushed 
up to the affected femoral, which allows the removal of the cannula itself and 
the closure of the femoral breach with the means of percutaneous haemostasis 

Figure 8. 
The arrow indicates 8Fr catheter for unloading the left ventricle inserted transseptally during a combined 
procedure of TAVI and Mitraclip in a patient with severe aortic and mitral regurgitation.

Figure 9. 
Cannula positioned in the right internal jugular vein and connected to the venous line.
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(Proglide or Manta) by limiting blood losses as much as possible (Figures 12–15). 
As for percutaneous venous decannulation, an external suture can be applied or a 
Proglide can be used.

Figure 10. 
Cannula in superior vena cava (A) and inferior vena cava with the tip at the level of the hepatic veins (B).

Figure 11. 
Percutaneous repair procedure of the tricuspid valve with the Triclip system—the arrow indicates the final 
position of the venous cannula at the level of the hepatic veins to allow manoeuvres for the delivery of the Triclip 
in the right atrium.
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Once haemostasis is achieved, compression dressings are applied to the access sites 
and the patient is transferred to the intensive care unit for monitoring for the first 
24 hours.

6. Conclusion

Our experience in the prophylactic use of ECMO in Cath-lab for the treatment of 
extremely complex patients has shown good results in both the short- and medium-
term. The success of this therapeutic strategy was confirmed by the medium-term 
results, considering that most of these patients, due to their age and basic clinical 
conditions, would have been destined for palliative medical therapy and a certain 
poor short-term prognosis [21–29].

Figure 12. 
Femoral artery crossover.

Figure 13. 
Haemostasis balloon placed in the right iliac artery for removal of the arterial introducer at the end of a TAVI 
procedure.
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V-A ECMO was mainly used in the “bail-out” to address conditions of severe respi-
ratory distress or refractory cardiogenic shock. Recently, however, its prophylactic use 
in the interventional cardiology laboratory has been considered, especially in complex 
and high-risk coronary procedures, showing good results and to a lesser extent for 

Figure 14. 
Outcome of ECMO percutaneous femoral access (A) and coronary angioplasty (B).

Figure 15. 
TAVI (A) and ECMO (B) percutaneous femoral access outcome.
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structural interventional procedures (TAVI) with good results in terms of procedural 
“security.”

Although there are no standardised criteria for defining a “high-risk” procedure, 
there is general consensus due to a variable combination of clinical and anatomical 
factors. Among the first are the presence of a compromised functional class (NYHA 
III/IV), ventricular dysfunction, pulmonary hypertension, haemodynamic or electri-
cal instability, heart failure despite optimised therapy, and the presence of comorbidi-
ties. Among the latter include the extent and anatomy of coronary lesions, the extent 
of the ischemic area at risk during the procedure, the need to use “aggressive” devices 
(i.e. rotational atherectomy) and anatomical features of the valves. Furthermore, 
the clinical criticality of the patient may be due to the coexistence of coronary and 
valvular or plurivalvular disease requiring combined treatment causing an inexorable 
increase in procedural risk.

The presence of a multidisciplinary team expert in the treatment of complex 
diseases, which collaborates in the management of the entire length of hospitalisation 
of these patients is, therefore, fundamental. Starting from the correct choice of the 
procedure for each individual patient, to the planning of each step of the procedure 
itself and the intra- and post-procedural management with the active and productive 
comparison of each specialist.

Further studies are obviously needed to confirm the good results of the currently 
limited experiences, but we are confident that the use of ECMO to carry out this type 
of procedure represents an important therapeutic option in the near future.
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Abstract

Owing to the growing demands of extracorporeal membrane oxygenation 
(ECMO)-designated support required for severe cardiac or respiratory failure, which 
is both potentially reversible and unresponsive to conventional management, novel 
ECMO indications emerge day after day. ECMO offers unique advantageous  
characteristics, which are compact pump-oxygenator design, percutaneous approach, 
flexible cannulae, and less inflammation making the modern venoarterial ECMO an 
ideal miniaturized cardiopulmonary bypass. We hereby discuss the background of 
ECMO success to backup complex high-risk cardiac surgical procedures.

Keywords: cardiogenic shock, cardiopulmonary bypass, extracorporeal membrane 
oxygenation, percutaneous coronary intervention, transcutaneous aortic valve 
implantation

1. Introduction

Demands for venoarterial extracorporeal membrane oxygenation (VA-ECMO) are 
growing worldwide to support the circulation in response to cardiogenic shock (CS) 
[1, 2]. One of the temporary mechanical circulatory support (tMCS) devices that are 
employed when there is circulatory failure is VA-ECMO [3]. Since its debut in 1972, 
VA-ECMO has been widely used to support clinicians in a variety of complex cardiac 
procedures on an emergency or preventative basis, including transcutaneous aortic 
valve implantation (TAVI) [4], complex percutaneous coronary intervention (PCI) 
[5], and postcardiotomy when it is difficult to wean the cardiopulmonary bypass 
(CBP) machine [6]. Considering ECMO is a more compact circuit than CPB and does 
not require cardiotomy suction or air-blood contact, it requires less anticoagulation, 
which could reduce coagulopathy and minimize systemic inflammation inflammatory 
response [4]. Refractory CS attributable to myocarditis, acute MI, acute cor pulmonale 
from a major pulmonary embolism, primary transplant graft failure, postcardiotomy 
CS, acute exacerbation of chronic heart failure, toxic ingestions, and intractable 
arrhythmias are only a few examples of specific indications for VA-ECMO (Table 1) [5].
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This chapter will focus on the indications related to the cardiac surgery, ECPR, 
periprocedural support, refractory CS secondary to AMI, postcardiotomy syndrome, 
and other high-risk procedures that require VA-ECMO.

2. ECMO for ischemic cardiogenic shock

Despite the decline in the incidence of MI-related cardiogenic shock; myocardial 
infarction (MI) remains the top common cause of cardiogenic shock in more than 
80% of cases [6]. Studies have shown that in the era of revascularization MI related 
cardiogenic shock is about 4 to 10 % [7, 8]. The largest of these studies, the SHOCK 
trial (Should We Emergently Revascularize Occluded Coronaries for Cardiogenic 
Shock) recommended an early invasive approach to treat MI-related shock state to 
reduce mortality. However, mortality in such devastating complications remains high 
approaching 30% to 50% [7–9].

The challenge in CS and refractory cardiac arrest is always how to maintain systemic 
circulation, and ECMO could be appropriate in this situation. In the setting of persis-
tently poor CS outcomes and technological advances in VA-ECMO, patients treated with 
cardiovascular MCS have exponentially increased over the last decade [10, 11].

3. Extracorporeal cardiopulmonary resuscitation

Extracorporeal cardiopulmonary resuscitation (ECPR) refers to institu-
tion of VA-ECMO in the setting of stubborn cardiac arrest. The 2010 American 
Heart Association Guidelines for Cardiopulmonary Resuscitation and Emergency 
Cardiovascular Care stated that ECPR may be considered when spontaneous 

Common indications Selected contraindications

Refractory cardiogenic shock secondary to: Relative:

Acute myocardial infarction Severe uncontrolled bleeding or when 
anticoagulation is contraindicated

Acute exacerbation of chronic heart failure Severe peripheral arterial disease

Fulminant myocarditis Aortic dissection

Massive pulmonary embolism Prognostic score reveals poor survival benefits 
(modified SAVE or PREDICT VA-ECMO)

Intractable arrhythmias Severe AI

Postcardiotomy syndrome Absolute:

Primary transplant graft failure Irrecoverable condition

Toxins Unwitnessed asystole

Periprocedural Support Goals of care not in keeping with temporary 
mechanical supportECPR

ECMO: extracorporeal membrane oxygenation; ECPR: extracorporeal cardiopulmonary resuscitation; SAVE: surviving 
after venoarterial ECMO trial; and VA: venoarterial.

Table 1. 
Common indications and contraindications for using VA-ECMO.
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circulation interrupting time is short, appropriate resuscitation efforts, and the cardiac 
arrest reason is possibly reversible or could be handled with revascularization or heart 
transplantation [12]. The guidelines emphasize that ECPR use should be limited to 
special centers that got the capabilities of running this complex intervention, in the 
view of managerial requirements of advanced equipment and highly trained personnel.

4. ECMO for high-risk procedures

The introduction of VA-ECMO as cardiopulmonary support has paved the way for 
new operative indications for those patients who were previously relegated to con-
servative medical management. Patients with poor left ventricular function, CS with 
complex multivessel disease, or multiple other comorbidities now could be undergone 
revascularization with circulatory support of ECMO. Recent applications have shown 
ECMO to be potentially effective as a temporizing measure or bridge to therapeutic 
intervention in the setting of myocardial dysfunction and CS. Extracorporeal life sup-
port is now used in many more difficult situations due to recent advances in knowl-
edge and familiarity. These include a number of high-risk catheter-based procedures, 
such as transcatheter aortic valve implantation (TAVI) and percutaneous coronary 
interventions (PCI) [13–15], post-infarct ventricular septal defect (PI-VSD) repair 
as well as surgery on the thoracoabdominal aorta, international retrievals for cardiac 
and respiratory failure [16], and in case of massive pulmonary thromboembolism as a 
bridge for embolectomy (PTE) [17].

4.1 ECMO support in high-risk percutaneous coronary intervention (HR-PCI)

Early reports of total cardiopulmonary support or cardiopulmonary bypass (CPB) 
during high-risk PCI were aimed at understanding the best time to initiate support, 
either prophylactically or to be on “standby” during the procedure. Prophylactic vs 
standby percutaneous CPB in HR-PCI was compared in a retrospective data analysis 
of 23 national registries with 569 patients. 180 patients were in the standby group 
and 389 patients were in the prophylactic CPB group. The procedural success rate was 
almost the same in both groups (88.7 % compared to 84.4 %); however, the periproce-
dural mortality rate was greater in the standby group (18.8 % versus 4.8 %, p = 0.05) 
[18]. Subsequent studies showed more evidence for the benefit of ECMO use in a 
patient with ST-segment elevation myocardial infarction (STEMI) complicated by CS 
unresponsive to inotropes and intra-aortic balloon pump (IABP) [19, 20].

4.1.1 Emergent PCI post myocardial infarction and cardiogenic shock

Koutouzis et al. [20] showed how ECMO assistance was used successfully and with 
good results during PCI in a patient with CS. Subsequently, Sheu et al. [19] recom-
mended that patients with STEMI complicated by CS, unresponsive to inotropes and 
IABP placement, had lower 30-day mortality after prompt-ECMO support in the cath 
lab in comparison to a non-supported cohort with a similar presentation.

4.1.2 Elective PCI in high-risk patients and left main procedures

Other studies described the use of ECMO in elective, high-risk, complex PCI. In 
their single-center prospective investigation on the use of ECMO in these patients, 
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Tomasello et al. [21] published their findings. 12 consecutive patients with compli-
cated coronary artery disease who were at high risk for surgical revascularization 
underwent initiation of femoro-femoral VA ECMO before the indexed PCI. All 
patients responded favorably to the procedure, and there was only one access site 
hematoma that did not need to be transfused. At the 6-month follow-up, no deaths or 
MI were reported. Authors proposed that ECMO might serve as a viable substitute to 
ensure PCI success in unsuitable surgical candidates.

4.1.3 Complicated PCI needs surgical intervention

Following percutaneous coronary intervention (PCI), complications are often suc-
cessfully managed in the catheterization laboratory, but certain complications require 
emergent surgical intervention. One of the most dreadful, albeit rare, complications 
is coronary artery perforation, which occurs from 0.1% to 3.0% [22]. Patients who 
have developed mechanical complications produced iatrogenically during diagnostic 
coronary angiography (CA) and PCI are usually in critical clinical status and require 
immediate corrective therapy, including inotropic support and mechanical ventila-
tion. In the worst-case scenario, mechanical assist systems such as IABP or ECMO are 
required in hemodynamically unstable patients [23].

4.2 High-risk TAVI and ECMO support

Although transcatheter aortic valve implantation (TAVI) is an excellent alternative 
procedure for high-risk patients with severe symptomatic aortic stenosis, it is often 
associated with life-threatening complications. TAVI can cause profound hemody-
namic perturbation in the perioperative period. VA-ECMO can be used to provide car-
diorespiratory support during this time, either prophylactically or emergently. Michael 
et al. [24] described the utilization of ECMO for patients who had significantly high 
mean EuroSCORE and had undergone TAVI procedures. Postoperative outcomes were 
broadly comparable between TAVI patients who did not require ECMO and ECMO 
patients who had significantly higher mean EuroSCORE. Elective use of ECMO is usu-
ally considered in patients with severe pulmonary hypertension (over 60 mmHg) and/
or markedly decreased left ventricular ejection fraction (LVEF under 20%) [25]. In 
selected cases, it may be advocated to avoid consequences of intraoperative complica-
tions, emergency VA-ECMO associated with higher mortality [24, 26].

4.3 ECMO support for postinfarct VSD

F. Ramponi et al. reported two cases with successful use of VA-ECMO in two 
high-risk patients’ postinfarction ventricular septal defect (VSD) and CS, with 80 
% calculated mortality risk by logistic EuroSCORE. Both cases were in detrimental 
biventricular failure that was treated successfully with VA ECM surviving to hospital 
discharge [27].

4.4 ECMO and acute pulmonary embolism

The prognosis is dismal for patients who present with a massive acute pulmo-
nary embolism (PE) exacerbated by right ventricular (RV) failure and CS [28]. 
Thrombolysis or embolectomy must be performed immediately, but due to logistical 
or hemodynamic instability, these therapeutic procedures may be postponed.  
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As a stabilizing measure or stepping stone to additional therapies, the use of MCS in 
these situations is crucial [29]. In cases of RV failure brought on by pressure overload 
related to pulmonary obstruction, VA-ECMO is the best course of action. Few reports 
showed successful use of percutaneous VA-ECMO as an adjunct to thrombolytic 
therapy for circulatory collapse secondary to massive PE [30]. Indeed, successful 
rescue therapy with ECMO has been described in several cases of life-threatening PE 
[31, 32], even in patients with acute cardiopulmonary collapse [33]. In some cases, 
complete lysis of pulmonary artery clots has been reported after a few days of ECMO 
and heparin treatment [31, 34, 35].

4.5 ECMO and heart transplantation

In such cases, ECMO could be used as a bridge to heart transplantation or ven-
tricular assist device (VAD) insertion in INTERMACS class I patients or as a bridge 
to a decision when the prognosis is uncertain [36–40]. Patients receiving ECMO 
assistance must stay in the intensive care unit, and since the duration of ECMO 
support is shorter than that of VADs, making transplantation or switching to a VAD 
is more urgent [41]. The effectiveness of ECMO as a bridge therapy varies widely and 
is mostly influenced by the characteristics of the pre-ECMO patient and the avail-
ability of organs in situations where transplantation is the eventual goal. Additionally, 
primary graft failure (PGF) after heart transplantation is also treated with ECMO 
assistance [42, 43]. Patients with PGF who require ECMO have a poorer overall sur-
vival rate than patients without PGF. Patients with ECMO-supported PGF, however, 
have equivalent long-term survival to non-PGF transplant recipients who live past the 
immediate post-transplant period [43, 44].

5. Intraoperative VA-ECMO

Advances in ECMO technology have led to a broader application of this technique. 
One example is the intraoperative use of VA-ECMO instead of classical cardiopulmo-
nary bypass (CBP).

We reported two cases where patients underwent coronary artery bypass graft-
ing (CABG) under the support of VA-ECMO in the setting of CS complicating acute 
myocardial infarction [45]. One of these is a 57-year-old male with multiple comor-
bidities. Admitted as a case STEMI complicated by CS while undergoing primary 
PCI. Eventually, he needed a further support with peripheral VA-ECMO. Keeping 
target ACT over 180 seconds and the target a (aPTT) between 60 and 80 seconds. 
Coronary angiography showed left main and three-vessel CAD not amenable for PCI. 
The patient was kept on ECMO support and CABG was done 24hrs after. Surgery was 
done as beating heart while on ECMO without conversion to conventional CPB. ACT 
value was kept as routine above 300 seconds. Intraoperatively, VA-ECMO flow has 
been optimized by adjusting the inotropic support of dopamine and noradrenaline 
infusion to keep mean arterial pressure (MAP) above 65 mmHg. Hemostasis was 
achievable while keeping ACT of 180 seconds. After revascularization, intraopera-
tive transesophageal echocardiography (TEE) showed distended left ventricle (LV) 
and low-velocity time integral 9 cm (VTI); therefore, we decided to keep the ECMO 
support after revascularization. Decannulation of VA-ECMO was done on the third 
postoperative day. IABP was removed on the fourth postoperative day. The patient 
survived to discharge.
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In primary PCI, VA-ECMO is a rescue measure for CS. Cases that require emer-
gency surgical revascularization can be carried out utilizing the ECMO circuit instead 
of instituting CPB circuit, and by this means, the procedure is carried out with less 
aortic manipulation, prompter revascularization, and less priming volumes; there-
fore, it needs less anticoagulation, potentially reducing coagulopathy and attenuating 
systemic inflammatory response [46].

6. ECMO support for postcardiotomy low cardiac output syndrome

Postcardiotomy (PC) low cardiac output syndrome is generally defined as a shock 
state refractory to inotropic support and\or IABP, and it can manifest as an inability 
to separate from CPB or persistent CS despite maximal use of pharmacological agents 
and\or IABP in the immediate postoperative period. It is a rare but a detrimental 
complication after cardiac surgery.

ECMO has been used as a salvage in such complications more than 50 years ago 
mainly for cardiac surgery in pediatrics but remained quiescent in adult popula-
tion. However, during the last several years, ECMO is being used more and more in 
adult patients, particularly for postcardiotomy low cardiac output syndrome. Since 
its introduction to be used to support PC shock, ECMO has been a lifesaver and an 
important prognosis changer in such complications. It is reported that from 2007 
to 2011, non-percutaneous ECMO cannulation increased 2-fold, while the use of 
percutaneous ECMO increased by more than 15-fold. In a study that looked at more 
than 9,000 ECMO patients from the Nationwide Inpatient Sample database in the US 
from 1998 to 2009, 4,493 cases (approximately 50%) were cannulated for cardiogenic 
shock in the postoperative period. In the same database, researchers observed that 
PC-ECMO was the most frequent ECMO indication between the years 2002 and 2011 
[47]. The usage of PC-ECMO has increased over the previous ten years, according 
to data from the Extracorporeal Life Support Organization (ELSO) registry [48]. 
Despite the growing evidence and the widened use of such expensive, highly debat-
able yet important surgical armament. Unfortunately, data is unpowered, limited, 
conflicting, and highly variable.

6.1 Indications, contraindications, and cannulation of VA-ECMO

6.1.1 Indications

Currently, there is no consensus regarding when to initiate extracorporeal life sup-
port (ECLS) in the setting of postcardiotomy low cardiac output syndrome. A recent 
paper, the 2020 EACTS/ELSO/STS/AATS Expert Consensus on PostCardiotomy 
Extracorporeal Life Support in Adult Patients, represents to date the first comprehen-
sive guideline to provide structured and clinical recommendations about the most 
relevant issues surrounding its application in this setting [49].

In this joint effort, the authors considered that class I indications of ECMO in the 
postcardiotomy setting can be summarized as follows:

• ECMO support to be initiated prior to end-organ injury or onset of anaerobic 
metabolism (lactate level <4mmol/l) in patients with likelihood of myocardial 
recovery and in the absence of uncontrollable bleeding not amenable to surgical 
repair [49].
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• In case the likelihood of myocardial recovery is low, ECMO is recommended in 
patients who are eligible for long-term mechanical support or heart transplanta-
tion (LT-MCS or an HTx) [49].

In addition, timely implantation prior to severe end-organ hypoperfusion and 
ischemic injury represents one of the most powerful predictors of ECMO outcome, the 
early use of ECMO after cardiac surgery in a patient with an IABP and optimal medical 
therapy, with failure to wean from CPB or marginal hemodynamics also has been listed 
as class 1 recommendation [49]. Scoring systems were developed to prognosticate the 
outcomes following ECMO patients in general and mainly to help clinicians when best 
to avoid or consider it and it gives guidance while exploring it as an option for the fami-
lies and its complications. Of these scoring tools, the survival after venoarterial-ECMO 
(SAVE) score has been considered one of the best predicting tools for ECMO patients 
in general due to its independent variable cohort; however, it was not developed to 
meet the special physiologic milieu of postcardiotomy patients [50].

Recently, a single-center, retrospective study that included 166 postcardiotomy 
CS patients supported with VA-ECMO after CABG over a 14-year period created a 
6-items bedside scoring system; the REMEMBER score has been able to predict the 
mortality in that study cohort. It was found that older age, left main disease, inotropic 
score > 75, CK-MB > 130 IU/L, serum creatinine > 150 umol/L, and platelet count 
< 100 × 109/L were identified as pre-ECMO prognosis factors of in-hospital mortality 
in the REMEMBER score [51]. In this setting, again lack of evidence calls for more 
powerful multicenter scoring system to accurately predict the prognosis in postcar-
diac surgery patients requiring ECMO for PC shock.

6.1.2 Contraindications

In General, for patients in whom PC failure is felt to be reversible, all contraindica-
tions should be considered relative, except for uncontrollable bleeding not amenable 
for surgical correction, which is by far the only absolute contraindications for post-
cardiac surgery patients [49].

6.1.2.1 Relative contraindications

• Age\although patients in their 80s have been supported with success, advanced 
age has been linked to worse outcomes, as we mentioned earlier, careful thought 
of patients’ appropriateness to ECMO in case they are not candidates for long-
term support or heart transplantation [49].

• Comorbidities e.g., chronic lung disease, renal insufficiency, and peripheral 
vascular disease were also associated with poor outcomes [49].

• All degrees of aortic insufficiency need to be addressed either surgically or via 
transcatheter as it also affects the performance of the ECMO support by aggra-
vating the LV distention [49].

6.1.3 Cannulation

It was found that following PC low cardiac output, approximately 40% of ECMO 
cannulation occurs in the operating room and 60% in the ICU [52]. As these patients’ 



Extracorporeal Membrane Oxygenation Support Therapy

26

chests are already opened via sternotomy or thoracotomy; central access is an addi-
tional modality to cannulate PC patients with ECMO centrifugal pump. However, 
it was found that peripheral cannulation is more common than central cannulation 
despite its easiness in terms of the already utilized access via right atrium and aorta, 
the presumed as well as the gathered evidence showed higher complications in 
terms of mortality, bleeding, infection, and compression in case of central cannula-
tion in comparison to the peripheral access via the femoral or the axillary sites. In a 
retrospective multicenter study, Mariscalco et al. compared peripheral and central 
VA-ECMO in 781 patients with PCS at 19 cardiac surgery centers. Concluded that 
central cannulation was associated with greater in-hospital mortality than peripheral 
cannulation, pooled unadjusted risk ratio analysis of these patients showed that 
patients undergoing peripheral VA-ECMO had a lower in-hospital/30-day mortality 
than patients undergoing central cannulation, authors stated that results did not alter 
after cofounders’ readjustment [53].

6.1.3.1 Basic principles

6.1.3.1.1 Peripheral cannulation

It is the most frequently used access due to less complication rate and it allows ster-
notomy closure. It is performed via the common femoral artery and vein just below 
the inguinal ligament and should be above the bifurcations [54]. Arterial cannula 
should be adequate to supply sufficient flow to meet the patient’s needs, sizes larger 
than 19F cannulas may be considered only when higher flow is needed and is usually 
rare; keeping in mind the increased vascular complications, including limb ischemia 
with larger cannula [55]. If feasible, some opinions prefer to place each cannula in 
different legs as it is thought to reduce the vascular complications associated if both 
cannulas are placed in the same limb. Also, some experts prefer to insert the venous 
cannula into the right femoral vein as it is a more direct path to the IVC and right 
atrium. Nowadays, the Image-guided cannulation, particularly vascular ultrasound 
is the standard in percutaneous approach. Fluoroscopy can be useful if available. 
Vascular ultrasound should be started in the short axis and longitudinal views [56].

6.1.3.1.2 Central cannulation

Although peripheral access is linked to better survival and less complication, 
in some instances, especially with patients with peripheral vascular disease, the 
adoption of central cannulation is inevitable. Utilizing the same CPB cannula in the 
ascending aorta and the right atrium is the most common approach. Other methods 
have also been described to allow sternotomy closure via tunneling the cannulas 
through the skin below the sternum to allow the closure, although cardiac compres-
sion and kinking of the cannula have been described as complications of this method. 
Cannulation configuration and strategy can be summarized as follows (Table 2) [49].

6.2 Management VA-ECMO

Management of patients with VA ECMO for postcardiotomy shock is more com-
plicated than for other indications, as surgical patients are usually sicker with many 
other comorbidities and an already injured heart. Arterial blood gases, lactates, mixed 
venous oxygen saturation (SvO2), and urine output are all indicators to follow and 
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manage the ECMO patients. Close clinical follow-up using echocardiogram is also cru-
cial to determine the overall cardiac function, right ventricular (RV) function in case 
RV is not supported, velocity time interval (VTI) are important parameters as well [49].

6.2.1 Sternotomy wound management

Despite the cannulation site, sternotomy wounds should always be closed to mini-
mize bleeding and also to reduce infections. In case of peripheral cannulation, this can 
be easily achieved as cannulae are already apart from the wound, but central cannula-
tion might add complexity to the closure. Some have proposed tunneling techniques 
to divert the cannula away from the wound although it has been shown that it might 
cause cardiac compression by the cannula themselves in case of subxiphoid tunneling, 
other tunneling techniques with less compression included externalization through 
the intercostal spaces, tunneling into the neck to the jugular area, or the anastomosis 
to prosthetic grafts, which is usually utilized in aortic surgery [57, 58].

6.2.2 Leg perfusion

In case of femoral cannulation, many ways have been adopted to reduce ischemic 
and vascular complications such as adopting the open technique as possible, using a 

Advantages Disadvantages

Central 
(aortic\
atrial)

• More efficient drainage via 
antegrade flow

• Direct access via established 
surgical site with possibility of 
sternotomy closure.

• Avoids harlequin syndrome

• Opened chest*

• More bleeding

• Re-sternotomy is mandatory to decannulate

Peripheral

Percutaneous 
femoral 
artery

• Can be done Bedside

• Avoids surgical incisions so less 
bleeding

• Less sepsis

• Can be switched to VAD 
implant easily

• High limb ischemia complications

• LV afterload due to retrograde flow

• LV venting cannot be easily achieved

• Not suitable for long-lasting support

Open 
femoral 
artery

• Appropriate cannulation sites 
via Direct visualization of 
femoral vessels

• Less bleeding

• Avoids sternotomy

• limb ischemia complications

• LV afterload due to retrograde flow

• LV venting cannot be easily achieved

• Not suitable for long-lasting support

Pseudo-central

Axillary\
Subclavian

• Long lasting support

• Easy patient mobilization

• Avoidance of Harlequin 
(North/South) Syndrome

• Time-consuming

• Upper limb vascular complications Lower ECMO 
flow

*Closed chest is accessible; however, cardiac compression is likely with central approach.

Table 2. 
Cannulation configuration and strategy summary.
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smaller cannula, and using vascular graft instead of direct femoral cannulation, but 
most importantly using distal perfusion cannula to perfuse the cannulated leg. This 
cannula is then connected with a side way to the arterial cannula and its flow can be 
monitored using a sensor to ensure optimal leg perfusion. Moreover, continuous daily 
pulse monitoring should be ensured [49].

6.2.3 Flow management

Determining how much flow is best to achieve optimal peripheral perfusion with 
some heart ejection remains unclear. Some have argued that allowing the supported 
heart to eject is better than full support in terms that it prevents the blood stasis as well 
as the dilatation [59–61]; however, as mentioned earlier, PC patients are different as the 
heart is already damaged so allowing the heart to eject might add extra workload [62].

6.2.4 Left ventricular distention

Although infrequent, LV distention is one of the major issues facing the supported 
heart while on ECMO regardless of the site of the cannulation as retrograde ECMO 
flow adds more on the afterload, which can be hazardous for an already dysfunctional 
ventricle, which is usually the case in PC patients. Another important mechanism, it has 
been postulated that while on ECMO the aortic valve might exhibit a protracted closure 
due to the impedance of the forward flow, which causes blood stasis, blood pooling, LV 
wall tension, and LV workload even in the absence of poor myocardium. For that, several 
clinical studies have shown that IABP might be beneficial in eliminating the LV disten-
tion by restoring AV opening and reducing forward flow impendence [63]. However, in 
extreme cases of LV dysfunction, IABP might not be enough to alleviate the distention, 
in such cases more invasive methods should intervene such as direct cannulation of the 
LV through the apex, surgical or percutaneous cannulation of the pulmonary artery may 
be considered for indirect LV unloading as well. Trans-aortic devices such as impella and 
impella RP have also shown great benefit in this setting. Another approach including 
trans-septal approach surgically or percutaneously has been also used [64]. The true 
prevalence of LV distention and its clinical impact remains unproven, also the need for 
LV venting and whether its prophylactic implementation is useful is unknown.

6.2.5 Anticoagulation

The most adopted practice for PC ECMO is to partially reverse with half dose 
protamine and then wait for 24-48hrs for full heparin administration after exclud-
ing major bleeding. As mediastinal collection can be one of the most associated 
complications after ECMO institution as ECMO itself can exacerbate coagulopathy, 
management should be directed toward a balance between bleeding management 
with product transfusion and medication in facing clot formation prevention in the 
circuit [65–67]. Unfractionated heparin remains an antithrombotic agent of choice for 
anticoagulation in case of PC ECMO as per the ELSO guidelines. Although monitor-
ing has not been standardized yet, it is recommended that either ACT targeting a level 
of 180–200s or aPTT up to 50–80s is accepted [68, 69]. In any case of prolonged use 
of heparin, the possibility of HITT occurrence is likely, in such case direct thrombin 
inhibitors (DTI) can be used, such as bivalirudin should be used, as an alternative. 
However, extra caution should be kept given the very short half-life of bivalirudin so 
the likelihood of developing clots can be life-threatening [70].
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6.2.6 Intensive care monitoring

Systematic clinical examination along with physiological and laboratory monitor-
ing with close adjustment of ECMO setting should be implemented. Monitoring 
of all peripheral arterial saturation should be done for early detection of harlequin 
syndrome in case of uneven distribution of saturation. Recognizing early signs of 
infection and early start of empiric antibiotics is crucial to avoid the burden of septic 
shock occurrence [49].

Timely detection of brain injury is considered an important aspect to consider 
while in ICU monitoring, and it has been shown that EEG and near-infrared spec-
troscopy (NIRS) play an important diagnostic and prognostic role in the timely 
detection of acute brain injury [71, 72]. Confirming the diagnosis with CT is also 
encouraged despite the complexity of transportation while on ECMO. Nonetheless, 
transesophageal echocardiographic (TEE) is an important tool to assess the overall 
cardiac function, cannula positions, and right ventricular dynamics and to guide the 
suitability of weaning. In our institute, we do not use the swan-Ganz catheter, but it 
might be useful in few cases to guide management.

6.3 Weaning from VA-ECMO

The consideration for weaning EMCO exists when absence of specific decompensa-
tion factors like supraventricular arrhythmia or severe septic shock could be managed. 
Recovery of pulsatile arterial waveform for at least 24 h, the patient should be hemo-
dynamically stable, with mean arterial pressure more than 60 mmHg in the absence 
or reducing doses of inotropes and/or vasopressors [73]. Finally, pulmonary function 
should be adequate with PaO2/FiO2 more than 200 mmHg [74]. It is unlikely to start 
weaning trial in the first 72 hours of initiation [75]. Weaning trial starts usually with 
reducing ECMO blood flow, which eventually causes right ventricular preload increase 
and LV afterload reduction, therefore myocardial function could be assessed [76]. 
Patients should have a pulsatile flow with a minimum ECMO flow of 1–1.5 L/min [77]. 
If mean blood pressure is reduced below 60 mmHg the trial should be abandoned. The 
echocardiographic criteria favoring successful weaning include LVEF of more than 
20–25 %. Patients successfully weaned had aortic velocity time integral above 10 cm, 
and TDSa of at least 6 cm/s at minimal ECMO flow support [75].

6.4 Complications and early and long-term outcomes

Despite the exponential increase in ECMO use, PC ECMO is still in the beginning 
although enormous improvement in ECMO cannulation and management; success-
ful weaning from PC ECMO varies greatly among the published series from 30% to 
70%, and the survival to discharge is even much lower [78]. In the most recent ELSO 
registry, survival for discharge for overall ECMO cases for cardiogenic shock is 50 % 
[79]. So far, no RCTs have been deployed to illustrate the real survival benefit or even 
the quality of life in the long term. Based on the most recent report from the ELSO 
registry, there has been a gradual decline in the survival after PC-ECMO, as low as 15% 
survival in some analyses [80]. Overall, bleeding is the most frequent complication 
occurring in up to 90% of patients as described in some series. Other anticoagulation-
related complications also can happen such as heparin-induced thrombocytopenia, 
intracranial bleeding, and hemolysis. Other complications include high inflammatory 
markers manifested as inflammatory response that is like that in systemic inflammatory 
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response syndrome, causing an increased risk of thrombosis, infections, sepsis, and 
end-organ damage thus worsening patient outcomes, steroids have been used as a pro-
phylactic agent and shown to reduce it; However, it did not affect the overall mortality 
[81, 82]. The prevalence of infection during ECMO is 10% to 12%, with Staphylococcus 
aureus, Candida, Enterobacteriaceae, and Pseudomonas aeruginosa being the most 
common bloodstream infective organisms. ECMO site infections are common as well, 
so special care for ECMO wounds and early recognition are needed. Regular cultures 
could be done if an infection is suspected, especially with prolonged ECMO use [83]. 
Limb ischemia is a major vascular complication associated with ECMO, especially the 
peripherally cannulated; limbs should be frequently monitored by duplex ultrasound 
also ECMO flow through the distal perfusion cannula should be maintained [84].

6.4.1 Predicting mortality and quality of life

Predictors for PC ECMO outcome have been studied in many papers, as men-
tioned earlier scoring systems were also deficient and limited not to authentically 
predicting outcomes after cardiac surgery. One of the pre-ECMO factors, ECPR was 
found to have a strong negative predictor of survival in several series [85, 86]. Others 
have demonstrated that blood lactate level prior to ECMO and up to 48 hours after 
ECMO initiation is strong predictor value for survival [87]. Early initiation of ECMO 
has been shown to result in higher survival rates and decrease the dosage of vasoactive 
drugs by increasing cardiac output and rapidly decreasing arterial lactate levels after 
cardiovascular surgery [88].

The CESAR trial showed a significant increase in survival without severe disability 
when ECMO was used instead of conventional ventilation [89].

It is been demonstrated in many series that renal and liver failure, respiratory failure, 
and the duration of ECMO support are also strong negative predictor factors to affect 
ECMO outcome [90, 91]. Despite the advances in its use, the ethical and economic impli-
cations of ECMO are enormous for both patients and the health system. Psychological 
distress and memory problems were described in some analyses for post-ECMO 
survivors. Unfortunately, the long outcome of VA-ECMO survivors remains under 
investigation. Most studies concentrate on treatment outcomes and survival-to-hospital 
discharge. The outcomes of 138 patients treated with ECMO for cardiogenic shock are 
related to acute myocardial infarction. Burrell et al. determined that good long-term 
survival could be achieved following ECMO, observing 79% survival at 12 months. 
Survival data are available for only 66% of patients at 24 months [92]. Ørbo et al. identi-
fied 30 (41%) of 74 ECMO survivors in Norway and surveyed 23 survivors, with 40% of 
respondents reporting some degree of restriction in everyday activities and depression in 
35% of cases [93]. According to ELSO’s data registry, CS was the most common cardiac 
indication in adult patients with over 2000 runs and with successful ECMO explanations 
in 56% of cases and an overall 42% survival-to-discharge in 2016 in participating centers. 
Although not evidenced by powered data, overall long-term outcomes for survivors can 
be promising especially with improved indications and guidelines.

7. Conclusions

Complex cardiac surgical procedures in high-risk patients may require extending 
the medical support to a mechanical one. VA-ECMO could offer additional advantages 
over CBP to support the circulation during CABG surgery in patients with complex 
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Chapter 3

Extracorporeal Membrane 
Oxygenation for the Support of 
Adults with Acute Myocarditis
Aggeliki Gkouziouta

Abstract

Myocarditis is an inflammatory disease of the myocardium diagnosed through a 
combination of histological, immunological and immunohistochemical criteria. Its 
clinical presentation varies from an acute coronary-like symptoms to heart failure. 
Diagnostic workup includes elevated biomarkers, ECG and echocardiographic find-
ings. Cardiac magnetic resonance is the most important examination providing infor-
mation on both ventricular function and tissue characterization. However, in the case 
of critically ill patients, CMR should be replaced with endomyocardial biopsy (EMB) 
which remains the gold standard in myocarditis diagnosis. EMB provides information 
on both the etiology and prognosis thus affecting the therapeutic approach to the 
patient. For example, virus positive myocarditis benefits from antiviral treatment 
while in virus negative ones, immunosuppression is more appropriate. Mechanical 
circulatory support (MCS) is often necessary in patients presenting with cardiogenic 
shock. MCS includes intra-aortic balloon pump, temporary percutaneous or even 
surgically implanted ventricular assist devices and extracorporeal membrane oxygen-
ation (ECMO). ECMO essentially bypasses the heart and provides adequate oxygen-
ation to peripheral organs. Due to the increased afterload under ECMO support, it 
seems reasonable to be combined with intra-aortic balloon pump or percutaneous 
VAD implantation to promote left ventricular unloading and potential recovery.

Keywords: myocarditis, cardiogenic shock, ecmosupport, extracorporeal membrane 
oxygenation, acute myocarditis

1. Introduction

Myocarditis is defined by the ESC as an inflammatory disease of the myocardium 
diagnosed by established histological, immunological and immunohistochemical cri-
teria. Histological criteria consist of histological evidence of inflammatory infiltrates 
within the myocardium associated with myocyte degeneration and necrosis of non-
ischemic origin while immunohistochemical criteria consist of ≥14 leucocytes/mm2 
including up to 4 monocytes/mm2 with the presence of CD3 positive T-lymphocytes 
≥7 cells/mm2 [1].
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The clinical presentation of myocarditis varies significantly. It can range from 
acute coronary syndrome-like to acute or chronic heart failure forms. Specifically, it 
may present as acute chest pain frequently associated with recent infections, as new-
onset heart failure (symptoms within 2 weeks to 3 months), as chronic heart failure 
(symptoms >3 months) or as a “life-threatening” – fulminant condition (refractory 
arrhythmias, cardiogenic shock). In general, acute coronary syndrome-like presenta-
tion has been associated with a better overall prognosis while heart failure is usually 
associated with a worse one, resulting in dilated cardiomyopathy or even death.

Diagnosis of acute myocarditis requires a workup consisting of both routine 
and specialized tests. ECG is usually abnormal in most cases, however, there are no 
specific signs. The most common findings are sinus tachycardia and repolarization 
abnormalities (either negative T waves or concave ST-T segment elevation as also seen 
in acute pericarditis) [1].

Unfortunately, there are no specific biomarkers for the diagnosis of myocarditis. 
Inflammatory markers are usually raised along with markers of myocardial injury 
(troponin, creatine kinase and its MB isoenzyme) and brain natriuretic peptides. 
Viral antibodies in the serum provide no information and may lead to an incorrect 
diagnosis. In general, only findings in myocardial tissue can be considered reliable 
with the exception of systemic diseases like hepatitis C, Lyme disease, HIV or rickett-
sial infections [1].

Echocardiography should always be performed in suspected myocarditis both 
for ruling out other cardiac diseases and for assessing ventricular function. In acute 
myocarditis, the findings may include regional wall motion abnormalities (usually 
beyond the supply area of coronary arteries), global ventricular dysfunction and/or 
pericardial effusion. Increased wall thickness may be observed most likely as a result 
of edema. Ventricular dilation is rare in the acute setting. While there are no specific 
signs seen through echocardiography, newer imaging techniques may provide some 
additional information since myocardial strain is most commonly affected in the 
inferolateral wall [2].

The exclusion of coronary artery disease should be performed in all patients 
suspected of myocarditis. This can be done through either classical or computed 
tomography coronary angiography.

The most important examination in myocarditis workup is the cardiac magnetic 
resonance (CMR) which provides information on both ventricular function and tissue 
characterization. In clinically stable patients, CMR can almost single-highhandedly 
confirm the diagnosis through the use of the updated Lake Louise criteria. These 
criteria require finding evidence of both myocardial edema (as seen through T2 map-
ping or T2-weighted images) and non-ischemic myocardial injury (as seen through 
T1 imaging, extracellular volume or late gadolinium enhancement) while supportive 
criteria include the presence of concomitant pericarditis or systolic left ventricular 
dysfunction [3]. For many years, the most commonly used criterion was the pattern 
of late gadolinium enhancement (LGE) which represent myocardial necrosis and 
fibrosis. In myocarditis, LGE is usually seen in the subepicardial and midmyocardial 
layers [4] and in the inferolateral wall [5]. Its presence in the anteroseptal wall is 
associated with a worse prognosis [6].

Despite the important role of CMR, diagnosis of myocarditis is confirmed 
through proposed criteria by a position statement of the European Society of 
Cardiology. A combination of at least 1 clinical and 1 para-clinical criteria is neces-
sary or at least 2 para-clinical criteria in the case of asymptomatic patients. Clinical 
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criteria include: (i) acute chest pain; (ii) new-onset or chronic heart failure symp-
toms; (iii) palpitation, unexplained arrhythmias or syncope and (iv) unexplained 
cardiogenic shock. Para-clinical criteria include: (i) ECG findings such as repolariza-
tion abnormalities, atrio-ventricular block, sinus tachycardia, frequent premature 
ventricular complexes etc.; (ii) elevated levels of troponin; (iii) functional and 
structural abnormalities on cardiac imaging and (iv) consistent findings through 
tissue characterization by CMR [1].

Treatment of myocarditis is consistent with heart failure treatment in hemody-
namically stable patients. B-blockers and ACE inhibitors have been the mainstay 
of therapy for many decades with good results. The addition of mineralocorticoid 
receptor antagonists (MRAs) can be considered in cases of persistent left ventricular 
dysfunction. Newer treatments such as angiotensin receptor neprilysin inhibitors 
(ARNIs) or sodium-glucose co-transporter 2 inhibitors (SGLT2-i) have not been 
examined in myocarditis patients apart from animal studies [7, 8] but may prove 
useful in the future. Finally, device treatment such as ICD implantation is important 
in case of recurrent ventricular arrhythmias, aborted sudden cardiac death (as sec-
ondary prevention) or persistent ventricular dysfunction (as primary prevention). 
However, ICD implantation should be avoided in the acute setting, since arrhyth-
mias may be ameliorated. In the above-mentioned cases of secondary prevention, 
wearable ICDs may be of use and the decision for permanent ICD implantation 
can take place during the follow-up [9]. More specialized myocarditis treatment 
(immunosuppressive treatment and mechanical circulatory support) will be further 
analyzed below.

This chapter will be mostly focused on fulminant variations since those generally 
have an indication for extracorporeal life support. Fulminant myocarditis requires 
urgent management and a quick referral to tertiary expert centers for advanced 
heart failure therapies. Due to its urgency, the diagnostic work-up should happen 
simultaneously with management. As a result, the first step usually includes imaging 
of the coronary arteries to exclude the possibility of the acute coronary syndrome. 
Management should include support of the respiratory system – usually requiring the 
use of either non-invasive or invasive ventilation – and circulatory support – requir-
ing the use of inotropes or mechanical circulatory support in later stages [10].

While in less severe forms, diagnosis of myocarditis is often made through CMR, 
patients presenting with fulminant myocarditis are in a too critical condition to 
undergo this examination [11]. The “gold standard” for myocarditis diagnosis has long 
been the endomyocardial biopsy (EMB) which can also provide information on the 
specific etiology of myocarditis in each patient. From a pathological standpoint, there 
are three main types of myocarditis: lymphocytic, eosinophilic and giant-cell while, 
as far as etiology is of concern, it can be viral or non-viral. The differentiation of 
which type of myocarditis one deals with, is necessary for providing etiology-specific 
treatment. Specifically, viral forms of myocarditis may benefit from virus-specific 
treatment [12] (e.g. acyclovir for HHV-6, interferon for enteroviruses, etc.) while 
non-viral forms may benefit from immunosuppression. Eosinophilic myocarditis 
benefits from corticosteroid administration while also treating the underlying cause 
of eosinophilia (parasitic infections, hematologic syndromes, etc.). Finally, giant 
cell myocarditis is the variation with the worse prognosis requiring combination 
immunosuppressive treatment and consideration for urgent ventricular assist device 
implantation or heart transplantation [13–15]. As a result, it comes as no surprise that 
the performance of EMB in fulminant myocarditis patients is associated with a better 
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prognosis [16, 17]. It should be noted that EMB may not necessarily reveal the proper 
etiology due to the absence of pathological findings from the sample site. In high 
clinical suspicion (especially in the case of giant-cell myocarditis), EMB should be 
repeated in order to acquire samples from different sites.

In cases where the patient’s clinical condition rapidly deteriorates despite hemody-
namic support, corticosteroids and even immunosuppression should be administered 
while awaiting biopsy results. Studies on both animal and human subjects have shown 
that corticosteroid administration has not been associated with exacerbation in the 
case of possible viral disease or worse overall prognosis in the case of fulminant 
myocarditis [18].

In critically ill patients with significantly reduced ejection fraction, inotrope 
administration may stabilize their clinical condition. However, the treating team 
should be ready to use mechanical circulatory support devices (intra-aortic bal-
loon pump, percutaneous ventricular assist devices or extracorporeal membrane 
oxygenation).

2.  Extracorporeal life support (ELS) or extracorporeal membrane 
oxygenation (ECMO)

Extracorporeal membrane oxygenation (ECMO) is a device that allows temporary 
support in pulmonary and/or cardiac failure refractory to conventional medical man-
agement [19]. It mainly consists of a blood pump, oxygenator, drainage and returns 
cannulae and arterial and venous access points (Figure 1). The blood pump propels 
the blood to the oxygenator membrane where the gas exchange between the patient’s 
blood and the gas mixture of the device happens.

The ECMO has three main configurations depending on the access sites used: 
veno-venous (VV) ECMO, peripheral veno-arterial (VA) ECMO and central VA 

Figure 1. 
A diagram demonstrating the components of an extracorporeal membrane oxygenation device [19]. (The figure is 
shared through the CC BY 4.0 according to the original article).
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ECMO. In VV ECMO, veins are used as both access sites with the purpose of sup-
porting mainly the respiratory system. In this chapter, we will not focus on this 
configuration.

In VA ECMO, an artery and a vein are used as access sites. In central VA ECMO, 
the drainage cannula can be inserted directly into the right atrium, and the return 
cannula into the ascending aorta. On the other hand, in the peripheral VA ECMO, 
the drainage cannula is usually inserted into the femoral vein and the return cannula 
into the femoral artery (Figure 2). In this configuration, the patient’s respiratory 
and circulatory systems are both supported essentially bypassing the heart and lungs 
providing oxygenated blood to peripheral organs. The heart still pumps blood up to 
the descending aorta depending on its systolic function.

The main complications of ECMO consist of device thrombosis, bleeding (access 
site, gastrointestinal or intracranial due to anticoagulation), acute kidney injury, limb 
ischemia (in peripheral configuration) and infection.

3.  The role of extracorporeal membrane oxygenation in the management 
of acute myocarditis

Despite its complications, mechanical circulatory support is the most crucial and 
effective option in the management of fulminant myocarditis refractory to medical 
treatment providing valuable time for recovery either spontaneously or through the 
specific treatment described above.

Intra-aortic balloon pump (IABP) is usually the first option acting through after-
load reduction and a small increase in cardiac output (around 0.5 L) [20]. Though its 

Figure 2. 
A diagram demonstrating the most common peripheral VA ECMO configuration [19]. (The figure is shared 
through the CC BY 4.0 according to the original article).
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complication rate is relatively low compared to more invasive options, IABP cannot 
support worsening patients exactly due to its limitations of provided flow.

The next option is the percutaneous ventricular assist devices (pLVAD) which 
consist of Impella and TandemHeart – temporary LVADs implanted through the 
femoral artery. Their main advantage is the significant increase of cardiac output 
providing a flow of up to 5 L (depending on which model is used) along with a less 
invasive approach of surgically implanted VADs. Despite the small series of patients 
treated with this option, the reported results are generally satisfactory [21]. Their 
main disadvantages include the support of one ventricle only – usually the left one. 
As a consequence, this option is limited to patients with adequate right ventricular 
function to prevent the post-implantation development of right ventricular failure, 
unless two such devices are implanted simultaneously (one for each ventricle), thus, 
significantly increasing the odds of adverse effects.

Extracorporeal membrane oxygenation essentially bypasses the heart and provides 
adequate oxygenation to peripheral organs. Their main use in fulminant myocarditis 
is as bridge-to-recovery, bridge-to-transplant or bridge-to-bridge (bridge to a more 
permanent solution such as a durable VAD) in irreversible conditions often as a result 
of giant cell myocarditis. ECMO efficacy in fulminant myocarditis has been well 
described with survival rates of around 75% and VAD-free survival rates of around 
61% [22, 23].

Even though ECMO supports the peripheral organs, it does not contribute to the 
unloading of the left ventricle. On the contrary, regardless of central or peripheral 
configuration, ECMO significantly increases the left ventricular afterload due to the 
retrograde flow to the aorta. In moderately reduced left ventricular systolic function 
with peripheral VA ECMO, this results in separate oxygenation of the upper and lower 
part of the body; the upper body is oxygenated by blood provided by the native flow 
through the heart while the lower body is oxygenated by blood provided by the device 
with the “splash” zone lying at some point in the descending aorta [24]. In cases of 
inadequate lung function, this phenomenon may cause the Harlequin syndrome 
characterized by hypoxia and cyanosis of the upper body and normal saturation and 
color of the lower body. The syndrome can be resolved by changing the configuration 
to a central one whereas the device provides oxygenated blood directly to the ascend-
ing aorta. This complication is rare when dealing with fulminant myocarditis due to 
the generally adequate lung function and the significantly reduced left ventricular 
function resulting in device blood supply to the whole body since the retrograde flow 
reaches the ascending aorta.

The above-described increased afterload combined with the significantly reduced 
ventricular function result in a perpetually loaded left ventricle potentially hindering 
recovery. In some cases, the aortic valve may remain closed during the cardiac cycle 
due to the inability of the cardiac muscle fibers to generate enough force/pressure 
to overcome the increased afterload. This phenomenon is nicely demonstrated by 
pressure-volume loops (PV loops) (Figure 3) which show a significant reduction of 
stroke volume with increasing ECMO flows. Potential solutions include the concur-
rent use of IABP, pVADs or direct transaortic left ventricular venting. All of these 
options provide some amount of left ventricular unloading thus promoting cardiac 
recovery [25].

Another main ECMO disadvantage is its temporary nature. In general, ECMO 
support cannot last the past 14 days due to a significant increase in adverse effects 
with prolonged support. Bleeding due to continuous heparin administration, 
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infections and limb ischemia are common in these cases. Specifically for patients with 
myocarditis, it has been reported that prolonged ECMO support >7 days is associated 
with a worse prognosis [26]. However, this association could also be explained by the 
patients’ worse clinical conditions resulting to prolonged ECMO support.

Reported predictors of myocarditis patient outcomes supported with ECMO 
include clinical characteristics, biomarkers and echocardiographic characteristics. 
The most important clinical predictor is the prolonged prevalence of arrhythmias be 
they atrioventricular block or ventricular arrhythmias [27]. SOFA score has also been 
associated with the patient outcome with scores >12 shown to be predictive of death 
or established heart failure [28]. CK-MB is the most well-reported biomarker with 
two independent studies agreeing to its prognostic value with levels >95 ng/mL [28] 
or > 185 IU/L [27] predicting a lower chance of successful weaning. Finally, the only 
echocardiographic parameter shown to have some prognostic value is the left ven-
tricular posterior wall thickness with better results when >11 mm [27]. Unfortunately, 
all of the referenced studies are based on a small series due to the low incidence of 
myocarditis and even lower of its fulminant presentation.

4. Conclusion

Fulminant myocarditis is a rare yet significantly dangerous syndrome that needs 
urgent referral to tertiary centers for endomyocardial biopsy, advanced heart failure 
treatments and etiology-specific treatment. Mechanical circulatory support is the 
cornerstone of its management with extracorporeal membrane oxygenation devices 

Figure 3. 
A simulation showing the unloading potential of IABP, LV venting and Impella in a significantly deteriorated 
left ventricle supported with ECMO [25]. (The figure is shared through the CC BY 4.0 according to the original 
article).
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being the last resort in conditions refractory to medical and less invasive mechani-
cal circulatory support measures. The outcomes with ECMO devices are more than 
acceptable with a 75% survival rate especially when combined with solutions for 
adequate left ventricular unloading.

© 2023 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
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Abstract

Extracorporeal membrane oxygenation (ECMO) is increasingly employed to 
support patients affected by refractory cardiogenic shock. When patients cannot 
be weaned from ECMO because of severe heart dysfunction, heart transplantation 
(HTx) or implantation of a durable mechanical circulatory support should be consid-
ered. Traditionally, the use of ECMO as a direct bridge to HTx was burdened by high 
mortality. However, during these last years, the widespread employment of ECMO 
increased centers’ experience in the management of this device, and new allocation 
policies provided the highest priority level for ECMO HTx candidates. Therefore, 
these factors could have mitigated the negative outcomes previously reported. The 
aim of this chapter is to describe the role of ECMO as a direct bridge to HTx, analyz-
ing results of this strategy, and how to determine candidacy and risk stratification 
among the severely ill population of patients supported by this mechanical circulatory 
support.

Keywords: ECMO, heart transplantation, bridge, cardiogenic shock, candidacy

1. Introduction

Venoarterial extracorporeal membrane oxygenation (ECMO) is a short-term 
mechanical circulatory support (MCS) that enables cardiopulmonary support. 
Thanks to the easily reproducible technique of implantation and its biventricular and 
respiratory support, ECMO can be deployed in a relatively short time in almost all 
cardiopulmonary failures. For this reason, it is a well-accepted therapeutic option for 
patients with refractory cardiogenic shock [1, 2].

Like all temporary MCS, ECMO is generally employed as a bridge to decision 
treatment [3]. The possible clinical scenarios after ECMO support are represented by: 
1—weaning from the device secondary to the recovery of cardiac function, 2—bridge 
to a durable MCS (left or biventricular assist devices) or bridge to heart transplantation 
(HTx), or 3—ECMO discontinuation because of irreversible multiorgan failure.

Patients supported by ECMO have traditionally been considered as high-risk 
candidates for HTx, with the poor outcome on the waiting list and after transplanta-
tion [3–7]. Many institutions advocates favoring the bridge to a durable left ven-
tricular assist device (LVAD) if the function of the right ventricle improves during 
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ECMO support. This strategy was largely adopted in the United States, aiming to con-
sider HTx after the complete recovery of patient clinical conditions [8, 9]. However, 
the results of this so-called “double bridge to HTx” are controversial [9].

The United Network for Organ Sharing (UNOS) has recently changed the heart 
allocation policy and conferred the highest priority status to patients supported by 
ECMO [10], in line with other transplant organizations [11]. Therefore, the number 
of patients that cannot be weaned from ECMO support and are considered for direct 
heart transplantation (HTx) is increasing.

1.1 Candidacy for HTx in patients supported with ECMO

Bridging to a durable mechanical circulatory support or HTx is considered when 
patients could not be weaned from the ECMO support because of a missed recovery 
of the myocardial function. Several weaning protocols are described in the literature 
[12, 13] and almost universally consist in the gradual reduction of the ECMO support, 
while hemodynamics and echocardiography parameters are monitored. If the cardiac 
function is deemed severely and irreversibly impaired, a rapid assessment of the 
patient clinical conditions should be performed before listing for HTx.

The first step when considering a candidacy for HTx is the evaluation of 
 neurological function since de-novo disabling cerebrovascular accidents generally 
prevent patients from being listed. Severe neurological complications could occur 
as a consequence of cardiogenic shock, particularly after cardiac arrest and cardio-
pulmonary resuscitation, or during cannulation and duration of ECMO support. 
However, severe hypoperfusion and prolonged immobilization could result in critical 
illness with severe impairment of musculoskeletal function. A thorough examination 
is essential to discriminate between this potentially reversible condition to oth-
ers. Cerebral imaging, usually by means of computed tomography (CT), is usually 
performed to exclude acute cerebrovascular accidents (strokes or hemorrhages) 
or neoplasms.

Patients already on the waitlist for HTx at the time of ECMO implantation gener-
ally do not need any additional diagnostic exams. However, patients who are evalu-
ated for HTx candidacy, while on ECMO support, are generally screened by means 
of a whole-body CT scan, and also all pathological conditions should be assessed. In 
fact, persistent end-organ dysfunction, while on ECMO support, has been strongly 
associated with poor prognosis after HTx [14–16]. Lastly, when considering patient 
age limits, they could vary according to clinical status, but generally an age > 70 years 
preclude an HTx eligibility (Figure 1).

1.2 ECMO as BTT management

Once weaning attempts have confirmed an irreversible severe heart impairment, 
the ultimate goal of ECMO support is to permit adequate perfusion for end-organ 
recovery.

Typically, venoarterial ECMO is effective in reducing the right atrial pressure and 
in increasing the mean arterial blood pressure. The systemic arterio-venous pressure 
gradient is fundamental in enhancing tissue of organs with portal circulation, such as 
the liver and kidney. Thus, a relatively high ECMO-generated blood flow is of para-
mount importance to allow end-organ function improvement.

However, the major risk of this strategy is left ventricular overdistension. In fact, 
the failing left ventricle (LV) contraction could not be able to generate an adequate 
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pressure to overcome the ECMO-derived afterload, and at the end to open the aortic 
valve. This condition could hesitate to blood stasis within the LV, with increased 
pressure inside the chamber and eventually pulmonary edema. Chest radiography and 
echo imaging are useful in promptly recognizing and monitoring these conditions and 
sequelae. However, the employment of a pulmonary artery catheter represents the 
most direct and time-sensitive means of detecting LV loading and permits to measure 
the pulmonary capillary wedge pressure (PCWP) and pulmonary artery pressure.

Once there is evidence of elevated PCWP or LV overdistension and pulmonary 
edema, a LV venting strategy should be introduced. It is worth of note that many 
centers employed a LV unloading strategy in an early phase of the ECMO course to 
prevent or limit as most as possible pulmonary congestion, while assuring adequate 
blood flow and pressure in the systemic circulation.

There are different strategies described for LV unloading, and clinical practice 
is generally guided by local expertise and experience. A combination of reduction 
of ECMO flow, vasodilators, and inotropes could facilitate the opening of the aortic 
valve, but peripheral perfusion could be compromised and noneffective in assure 
end-organ recovery.

Intra-aortic balloon pump (IABP) is the most widely used ancillary invasive 
support. It could be deployed at the bedside and generally with no difficulties. IABP 
reduces blood pressure into the aortic root during systole, enhancing aortic valve 
opening and LV ejection. However, IABP is effective in LV unloading only when some 
residual contractility of the LV is present, and its role in affecting outcomes among 
patients supported by ECMO is still not clarified [17].

Figure 1. 
Proposed decisional algorithm for patients supported by ECMO. VA ECMO: venoarterial extracorporeal 
membrane oxygenation and dMCS: durable mechanical circulatory support.
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Direct LV venting could be accomplished by means of a cannula surgically placed 
into the LV and connected to the venous line of the ECMO circuit or through the 
deployment of the impella (abiomed, danvers, and MA), a percutaneous transaortic 
ventricular assist device that provides an antegrade micro-axial flow. The ECPELLA 
strategy (ECMO + Impella) has emerged as an attractive solution since it combines 
the positive effect of high-flow arterial support with an efficient LV unloading [18]. A 
certain level of expertise and technical skills are the main limitation of direct LV vent-
ing strategies, that are generally offered in facilities specialized in ECMO support.

1.3 Outcomes of BTT with ECMO

The scientific evidence about the use of VA ECMO as a bridge to HTx is limited, 
and most studies are single-center or based on the analysis of the UNOS registry.

Despite the improvement of ECMO technology and increased experience in man-
aging supported patients, HTx bridged by ECMO continues to be suboptimal when 
compared to patients bridged with left ventricular assist devices (LVAD) or without 
the need of MCS, and still burdened by significant mortality. In fact, 1 year after 
HTX, the overall survival rate for this group of patients is reported to be 60–70% 
[5, 6]. In particular, survival probability decreases abruptly within the first 30 days 
after HTx, when the mortality rate is reported as high as 20–40%. Multiorgan failure, 
primary graft failure, and sepsis account for a great part of early deaths [4–6].

Since the main limitation of HTx is the shortage of the donor pool, an accurate risk 
stratification among HTx candidates on ECMO support could limit as most as pos-
sible any shifting of available organs avoiding futile treatments. The severe hypoper-
fusion that accompanies cardiogenic shock affects the function of end-organs, by 
means of metabolic alterations at the cellular and extracellular levels whose severity is 
strictly related to the duration and degree of hypoperfusion, and to baseline patho-
logical alterations.

It has been reported that persistent or worsening end-organ failure is strongly 
related to poor outcomes after HTX. Renal failure and mechanical ventilation were 
strong predictors of mortality according to Zalawadiya et al. [14], who analyzed the 
UNOS registry to report the outcomes of BTT with VA ECMO from 2000 to 2015.

Jansseron et al. [11] and Coutance et al. [16] further confirm the negative role of 
renal impairment on survival after BTT with ECMO. According to the France experi-
ence, patients with a glomerular filtration rate < 40 mg/dl or in renal replacement 
treatment are no longer considered as HTx candidates. Moreover, patients are recom-
mended to be awakened and extubated during ECMO support in order to prevent 
pulmonary complications related to prolonged mechanical ventilation.

Other conditions that were reported to be risk factors for death are infection, high 
levels of lactate, and liver dysfunction [5, 6–19].

Scoring systems have been advocated by some authors for risk assessment, since 
they permit to stratify clinical status of patients in an objective and reproducible way, 
taking into account several clinical variables. Since they permit to comprehensively 
consider different clinical and biochemical values, risk scores could be considered as 
a surrogate of disease, and have proved to effectively predict survival in HTx bridged 
with ECMO.

In a previous study of our group, the acutephysiology, age, and chronic health 
evaluation (APACHE) IV score was demonstrated to be a powerful predictor of 
survival, with a receiving operative curve of 0.98. In particular, patients with an 
APACHE IV score > 47, 30 days and 1 year survival were 40% and 26.6%, respectively, 
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significantly higher than the group with an APACHE IV score < 47 (30 days and 1 year 
survival of 100% and 89.7%, respectively) [20].

The alternative scoring system effectively employed in risk stratification among 
BTT with ECMO were sequential organ failure assessment (SOFA) and the model for 
end-stage liver disease excluding international normalize ratio (MELD-XI) [7, 21].

Large multicentric prospective studies are necessary to determine the accuracy 
and efficacy of these risk scores, and cut-off values that could discriminate between 
favorable or poor outcomes.

1.4 Listing ECMO patients

Since patients supported with ECMO have the highest risk for mortality on the 
transplant waitlist, they were given a preferential status at listing in many countries. 
Since October 2018 even in the United States BTT with ECMO reached the highest 
priority status, and the number of patients who are being bridged to HT with ECMO 
is constantly increasing [8]. As reported in a recent analysis using the UNOS data-
base, the introduction of the new allocation system enhanced the access to available 
organs for HTx candidates supported with ECMO, resulting in a higher rate of HTx 
with lower time on the waiting list [10]. Moreover, the post-HTx survival of ECMO-
bridged recipients significantly improved, reaching 90% at months [10]. A similar 
survival result, 85% at one post-HTx year, was reported by a French group after the 
introduction of the new national French allocation protocol, that conferred the high-
est priority status for ECMO-supported patients and excluded for HTx patients with 
severely impaired renal function [16].

An alternative possible explanation for improved post-transplant survival of 
ECMO-supported patients with the new allocations systems could be related to the 
utilization of ECMO on a different cohort of patients. In fact, since patients sup-
ported with ECMO have a high likelihood of being transplanted, ECMO could be 
increasingly considered as the short-term MCS of choice to bridge patients.

On the other hand, patients supported with ECMO who could not be weaned and 
have major risk factors may warrant consideration for an alternative to HT, such as 
LVAD implantation. In fact, it has been argued that perhaps a strategy of transition-
ing ECMO supported patients to durable MCS may provide the stabilization required 
to guarantee better post HT outcomes and more judicious use of transplanted 
hearts [9, 19], but limited and controversial evidence does not permit to generate 
recommendations.

2. Udine experience

Out of 410 Htx performed at the University Hospital of Udine since 2005, a total 
of 41 (10%) patients were directly bridged to HTx with ECMO. The ECMO circuit 
consisted of a centrifugal blood pump (Rotaflow, Maquet, Hirrlingen, Germany) 
with a hollow fiber oxygenator (Quadrox). Tubes (33 mL of priming), as well as 
the oxygenator and the pump, were coated with bioline (maquet), which combines 
polypeptides and heparin.

Clinical characteristics of the population at the time of HTx are shown in Table 1. 
In brief, the median age was 57 years (range 38–73 years), and 80% (n = 33) were male 
patients. The median creatinine level was 1.6 mg/dl (range 0.8–3.5 mg/dl), and the rate 
of renal replacement treatment was 15% (n = 6). 25 patients (61%) were mechanically 
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ventilated, 32 (78%) had IABP, and 2 (5%) an impella support for LV unloading. The 
median duration of ECMO support was 10 days (range 3–21 days).

After HTx, 30 days mortality was 15% (n = 6), and 1 year survival was 71% (six 
patients died after a median time from HTx of 73 days, range 42–237 days).

Since our previous experience revealed very poor outcomes for patients with val-
ues of APACHE IV score ≥ 47 [], we further extensively adopted this tool to stratify 
patients into two groups: low-risk (if APACHE IV score value was <47) and high-risk 
(APACHE IV score ≥ 47).

The low-risk group (n = 30) and the high-risk group (n = 11) had a median 
APACHE IV score of 34 (range 28–45) and 52 (47–60), respectively (p < 0.001).

Figure 2. 
Survival at 30 days and at 1 year of the overall population (total), APACHE IV score < 47 population (low-risk) 
and APACHE IV score ≥ 47 population (high-risk).

Overall 
population  

(n = 41)

Low-risk  
(n = 30)

High-risk  
(n = 11)

P

Median age (range), years 57 (38–73) 56 (38–69) 58 (41–73) 0.2

Male sex, n (%) 33 (80) 24 (80) 9 (82) 0.9

Median creatinine (range), mg/dl 1.6 (0.8–3.5) 1.6 (0.8–2.3) 1.7 (0.8–3.5) 0.5

Hemodialysis, n (%) 6 (15) 3 (10) 3 (27) 0.2

IABP, n (%) 32 (78) 23 (77) 9 (82) 0.8

Impella, n (%) 2 (5) 2 (7) 0 (0) 0.6

Mechanical ventilation, n (%) 25 (61) 15 (50) 10 (91) 0.02

Median duration of ECMO support 
(range), days

10 (3–21) 11 (5–21) 9 (2–19) 0.9

Donor age 47 (21–63) 46 (29–58) 49 (21–63) 0.2

Median ischemic graft time (range), 
minutes

210 (145–290) 220 
(155–290)

200 
(145–250)

0.3

Table 1. 
Baseline clinical characteristics of patients bridged to HTx with ECMO support.
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As shown in the Figure 2, compared to other patients, those having an APACHE 
IV score had a significantly lower 30 days survival (p < 0.001) and 1 year-survival 
(p < 0.001).

3. Conclusions

VA ECMO as a BTT strategy is increasingly used after the change of allocation 
policies in many countries, particularly in the United States. Indeed, since patients 
supported with ECMO receive the highest priority status, this MCS has emerged as 
an attractive therapy to obtain at the same time cardiopulmonary support and to 
facilitate HTx.

However, since the ECMO-BTT strategy was traditionally burdened by high 
mortality, preventing any possible shifts of the limited available donor organ pool 
represents a major concern. Based on international experience, the key factors for 
obtaining successful HTx in patients supported with ECMO are as follows: 1—a thor-
ough ECMO management aimed to prevent possible complications, while permitting 
end-organ recovery, 2—risk stratification and accurate selection of candidates at the 
time of listing, and 3—obtaining a compatible donor heart in relatively short time.

Otherwise, in high-risk conditions, transition to durable MCS should be consid-
ered to favor patient full recovery, permitting a judicious use of the limited donor 
pool.
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Abstract

Chronic thromboembolic pulmonary hypertension (CTEPH) is a rare consequence 
of acute or chronic pulmonary embolism. Pulmonary endarterectomy (PEA) is the 
gold standard treatment: expert centers are able to offer this challenging procedure 
with low in-hospital mortality, excellent hemodynamic results, and significant 
improvement in exercise tolerance and quality of life. Despite careful preoperative 
selection and increasing technical experience in PEA, some patients may suffer from 
life-threatening complications requiring extracorporeal life support (ECLS). ECLS is 
necessary in case of heart failure, respiratory failure, or both. According to different 
indications and timing, cardiopulmonary failure after PEA should be managed with 
a tailored approach: veno-venous or veno-arterial support, and central or peripheral 
cannulation. In the present chapter, causes, management strategies, and outcomes of 
perioperative ECLS for PEA are discussed.

Keywords: extracorporeal life support (ECLS), pulmonary endarterectomy (PEA), 
chronic thromboembolic pulmonary hypertension (CTEPH), surgical strategies, 
outcomes of perioperative ECLS

1. Introduction

Chronic thromboembolic pulmonary hypertension (CTEPH) is a rare conse-
quence of acute or chronic pulmonary embolism (PE). It has been estimated that it 
occurs in about 3% of acute PE survivors [1]. CTEPH has unique pathogenesis and 
a potentially curative surgical treatment other than pulmonary transplantation: 
for these reasons it represents the 4th group of pulmonary hypertensions (PH), 
according to the Nice classification [2]. CTEPH has been defined as “dual compart-
ments vascular disease” because the occlusive disease due to fibrotic organization of 
thromboembolic lesions is associated with arterial wall hypertrophy and vasospasm 
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of non-occluded segments, which leads to progressive development of PH and to 
right ventricular (RV) dysfunction [3–5]. Diagnosis and clinical management of 
CTEPH requires a dedicated multidisciplinary high-skilled team that could offer the 
entire range of therapeutical options: from medical therapy to balloon pulmonary 
angioplasty (BPA) and pulmonary endarterectomy (PEA) [6]. PEA is the treatment 
of choice in CTEPH [7]: technically, the operation is performed through full median 
sternotomy, cardiopulmonary bypass, myocardial arrest and myocardial protection, 
intermittent deep hypothermic circulatory arrest (DHCA). Patients should be care-
fully selected in order to balance surgical risk and optimal outcomes. Preoperative 
anatomical and hemodynamic information are crucial for preoperative risk strati-
fication and surgical feasibility assessment. Nowadays, expert centers are able to 
offer this challenging procedure with low in-hospital mortality (<5%), excellent 
hemodynamic results, and significant improvement in exercise tolerance and quality 
of life [8].

Nevertheless, despite careful selection, some patients may suffer from life-threat-
ening perioperative cardiorespiratory decompensation requiring extracorporeal life 
support (ECLS): in the present chapter, we are going to discuss causes, management 
strategies, and outcomes of perioperative ECLS for PEA.

2. Perioperative role and indications of ECLS in PEA

The mechanism of PH in CTEPH is multifactorial: the first step is due to the 
fibrotic organization of acute emboli that chronically occlude proximal pulmonary 
arteries (main, lobar, and segmental), the second step is the redistribution of blood 
flow and increase of shear stress in nonoccluded segments. Then micro-vasculop-
athy (affecting muscular pulmonary arteries, capillaries, and veins) progressively 
induces the increase in PVR, onset of symptoms, and, at last, RV dysfunction and 
failure [4, 5].

Timely diagnosis and treatment prevent from worsening of PH and reduce periop-
erative morbidity and mortality because a more compromised hemodynamic status is 
at higher risk of perioperative need for ECLS [9].

Basically, there are three main indications for ECLS:

• pure respiratory failure defined as hypoxia with pulse oximetry oxygen satura-
tion (SO2) less than 90% despite mechanical ventilation with 100% fraction of 
inspired oxygen (FiO2), without preexisting hemodynamic failure;

• pure hemodynamic failure defined as circulatory failure precluding weaning 
from CPB or new-onset cardiogenic shock requiring maximal inotropic, without 
prior respiratory failure;

• mixed respiratory and hemodynamic failure defined as any combination of signs 
of both respiratory and hemodynamic failure [9–11].

Patients could require ECLS with three different therapeutical approaches or 
strategies:

• Bridge to surgery: the target is hemodynamic stabilization in patients with 
preoperative acute severe cardiorespiratory decompensation;
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• Bridge to recovery (BTR): post-cardiotomy mechanical support if weaning from 
CPB is not possible or in case of organ failure in intensive care unit;

• Bridge to transplantation (BTT): in case of impossible weaning from ECLS in 
patients eligible for lung or heart-lung transplantation [9, 11].

The vast majority of patients are referred in stable conditions with long-standing 
symptoms but, in a few cases, such as in acute-on-chronic PE or massive main trunk 
involvement, patients could rapidly deteriorate with respiratory failure and/or cardio-
genic shock due to RV failure: in these cases, PEA should not be further deferred, but 
ECLS could be the only chance of preoperative stabilization, especially in non-expert 
centers, allowing urgent PEA as next step [9, 12].

In stable patients, an appropriate preoperative evaluation allows the risk stratifica-
tion of postoperative heart and lung failure: many clinical features may represent a 
red flag, and surgeons should forecast and plan the appropriate strategy, including 
ECLS and, even, organ transplantation [9, 11].

The anatomical location of thromboembolic lesions, assessed with multimodal 
imaging, is extremely important: distal lesions are not a contraindication, but they 
make surgery technically demanding, also in expert hands. High PVR increases the 
risk of an unsuccessful procedure and persistent residual PH, especially in case of 
unfavorable anatomy [9, 13].

However, distal lesions and high PVR alone must not be considered formal 
contraindications for surgery. In many series, patients with a need for ECLS often 
demonstrated preoperative high PVR and previous signs and symptoms of RV 
failure [9, 11, 13–15].

Regardless of the preoperative clinical profile, PEA patients are prone to specific 
severe complications tightly linked to surgical trauma, such as reperfusion edema/
injury, bronchial or parenchymal bleeding, residual pulmonary hypertension, and RV 
failure.

As originally described by Jamieson, PEA consists of a “true endarterectomy”: the 
surgeon must identify a subintimal cleavage plane in order to be radical, removing 
entirely the fibrotic tissue from main trunk to subsegmental arteries. It is important to 
inspect and free all the pulmonary vascular segments: it has been demonstrated that 
hemodynamic improvement and prognosis are proportional to number of reopened 
segments [16, 17].

On the other side, good surgical results could be burdened by extensive paren-
chymal edema due to a large re-perfused territory. Reperfusion edema occurs in up 
to 20% of cases and, probably, it is the most common complication after PEA. The 
pathogenesis is not completely explained but it is due to a dysfunction of capillary-
alveolar membrane at the level of previously occluded territories. Different degrees 
of reperfusion edema can be managed with a stepwise approach: in uncomplicated 
initial stages, optimization of mechanical ventilatory support and maximization of 
diuretic therapy should be adequate. However, in complicated cases, with massive 
lung involvement and refractory respiratory failure, bridge-to-recovery ECLS is often 
necessary [10, 14].

Another technical challenge of PEA is to carry out the endarterectomy not too 
deep, avoiding transmural lesions that can cause parenchymal bleeding: it is a rare, 
but life-threatening complication, with a prevalence between 0.5 and 2% of cases. 
Technical problems, the fragility of the endarterectomies wall and the presence of 
parenchymal infarcted areas may contribute to hemorrhagic complications after 
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reperfusion [18, 19]. Precautionary measures include a careful endarterectomy and 
proper pulmonary venting during reperfusion/rewarming period. Moreover, an 
intraoperative double check is routinely performed, first with the “bubble technique” 
during gentle ventilation and then with bronchoscopy during re-warming, once a 
normal core temperature is reached. Typically, bleeding starts just after weaning from 
CPB, because of the increase in pulmonary pressure. If bleeding is mild, complete 
re-coagulation could be sufficient. In case of severe parenchymal or endobronchial 
hemorrhage, ECLS with bridge-to-recovery strategy represents a life-saving tool, 
associated with mechanical and/or pharmacological local hemostasis and optimal 
reversal of post-CPB coagulopathy [19, 20].

Residual PH after PEA ranges from 8.2% to 44.5% [21]. It is due to micro-
vasculopathy, incomplete revascularization of pulmonary vascular tree or both; 
predictors of residual PH have been reported: high preoperative PVR, distal surgical 
material, and associated medical conditions (splenectomy, ventriculoatrial shunt, 
permanent central intravenous lines, inflammatory bowel disease, and osteomyelitis). 
Unsuccessful procedures with persistent PH in addition to surgical trauma (long CPB 
time, DHCA, reperfusion lung injury) can lead to an RV overload and failure requir-
ing ECLS [10, 22, 23].

In summary, clinical indications for ECLS can be divided into different groups:

• those with proximal occlusion and good surgical results that suffer massive 
parenchymal edema due to a large reperfused territory;

• those with a bad preoperative hemodynamic profile, RV failure and distal occlu-
sion, who have a minimal decrease of PH after satisfactory PEA. In these cases, 
the small and peripheral disease is the main cause of failure;

• those with parenchymal bleeding secondary to technical problems and fragility 
of the denuded vessels, and the presence of areas of infarcted lung parenchyma 
which may contribute to hemorrhage after reperfusion.

3. Surgical strategies and ECLS setup

Many centers reported their experience in PEA, focusing on perioperative ECLS: 
there is no consensus on the best strategy, because of multiple possible indications 
and approaches, but many authors recommend a prompt, aggressive treatment 
with ECLS before severe end-stage organ hypoperfusion, possibly with a tailored 
approach [15, 18].

Table 1 summarizes the most relevant series in the last two decades.
ECLS can be set up as veno-venous (VV) or veno-arterial (VA) support. Isolated 

potentially reversible respiratory failure requiring VV-ECLS is an infrequent scenario, 
because of the aforementioned vitious circles triggered by complications after PEA: 
often respiratory failure (hypoxia), high PVR and increased lung stiffness offers an 
excessive hemodynamic barrage to RV, leading to heart failure.

The group of San Diego advocates the use of VV-ECLS in selected patients 
because of its technical advantages (physiologic flow and no influence on ventricu-
lar pre- and after-load, simple and quick implantation; peripheral and percutaneous 
access, avoiding redo-sternotomy; on the other side, it is burdened by a significant 
risk of bleeding, infectious and thromboembolic complications if support is 
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prolonged) [14]. Standard VV-ECLS is achieved through bi-femoral or jugulo-fem-
oral cannulation; the use of dual lumen cannula (Avalon Elite, Avalon Laboratories, 
Rancho Dominguez, CA, USA) reduces invasiveness and further simplifies the 
procedure.

Particular care must be taken in titrating pump flow in order to increase oxygen 
delivery without any recirculation between the drainage and reinfusion cannulas.

VA-ECLS is preferred by many centers because it provides efficient RV unload-
ing, and reduces transpulmonary flow, parenchymal edema, and/or bleeding. 
Furthermore, the increased afterload due to arterial inflow improves the filling and 
diastolic performance of the left ventricle, as well as preventing RV distension and 
leftward septal shift. But there are some drawbacks, especially in case of peripheral 
setting, such as unphysiological retrograde perfusion that is at high risk of stroke, 
“Harlequin syndrome” and limb ischemia [9–11, 24].

Cannulation could be peripheral or central. The standard peripheral setting 
involves femoro-femoral cannulation, but other cannulation sites such as the subcla-
vian artery can be a viable option: an upper extremity configuration allows mobility 
and even re-habilitation, especially in case of BTT strategy. Technically, femoro-
femoral approach is a straightforward procedure that can be easily done in stable 
conditions while CPB is already ongoing. If feasible, the chest can be definitively 
closed, reducing the risk of infection and supporting recovery in more physiological 
conditions. Moreover, cannulas can be removed in the ICU. Of course, troubles with 
lower limb ischemia or other vascular complications may occur and periodically 
checked and eventually treated with distal reperfusion [9, 10].

References Year Study design No. of cases 
(%)

Strategy Timing

Thistlethwaite PA 
et al. [14]

2006 Retrospective 20/1790 
(1.1)

VV Peripheral Post

Ogino O et al. [18] 2006 Retrospective 8/88 (9.1) VA Peripheral Post

Berman M et al. 
[24]

2008 Retrospective 7/127 (5.5) VA Central Post

Nierlich P et al. [9] 2015 Retrospective 31/161 
(19.3)

VA Peripheral Pre-Post

Boulate et al. [11] 2016 Retrospective 31/829 (3.7) VA-VV Central-
Peripheral

Post

Donahoe L et al. 
[15]

2016 Retrospective 6/144 (4.0) VA-VV Central-
Peripheral

Post

Guth S et al. [19] 2016 Retrospective 16/396 (4.0) 
8/396 (2.0)

VA Central Post

Kelava M et al. 
[12]

2018 Retrospective 14/150 (9.3) VA-VV Pre-Post

Martin-Suarez S  
et al. [10]

2019 Retrospective 19/154 
(12.3)

VA-VV Central-
Peripheral

Post

Sugiyama K et al. 
[25]

2019 Retrospective 4/35 (11) VA Post

VA veno-arterial, VV veno-venous.

Table 1. 
Literature reports on type of strategy.
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Furthermore, considering flows ranging from 2.5–4 L/min, external oxygenator 
allows reduction of the mechanical ventilation protecting impaired alveolo-capillary 
units from barotrauma or high oxygen exposure.

If ECLS is started in the operating room for impossible weaning from CPB, some 
authors suggest central VA configuration, because it decreases RV afterload, and 
ensures a pulsatile blood flow into the lung vessels, avoiding overflow episodes during 
the early postoperative period. Preventive VA-ECMO should be a reasonable BTR 
strategy that mitigates the negative effects of both critical pulmonary reperfusion 
syndrome and severe RVF, after PEA procedures [11, 15].

In summary, VV-ECLS should be the treatment of choice for pulmonary reperfu-
sion injury, manifested as pulmonary edema with preserved right heart function, 
particularly if it occurs in the intensive care unit after PEA. For persistent residual PH 
and ongoing RV failure, central VA ECLS was excellent providing both oxygenation 
and effective unloading of the right heart and pulmonary vessels [15].

Regardless of the management strategy, unfortunately, ECLS is burdened by 
bleeding, infective, and thromboembolic complications, thus patients must be 
weaned from ECLS as soon as possible.

4. Results and outcomes

The need for postoperative ECLS ranges between 1 and 19%; incidence tends 
to decrease with experience and in high-volume centers. Mean support time 
ranges between 4 and 5 days. Successful weaning rate range between 43 and 100% 
[10, 11, 14, 15, 18, 19, 24, 25].

The main risk factor for ECLS was high PVR often associated with distal 
thromboembolic disease (Jamieson type 4), while predictors of mortality after 
ECLS were elder age, high PVR, RV failure, reperfusion injuries, and parenchymal 
bleeding [9–11, 14, 15].

Considering postoperative hemodynamics, PVR was significantly better in non-
ECLS patients [9, 24, 25].

Only two studies reported postoperative BTT strategy: in these cases, survival was 
about 50% and, according to Boulate and colleagues, survival was similar in BTT and 
BTR strategies [9, 11].

In general, in comparison with patients not requiring ECLS, long-term survival 
was significantly lower in ECLS patients [9].

On the other side, early hemodynamic improvement in patients with successful 
BTR-ECLS persisted in the midterm, confirming the benefit of PEA also in patients 
with severe CTEPH. This observation is consistent with microvascular disease 
reversal within a few weeks after PEA as previously suggested in human and animal 
models [11].

Interestingly, in case of parenchymal bleeding Guth and colleagues tailored the 
approach to reaching excellent results with 100% of successful weaning: prompt 
institution of ECLS systems with heparin-coated circuits instead of conventional 
extracorporeal circulatory support during PEA surgery allows complete restoration 
of blood coagulation with protamine with a minimal risk of clot formation inside the 
oxygenator: the majority of patients were treated in the operating theater with very 
short term support and avoiding long-term complications.

In our experience, ECLS was needed in 12.3% of patients who underwent PEA. 
The duration of ECMO was 11 ± 8 days and successful weaning was achieved in 52.6% 
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of cases, of these 70% were discharged. Also, in our experience, high PVR was associ-
ated with a high risk of ECLS. Surprisingly, the PAPs were lower in the nonsurvivor 
group: this could be a flag of RV dysfunction function, not able to produce adequate 
pulmonary flow and pulsatility [10].

5. Conclusions

In conclusion, ECLS represents a successful treatment option for patients who 
experience cardiopulmonary failure after PEA: patients with a more compromised 
preoperative hemodynamic profile and distal thromboembolic lesions are at high risk 
of the need for ECLS. Multiple strategies are available for treatment and there is no 
consensus about the optimal approach: timely and tailored approaches offer the best 
results.

© 2022 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 
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Abstract

The v-a ECLS is an effective approach for mechanical circulatory support, however, 
it is associated with several disadvantages. An increased afterload generated by a pump 
outflow leads to a left ventricular (LV) distension, pulmonary congestion, and lung 
edema on one hand and impairs myocardial perfusion on the other. In this chapter, we 
will discuss the rationality as well as different techniques for LV unloading during v-a 
ECLS support.

Keywords: ECLS, LV unloading, ECMELLA, Impella, IABP, venting

1. Introduction

V-a ECLS represents an effective rescue therapy in patients suffering circulatory 
failure. The mechanical circulatory support (MCS) with a v-a ECLS can be rapidly 
established, achieving a blood flow of up to 9.9 L/min and simultaneous blood oxy-
genation and decarboxylation [1]. Uncomplicated placement, reasonable costs, and 
the possibility to implant a v-a ECLS during an ongoing cardiopulmonary resuscita-
tion (eCPR) have made it a widely used mobile tool for first-line MCS [2].

Despite these alluring benefits v-a ECLS is an invasive approach and has its side 
effects, which have to be taken into consideration [2]. One of the significant disadvan-
tages of the system is an increased afterload of the LV generated by the pump outflow 
[3]. In patients with severely impaired cardiac function, this can cause LV distention 
and ballooning, increasing the myocardial oxygen consumption, and impairing 
the coronary perfusion at the same time [2]. In addition, increased left heart end-
diastolic pressure leads to pulmonary congestion and edema, with the consequence 
of respiratory failure [3]. All these factors limit the potential benefits of the v-a ECLS 
and complicate circulatory weaning [3]. Temporary MCS with v-a ECLS can impair 
ventricular recovery regardless of the severity of myocardial damage [4].

In order to prevent an LV distention on v-a ECLS, several approaches can be estab-
lished: LV unloading via passive LV venting, creation of an ASD, or with a microaxial 
catheter-based Impella pump. Alternatively, LV afterload can be decreased by using a 
combination of ECLS with an intra-aortic balloon counterpulsation (IABP).
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2. Passive venting

LV venting can be achieved through the placement of an additional inflow cannula 
draining the left atrium or LV into the venous side of the ECLS. In the case of post-
cardiotomy patients, the venting cannula is usually placed in the left ventricle via the 
right superior pulmonary vein and then connected by a Y-tubing to the venous drain-
age line of the ECLS circuit [5]. Alternatively, the venting cannula may be directly 
placed into LV via the left ventricular apex, with a subsequent subxiphoid tunneling 
and externalization [5]. Another possibility is the direct placement of the cannula into 
the pulmonary artery [3].

In rare cases, an iatrogenic atrial septal defect (ASD) can be created in order to 
achieve passive drainage of the left atrium (LA) via a venous cannula placed in the 
right atrium [6]. This approach can be performed both surgically or by a percutaneous 
blade and balloon atrioseptostomy and is considered more as rescue therapy rather 
than a standard approach [6].

3. Percutaneous venting

Alternatively, in patients with a closed chest on peripheral v-a ECLS left ventricu-
lar apical cannulation can be performed through a left anterolateral thoracotomy. 
This approach requires high surgical expertise due to potential LV damage, coronary 
injury, and a high risk of bleeding [5].

Furthermore, percutaneous approaches for LV unloading are available [5]. The 
TandemHeart system (LivaNova PLC, London, UK) uses a single-stage cannula, 
which can be placed percutaneously in the LA through an atrial septal puncture 
providing LV unloading on mechanical circulatory support [7].

The specially designed Bio-Medicus NextGen two-stage cannula (Medtronic PLC., 
Dublin, Ireland) can be applied in order to obtain both left-sided venting and venous 
drainage simultaneously. For this approach, the cannula is placed via a femoral vein 
with its tip advanced into the LA; the venous drainage is achieved by a second inflow 
positioned in the inferior vena cava [7]. The cannulation in both cases is performed in 
a catheterization lab or hybrid operation room under fluoroscopic and/or echocardio-
graphic guidance. The major drawback of this method is ASD remains after decannula-
tion. In the vast majority of cases, the iatrogenic ASD has no hemodynamic influence, 
however, can become relevant in patients undergoing a LVAD implantation [7].

4. LV unloading during v-a ECLS employing IABP

A combination of v-a ECLS with an intra-aortic balloon pump (IABP) can be 
applied for LV unloading. The use of IABP can decrease LV afterload during systole, 
increase diastolic blood pressure and coronary blood flow, and significantly improve 
survival in ECLS patients [5, 8]. However, since the publication of the IABP-SHOCK 
II Trial, where no survival benefit for IABP application in cardiogenic shock patients 
could be demonstrated, the use of IABP is decreasing [9]. The effect of the IABP on 
LV unloading depends on a degree of LV contractility—the less contractility, the less 
unloading [3]. Therefore, in patients for whom LV requires maximal unloading, the 
IABP does not work [9]. Nevertheless, IABP remains a feasible option for patients 
with mechanical aortic valves, since Impella unloading is technically not possible, and 
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passive LV unloading may preclude LV ejection and, therefore, carry a high risk for 
mechanical aortic valve thrombosis [10]. Further, in patients with mobile LV throm-
bus precluding Impella unloading, IABP remains a feasible alternative [10, 11].

5. ECMELLA approach

Implantation of microaxial catheter-based devices, such as Impella (Abiomed 
Inc., Danvers, MA, and USA), provides temporary MCS with simultaneous LV 

Figure 1. 
Single arterial access ECMELLA cannulation.
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unloading [12]. The combination of Impella and v-a ECLS, so-called ECMELLA 
approach provides advanced cardiopulmonary support in cardiogenic shock patients 
and has been demonstrated to significantly improve the outcomes compared to ECLS 
use alone [4, 11, 12]. Impella devices (Impella 2.5, CP, 5.0, and 5.5) are directly placed 
in the LV via the aortic valve, providing an anterograde blood flow and unloading 
in contrast to an ECLS [1, 2, 12]. Thereby, Impella within the ECMELLA approach 
enhances the support concept to a cardiocirculatory, rather than just a circulatory 
support system [13].

The Impella 2.5 and CP devices are placed percutaneously and support the hemody-
namic with 2.5 up to 4.3 L/min. The surgically implanted Impella 5.0 and 5.5 models are 
able to generate full circulatory support with up to 5.5 L/min of blood flow. In the case 
of ECMELLA approach, an Impella flow of 1–2 L/min is usually enough for a sufficient 
LV unloading [10]. However, the application of more powerful Impella models can be 
beneficial, since it allows a de-escalation therapy meaning gradual ECLS weaning and 
explantation during increased Impella support and patients’ mobilization [14].

Nevertheless, ECMELLA is associated with some vascular complications [4]. 
The necessity of additional arterial access increases the risk of access site bleeding, 
hematoma, dissections, and infections [4]. The ECMELLA 2.0 technique aims to 
reduce that issues, by utilization of a single arterial access technique. In this case, a 
Y-shaped vascular prosthesis is anastomosed to the patient’s subclavian artery. One 
branch of the graft is used for Impella insertion, while the arterial cannula of ECLS is 
placed via the second side branch (Figure 1) [13, 15]. This method allows advanced 
cardiopulmonary support with flow rates above 10 L/min, providing biventricular 
unloading at the same time [13]. Another major advantage of this technique is the 
possibility for bedside de-escalation and ECLS explanation, which can be performed 
in local anesthesia and does not require surgical re-opening of the wound [10, 16].

Further improvement of the single-site ECMELLA approach is the ECMELLA 2.1 
technique, with the percutaneous cannulation of the jugular vein for blood drainage. 
This approach allows patients’ mobilization on ongoing support for an extended 
period of time (Table 1) [17].

Parameter Passive vent Percutaneous vent ECLS + IABP ECMELLA

Access Sternotomy/ 
thoracotomy

Percutaneous Percutaneous Percutaneous/ surgical 
cut-down

Additional 
hemodynamic 
support

N/A N/A N/A 2.5–5.5 L/min

Size 12–18 Fr 15–21 Fr* 7.5 Fr 12–24 Fr

Costs * ** ** ***

Mobilization No No Possible 
(axillary 
cannulation)

Yes for ECMELLA 2.0/2.1

Explantation Surgical Surgical/ 
Percutaneous

Percutaneous Surgical/ Percutaneous

*For Bio-Medicus NextGen cannulas.

Table 1. 
Comparison of different LV unloading strategies.
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6. Discussion

6.1 Timing of unloading

Various studies have demonstrated the advantages of LV unloading in ECLS 
patients. However, the timing and patient selection still represent a point of high 
debate among advanced heart failure specialists [4, 10]. The propensity score 
matched the multicenter study from Schrage et al., which demonstrated that LV 
unloading (with Impella) initiated before or shortly after the v-a ECMO implantation 
significantly improves survival compared to v-a ECLS alone [4]. However, a subgroup 
analysis of those patients who underwent delayed unloading (>2 h since ECLS), 
revealed no significant survival benefits [4]. Still, there is a point of discussion if the 
LV unloading has to be performed simultaneously in ECLS or if a delayed approach 
is more optimal in a clinical setting. The propensity score matched the study from 
Grandin et al., which demonstrated that patients who undergo an upright LV unload-
ing have no differences in regard to on-support or in-hospital mortality but a lower 
incidence of renal injury compared to the delayed unloading cohort [11]. Moreover, 
initiation of a LV unloading after a period of v-a ECLS exposure might be associated 
with increased procedural risk and technical difficulties with the placement of an 
additional device [4, 11].

6.2 System choice

Another important point of the LV unloading strategy is the choice of the system. 
Several important aspects should be taken into consideration during the decision-
making process:

• Approximate duration of MCS, potential weaning

• Vascular access possibilities

• Complication profile

• Availability of each system and costs

The current evidence-based data have demonstrated that the LV unloading in 
v-a ECLS patients improve the patients’ outcomes [1, 4, 11, 12, 18]. However, no 
general recommendation or guideline on the technique of LV unloading exists [3]. 
The decision-making is often based on the expertise of the performing surgeon or 
interventional cardiologist and the internal standardized operational protocols of 
each clinic [3].

Although the LV unloading via an additional inflow cannula placed through the 
apex of the right superior pulmonary vein represents the most cost-effective and 
simplified approach, it is predominantly reserved for patients with central ECLS 
[3]. Since it requires a sternotomy or thoracotomy, it might be associated with an 
increased risk for collateral surgical damage [3]. Another major disadvantage is the 
necessity for surgical removal of the cannula for weaning. In this constellation, the 
utilization of specialized percutaneous venting cannulas represents a preferable and 
flexible solution and has been increasingly applied in recent years [7].
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Currently, the vast majority of patients receive LV unloading with either IABP 
or Impella devices [11]. Both approaches provide similar survival benefits, however, 
have different complications and hemodynamic profiles [11]. The implantation 
site bleeding and vascular injury remain the major disadvantage for LV unloading 
since the addition of extra arterial access increases the risk for complications [4, 11]. 
However, in the case of an IABP it is significantly lower due to the size of the used 
catheter (7.5 Fr compared to 14 Fr in Impella CP in devices) [3]. Finally, yet impor-
tantly, the ECMELLA therapy is associated with significantly higher costs compared 
to LV unloading with a venting cannula or an IABP [3].

Despite its invasiveness, the ECMELLA approach has some unique advantages 
which have to be taken into consideration during the decision-making process [13]. The 
ECMELLA provides the highest level of temporary cardiopulmonary support currently 
available in surgical armaments [15, 19]. In patients suffering from systemic inflamma-
tion response syndrome and consecutive vasoplegia as a sequel of, or coincidently with, 
severe cardiogenic shock or after CPR, optimal flow rates of up to 11 L/min or even 
more might be necessary [15, 20, 21]. ECMELLA allows a controlled stepwise support 
reduction and de-escalation strategy: v-a ECLS explantation with further Impella 
support, which achieves a reduction of ECLS-related complications in patients requir-
ing prolonged support [1]. The recently developed single arterial access ECMELLA 2.1 
includes advantages of high flow support, patients’ mobilization, and bedside explanta-
tion, with no need for a renewed exploration of the implantation site [13, 15, 17].

6.3 Perspectives

Currently, two randomized controlled trials investigating the impact of LV 
unloading in v-a ECLS patients have been launched: the REVERSE (NCT03431467) 
trial from the University of Pennsylvania and ANCHOR (NCT04184635) trial guided 
by the Hôpital Pitié Salpétrière from Paris. The REVERSE trial aims to investigate 
the impact of Impella CP as a vent in v-a ECLS patients, while the unloading has to 
be initiated within 10 h after implantation of the v-a ECLS. Planning to recruit 96 
patients, the first results are expected in 2025. The ANCHOR trial compares 200 
patients with acute myocardial infarction-related CS (AMICS) treated with v-a ECLS 
+ IABP vs. a control group without tMCS. The finishing is scheduled for the end of 
2024. However, no prospective study investigating different LV unloading strategies is 
currently available.

The self-expandable catheter-based microaxial pumps represent a promising 
improvement in MCS [22]. This technology allows percutaneous insertion of narrow-
profiled devices, which expand during support aiming to reduce the risk for vascular 
complications and hemolysis by minimizing the shear stress on blood cells [22]. The 
HeartMate Percutaneous Heart Pump (PHP, Abbott Vascular, Santa Clara, CA, and 
US) was the first pump that was deployed via a 14 Fr femoral arterial sheath and 
delivered a self-expanding 24 Fr nitinol cannula and impeller across the aortic valve 
[22]. However, due to a high incidence of device malfunctions, the HartMate PHP 
was not implemented in clinical practice [22]. The recently presented Impella ECP 
(Abiomed Inc., Danvers, MA, and US) device has a 9 Fr catheter and an up to 18 Fr size 
expandable body. Currently, the ECP trial (NCT05334784) investigating the effect of 
the device on patients with high-risk coronary interventions is scheduled. Both devices 
were originally designed for periprocedural support during high-risk interventions 
(max. 6–12 h); however, self-expandable Impeller pumps can be potentially used for 
prolonged support in cardiogenic shock patients in future (Table 2) [22].
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7. Conclusion

Active LV unloading in v-a ECLS patients improves survival, however, the costs of 
more vascular complications, bleeding, and hemolysis. Prospective randomized trials 
comparing different LV unloading approaches are required in order to optimize the 
treatment. Perspective devices and equipment might reduce the complications associ-
ated with LV unloading and ease clinical management.

Study, first author Year Investigated cohorts Outcomes

Retrospective studies

Gass et al. [8] 2014 135 v-a ECLS + IABP Overall, in-hospital survival of 
57.8%, high incidence of access site 
bleeding.

Pappalardo et al. [12] 2017 42 v-a ECLS vs. 21 
ECMELLA*

Significantly better survival for 
ECMELLA, no difference in 
bleeding complications.

Schrage et al. [4] 2020 255 v-a ECLS vs. 255 
ECMELLA*

Significantly better survival for 
ECMELLA, more access-related 
bleeding, hemolysis, and need 
for renal replacement therapy in 
ECMELLA group.

Tongers et al. [19] 2020 69 ECMELLA Early MCS escalation (ECMELLA) 
rapidly stabilized patients, 
reducing number and doses of 
catecholamines, and improves 
hemodynamics.

Grandin et al. [11] 2022 3399 ECLS patients with 
LV unloading vs. 9335 
without

Significantly decreased in-hospital 
mortality for LV unloading group at 
the expense of more complications, 
including hemolysis and 
cannulation site bleeding.

Prospective randomized trials

REVERSE Trial 2018–2025 96 v-a ECLS with 
Impella CP as vent

Patients randomized to the 
experimental arm will have an 
Impella CP implanted in addition to 
v-a ECLS <10 h since the institution 
of v-a ECLS

ANCHOR Trial 2019–2024 200 patients v-a ECLS 
with IABP vs. 200 
without tMCS

Experimental arm v-a ECLS + 
IABP instituted percutaneously 
as soon as possible. Control arm: 
Standard management of CS due to 
myocardial infarction, according 
to the current ESC guidelines. It 
is not recommended to use IABP 
support and no other tMCS devices 
are allowed.

*Cohorts after propensity score matching.

Table 2. 
Important studies on LV unloading in v-a ECLS patients.
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Chapter 7

How to Do Weaning and 
Decannulation in Adult Cardiac
Pilje Kang

Abstract

If cardiac function is restored, we should consider discontinuing extracorporeal 
membrane oxygenation (ECMO) support. Except for patients who go to transplanta-
tion or ventricular assist device, the patient’s condition should be evaluated steadily 
every day to determine and implement the weaning. Treatment interruption can 
be determined based on hemodynamic parameters, laboratory findings, and echo-
cardiographic findings. Weaning is determined, and catheter removal is surgically 
removed or pressed by hand, and closure device is also used. Depending on the 
patient’s condition and the decision of each center, the appropriate method can be 
selected. Since various complications may occur after removal, intensive observation 
should be carried out for a certain period of time.

Keywords: venous-arterial extracorporeal membrane oxygenation, weaning,  
weaning strategy, decannulation, ECMO

1. Introduction

Venous-arterial extracorporeal membrane oxygenation (VA ECMO) is applied in 
various situations [1]. Because ECMO is a process with some complications and side 
effects, it would be better to stop as soon as possible once the application target is 
achieved. If the patient’s condition has not improved and the treatment is stopped, the 
patient’s condition will deteriorate again. However, if ECMO support is maintained 
for too long, unnecessary complications caused by ECMO will occur, resulting in poor 
clinical results. Therefore, it is important to evaluate the patient well and stop apply-
ing ECMO when possible.

Weaning from VA-ECMO differs between centers and information about stan-
dardized weaning strategies are lacking. The weaning process still relies upon the 
single center’s experience and individual clinical knowledge and skills.

The initial step in ECMO weaning is to identify the improvements in various 
aspects based on the recovery of cardiac function.
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2. Weaning process

2.1 Factors of successful weaning

2.1.1 Hemodynamics parameters

The most easily obtained signal of when to start the ECMO weaning process is 
the patient’s blood pressure. ECMO weaning can be considered if the patient’s blood 
pressure and pulse pressure begin to increase even after applying the same ECMO 
flow and using the same inotropic medications. When the patient’s blood pressure 
increases, the minimum mean arterial pressure is maintained at about 60 mmHg, and 
inotropes are gradually reduced or rarely used [2].

Substantial hemodynamic assessments may be needed during the weaning 
trial for critically ill patient monitoring. If the patient has a pulmonary arterial 
catheter, the pulmonary arterial catheter measurements provide key informa-
tion regarding the right ventricle (RV) and left ventricle (LV) pre-loads [3]. To 
consider a patient for VA ECMO weaning, the hemodynamic variables with the 
pump off should be as follows: cardiac index >2.4 L/min/m2, mean blood pres-
sure > 60 mmHg, pulmonary capillary wedge pressure < 18 mm Hg, and central 
venous pressure < 18 mmHg.

2.1.2 Laboratory findings

When considering ECMO weaning, laboratory findings should also be referred 
to, including blood tests for B-type natriuretic peptide, cardiac enzymes, lactate, 
liver function tests, and kidney function tests. A decreasing trend in these values 
rather than absolute values should be seen after ECMO support is withdrawn [4]. 
A few studies recommended that lactate and lactate clearance could aid for ECMO 
weaning [3].

2.1.3 Echocardiographic parameters

Echocardiography is a critical tool used to determine the recovery of both left 
ventricle and right ventricle function [5]. During ECMO support, performing echo-
cardiography is recommended at least once a day as much as possible.

In several reports, ECMO weaning is likely when the following findings are 
observed [3, 4, 6, 7].

• Left ventricle ejection fraction (LV EF) ≥ 20 ~ 25%

• Aortic velocity-time integral (VTI) ≥ 10 ~ 12 cm

• Lateral mitral annulus peak systolic velocity (TDSa) ≥ 6 cm

• Small right ventricle (RV) dimensions, 3D RVEF ≥20 ~ 25%.

Both LV and RV size and function should be estimated during weaning of extra-
corporeal support and if distension and impending failure of either ventricle is noted, 
they may warrant termination of the weaning trial [6].
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2.1.4 Other findings

In addition to myocardial recovery, end-organ recovery is essential. Pulmonary 
function should also not be compromised and pulmonary edema should be reduced as 
much as possible. A PaO2/FiO2 of ≥200, an oxygen fraction delivered by the extracor-
poreal circuit of 25%, and an oxygen fraction delivered by the ventilator circuit of 60% 
are rational for weaning trials. These measurements should be made with VA-ECMO 
blood flow at 1 ~ 1.5 L/min and a sweep gas flow rate of ≤1 L/min. Of note, if the patient 

Figure 1. 
VA ECMO weaning protocol.
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experiences persistent pulmonary compromise but sufficient myocardial recovery could 
be achieved, switching to a veno-venous (VV)-ECMO should be considered [4].

If the findings listed above are observed, ECMO weaning is initiated.

2.2 Weaning trial

As mentioned earlier, there is no absolute way to determine the time for ECMO 
weaning. Each center or each person in charge has set and applied algorithms or 
protocols based on their own experience and knowledge. The patient should have 
estimated hemodynamic stability in the absence of or at low doses of vasoactive 
agents and pulsatile arterial waveform maintained for several hours. The ECMO flow 
is decreased to 60–70% of the initial flow rate for several minutes. It is then decreased 
to 30–40% for several minutes. Depending on the patient’s condition, the ECMO 
weaning process may end within a day, or it may take several days. If the patient is 
stable in such a flow, it can be decreased to a minimum of 1–1.5 L/min and FiO2 in gas 
blender of <50–60% for several minutes. If no particular problem occurs during this 
process, ECMO removal can be considered. If mean blood pressure falls significantly 
and is continuously <50–60 mmHg during the trial, ECMO flow was returned to 
100% of the initial flow and the trial is stopped. We propose the strategy we are using 
in our center in Figure 1.

2.2.1 The pump-controlled retrograde trial off (PCRTO)

Pump speed is steadily reduced in a controlled manner until circuit flow becomes 
retrograde, ensuring adequate RV filling and proper assessment of RV function. 
Since the circuit becomes an arteriovenous shunt, the revolving pump head acts 
as a resistor, preventing a significant drop in systemic vascular resistance during 
PCRTO. Patients can be considered ready for decannulation if the hemodynamic and 
echocardiographic criteria are met after a few minutes or hours [8]. Some researchers 
reported PCRTO to be a safe, simple, and reproducible approach for enabling a trial 
period while preserving the circuit during weaning from VA ECMO [9, 10]. In stable 
patients, PCRTO seems reasonable even if it is tested for 5–10 minutes without addi-
tional heparin or decannulation. However, in patients with low blood pressure or high 
vasoactive drugs with low ECMO flow, sufficient time spent on testing and removal 
will reduce the possibility of reinsertion.

3. Decannulation

Once the decision has been made to terminate ECMO, the cannulas are removed. 
Hemostasis can be achieved by extraction of the venous cannula from the femoral 
vein using a mattress suture and manual compression. Decannulation of arterial 
ECMO may be achieved by open surgical repair or via manual compression or using 
closing devices.

ECMO decannulation is related to the high risks of complications, such as bleeding, 
hematoma, pseudoaneurysm, thrombosis, and arterial-venous fistula. Bleeding com-
plications occur after removal in 2%, with vascular complications generally up to 18% 
[11]. Frank Bidar et al. reported cannula-associated deep vein thrombosis occurred 
in 44 patients (41%), and arterial complications occurred in 15 (14%) (9 with acute 
leg ischemia, 1 with arteriovenous femoral fistula, and 5 with late femoral stenosis). 
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Vascular complications after ECMO decannulation can lead to prolong hospitalization 
and increase medical costs. Therefore, decannulation should be performed carefully 
and the patient’s condition should be closely examined after cannula removal.

The selection of the cannula removal method is applied differently according to the 
condition of each center, the responsible person, and patient. The discontinuation of 
heparin infusion before cannula removal is also implemented differently depending 
on each center and the responsible person. Careful patient selection for the hemostasis 
method used and a proper method are needed for successful hemostasis following 
ECMO decannulation.

3.1 Manual or mechanical compression

All venous cannulas can be removed using a simple aseptic method. The operator 
must be aware of the danger of air embolism. This situation can be prevented by the 
application of Valsalva maneuver. The area around the venous cannula should be 
infiltrated with local anesthetic, and a horizontal mattress suture can be helpful to the 
hemostasis.

For percutaneous ECMO establishment, the artery was manually compressed after 
decannulation for 30–60 minutes. In case of persistent bleeding, a surgical correc-
tion was done. In the absence of any bleeding, only a standard pressure bandage or 
mechanical compressor was applied.

For a more definite hemostasis, prior to manual compression, if possible, modifi-
able coagulopathy factors such as activated coagulation time (ACT), activated partial 
thromboplastin time (aPTT), prothrombin time (PT), and platelet activation should 
be corrected. Yeo et al. reported the use of dual antiplatelet drugs and a higher aPTT 
can lead to an increased risk of postprocedural vascular complications. Therefore, 
manual compression should be applied cautiously after the correction of coagulopa-
thy factors such as ACT, aPTT, and platelets counts [12].

Manual compression does not require movement of the patient and can be 
performed relatively easily without any special device. However, it may be difficult 
to obtain consistent results using this method, depending on the person applying 
compression. If a large cannula is used, the patient has severe calcification of the 
blood vessels, or long ECMO duration, is obese, or coagulopathy is not well corrected, 
it would be better to consider other methods. Further studies are necessary to evaluate 
the efficacy and safety of manual or mechanical compression in patients with ECMO.

3.2 Surgical repair

Peripheral or central cannulas inserted surgically should be removed surgically. If 
the arterial thrombosis was detected before ECMO weaning, the thrombosis can be 
removed together with surgical cannula removal.

Surgical removal has the advantage of visualizing blood vessels directly, remov-
ing the cannula, and stopping bleeding. Surgical removal can cause problems such 
as infection or poor healing of the wound and bleeding or lymphatic leakage. There 
is also a limitation in that it is possible only when a patient is moved to an operating 
room and surgical equipment is moved, or an operator is required.

Although more research is needed, surgical removal is thought to reduce the side 
effects if applied when large cannula is used, ECMO application period is long, and 
vascular calcification is severe.
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3.3 The vascular closure device

In an effort to reduce the rates of vascular complications at the time of VA-ECMO 
decannulation and avoid the need for traditional surgical vascular repair, percutane-
ous techniques for closure of arterial cannulation sites utilizing several vascular 
closure systems have been employed by a number of centers [13].

Chandel et al. reported the use of a pre-closure technique was associated with a 
significant decrease in limb complications and bleeding events with an estimated 81% 
and 79% decreased likelihood of these complications, respectively, compared with 
surgical removal [13]. Data from prior cohorts have documented the utility of this 
technique in the removal of arterial sheaths of sizes ranging from 5 Fr to 24 Fr [13]. 
The main benefit of using this technique is the avoidance of a groin incision, which 
may be susceptible to wound infection, poor healing, and lymph leakage [14]. The 
procedure time is shorter than that of other methods.

This method also has disadvantages such as technical failure, thromboembo-
lism, pseudoaneurysm, and stenosis, and is more expensive than other methods. If 
hemostasis is difficult or has failed, manual compression must be applied or conver-
sion to surgery must be undertaken, which may cause a large amount of bleeding. 
After applying a closure device, it is necessary to closely monitor the occurrence of 
complications.

Some centers use closure devices for distal perfusion catheter removal [14].
However, as experience is accumulated with this technique, it may be possible to 

accomplish arterial ECMO decannulation at the bedside without the use of general 
anesthesia.

4. Conclusion

VA ECMO is an influential life support tool. Weaning from VA ECMO remains 
a challenging decision. In addition to cardiac function, overall patient evaluation 
should be done accurately to achieve successful ECMO weaning. It is especially 
important that the ECMO is not weaned while the patient is still recovering from the 
conditions that required the VA ECMO implantation.

Weaning strategies are based on institutional standards and individual experi-
ences. Different weaning algorithms are used and none have reached dominance yet. 
Experienced VA ECMO centers should elaborate standardized weaning algorithms 
and consensus documents. A systematic weaning protocol will be able to lower the 
weaning failure rate.

Cannula removal should be selected well according to the patient’s condition and 
the experience of the centers. It is also important to reduce complications by closely 
observing the patient after cannula removal.

Larger randomized trials are needed to confirm our findings and generate a new 
standard for VA-ECMO decannulation.
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Chapter 8

ECMO for Respiratory Failure in 
the Patient with Advance Lung 
Disease: A Bridge to Recovery or 
Decision
Maria M. Crespo and Christian A. Bermudez

Abstract

Extracorporeal membrane oxygenation (ECMO) has clear benefits in patients with 
acute cardiopulmonary failure. However, selecting patients who will benefit from 
extracorporeal membrane oxygenation can be a challenge and remains a hurdle for 
clinicians today. An increased concern when considering ECMO therapy is whether 
the patient will recover enough function and be able to be weaned from ECMO 
support and survive to discharge or undergo lung transplantation and specially on 
whether to extend extracorporeal membrane oxygenation as a bridge to recovery in 
those with concerns of a meaningful recovery or as a bridge-to-decision (BTD) for 
patients whose criteria for lung transplantation are unknown. In addition, ECMO is a 
resource-intensive form of lung support that requires significant institutional com-
mitment and a well-trained team to ensure good outcomes. The critical factors in the 
decision-making process when there are concerns regarding the initiation, continu-
ation, or withdrawal of ECMO include early transfer to a specialized lung transplant 
center and a multidisciplinary consensus among lung transplant pulmonologists, 
lung transplant surgeons, and ECMO critical care intensivists to expedited transplant 
evaluation and to clearly defined the goals of care and selecting the appropriate 
candidates who will benefit from ECMO as a BTD for patients not listed yet for lung 
transplantation.

Keywords: ECMO, lung transplantation, indications, timing, patient selection, 
outcomes

1. Introduction

Since the 1950s, extracorporeal lung support has experienced continuous advance-
ments in technology and a better understanding of ECMO physiology, which has 
led to less morbidity and more liberal use of this technology in acute respiratory 
failure (ARF). Experiences in selecting and managing patients with acute cardiac and 
respiratory failure treated with ECMO continue to grow. ECMO is a resource-intense 
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form of lung support that requires significant institutional commitments and a well-
trained team to ensure good outcomes.

There are clear benefits of ECMO in patients with acute respiratory failure such as 
acute respiratory distress syndrome (ARDS), hypercapneic respiratory failure related 
to infections or flare of their underlying disease, and pulmonary arterial hyperten-
sion (PAH) patients with decompensated right heart failure as a bridge-to-recovery 
(BTR), and as a bridge-to-decision (BTD) for lung transplant candidates, who have 
not completed the lung transplant evaluation, and as a bridge-to-transplant (BTT) for 
decompensated lung transplant candidates, hoping to avoid mechanical ventilation, 
sedation, and the use of neuromuscular blocking agents for conditioning, preservation 
of lung transplant candidacy, and ultimately better long-term outcomes. However, the 
decision to support patients with acute or acute-on-chronic respiratory failure with 
ECMO is challenging. No single guideline exists to aid decision-making, and the clini-
cal management decisions are highly center-specific.

Based on the organ procurement and transplantation network (OPTN)/and the 
scientific registry of transplant recipient database (SRTR) 2020 report, lung trans-
plant candidates hospitalized in the intensive care unit (ICU) comprised 13.8% of 
transplant recipients; 9.2% were hospitalized but not in the ICU. Also, candidates 
continued to be bridged-to-transplant; 3.6% on mechanical ventilation and ECMO, 
1.8% on mechanical ventilation only, and 3.1% ECMO only [1].

This chapter will review the ECMO support as a BTR and as a BTD in patients 
with advanced lung disease and respiratory failure not listed for a lung transplant, 
including the limited data and the lack of good guidelines on candidate selection and 
the need for advance care planning, early palliative care involvement, and the need to 
involve patient and family on the implications of ECMO withdrawn when not a candi-
date for lung transplantation before deciding to accept ECMO as a bridge-to-decision.

2.  ECMO as a bridge to recovery for acute respiratory failure in patients 
with advance lung disease

Treating patients with interstitial lung disease (ILD) and acute respiratory failure 
(ARF) is challenging. Lung transplantation is the only definitive therapy for patients 
with severe and meaningful recovery. Unfortunately, acute exacerbation of idiopathic 
pulmonary fibrosis (AE-IPF) is an often deadly complication of idiopathic pulmonary 
fibrosis (IPF).

Mechanical ventilation is a significant problem in advanced interstitial lung dis-
ease patients as the lung parenchyma is susceptible to ventilator-induced lung injury 
and oxygen toxicity [2, 3]. This likely triggers further disease progression [4]. Also, 
these patients often have secondary pulmonary hypertension and right ventricular 
dysfunction, increasing ventilation strategies’ challenges [5]. Patients with advanced 
lung disease who developed respiratory failure and required mechanical ventila-
tion have high mortality (70–90%) [6]. On the other hand, ECMO support might 
prevent ventilator-induced lung injury and worsening right ventricular dysfunction. 
However, the value of ECMO in patients with acute respiratory failure due to underly-
ing lung fibrosis has not yet been well studied.

Kreuter et al. [7] published an international survey from 66 countries and 509 
pulmonologists to assess the global variability in the prevention, diagnostic, and treat-
ment of AE-IPF and reported that in case of respiratory failure, invasive ventilation was 
offered only to 45% to patients suitable for lung transplantation (LTx), as a BTT or in 
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very selected other cases. Extracorporeal membrane oxygenation was offered to 44% 
of patients suitable for LTx as a bridge-to-transplant, mainly in Europe (57%) and the 
fewest in Oceania (24%). Palliative care was considered by 65% of the pulmonologist. 
The differences in these approaches were again significant between continents. Some of 
the differences in approaches might be related to center protocols, ICU resources, and 
ECMO expertise team experiences. Technology and resources also vary among countries.

2.1 ECMO for acute respiratory distress syndrome

Several landmark trials of venovenous (VV)—ECMO for acute respiratory distress 
syndrome (ARDS) are often referenced when discussing the potential benefits of 
ECMO for respiratory failure. Key studies supporting the efficacy of ECMO include 
the Australian and New Zealand study on H1N1-induced ARDS patients treated with 
ECMO having greater than 70% survival [8]. Around this time, major improvements 
were made to the ECMO devices, including more efficient oxygenators, fewer throm-
botic centrifugal pumps, and improved percutaneous vascular access cannulas.

Peek et al. [9] conducted a multicenter randomized control trial based in the UK 
called the CESAR trial, where patients with ARDS were randomized to conventional 
therapy or ECMO, showing that patients with ARDS who were referred to an ECMO 
center had significantly improved survival 6 months from discharge than those who were 
not referred and treated with medical management alone. Severe ARDS was defined 
as a Murray score above three or an arterial pH below 7.20. Essential exclusion criteria 
were prolonged high oxygen requirement or high-pressure mechanical ventilation for 
more than 7 days before considering enrollment. The results of the CESAR trial showed 
improved survival without severe disability in the patients considered for ECMO. 63% of 
the ECMO consideration group was alive at 6 months, whereas only 47% of the conven-
tional therapy group survived that timeframe. Most deaths in the ECMO group were from 
multi-system organ failure, whereas 60% of the standard therapy patients died of respira-
tory failure. The release of the data from the CESAR trial and the treatment successes 
from the 2009 Influenza pandemic has propagated ECMO use in various clinical settings.

The REVA study group published their results using ECMO for H1N1-associated 
ARDS and identified at 1-year post-ICU discharge that 83% of patients treated with 
ECMO had returned to work vs. 64% of non-ECMO treated patients [10].

The ECMO to Rescue Lung Injury in Severe ARDS (EOLIA) clinical trial random-
ized patients to VV ECMO based on blood gas and ventilator criteria similar to CESAR 
[11]. However, its results further clouded the data regarding the benefits of ECMO 
for refractory ARDS. In total, 249 patients were randomized in the study, and there 
were no significant differences between the two groups. At the primary endpoint of 
60 days, 35% of the ECMO group had died, whereas 46% of the control group was 
dead. The highest sub-group mortality was those patients who crossed over from the 
control group to ECMO, as 57% of them were dead by 60-days. They concluded that 
among patients with very severe ARDS, 60-day mortality was not significantly lower 
with ECMO than with a strategy of conventional mechanical ventilation that included 
ECMO as rescue therapy. Despite what appears to be trending toward better survival 
with earlier ECMO, the data did not reach statistical significance.

2.2 ECMO for hypercapnic respiratory failure

The treatment of acute exacerbations of chronic obstructive lung disease (COPD) 
resulting in hypercapnic respiratory failure refractory to medical treatment has been 
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invasive mechanical ventilation (IMV). In the most severe cases, these may be refrac-
tory to conventional therapies and mechanical ventilation, becoming life-threatening. 
Invasive mechanical ventilation develops a considerable reduction in respiratory 
muscle strength, having a higher risk of prolonged weaning and failure to wean com-
pared to other causes of acute hypercapnic respiratory failure and a more increased 
need for early tracheostomy. These patients also have a higher risk of developing 
complications such as ventilator-associated pneumonia (VAP), ventilator-induced 
lung injury (VILI), ventilator-associated diaphragmatic dysfunction (VIDD), and 
critical illness myopathy and neuropathy associated with steroids and neuromuscular 
blockade agents often used during their critical ICU admission [12]. Extracorporeal 
carbon dioxide removal (ECCO2R) represents an attractive approach in this setting 
for carbon dioxide removal options to avoid and possibly prevent worsening respira-
tory failure and respiratory acidosis and shorten the duration of IMV.

In 2009, Dr. Zwischenberger’s group successfully used venovenous-ECMO for car-
bon dioxide removal (ECCO2R) in a hypercarbic patient with COPD. They success-
fully reduced PaCO2, minute ventilation, and ventilator pressures [13]. In 2013, the 
Columbia University group used ECCO2R to facilitate extubation in five patients with 
COPD, all of whom had failed to wean from the ventilator. These patients were extu-
bated in a median time of 4 h and most were ambulatory within 24 h of venovenous 
ECMO initiation. Once extubated, patients were rehabilitated while on ECCO2R, with 
a mean time to ambulation of 19.4 ± 12.6 hours after ECCO2R. Moreover, all patients 
survived hospital discharge [14]. Since that time, multiple reports have supported the 
efficacy of venovenous ECMO in treating hypercapnic respiratory failure in COPD 
and reducing intubation time or preventing it all together [15, 16]. In the ÉCLAIR 
study, Braune et al. [16] showed that IMV was avoided in 56% of cases treated with 
ECCO2R but was associated with a higher incidence of complications.

Although ECCO2R seems effective in improving or mitigating hypercapnic aci-
dosis and possibly reducing the rate of endotracheal intubation, its use is associated 
with a range of vascular, hematological, and other complications. Thrombocytopenia 
and heparin-induced thrombocytopenia are also commonly observed. Other serious 
complications associated with arterial cannulation include distal limb ischemia, com-
partment syndrome of the lower limb requiring fasciotomy, or limb amputation [17]. 
Bleeding is the most common complication of ECCO2R. The need for anticoagulation 
increases the risk of significant bleeding, including cerebral, gastrointestinal, and 
nasopharyngeal bleeds. The published incidence of substantial bleeding complica-
tions is between 2 and 50% [18].

2.3 ECMO for pulmonary arterial hypertension

Patients with group 1 pulmonary arterial hypertension (PAH) and decompensated 
right ventricular failure (RHF) were not previously considered for ECMO as a BTT 
or BTR because options were limited by the idea that PAH patients would not be able 
to weaned from ECMO as a BTR from an acute decompensation and by long trans-
plantation wait times and perceived inability to weaned from ECMO. Rosenzweig 
et al. [19] published a retrospective review of ECMO as a BTR for PAH. A total of 
six patients (age 32 ± 11 years) underwent ECMO bridging. Two patients who were 
considered good candidates for lung transplantation underwent successful ECMO-
BTT. Four patients who were not regarded as promising candidates for lung trans-
plantation experienced ECMO-BTR with the escalation of targeted medical therapies 
before weaning off ECMO. Three of four ECMO-BTR patients survived ECMO 
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decannulation (duration 7–23 days). This single-institution experience demonstrated 
the beneficial use of upper body configuration ECMO strategy without mechanical 
support in PAH patients as a BTR or BTT when they failed to respond to medical 
therapy. In addition, this strategy facilitates mobility with physical therapy, thereby 
optimizing transplant candidacy.

Chicotka et al. [20] published a retrospective review of 50 patients with interstitial 
lung disease and pulmonary hypertension treated initially with either VV or veno-
arterial (VA) ECMO as a bridge-to-transplant. They found that patients with early 
VA ECMO initiation had significantly better survival to transplantation than those 
with early VV ECMO (p = 0.03). In addition, there was a 59% reduction in risk of 
death for VA compared with VV ECMO (HR 0.41, 95% confidence interval: 0.18 to 
0.92, p = 0.03) shown by cox proportional hazards modeling. Also, there was an 80% 
reduction in the risk of death when ambulating on ECMO before lung transplant (HR 
20, 95% confidence interval: 0.08 to 0.48, p < 0.01). In this single-institution experi-
ence, they found that combined ECMO with targeted PAH therapies was successfully 
used as BTT or BTR for acute right heart failure in group 1 PAH patients leading to 
significant improvement in gas exchange and end-organ function. Unfortunately, 
only 10 patients in this series of 50 were IPAH and 5 Eisenmenger. This approach 
needs further assessment, and as experience grows, we may anticipate earlier institut-
ing ECMO in suitable group 1 PAH patients.

3.  ECMO as a bridge-to-decision or bridge-to-transplant in patients with 
advance lung disease

The most significant issue with lung transplantation is often long wait times. 
This problem seems more prominent in the Eurotransplant area than in the United 
Network for Organ Sharing area. Based on the OPTN/SRTR 2022 report, lung 
transplant candidates continued to be bridged-to-transplant; 3.6% on mechanical 
ventilation and ECMO, 1.8% on mechanical ventilation only, and 3.1% ECMO only 
and ECMO-BTT patients who survive to LTx have a post-transplant survival rate 
comparable to those who did not receive ECMO pre-transplant [1].

Traditionally, the concept of ECMO use in respiratory failure was to initiate it in con-
junction with invasive mechanical ventilation and later by discontinuing ECMO support 
before ventilator weaning. However, with the ability of ECMO to take over the function 
of the gas exchange of the ventilator, this pattern is changing, and it will continue to 
evolve as further technological improvements are made. Some centers have reported 
successfully starting ECMO instead of invasive mechanical ventilation, bypassing the 
ventilator entirely [21, 22]. Abrams et al. [21] described an evolving paradigm of extra-
corporeal membrane oxygenation (ECMO) in respiratory failure as a temporary adjunct 
to invasive mechanical ventilation in severe respiratory failure and using ECMO to 
facilitate removal or avoidance of IMV while bridge-to-recovery or bridge-to-transplant, 
at their institution. The paradigm of bridge-to-transplant or bridge-to-decision from 
IMV and ECMO remains a consideration. However, it remains to be defined who are the 
specific patient populations for whom these strategies are most appropriate, including 
those with hypercapnic respiratory failure or awaiting lung transplantation.

Salna and Bacchetta [23] described a clinical decision-making algorithm used at 
their institution to optimize ECMO configurations and cannulation strategies based 
on patients’ pathophysiology using a multidisciplinary ECMO team approach for BTT. 
Factors to decide whether patients will benefit from BTT were age, functional status 
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on admission, underlying disease, infection or other organ system dysfunction, and 
anticipated waitlist time. The primary goal of using ECMO as a BTT was to optimize 
transplant candidates before transplantation to improve lung transplant outcomes. 
Their goal was to help ambulation, which depends on optimal cannulation configura-
tions and early physiotherapy, with patients being mobilized as early as ECMO day 1 
[24]. They also aim to cannulate patients without intubation or general anesthesia 
whenever possible for accelerated recovery or optimization for transplantation.

Trudzinski et al. [25] published a retrospective analysis of patients with ILD and 
ARF treated with or without ECMO from March 2012 to August 2015. Forty patients 
with interstitial lung disease referred to their intensive care unit for acute respiratory 
failure were included in the analysis. Twenty-one were treated with ECMO. ECMO 
was initiated regardless of whether they could be a lung transplant candidate. From 
the total of 13 patients who were evaluated, eight were found adequate candidates 
for ECMO as a BTT. Six patients underwent lung transplantation, and 14 of the 15 
patients who did not undergo lung transplantation (93.3%) died after 40.3 ± 27.8 days 
on ECMO. 83.3% of the patients who had a lung transplant were able to be discharged 
from the hospital. Their important finding was that those patients with ILD on ECMO 
who were not lung transplant candidates had a high mortality rate, comparable with 
the mortality rate of patients mechanically ventilated. Also, they demonstrated that 
ECMO had no value as a transplant-independent outcome improvement in ILD. On 
the other hand, patients who are candidates for lung transplantation benefit from 
ECMO therapy. The biggest reason for this benefit is the time gained on ECMO. They 
concluded that ECMO is a lifesaving option for patients with ILD and ARF provided 
they are candidates for lung transplantation. Unfortunately, ECMO cannot reverse 
the poor prognosis in patients who do not qualify for lung transplantation.

Decision supporting patients with acute or acute-on-chronic respiratory failure 
with ECMO is challenging, and there is no single guideline to help in decision-mak-
ing. Even so, several high-volume lung transplants and ECMO centers have published 
their experience with ECMO as a bridge to transplant [22, 26, 27]. A typical decision 
tree of ECMO as a bridge-to-transplant algorithmic implementation, used only for 
those listed patients, as shown in Figure 1 (adapted from Biscotti et al. [26]).

The timing of ECMO implementation is crucial. Therefore, they attempted 
to select patients in whom post-ECMO rehabilitation is likely, as best predicted 
by patients’ pre-ECMO physical therapy performance. The aim was to liberate all 
patients from mechanical ventilation by using strategies such as early tracheostomy. 
The criteria for initiating physical therapy included hemodynamic stability, secure 
cannulas without active bleeding, and patient willingness to cooperate. Ambulation 
was implemented once the patients demonstrated physiologically adequate ECMO 
support is demonstrated during initial bedside physical therapy. Seventy-two 
patients received ECMO as a bridge to LTx. Of the 72 patients, 55.6% underwent 
the transplantation procedure, 92.5% survived to discharge, and 84% survived for 2 
years. Patients with cystic fibrosis were more likely to have a BTT than patients with 
other lung diseases. Daily participation in physical therapy was achieved in 69.4% of 
patients. This study demonstrated favorable survival in patients receiving ECMO as a 
BTT, attaining high rates of physical therapy, and avoiding mechanical ventilation in 
patients awaiting lung transplantation. With more than half of these patients success-
fully BTT, we gained insight into the factors influencing patients’ outcomes, including 
patient selection, the timing of ECMO, and patient management. However, clinical 
management decisions are highly center-specific, and these treatment algorithms 
must be adapted to fit the clinical setting appropriately.



95

ECMO for Respiratory Failure in the Patient with Advance Lung Disease: A Bridge to Recovery…
DOI: http://dx.doi.org/10.5772/intechopen.106824

The cannulation strategy was based on the patient’s underlying disease, respira-
tory and hemodynamic status, and anticipated worsening of hypoxemia or progres-
sive secondary pulmonary hypertension (PH). They also attempt to select patients in 
whom post-ECMO rehabilitation is likely, as best predicted by patients’ pre-ECMO 
physical therapy performance. The form of ‘awake ECMO’ with spontaneously 
breathing patients is a safe and effective approach to BTT [26–29]. Several high-
volume centers have shown that BTT has comparable outcomes with patients not 
requiring support [26, 27, 30–32].

Another meaningful discussion is the outcomes in the unique subset of patients 
requiring prolonged use of ECMO support before lung transplantation. In a 2016 
review of the Extracorporeal Life Support Organization international multi-
institutional registry, of 974 patients who required prolonged (>14 days) ECMO 
support, 46% of these patients did not experience native lung recovery; among these, 
40 patients (4.1%) underwent LTx with a 50% postoperative in-hospital mortality 
[33]. The longest reported successful bridge to transplant required ECMO support 
of 155 days [34]. Another case report describes a patient remaining on ECMO for 
as long as 403 days while waiting for a lung transplant. The authors conclude that it 
is at least technically feasible to maintain patients awaiting lung transplantation on 
ECMO for extended periods, albeit maintaining for more than 1-year may be difficult 
[35]. ECMO cannot reverse the poor prognosis in patients that do not qualify for lung 
transplantation. ARF in ILD is devastating in patients without the option of a lung 
transplant, despite ECMO.

The current biggest challenges for clinicians are when to consider ECMO as a BTD 
in patients with end-stage lung disease not yet listed for lung transplantation. The 

Figure 1. 
Bridge to transplantation decision algorithm. *Pulmonary hypertension (PH). †Atrial septal defect (ASD). 
(ECLS = extracorporeal life support). Adapted from Biscotti et al. [26].
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decision is less about using ECMO-BTT and more about whether to extend ECMO-
BTD to patients whose lung transplant candidate status is unknown and whether the 
patient clinically deteriorates while completing their lung transplant evaluation. Also, 
what if ECMO is needed to facilitate a remaining component of the transplant workup 
if a previously healthy patient has failed all interventions following an acute, irrevers-
ible pulmonary disease. Hoopes and colleagues [22] described a salvage transplant as 
a feasible approach in this cohort. Although the precise relationship between provid-
ing ECMO to patients before active listing and survival to transplant is unknown, 
their study examined 31 patients who successfully had ECMO-BTT, including seven 
patients not yet listed for transplant prior to ECMO initiation. The 1-year outcomes 
of the patients transplanted from an ECMO-BTT was greater than 90% [22]. In this 
context, rescue therapy denotes lung transplantation in patients not listed before ARF. 
In particular, salvage transplantation opens a window for clinically sick patients who 
are not yet listed for lung transplantation, allowing them to be transferred on ECMO 
to a facility and have an expedited evaluation for potential lung transplantation.

Patients with ILD that survived mechanical ventilation to discharge had a very 
limited prognosis without lung transplantation; 1-year survival rates were only 4% 
[36]. In some situations, such as acute exacerbation of ILD, it may be preferable to 
initiate ECMO-BTD, avoid intubation and mechanical ventilation, the use of seda-
tion helping being awake, maintenance in the nutrition status, mobilization avoiding 
frailty, and provide emotional support for the patient and the family, and allowing 
patients who are otherwise considered good candidates to be able to complete the lung 
transplant evaluation.

Ideally, the bridge-to-decision patients have been already evaluated for a lung 
transplant and are hospitalized at an expertise lung transplant and ECMO center 
with adequate ICU resources to support these complex patients with the potential for 
long-term care, and the patient has completed part of the key initial lung transplant 
evaluation so that the remaining of the completed evaluation can be expedited, and 
that the patient does not have any obvious contraindications to be a candidate for lung 
transplantation.

In general, bridge-to-decision patients should have minimal or absent characteris-
tics that have been associated with worse bridge-to-transplant survival. A multidisci-
plinary consensus among the lung transplant physicians, critical care intensivists, and 
ECMO team is essential for a successful transition from ECMO-BTD to ECMO-BTT. 
in addition, daily multidisciplinary rounds, including advanced care planning and 
early palliative care involvement are important. The patient and their family should 
be encouraged to reflect on these implications before deciding to accept ECMO 
bridge-to-decision. The decision to provide ECMO to patients with advanced lung 
disease not yet listed for lung transplant should apply existing data and expert opin-
ion to the clinical circumstance. With tempered judgment and expert care, ECMO can 
provide a pathway to life for patients with end-stage lung disease who are not listed 
for a lung transplant at the time of their critical admission.

Another concern is when patients, who have started ECMO support, are not 
candidates for LTx. This situation is ethically challenging and emotionally charged, 
referred to as a ‘bridge to nowhere“, with obvious implications for the patient, their 
family, the caregivers, the hospital, and the healthcare system” [37]. Therefore, it 
is important to minimize this risk as much as possible through meticulous patient 
selection. Other concerns for decisions on considering patients who are candidates 
for ECMO BTD are those patients who are highly sensitized and have a higher risk 
for worsening sensitization due to ECMO-related needs for blood transfusion and 
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concerns for increased waiting times, infections risk, and vascular complications. 
Other concerns for decisions on considering patients who are candidates for ECMO 
BTD are those patients who are highly sensitized and have higher risk for worsen-
ing sensitization due to ECMO related need for blood transfusion and concerns for 
increase waiting times, infections risk and vascular complications.

Even though ECMO as a BTD can benefit patients and families by giving them 
more time to share with each other and for discussions on collaborative decision-
making. Courtwright et al. states the most common ethical issues involving disagree-
ments among and between healthcare teams, patients, family, and other surrogates, 
particularly when confronted with decisions about the continuation or withdrawal of 
ECMO [38].

4. Conclusions

ECMO is a lifesaving option for patients with advanced lung disease, and ARF 
provided they are suitable candidates for lung transplantation. Salvage transplanta-
tion opens a door for clinically sick patients who are not yet listed for lung transplan-
tation, allowing them to be transferred on ECMO to a facility and have an expedited 
evaluation for potential lung transplantation. There is limited data and a lack of good 
guidelines on candidate selection.

The question regarding using ECMO as a BTD in patients with end-stage lung 
disease not yet listed for lung transplantation and if the patient clinically deteriorates 
while nearing completion of their transplant evaluation, or if ECMO support is 
needed to facilitate completing the lung transplant evaluation, is more challenged 
than whether using ECMO-BTT.

Daily interdisciplinary rounds, advanced care planning, and early palliative care 
involvement are essential. The patient and family should be encouraged to reflect on 
these implications before deciding to accept ECMO-BTD. It is important to have a 
protocol for ECMO withdrawal when not a candidate for LTx. Consensus guidelines 
on ECMO-BTD for patients, not jet listed for LTx as risk stratification to better assess 
those patients who will benefit the most and have the best outcomes post-transplant.
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Chapter 9

The Utility of ECMO in Acute 
Respiratory Distress Syndrome
Ashley K. Binder and Sunit Singla

Abstract

The state of knowledge regarding the adverse effects of mechanical ventilation 
in severe acute respiratory distress syndrome (ARDS) will be reviewed along with 
the benefits and limitations of lung protective ventilation strategies such as low tidal 
volume ventilation, prone positioning, and neuromuscular blockade. The potential 
for the use of ECMO as an ARDS-specific lung protective strategy, particularly as 
technology and experience at major medical centers advances, will be discussed. 
Experiences with the use of ECMO for ARDS during the COVID pandemic will be 
highlighted. Current accepted indications for ECMO in ARDS, based on published 
guidelines and trial data, will be examined. Finally, predictions about future direc-
tions for research in this area will be offered.

Keywords: acute respiratory distress syndrome, refractory hypoxemia, hypoxia, 
respiratory failure, hypoxic respiratory failure, extracorporeal membrane oxygenation, 
mechanical ventilation

1. Introduction

Acute respiratory distress syndrome (ARDS) consists of multiple underlying 
disease pathways and patterns of lung injury. When these progress to acute critical 
illness, all converge on the development of non-cardiogenic pulmonary edema [1]. 
CT chest imaging studies of ARDS patients have revealed that the amount of inflam-
matory pulmonary edema fluid correlates with gravity-dependent alveolar collapse 
[2, 3]. The sterno-vertebral distribution of aeration versus alveolar collapse during 
ARDS is the key to understanding the mechanisms of lung protective ventilatory 
strategies including low tidal volume ventilation, prone positioning, neuromuscular 
blockade, and, in the most severe cases, extracorporeal membrane oxygenation 
(ECMO).

2. Low tidal volume ventilation (LTVV)

The first of these, low tidal volume ventilation (LTVV), has remained the main-
stay of recommended management strategies for ARDS for the past two decades 
as a result of clear mortality benefits elicited in randomized controlled studies 
[4]. It is based on the idea that the functional amount of aerated lung available to 
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participate in tidal ventilation during ARDS is much smaller than normal [5], and 
that the potential detrimental effects of permissive hypercapnic acidosis (to a certain 
extent) are outweighed by the prevention of alveolar stretch-mediated injury during 
mechanical ventilation. While the ideal tidal volume for any given individual patient 
remains a matter of debate, the principle of lung protection from excessive tidal 
volume-induced lung injury, with its consequent reduction in mortality, has been 
confirmed by meta-analyses of multiple randomized controlled trials as well as two 
prospective cohort studies [3, 6–8]. Conversely, poor adherence to LTVV in ARDS has 
been prospectively associated with worse mortality [6, 7].

As pulmonary edema fluid increases, progressive de-recruitment of alveolar 
gas-exchanging units occurs. In moderate to severe forms of ARDS, the degree of 
de-recruitment may be so severe that even the delivery of 100% oxygen is insuf-
ficient to maintain an acceptable level of hemoglobin oxygen saturation/oxygen 
delivery for a critically ill patient. Additional reasons to avoid high amounts of oxygen 
include the potential for increased generation of reactive oxygen species resulting in 
increased tissue injury [9]. In these circumstances, it becomes necessary to recruit 
collapsed alveolar units to participate in gas exchange via the application of positive 
end-expiratory pressure (PEEP). Depending on the severity of gas exchange impair-
ment, the application of PEEP typically ranges between 8 and 20 cm H2O. However, 
when oxygenation is acutely and dangerously low, typically shortly after induction 
and intubation of a severe ARDS patient, high amounts of PEEP (up to 45 cm H2O 
known as a recruitment maneuver) are sometimes temporarily applied for short 
periods of time to emergently recruit collapsed alveolar units. It should be noted that 
the routine, non-judicious application of recruitment maneuvers has been shown to 
increase mortality in ARDS patients [10], and therefore it is reserved only for emer-
gent, salvage situations.

The reason for this lies in the observed heterogeneity of PEEP-responsiveness 
amongst ARDS patients. CT chest imaging studies have identified groups of patients 
who demonstrate near-immediate anatomic recruitment of collapsed alveolar units 
after the application of PEEP versus those who require longer periods of time or who 
do not exhibit any appreciable anatomic recruitment following a recruitment maneu-
ver and/or increases in applied PEEP [11, 12]. Patients who fall closer to this latter 
group along the spectrum of PEEP-responsiveness are susceptible during PEEP appli-
cation to alveolar overdistension in well-aerated regions of the lung (with resultant 
stretch-mediated injury) [12] as well as hemodynamic compromise resulting from 
an imposition on ventricular preload [13]. Furthermore, the excessive application 
of PEEP out of proportion to the degree of responsiveness in any given patient may 
result in functional decruitment due to decreasing perfusion of aerated alveoli.

Prone positioning is utilized to manage patients with relatively low levels of PEEP 
responsiveness. It reduces the recruitment threshold by reducing the compressive 
effects of the heart and abdomen as well as by causing more even pleural pressure 
distribution [14, 15]. The contribution of PEEP non-responsiveness to alveolar over-
inflation and augmentation of lung injury is demonstrated by significant decreases 
in mortality with the use of prone positioning in severe ARDS across multiple studies 
[16–23].

Non-homogenous distribution of pleural pressures during severe ARDS also 
contributes to the development of the injurious phenomenon of “pendelluft” or 
“swinging air” during spontaneous breathing efforts occurring while ARDS patients 
are deeply sedated but not paralyzed on mechanical ventilation [24]. This leads to 
overstretch of dependent aerated lung during early inflation with air moving to these 
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regions without a change in tidal volume. However, the contribution of pendelluft to 
the perpetuation of lung injury during severe ARDS is currently unclear, as data from 
two large randomized controlled studies examining the use of neuromuscular block-
ade are conflicting with regards to a mortality benefit attributable to this management 
strategy [25, 26].

Much of the work done to improve clinical management and outcomes in ARDS 
patients has validated the concept of abrogating further injury by lung protective 
measures. Despite many advances along these lines, mortality from ARDS remains 
high [27], particularly in very severe cases where extreme levels of acidosis and 
hypoxemia limit the safe applicability of lung protective strategies. It is within this 
niche that a role for extracorporeal support has developed, which allows substantial, 
additional lung protection in extreme circumstances via a marked reduction in intrin-
sic gas exchange requirements. The injured lung can therefore be rested and allowed 
to recover without further exacerbation.

3. Studies

Three studies, two major randomized controlled trials and one matched paired 
analysis [28–30], have evaluated the use of ECMO in the clinical care of severe ARDS 
patients. The Conventional ventilatory support versus Extracorporeal membrane oxy-
genation for Severe Acute Respiratory failure (CESAR) trial studied 180 patients with 
severe acute respiratory failure who were randomly assigned either to be referred to a 
single ECMO center in the UK or to undergo continued conventional management as 
outlined above [28]. Severe respiratory failure was defined by the presence of one out 
of two criteria. The first was hypercapnic respiratory acidosis with a pH < 7.20 which 
would limit allowance of further permissive hypercapnia via lung protective ventila-
tory strategies. The second used the Murray lung injury score which is based on the 
ratio of arterial oxygen tension to the fraction of inspired oxygen (PaO2/FiO2), PEEP, 
lung compliance, and chest radiograph appearance [31]. A score of greater than 3 
defined severe respiratory failure. Survival without disability was significantly higher 
in the patients referred to an ECMO center (63% vs. 47%) [28]. However, limitations 
of the study in evaluating the actual efficacy of ECMO for severe ARDS included the 
lack of a homogenous ventilation strategy in the control group, and a high percentage 
of patients that were referred to the ECMO center but never placed on ECMO (25%).

The ECMO to rescue Lung Injury in severe ARDS (EOLIA) trial studied 249 
patients with severe ARDS who received either early venovenous (VV) ECMO or con-
ventional LTTV with late ECMO as a rescue modality [29]. Severe ARDS was defined as 
a PaO2:FiO2 < 50 mm Hg for >3 h or PaO2:FiO2 < 80 mm Hg for >6 h. The group receiv-
ing early ECMO was placed as soon as criteria for severe ARDS were met. The data 
safety and monitoring board overseeing the study stopped the trial early when interim 
results were largely in favor of ECMO [32]. However, in the final analysis the primary 
outcome of 60-day mortality, which remained in favor of ECMO, was not statistically 
significant (46% vs. 35%) [29]. Survival was also much higher in those who received 
ECMO within 2 days after onset of ARDS vs. those who received it later within about 6 
days after onset (65% vs. 43%). Early cessation of the trial along with a high percentage 
of patients that crossed over from conventional LTTV to ECMO as a rescue modality 
may have biased the results away from benefits associated with early ECMO use.

During the H1N1 influenza pandemic of 2009, a study of 75 patients with severe 
ARDS was conducted in a matched pair design [30]. It found that transfer of patients 
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to an ECMO center improved survival considerably (76.3% vs. 47.5%). 85% of trans-
ferred patients were placed on ECMO during the study.

One of the major limitations to conducting well controlled studies in this niche is 
the relative paucity in numbers of severe ARDS patients necessitating the coordina-
tion of large multicenter networks amongst relatively few centers with ample ECMO 
experience. This comes at great expense of time and resources and, as in the case of 
the EOLIA trial, risks underpowering of the study when looking at important differ-
ences in outcomes. Several meta-analyses have attempted to overcome these limita-
tions. One of these reviewed two randomized trials and three observational studies, 
finding that 60-day survival was higher in severe ARDS patients who received VV 
ECMO (66% vs. 53%; RR 0.73, 95% CI 0.58–0.92) [33]. Using a Bayesian random-
effects network metanalysis, another study reviewed 25 randomized clinical trials 
ranking the relative effectiveness of 9 different interventions (including ECMO) in 
moderate to severe ARDS patients undergoing lung protective ventilation [23]. The 
two interventions with the highest-ranking probabilities of significantly lowering 
28-day mortality compared with LTVV alone were prone positioning (PP) and VV 
ECMO (PP: RR 0.69, 95% CI 0.48–0.99; VV ECMO: RR 0.60, 95% CI 0.38–0.93). 
Finally, a meta-analysis that looked at pooled data from both the CESAR and EOLIA 
trials found a 90-day reduced mortality in patients who received ECMO (RR 0.75, 
95% CI 0.6–0.94) [34].

The SARS-CoV-2 pandemic spanning the last few years has dramatically increased 
experience across critical care centers around the world in managing patients with 
severe ARDS, including in the use of ECMO for the most severe cases. Initial observa-
tions by some experts suggested COVID ARDS was much different in its need for lung 
protective strategies compared to non-COVID-related disease [35]. However, subse-
quent detailed analyses revealed a similar distribution of severity, lung compliances, 
recruitment thresholds, and response to lung protective measures, leading expert 
consensus back towards recommending the use of well-established lung protective 
strategies in COVID ARDS [35].

Due to a temporary increase in large numbers of patients with very severe forms 
of ARDS worldwide, experience with the use of ECMO in ARDS has grown during 
the pandemic. While the opportunity for controlled studies has been limited, much of 
this experience has been reported via observational series and retrospective studies.

A retrospective cohort study conducted in Wuhan, China, on critically ill COVID-
19 patients between January 2020 and March 2020 concluded that those who received 
ECMO had significantly lower in-hospital mortality rates compared to those who 
received conventional therapy (58.8% vs. 93.5%, P = 0.001) [36]. Further analysis 
of the cause of death between these two groups revealed that zero of the patients in 
the ECMO group died from ARDS (0 vs. 51.6%, P = 0.000). When death occurred in 
the ECMO group it was more likely to be related to sepsis (17.6% vs. 0, P = 0.025). No 
differences were observed between the two groups for all other causes of death. The 
most common complication noted in the ECMO group was bleeding (84% of patients 
in ECMO group) [36].

Blazoski et al. noted in their literature review how poor the overall mortality of 
COVID-ARDS was compared to influenza-ARDS [37]. For instance, those admit-
ted to the ICU with COVID have a 3.7 times higher risk of death than those who are 
admitted for influenza. Similar outcomes were found in Veteran’s Affairs Hospitals, 
in which the risk of death was noted to be 5 times higher in those admitted for 
COVID than for influenza [37]. To see how ECMO affected these statistics, Blazoski 
et al. looked at the outcomes of ECMO in influenza vs. COVID patients during the 
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first wave of the COVID-19 pandemic. Patients with ARDS secondary to either 
influenza or COVID-19 that were placed on ECMO between August 1, 2010 through 
September 15, 2020 were compared in this retrospective study. Twenty-eight COVID 
patients and 17 influenza patients were included in this study with the survival rates 
being overall better in the influenza group compared to the COVID group (94% vs. 
68%, respectively (P = 0.04) [37]. Further analysis of 30-day survival following 
VV ECMO decannulation also favored the influenza group compared to the COVID 
group, being 76% vs. 54% respectively. However, this finding was not statistically 
significant (P = 0.13). This study found that COVID patients tended to spend more 
time on ECMO support (21 days vs. 12 days, P = 0.25) and had higher rates of new 
infection (50% vs. 18%, P = 0.03) and bacterial pneumonia (36% vs. 8%, P = 0.24) 
when compared to their influenza counterparts [37]. COVID patients in this study 
were more likely to have received immunomodulatory therapy prior to ECMO initia-
tion as part of their treatment, which may have played a role in their higher infection 
risk.

Jäckel et al. conducted an analysis looking at the use of VV ECMO in COVID-19 
ARDS as compared to influenza related ARDS in a retrospective study of patients 
managed between October 2010 and June 2020 [38]. At 30 days following ECMO 
cannulation, 13.35% of COVID-19 ARDS patients vs. 44.7% with influenza were 
discharged alive from their ICU (P = 0.03). COVID-19 patients were also more likely 
to have fewer VV ECMO free days and longer ICU treatment duration than their 
influenza counterparts. 30-day mortality was noted to be higher in the COVID-19 
group but wasn’t found to be statistically significant. This may have been secondary to 
a smaller number of cases in the COVID group compared to the influenza group (15 
vs. 47) [38].

Given the high cost in labor and other resources that are associated with ECMO 
support, prediction models of survival on ECMO have long been sought, and experi-
ence during the pandemic expanded knowledge specifically for severe ARDS patients. 
Zayat et al. conducted a single-center, retrospective observational study examining 
all severe COVID-ARDS patients who received ECMO support between March 1, 
2020 to April 20, 2020 [39]. A total of 83 pre-ECMO variables including biomark-
ers, risk scores, and demographics were evaluated for predictiveness of survival. 
Procalcitonin, IL-6 and NT-proBNP were all remarkably higher in non-survivors 
versus survivors. Data also validated the Respiratory Extracorporeal Membrane 
Oxygenation (RESP) Score [40] as a viable survival prediction tool for patients with 
severe COVID ARDS who undergo ECMO support.

Optimal timing of ECMO initiation for severe ARDS is also a matter of ongoing 
debate, with some experts favoring early institution when it appears that lung protec-
tive strategies will not be viable on the basis of severe acidosis and/or hypoxemia, 
while others favor its institution only after all other lung protective strategies have 
been attempted. Two studies conducted during the pandemic have contributed to this 
debate.

A cohort research study conducted by Giraud et al. included COVID-19 ARDS 
patients admitted to the Geneva University Hospital ICU between March 14 and 
May 31, 2020, who were supported on VV ECMO [41]. Amongst the 10 patients 
studied, mean durations of mechanical ventilation and ECMO were 7 ± 3 days 
and 19 ± 11 days, respectively. Six patients died in the cohort, leaving the study 
mortality at 60%. This study highlighted that survivors had a significantly shorter 
duration on mechanical ventilation prior to ECMO initiation compared to non-
survivors (91 ± 58 h vs. 208 ± 34 h, P = 0.01) as well as a shorter amount of time on 
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Study Characteristics Main Findings Citation

CESAR RCT of Severe ARDS 
patient randomized to 
ECMO or conventional 
therapy

Survival without disability 
higher in ECMO group (63% 
vs. 47%)

doi: 10.1186/1472-6963-6-163

EOLIA RCT of Severe ARDS 
patients randomized 
to early ECMO vs. 
conventional LTVV with 
potential for late ECMO 
initiation

Survival higher in ECMO 
group who were initiated 
2 days after onset of ARDS 
vs. those who were initiated 
within 6 days after diagnosis 
(65% vs. 43%)

doi:10.1056/NEJMoa1800385

Li et al. Retrospective study of 
COVID-19 patients who 
received VV ECMO

COVID-19 patients who 
received ECMO had better 
mortality rates than those who 
received conventional therapy
-COVID-19 patients who 
received ECMO did not die 
from ARDS but rather from 
sepsis/infection

doi: 10.1111/jocs.15833

Blazoski 
et al.

Retrospective study to 
evaluate outcomes of 
ECMO in influenza ARDS 
vs. COVID ARDS

Influenza ARDS had better 
survival rates with ECMO 
than COVID-19 ARDS treated 
with ECMO

doi: 10.1111/jocs.15888

Jackel 
et al.

Retrospective study 
evaluating difference in 
outcomes of influenza 
ARDS on ECMO vs. 
COVID-19 ARDS on 
ECMO

Longer VV ECMO duration 
and ICU duration noted in 
COVID-19 ARDS group

doi: 10.1111/aor.13865

Zayat 
et al.

Retrospective 
observational study of 
COVID-19 patients to 
determine predictors of 
survival

Elevated procalcitonin, IL-6 
and NT-proBNP associated 
with mortality
-High RESP score associated 
with greater chance of 
survival

doi: 10.1111/aor.13873

Giraud 
et al.

Observational and 
retrospective cohort study 
evaluating how timing 
of ECMO initiation 
influences outcomes

It is likely futile to initiate 
ECMO in severe COVID-19 
ARDS patients who have been 
on mechanical ventilation for 
7 days or more
-patients with this profile in 
their study ultimately died

doi: 10.14814/phy2.14715

Kurihara 
et al.

Retrospective cohort 
study of
-COVID-19 vs. non-
COVID-19 ARDS and 
how to determine optimal 
timing of support 
initiation

100% of COVID-19 patients 
initiated on ECMO after 
7 days died
-non-COVID-19 ARDS have 
better odds at survival even if 
initiation of ECMO is delayed 
after 7 days (30.7% mortality)

doi: 10.1111/aor.14090

Presented in order as they appear in chapter.

Table 1. 
Summary of studies.
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ECMO (246 ± 102 days vs. 588 ± 294 days, P = 0.038) and in the ICU (17 ± 6 days 
vs. 32 ± 12 days, P = 0.016). Overall, this meant that those who received longer than 
7 days on mechanical ventilation prior to initiation of ECMO in their study ultimately 
died. The study found no other pre-ECMO variable that was statistically significant 
in predicting survival. The investigators concluded that ECMO is a viable option for 
refractory hypoxemia in COVID-19 patients with ARDS, but that it should be consid-
ered early in their clinical course, as late initiation of ECMO therapy (beyond 7 days 
of mechanical ventilation) is likely futile [41].

The other retrospective cohort study contributing to the debate around tim-
ing was conducted by Kurihara et al. [42]. They similarly reported that COVID-19 
ARDS patients who received more than 7 days of mechanical ventilation prior to 
VV-ECMO initiation had a very high mortality rate. In this study mortality was 100% 
when ECMO initiation was delayed beyond 7 days of mechanical ventilation. The 
COVID-19 ARDS patients who received 7 days or less of mechanical ventilation had 
a 63.1% mortality rate compared to 30.7% in the non-COVID-19 ARDS group. The 
investigators were unable to determine why the 7-day cut off was so significant. Since 
COVID-19 patients typically experience multiple episodes of proning, they decided 
to evaluate if the increased number of proning episodes in COVID-19 patients prior 
to VV ECMO cannulation affected post-ECMO mortality. They did not find a specific 
number of proning episodes that predicted mortality post-ECMO in the COVID-19 
cohort.

4. Conclusion

Taken altogether, the preponderance of research in the field has clearly demon-
strated an exquisite sensitivity of the ARDS lung to stretch-mediated injury with 
strong signals for increased mortality when lung protective strategies are abandoned. 
It follows that in select cases of extremely severe ARDS, a role for extracorporeal 
support exists in which the injured lung is allowed to rest and recover. Although more 
work needs to be done, this hypothesis is supported by the current cache of clinical 
research observations including those derived from experiences during the COVID-19 
pandemic (Table 1). In response to this data, current guidelines established by the 
international Extracorporeal Life Support Organization (ELSO) suggest consid-
eration of ECMO in patients with severe ARDS and refractory hypoxemia (PaO2/
FiO2 < 80 mm Hg), or severe hypercapnic acidosis (pH < 7.25 with a PaCO2 ≥ 60 mm 
Hg) after optimal conventional management including a trial of prone positioning 
(in the absence of contraindications) [43]. Since increased duration of mechanical 
ventilation prior to the institution of ECMO is associated with worsened mortality, 
it is also recommended that optimal medical management be rapidly and maximally 
implemented, and transition to ECMO performed without delay when indicated. 
The only absolute contraindication to the use of ECMO in severe ARDS is anticipated 
nonrecovery without a feasible plan for decannulation or possibility of bridge to 
transplantation [43].

As advancements in ECMO device technology and implementation experience 
continue to reduce complication rates, it is anticipated that future research will be 
sufficiently powered to definitively refine optimal patient selection and timing 
of ECMO implementation in severe ARDS. Advancements in single site cannula-
tion methods, device portability, and experience managing patients on VV ECMO 
without mechanical ventilation have allowed inroads to be made with regards to safe 
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mobility-promoting therapy during extended ECMO support [44], which is inde-
pendently associated with improved outcomes during critical illness [45]. It is hoped 
that these efforts will culminate in continued reductions in the high mortality rates 
associated with this otherwise devastating condition.
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Abstract

Although an established practice in potentially reversible severe respiratory failure, 
extracorporeal membrane oxygenation (ECMO) support remains controversial. Over 
the last 50 years, only 4 large scale randomised controlled trials relating to ECMO 
have been conducted in patients with ARDS. A meta-analysis of only 2 studies has 
demonstrated survival benefit in those supported with ECMO compared to optimal 
conventional therapy. With the advent of the COVID pandemic, ECMO utilisation 
increased, the guidelines evolved, and an unprecedented number of patients were 
referred for and managed with ECMO support. Approximately 15,000 patients have 
been supported to date, predominantly using veno-venous ECMO, with an overall 
in-hospital 90-day mortality of 47%. Although published data reported an increase 
in ECMO mortality to nearly 60% as the pandemic progressed, this was likely multi-
factorial, as subsequent data has demonstrated more promising mortality results. This 
highlights the unique challenges pertaining to patient selection and implementation 
of this finite support amid an evolving pandemic with many unknowns. Judicious and 
ethical patient selection is essential to ensure use for the greatest benefit. In this chap-
ter we will outline the unique pathophysiology and clinical features of COVID-ARDS, 
indications for ECMO referral and patient selection, and implementation during the 
COVID-19 pandemic.

Keywords: COVID-19, ARDS, VV ECMO, COVID-19 pathophysiology, hypoxaemia

1. Introduction

With the outbreak of COVID, extracorporeal membrane oxygen support (ECMO) 
utilisation exponentially increased, and the guidelines on ECMO referral, selection, 
and patient management rapidly evolved to cope with the unprecedented scale of the 
pandemic [1]. To date, an unparalleled number of patients have been referred for and 
managed with ECMO. According to the Extracorporeal Life Support Organisation 
(ELSO) COVID-19 ECMO registry, approximately 15,000 patients have been sup-
ported so far, predominantly using veno-venous ECMO (VV ECMO), with an overall 
in-hospital 90-day mortality of 47% [2]. Although the pandemic led to an upscale 
in ECMO use, ECMO mortality actually increased to nearly 60% as the pandemic 
progressed over 2020 [3]. However, this increase is likely a function of multiple 
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interconnected factors as more recent mortality data has been more optimistic with an 
estimated survival probability of 87% on Day 7 ECMO and 78% at 90-days, compared 
with 83% and 64% respectively in the conventional management group [4]. The type 
of variant, patient demographic and comorbidity, a more severe COVID-ARDS phe-
notype and lack of reversibility, increased and/ or more resistant co-infections (some 
of which are possibly associated with steroids and novel COVID-19 therapies), and 
treatment in a low vs. high volume ECMO centre may have contributed to this mortal-
ity variance. The inconsistency in patient outcomes highlights the unique challenges 
pertaining to judicious and ethical patient selection, and appropriate application of 
this expensive and finite mode of support amid an evolving pandemic with many 
unknowns in order to ensure its use for the greatest benefit.

2. Background

2.1 An overview of COVID-19 pathophysiology

Since its isolation in December 2019 in Wuhan China, the novel severe acute 
respiratory syndrome coronavirus-2 (SARS-CoV-2), and its resultant syndrome 
COVID-19, have affected nearly 567 million people across the globe, with a death toll 
of over 6 million according to the latest data from the World Health Organisation 
[5]. Its clinical presentation has been variable, ranging from asymptomatic “happy 
hypoxaemia”, to one of refractory severe acute respiratory failure in the intensive 
care unit requiring potentially lifesaving extracorporeal support. Approximately 
20% of patients with COVID-19 develop severe COVID pneumonitis, which is 
similar to conventional acute respiratory distress syndrome (ARDS) as defined by 
the Berlin criteria [6, 7].

Severe COVID-19 is the consequence of a virally triggered cytokine storm, resulting 
in initial endothelial inflammation and hypercoagulopathy, rapidly followed by pulmo-
nary oedema, progressive lung parenchymal consolidation, diffuse alveolar damage, 
and pulmonary fibrosis. The interaction between the SARS-CoV-2 spike proteins and 
the angiotensin converting enzyme-2 (ACE2) receptor present on type 2 pneumocytes 
via receptor-mediated endocytosis, has been postulated as the fundamental mechanism 
driving this cytokine response [8]. Although patients generally present with isolated 
respiratory failure, progression to multiorgan failure may be rapid. COVID-related mul-
tiorgan failure and secondary infection related multiorgan failure are the leading causes 
of mortality, accounting for 37% and 26% of deaths respectively [9]. A hypercoagulable 
state is particularly common, and is reflected by increased fibrinogen and D-dimer 
levels in almost all patients, with a concomitant increased incidence of both venous and 
arterial thrombosis, pulmonary thromboembolism, and associated increased mortality 
[10]. Post-mortem studies have demonstrated that the histological hallmark of COVID 
ARDS is diffuse alveolar infiltration with varying degrees of pulmonary vascular 
thrombosis [11–13].

2.2 Hypoxaemia and respiratory system compliance

Although there is progressive hypoxaemia and dyspnoea, the hypoxaemia in 
COVID-19 is often more severe than that expected from the anatomical shunt alone. 
In fact, despite a PaO2/FiO2 ratio < 200 mmHg (26.7 kPa) in moderate-to-severe 
disease, approximately 40–50% of patients have preserved respiratory system 
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compliance (CRS), with peripherally distributed ground glass opacification and 
minimal parenchymal consolidation, which is in stark contrast to the majority of 
non-COVID ARDS [14]. There is a small subgroup of classic ARDS that may have high 
compliance [15]. The underlying mechanisms for the disproportionate hypoxaemia 
are multifactorial, determined by a temporal and spatial heterogeneous mismatch of 
pulmonary ventilation and perfusion, a loss of hypoxic pulmonary vasoconstriction, 
and dysregulated pulmonary blood flow, mainly associated with immunothrombosis, 
endothelial inflammation and neovascularisation [16–18].

COVID-19 patients tend to have preserved CRS despite significant pulmonary 
fibrosis, pulmonary infiltration, pulmonary vascular micro and/ or macro throm-
bosis and resulting hypoxaemic respiratory failure. A range of clinical phenotypes 
may exist. Maiolo et al. proposed 3 distinct groups. Firstly, a high elastance-poor 
compliance group (“H-type”) with a CRS < 40 ml/cm H2O, increased right-to-left 
shunt, increased lung weight, and potentially more recruitable lung. This group 
accounts for 20–30% of COVID ARDS patients in critical care [19]. The second group 
is “Intermediate CRS”, defined as a compliance of 40–50 ml/cm H2O, and finally a 
reduced elastance group (“L-type”) characterised by preserved/ high compliance 
(CRS >50 ml/cm H2O), low ventilation-perfusion ratio, low lung weight, and minimal 
recruitable lung. Camporota et al. have proposed that the earlier phase of COVID 
ARDS is characterised by a high compliance phenotype, with a transition to a poorer 
compliance state as the disease progresses [20]. However, further data has questioned 
the phenotype concept. Several single centre observational studies, including the 
recent COVADIS study, have demonstrated that the mean CRS is actually rather poor, 
c. 30–40 mL/cm H2O. The COVADIS results demonstrated a unimodal distribution 
of CRS around a mean value of 37 ml/ cm H2O, similar to that observed in non-
COVID-19 ARDS. CRS decreased from day 1 to day 14, and interestingly patients 
with higher CRS did not demonstrate faster weaning of mechanical ventilation or 
increased survival in multivariate analyses [21]. Ferrando et al. demonstrated a 
similar mean CRS distribution of 35 ml/cm H2O (IQR: 27–45). However, their find-
ings were likely limited by a high proportion of incomplete data [22]. Factors that may 
partly explain some of the variability in compliance data may be the time since disease 
onset and time from disease onset to intubation. Early in the pandemic, intubation 
tended to occur based on hypoxaemia alone. However, as the pandemic progressed, 
intubation was often deferred until more clinical disease progression occurred 
at which point compliance would have been poor, and of a more typical ARDS 
nature. Mortality in COVID-ARDS does however correlate with poorer compliance 
(CRS < 48 ml/cm H2O) and increased driving pressure, independent of tidal volume 
per kilogramme based on ideal body weight, and even with tidal volumes above the 
accepted 6–8 ml/kg threshold [23]. Notably, patients with COVID ARDS who have a 
reduced CRS together with increased D-dimer concentrations have a worse survival 
prognosis [14].

2.3 Pulmonary hypertension

Pulmonary hypertension leading to acute right ventricular (RV) dysfunction 
+/− failure may occur in COVID ARDS and is associated with a significantly increased 
mortality (48.5% versus 24.7% in patients with and without RV dysfunction respectively; 
56.3% versus 30.6% in patients with or without RV dilatation). Mortality is high even in 
patients with pulmonary hypertension (PH) without RV strain (52.9% versus 14.8%) 
[24]. The underlying mechanism is primarily an increase in RV afterload due to increased 
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pulmonary vascular resistance (PVR). Multiple factors in COVID ARDS contribute to PH, 
elevated PVR, increased RV afterload and, eventually, RV failure. These include hypoxae-
mia, hypercapnia, acidosis, hypoxic pulmonary vasoconstriction, endothelial inflamma-
tion, pulmonary vascular thrombosis, and vascular remodelling. RV dilatation increases 
the RV distending pressure, thereby increasing the pressure gradient for subendocardial 
myocardial perfusion, resulting in impaired RV contractility. Pressure volume overload 
consequently impairs left ventricular function and cardiac output. Although possibly 
more severe in COVID-19 ARDS, RV dysfunction can be alleviated by improving gas 
exchange with VV ECMO [25].

2.4 Management principles in severe COVID-19

The management of severe COVID-ARDS is multimodal, and the intensity of 
support required depends on the phenotype and severity of the disease at presenta-
tion. Potentially reversible severe COVID pneumonitis that is refractory to protective 
lung ventilation, ventilatory adjuncts i.e., prone positioning, inhaled pulmonary 
vasodilators, neuromuscular blockade etc., and also to targeted pharmacological 
therapy i.e., steroids, immunotherapy, and antimicrobial agents may require extra-
corporeal membrane support oxygenation as a bridge to recovery or in exceptional 
cases, lung transplantation [26]. Venovenous (VV) ECMO support is the modality of 
choice in 95.9% of cases, as demonstrated in a systematic review and meta-analysis 
of 18,211 COVID-19 patients by Ling et al. [27] ECMO may also represent an efficient 
support in cases of severe cardiogenic/septic shock refractory to maximal therapy in 
these patients. However, venoarterial (VA) ECMO, conversion to VA ECMO from VV 
ECMO, or use of hybrid ECMO circuits are rare in COVID-19, accounting for <5% 
of all cases [27]. It is also important to consider that patients with other potential 
indications for ECMO support, such as massive pulmonary embolism, myocarditis or 
acute myocardial infarction, may also be COVID-19 positive [28]. Although seen as an 
established therapy in potentially reversible severe respiratory failure, ECMO remains 
controversial. Over the last 50 years, only 4 large scale randomised controlled trials 
have been conducted in patients with non-COVID-ARDS [29–32]. Overall, these stud-
ies have not demonstrated superiority of ECMO over maximal conventional support 
i.e., protective lung ventilation, prone positioning etc. However, a meta-analysis of 
the CESAR and EOLIA studies demonstrated a 90-day mortality benefit in the ECMO 
group (36% vs. 48%; relative risk, 0.75, 95% confidence interval 0.6–0.94; p = 0.013), 
in addition to more ventilator free days and days out of ICU [33].

3. Referral, patient selection, and ethics

ECMO is a complex and resource intensive intervention. Its use is mostly restricted 
to specialist centres globally. Disease severity, reversibility and patient reserve are 
important aspects when considering suitability for ECMO. Selection of patients who 
will ultimately benefit most is crucial to avoid suffering and prolonged futile ICU 
admission, in addition to appropriate allocation of an expensive, finite, and labour-
intensive resource.

ECMO played a crucial role in previous respiratory viral outbreaks, such as the 
Middle East Respiratory Syndrome coronavirus (MERS-CoV2) in 2012, and the 
influenza A virus subtype hemagglutinin 1 neuraminidase 1 in 2009 (H1N1), with 
acceptable survival rates ranging from 65% to 77% [34]. However, it was clear from 
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the start of the COVID-19, that this global outbreak would place an even greater 
strain on healthcare systems worldwide in comparison with its predecessors. Early in 
the pandemic, definitive data to guide clinical decision making for patient selection 
in severe COVID-19 was lacking, and established protocols for the initiation of VV 
ECMO in COVID-19 were therefore largely based on 2 randomised controlled trials of 
ECMO for non-COVID ARDS [29, 30]. As pandemic phases evolved, ELSO adapted 
its guideline recommendations in this regard [1]. The 2020 ELSO guidelines, the 2021 
ELSO update, and guidelines from other international bodies recommended that 
VV ECMO should be considered in all patients with COVID-19 and severe refractory 
hypoxaemia despite optimal conventional therapy [1, 35–38].

Providing complex, finite, and resource intensive therapies such as ECMO during 
a pandemic has unique challenges [39]. During COVID, referral and selection criteria 
for VV ECMO had to be redefined during essential resource planning and allocation in 
order to ethically deploy finite resources. A better understanding of the disease process 
developed as the pandemic progressed, allowing dynamic modification of these 
criteria. As a result, regional ECMO services developed individualised approaches to 
patient selection with a unified aim to ensure that ECMO is offered to those patients 
who are more likely to reap the most benefit [34, 40, 41]. There is however, some 
heterogeneity in published selection criteria based on regional variations in demo-
graphics, pandemic phase, and resource availability [34, 41].

3.1 Referral criteria

Referral for ECMO (Table 1) should be considered in any COVID-19 patient 
with potentially reversible acute hypoxaemic respiratory failure, defined as a PaO2/
FiO2 ratio < 80 mm Hg, refractory to maximal conventional therapy as per the ELSO 
recommended algorithm i.e. treatment of underlying cause, protective lung ventila-
tion, diuresis; followed by prone positioning, increased PEEP, use of neuromuscular 
blockade, and inhaled pulmonary vasodilators +/− recruitment manoeuvres [1]. 
Severity of hypoxemia in COVID-19 respiratory failure is characterised by the partial 
pressure of arterial oxygen to fraction of inspired oxygen (PaO2/FiO2) ratio using 
thresholds recommended in the EOLIA trial [30]. Early referral is particularly impor-
tant for patients deteriorating in non-ECMO centres. Referral should be made as 
early as possible in advance of further deterioration to facilitate timely retrieval and 
transfer to the designated ECMO centre. ECMO initiation should not be delayed due 
to resource constraints; delays in initiation are associated with increased mortality 
in both COVID and non-COVID ARDS [1, 42, 43]. There is no consensus on absolute 
contraindications for referral in COVID ARDS, except in cases of end-stage respira-
tory failure unsuitable for lung transplantation, and also when critical care system 
capacity is at crisis point. The optimal timing of ECMO initiation in relation to intu-
bation remains debatable. In non-COVID ARDS, a duration of mechanical ventilation 
of 7 days or longer is considered to increase the likelihood of irreversibility [29, 33]. 
Contrary to this, as discussed in detail below, there is emerging evidence that this has 
minimal impact on mortality in COVID-19 patients supported with ECMO. However, 
it is still reasonable to assume based on the available evidence, that earlier initiation 
is associated with improved survival [34, 40, 41, 44]. Of note, high intensity and 
prolonged non-invasive ventilation (NIV) in an attempt to avoid intubation during 
the second wave resulted in delayed initiation of evidenced based lung protective ven-
tilation with an increased incidence of barotrauma. Referral criteria were redefined 
by some ECMO experts to consider days of high intensity continuous positive airway 
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pressure (CPAP) or non-invasive ventilation (NIV) as days of mechanical ventilation 
in an attempt to encourage early referral [41].

3.2 Patient selection

Given the required judicious approach to patient selection during a pandemic with 
finite resources, how do we determine who will benefit most? Risk factors for poor 
survival have been identified and are further discussed in the section on mortality 
and morbidity. Overall, increasing age, ECMO centre experience and pre-existing 
concomitant disease are substantial factors congruent worldwide. These factors, in 
addition to premorbid functional capacity, must be considered during the process 
of referral and when deciding to initiate ECMO, in order to determine a realistic 
survival and rehabilitation potential, and also expected quality of life after ECMO. 
For patients with challenging considerations or potential relative contraindications 
(Table 2), it would be reasonable to suggest that at least two ECMO centres should 
agree that it is appropriate to proceed to ECMO in these cases.

3.3 Ethics and ECMO in a pandemic

Although there has been intense debate regarding ethical allocation of critical 
care resources during the COVID-19 pandemic, there has been a paucity of profes-
sional guidance specifically relating to ethics and ECMO allocation, with the notable 
exception of a general ethical guidance document published by ELSO in May 2020 
[45]. An international survey of ECMO practitioners (primarily from the ECMOCard 
group) during the early stages of the pandemic has shed some light on the current 
ethical climate. Probability of survival if treated, pre-existing disability, functional 
status, and patient age were the most cited discriminating factors in decision mak-
ing around maximising patient survival benefit when considering suitability for 

1. Refractory severe hypoxaemia
PaO2/FiO2 ratio < 80 mmHg for >6 hours
OR
PaO2/FiO2 ratio < 50 mmHg for >3 hours

+/− pH < 7.25

+/− PaCO2 > 60 mmHg for >6 hours

2. Uncompensated refractory severe hypercapnia, with or without severe hypoxaemia (PaO2/
FiO2 < 150 mmHg)

*Respiratory rate increased to 35
*Plateau pressure < 32cmH20

3. Lung Injury Score ≥ 3

PLUS

4. Failure of optimal protective lung ventilation and adjunctive therapy

5. Absence of contraindications to extracorporeal support

6. Thorough discussion with a national ECMO centre

Adapted from Badulak et al. [1], Dalia et al. [34], Camporota et al. [41].

Table 1. 
Referral criteria for VV ECMO in severe refractory COVID-19.
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ECMO support. Most participants stated that their criteria for starting ECMO had 
changed during the COVID-19 pandemic, with lower age limits, decreased ECMO 
machine availability, and stricter inclusion criteria. Interestingly, the majority of 

Recommended Consider in individual 
cases**

Not indicated

Age (years) <65 65–69 No definitive consensus
But >70 is associated with much higher 
mortality

Comorbidity No significant 
comorbidity

Immunosuppression 
(within 6 months prior)

BMI > 35

Recent neurosurgical 
procedure

Refusal of blood products or 
anticoagulation

Renal failure Documented end-stage chronic organ 
failure (e.g., COPD, cirrhosis); not for 
device therapy or transplant

Severe acute neurological injury with 
poor prognosis for recovery

Active malignancy

Cardiac arrest >15 min without tissue 
perfusion

Frailty Low Moderate High

Organ 
failure

Isolated 
respiratory 
failure

“Mild” additional organ 
failure

Severe acute multiorgan failure with 
anticipated death despite ECMO 
support

Secondary infections 
with multidrug resistant 
organisms

Mechanical 
ventilation

<7 days >7 days No agreed absolute contraindication

High driving 
pressure > 15 cm 
H2O

Unsuccessful trial of prone 
ventilation ≥6 h

Scoring 
system

Indices of low potential to recover (e.g., a respiratory ECMO Survival 
Prediction [RESP] score of ≤ 3)

Ethics A declared 
or presumed 
patient’s will in 
favour

Patient’s will unclear, next 
of kin undecided

A declared or presumed patient’s will 
against ECMO

System 
capacity

Normal/
expanded 
capacity
Normal/
restricted 
criteria

Near saturation capacity
Highly selective ECMO 
use only

Crisis capacity
No further cannulations possible

Adapted from Badulak et al. [1], Dalia et al. [34], Camporota et al. [41], Karagiannidis et al. [40], and Herrmann 
et al. [44].

Table 2. 
Selection criteria for VV ECMO in severe refractory COVID-19—A graduated approach.
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those surveyed agreed that it would be ethical to give extra priority to a healthcare 
worker who had contracted COVID-19 due to occupational exposure. Decision 
making pertaining to futility and cessation of therapy were predominantly guided by 
lack of benefit to the patient being supported, however, as the pandemic progressed, 
there was an increased move to a more utilitarian approach i.e., they would consider 
discontinuing ECMO in a patient with poor prognostic outcome, in order to provide 
ECMO to a patient more likely to survive [46]. The current ELSO guidance suggests 
that treatment may be regarded as futile and discontinued after 21 days. However, it is 
clear from the published data that COVID patients frequently require more prolonged 
ECMO support compared with other cohorts of up to 5 weeks duration [3, 47].

The process of patient selection is complex and multifactorial and for this reason 
optimal indications for ECMO support in patients with severe COVID-19 ARDS remain 
unknown. It is clear however that the indications for ECMO are moving away from 
rescue therapy and more into an extended form of standard conventional therapy.

Key points

• Patients with severe COVID-19 ARDS should be referred for ECMO early, prefer-
ably within the first week of mechanical ventilation.

• Age, ECMO centre experience, and concomitant disease are major risk factors for 
poor survival.

• Patient selection should be decided on a case-by-case basis guided by multiclini-
cian shared decision making and careful assessment of several immunologic, 
biographic, medical, and prognostic parameters.

• ECMO in COVID-19 is time and resource-intensive, and not all patients will 
benefit from this invasive support. We have an ethical responsibility to select the 
right patient in order to avoid harm.

4.  Outcomes in patients supported with VV ECMO during the COVID-19 
pandemic

4.1 Predicting outcomes in ECMO and COVID ARDS

Prognostication in COVID ARDS patients being considered for ECMO is very  
challenging, particularly due to the inconsistent mortality data reported over the 
course of the pandemic. Various scoring systems have been suggested as an aid to 
improve risk stratification, prognostication, and allocation of resources, particularly 
when the healthcare system is constrained. These include the Respiratory ECMO 
Survival Prediction score (RESP) and the PRedicting dEath for SEvere ARDS on 
VV-ECMO (PRESERVE) score, both of which were developed exclusively for out-
come prediction in patients requiring VV ECMO. Other scoring systems studied in 
ECMO patients include the Roch score, and general critical care scoring systems such 
as Sequential Organ Failure Assessment (SOFA) and SAPS II [48–50]. The RESP 
score was used by some centres during the pandemic to encourage shared decisions 
making amongst experts when faced with particularly high-risk challenging cases 
[41]. A prediction model development study by Moyon et al. demonstrated acceptable 
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discrimination and a good calibration with the RESP score in comparison with 
both the PRESERVE score and more traditional critical care scores e.g., SOFA [51]. 
However, other studies have demonstrated poor predictive ability of all the above 
scoring systems, including the RESP score, with prognostic accuracy ranging between 
approximately 0.5 and 0.6 (based on the area under the receiver operating charac-
teristic curve—AUROC) [52, 53]. The general consensus is that existing scoring tools 
appear to perform poorly in COVID-19 patients, both in terms of those being consid-
ered and those being supported with VV ECMO. They should not be used in isolation 
to guide patient selection or refusal, but should be applied judiciously, in conjunction 
with clinical judgement, expertise, and guideline recommendations.

4.2 Mortality

Initial case studies and case reports of VV ECMO in COVID-19 were discouraging. 
They suggested a high mortality and raised significant concerns regarding its potential 
use in this patient population [54–56]. However, as the pandemic evolved, subsequent 
ECMO COVID-19 outcome data published from the ELSO Registry reported an esti-
mated cumulative incidence of 90-day in-hospital mortality of 37.4% (95% CI 34.4–
40.4), comparable to outcomes after ECMO in non-COVID ARDS [30, 47]. This was 
supported by several other multicentre observational cohort studies [42, 57, 58]. One 
of these, a systematic review and meta-analysis by Ramanathan et al., examined the 
use of ECMO in adult patients with COVID-19 during the first year of the pandemic 
(Dec 2019 to Jan 2021). This included 22 observational studies, with 1896 patients 
included in the meta-analysis, and VV ECMO was used in 98.6% of cases. In-hospital 
mortality in patients receiving ECMO support for COVID-19 was 37.1% during the first 
year of the pandemic, similar to those with non-COVID-19-related ARDS [42].

As the pandemic progressed, mortality with VV ECMO utilisation in COVID-19 
began to increase from the summer of 2020. Barbaro et al. demonstrated that prior 
to May 1st 2020, the COVID-19 ECMO mortality rate was 36.9% (95% CI 34.1–39.7) 
compared with 51.9% (50.0–53.8) for patients who started ECMO after this date. 
Mortality was even higher at 58.9% (55.4–62.3) for patients treated at centres that 
only offered ECMO after this date. This large multicentre retrospective study of 
4812 patients broadly categorised patients as to whether they were managed at early 
adopting (groups A1 and A2) vs. late adopting centres (group B). Not only did they 
demonstrate a 15% increase in mortality over the course of the pandemic, but also 
an increase in the median duration of ECMO support by 6 days. Compared with 
to patients in group A2, group A1 patients had a lower adjusted relative risk of in-
hospital mortality 90 days after ECMO (hazard ratio 0.82 [0.70–0.96]), whereas 
group B patients had a higher adjusted relative risk (1.42 [1.17–1.73]) [3]. The large 
multicentre French cohort study of the ECMOSARS registry data has one of the 
highest in-hospital mortality rates to date of 51%, although this may be due to several 
factors including an older population compared with the ELSO registry and STOP-
COVID studies, a more severe COVID-ARDS phenotype (99% of patients met the 
Berlin definition criteria compared with 79% in the ELSO study, and a longer dura-
tion of mechanical ventilation before ECMO cannulation (median 6 days vs. 4 days in 
the ELSO study population) [47, 57, 59]. A meta-analysis of 6 studies by Bertini et al. 
found that the COVID-19 ECMO cohort had a 1.34 increased relative risk of mortality 
when compared to patients with influenza (44% vs. 38%; RR 1.34; 95% CI 1.05–1.71; 
p = 0.03) [60]. A robust systematic review and meta-analysis by Ling et al., which 
included a cohort of >18,000 COVID-19 patients receiving ECMO between Dec 2019 
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and Jan 2022, found a pooled mortality rate of 48.8%, higher than that reported in the 
review by Bertini et al. [27, 60].

However, other studies have shown more promising results. Shaefi and colleagues 
conducted an emulated target trial using observational data to assess the efficacy 
of ECMO compared with conventional mechanical ventilation in COVID-19. They 
included patients with severe hypoxemia and observed a reduction in mortality with 
ECMO (hazard ratio, 0.55; 95% confidence interval, 0.41–0.74) [57]. Urner et al. 
also performed an emulated target trial similar to Shaefi et al. They conducted a 
multicentre retrospective observational study of 7345 patients with severe COVID-
ARDS admitted between January 2020 and August 2021, 844 of whom received VV 
ECMO support. They demonstrated a significant reduction in hospital mortality by 
7.1% compared with conventional mechanical ventilation without ECMO. Secondary 
analyses revealed several factors that were significantly associated with reduced 
ECMO efficacy which are discussed below [61]. Most recently, Hajage et al. have 
added to the above emulated trial data with their multicentre observational cohort 
study of 2858 patients, 269 of whom were supported with ECMO. Overall survival at 
day 7 of ECMO support was high, and comparable between ECMO and non-ECMO 
survivors (87% vs. 83% respectively). Mortality increased as time progressed, with 
a reported survival rate of 63% at 90-days which was not significantly different 
to that of the conventional management group. However, they did demonstrate a 
significantly improved 90-day survival rate in high volume centres where ECMO 
was initiated early (within the first 4 days of intubation) in severe COVID ARDS; 
survival was 78% on ECMO vs. 64% in the conventional arm [4]. Finally, Whebell 
and colleagues also provided a more optimistic outlook in their multi-centre matched 
retrospective study of COVID-19 patients from 111 hospitals, referred to two special-
ist ECMO centres in the United Kingdom between March 2020 and February 2021 
[62]. Of 1363 patients referred, 243 were retrieved on mobile ECMO to the quaternary 
centre. They demonstrated a marginal odds ratio (OR) for mortality of 0.44 (95% 
CI 0.29–0.68, p < 0.001) and absolute mortality reduction of 18.2% (44% vs. 25.8%, 
p < 0.001) for treatment with ECMO in a specialist centre, compared with patients 
managed conventionally in the referring hospital. The findings from Whebell et al. 
differ compared with other similar cohort studies. In their study, mortality did not 
increase significantly in the ECMO group during the second wave (22.9% vs. 26.1%, 
p = 0.672), however it increased significantly in those managed with conventional 
support (51.9% vs. 62.4%, p = 0.001). This is likely a factor of increased early adjunc-
tive therapy e.g., immunomodulatory agents, and a greater implementation of more 
discerning ECMO selection criteria. Selected patients were also younger, with lower 
SOFA and higher RESP scores, and had less duration of organ support prior to ECMO. 
Notably, a higher proportion of patients with documented ‘perceived futility’ and a 
lower proportion of ECMO treated patients were seen in the second wave [62].

The variability in mortality seen in studies of ECMO support in COVID-19 
patients to date is likely multifactorial (Table 3). Early studies were limited by the 
inclusion of unselected populations and the lack of adequate controls. In addition, 
there were substantial changes in the management of COVID-19 as the pandemic 
evolved, in line with rapidly emerging evidence from large multicentre platform stud-
ies, which may have affected the category of patient progressing to ECMO support 
[63–66]. Patients were frequently supported with high-flow oxygen, non-invasive 
ventilation, awake prone positioning, and immunomodulatory therapy as part of 
standard care which may have mitigated the need to advance to more invasive support 
therapy [67–73]. These developments occurred in parallel with a significant increase 
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in the number of centres providing ECMO support to patients with COVID-19 [74]. 
In general, older age, increasing burden of comorbidity, increased vasopressor 
requirement and need for renal replacement therapy (RRT), and increased bleeding 
complications are more common in COVID-19 patients supported with ECMO who 
die compared with those who survive [75].

It is still unclear whether the use of VV ECMO definitively confers improved 
survival in patients with COVID-19 ARDS. Mortality rates and the duration of sup-
port required have so far been inconsistent. Different studies have shown variable 
outcomes for COVID-19 patients supported with VV ECMO depending on the phase 
of the pandemic [3]. Although Barbaro et al. reported a 90-day in-hospital mortality 
of 37% for COVID-19 patients supported with ECMO, we still do not know the long-
term outcomes of COVID-19 ECMO patients who have survived [3, 47]. The most 
recent 60-day and 90-day ECMO survival data from the more recent emulated target 
trials is however very reassuring [4, 57, 61]. However, the findings from these studies 
must be taken in the context of certain limitations such as lack of random treatment 
allocation and unmeasured confounders which may have biased the study results in 
either direction [76].

4.3 Morbidity

Complications in critically ill patients receiving ECMO are well described, with 
higher incidence associated with longer duration of ECMO support, increased 
duration of mechanical ventilation, and coagulopathy associated with both pharma-
cotherapy and the prothrombotic environment within the ECMO circuit [47, 77–79]. 
The overall incidence of complications, in COVID-19 patients supported with ECMO 
(when defined as complication rates per 1000 hours of ECMO support), excluding 
renal replacement therapy, is 50–60%. Renal complications in general account for 
10–30% overall, depending on the pandemic phase, definition/ parameters used, and 
other patient and treatment factors [3, 42].

Patient factors Treatment factors Organisational factors

Age ≥ 65 Pre-ECMO ventilatory therapy
*duration, intensity
*PaO2/ FiO2 ratio < 80 mmHg
* DP >15cmH20

High volume centre experience

ARDS Phenotype Time interval to ECMO
i.e. symptoms to cannulation

Cannula Fr size

≥ 2 Comorbidities
* Hypertension
* Obesity
* Ischaemic heart disease
* Diabetes

Refractory to ventilatory adjuncts
*Proning
*High PEEP
*NMB
* Inhaled pulmonary vasodilators

Duration of ECMO support

Number of ECMO runs

Pulmonary hypertension +/− 
right ventricular dysfunction

Novel COVID-19 therapies
*steroids
*IL-6 inhibitors

Male

Table 3. 
Summary of factors impacting mortality in COVID-19 patients supported with ECMO.
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Bleeding and thrombosis are common and are associated with increased mortality 
in patients supported with ECMO [80]. A retrospective ELSO registry study analys-
ing bleeding and thrombotic events (BTEs) in 7579 VV-ECMO patients between 
2010 and 2017, the largest multicentre study of its kind to date, reported a 40.2% 
incidence of ≥1 BTEs in patients supported with VV-ECMO. The in-hospital mortality 
rate associated with bleeding and/ or thrombosis was 34.9% in this cohort overall. 
Thrombotic events were more common than bleeding and comprised 54.9% of all 
BTEs. This contrasts with VA-ECMO where bleeding events tend to predominate [81]. 
The most common thrombotic events were circuit clotting (31.8%) and oxygenator/
pump failure (12.7%). Bleeding is common and complicates the course of approxi-
mately 16–60% of patients managed with ECMO [82, 83]. In the aforementioned 
ELSO registry study, cannulation sites (15.5%) and surgical bleeding (9.6%) were 
the most common sources, with medical bleeding accounting for 18.7% of events 
[80]. Intracranial haemorrhage was more common than ischemic stroke (4.5% vs. 
1.9%, respectively). This is consistent with the findings from previous studies in this 
area, which have also reported incidences of other significant bleeding events such as 
gastrointestinal (5.5%) and pulmonary (6.1%) haemorrhage [82, 84]. Major bleeding 
requiring transfusion occurs in 39%, and the mortality associated with bleeding may 
be as high as 48.5% [85, 86]. The overall incidence of neurological complications in 
ECMO is approximately 7–9%, with intracranial haemorrhage accounting for 38% of 
these cases [87]. Of note, during the H1N1 influenza pandemic, intracerebral haemor-
rhage was reported as the commonest cause of death in patients supported with VV 
ECMO [88, 89].

Immune-mediated thrombosis has been postulated as a key mechanism in the 
pathophysiology of COVID-19, and its associated increased thrombotic risk profile. 
Much research has been dedicated to this area, and in finding the optimal antico-
agulation strategy for these patients. However, there is little hard evidence to inform 
us of the specific bleeding and thrombosis risk in COVID-19 patients supported 
with ECMO. To date most of the evidence has come from case series reports. In the 
multicentre ECMOSARS cohort study of approximately 500 COVID-19 patients, 
haemorrhagic complications occurred in 40% patients, thrombosis occurred in 
37%, and neurological complications in 11%. 80% of neurological complications 
were due to haemorrhagic stroke [59]. Interestingly, the incidence of haemorrhagic 
complications was higher compared with the Study of the Treatment and Outcomes 
in Critically Ill Patients with COVID-19 (STOP-COVID), 28% vs. 40%, and also 
that of the ELSO registry study [47, 57]. A follow-on ECMOSARS registry study by 
Mansour et al. analysed all patients in this registry over the course of the first and 
second pandemic waves from February 2020 to the end of March 2022 [90]. In this 
review, 65.5% of patients experienced either bleeding or thrombosis. Interestingly, 
thrombosis rates remained stable over the course of the pandemic (approximately 
35%), while bleeding increased. Bleeding events (49% of patients) were associated 
with a significantly higher in-hospital 90-day mortality of 71.8%, unlike thrombosis 
which was not associated with a significantly increased mortality (adjOR = 1.02 
[0.68–1.53]. The commonest bleeding and thrombosis sites were similiar to previous 
reported studies. Intracranial haemorrhage was independently associated with an 
increased mortality risk (adjOR = 13.5 [4.4–41.5]. Massive transfusion was required in 
10% of bleeding events, and successive bleeding events increased mortality fourfold. 
Independent risk factors for bleeding included the duration of ECMO support and 
ventilation duration ≥7 days prior to ECMO cannulation, whilst a fibrinogen >6 g/ L 
at cannulation was predictive of thrombosis. Barbaro et al. reported similar rates of 
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intracranial, pulmonary and gastrointestinal bleeding in their retrospective multicen-
tre ELSO registry study, however the prevalence of cannula site bleeding events was 
lower (approximately 6% across the study subgroups) compared with the aforemen-
tioned ECMOSARS studies. In addition, they found that haemolytic, haemorrhagic, 
ischaemic, neurological, and mechanical complications were broadly similar in 
both early-adopting vs. late-adopting centres over the course of the pandemic [3]. 
The increased bleeding and lower thrombosis incidence reported by Mansour et al. 
compared with the ECMOSARS and Nunez et al. ELSO studies, particularly in rela-
tion to device thrombosis and membrane failure, is possibly related to the generalised 
augmentation of anticoagulation therapy over the course of the pandemic.

Notably, randomised controlled trials have not demonstrated a clear benefit for 
therapeutic heparin in critically ill patients with COVID-19. However, observational 
study data does suggest evidence of benefit for prophylactic dose low molecular weight 
heparin (LMWH) in non-critically ill COVID-19 patients in terms of organ support 
free days, even in those without a documented thrombotic event, albeit with an 
increased risk of bleeding, and this has formed the basis for widespread prophylactic 
anticoagulation in these patients [91, 92]. Despite increased knowledge of the risks of 
thrombosis and bleeding in immobilised COVID-19 patients supported with ECMO, 
the optimal anticoagulation regimen remains to be fully elucidated. There is no con-
sensus on the optimal choice of anticoagulant, dosing, and duration of treatment; and 
there is significant regional and institutional variability in clinical practice. It becomes 
an even more complex scenario with the addition of ECMO, where a minimum thresh-
old of systemic heparinisation and possibly antiplatelet cover are required to prevent 
circuit thrombosis. However, it is a double-edged sword, as ECMO also depletes host 
antithrombin (AT) levels through haemodilution, coagulation factor activation, and 
consumption by unfractionated heparin, thereby reducing heparin efficacy and poten-
tially increasing the risk of thrombosis. Bleeding risk is also increased in AT depletion 
due to clotting factor consumption by the circuit, and also a relative increased inflam-
matory coagulopathic response due to a lack of AT anti-inflammatory activity [93]. To 
date, ELSO have not made any specific recommendations in this arena beyond usual 
recommended anticoagulation practice for patients receiving ECMO support [1].

Rates of infectious complications in COVID-19 patients on ECMO have been vari-
able. The ECMOSARS Investigators demonstrated a much higher incidence of ven-
tilator associated pneumonia (VAP) and bacteraemia of 51% and 41% respectively, 
compared with STOP-COVID (Study of the Treatment and Outcomes in Critically Ill 
Patients with COVID-19) which reported a 35% incidence of VAP and 18% incidence 
of other infections [57, 59]. This vulnerability to increased infection is likely multi-
factorial, related to the increased duration of mechanical ventilation, increased used 
of immunomodulatory agents e.g. steroids, IL-6 inhibitors etc., increased multidrug 
resistant organisms, and difficulties around maintaining sterility in a high stress and 
resource constrained environment. In the ECMOVIBER (The use of ECMO during the 
coVid-19 pandemic in the IBERian peninsula) study, co-infection at ECMO initiation 
was recorded in 29.8% of cases, although this was not significantly associated with 
increased mortality [43]. Unsurprisingly, the incidence of complications overall is 
significantly higher in non-survivors compared with survivors [59, 75].

4.4 Risk factors associated with morbidity and mortality

Age is the major factor predictive of increased mortality in COVID-ARDS patients 
supported with extracorporeal therapy, with age over 65 increasing mortality 
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four-fold. The relationship between older age, defined in the ELSO guidelines as 
≥65 years, and poorer survival is a constant finding in the COVID-19 literature, 
with OR doubling to 2.7 at 60–70 years and doubling again between 70 and 80 years 
[35, 94]. However, increasing age alone should not automatically exclude suitability 
for ECMO but should be reviewed in combination with pre-existing comorbidity and 
concomitant disease, including organ failure. A male preponderance, ≥2 comorbidi-
ties (particularly hypertension, diabetes, ischaemic heart disease, obesity, immu-
nosuppression), the variant subtype, and a more severe ARDS phenotype with lack 
of reversibility are also associated with worse outcomes [3, 27, 58 , 59, 61, 75, 90]. Of 
note, there is some conflicting evidence to suggest that obesity is not associated with 
poorer outcomes in COVID ECMO patients, including increased 90-day mortality 
[95, 96].

As the pandemic evolved, the nature of pre-ECMO therapies also changed. The 
intensity and duration of these treatments may have impacted on morbidity and 
mortality in patients who went on to be supported with ECMO. For example, in the 
second wave compared with the first, there was a significant difference in the uptake 
of adjunctive therapies i.e., steroids 99.3% vs. 12%; IL-6 inhibitor 13.1% vs. 1%; NIV 
78.2% vs. 49.6%; prone positioning 82.5% vs. 68.7%; and nitric oxide 16% vs. 6.1% 
[62]. In a recent systematic review and meta-analysis, most patients received neuro-
muscular blockade (96.2%) and were positioned prone (84.5%) prior to initiation of 
ECMO [42]. Many of these therapies have an established mortality benefit in COVID-
19, steroids being the main example, and some patients may have a more responsive 
phenotype [97]. Therefore it is possible that the high mortality of approximately 40% 
in COVID ARDS patients supported with ECMO may stem from a selection bias for a 
more treatment resistant phenotype, given that patients who responded well to pro-
tective lung ventilation and adjunctive therapies may not have progressed to require 
ECMO. Immunomodulatory therapy may be associated with increased secondary 
infection, which may also have contributed to a worse ECMO survival rate [98].

The duration of mechanical ventilation pre cannulation has also been a topic of 
debate. Mechanical ventilation for longer than 7–10 days prior has traditionally been 
considered a contraindication to initiation of ECMO support as recommended in the 
2017 and 2020 ELSO guidelines [35]. However, emerging evidence suggests that the 
duration of mechanical ventilation pre ECMO has no significant impact on mortality. 
It is actually the time interval from symptom onset to ECMO cannulation, and the 
driving pressure that are associated with a higher in-hospital mortality in this group 
[42, 43]. The comparative effectiveness of a PaO2/FiO2 ratio-guided vs. driving 
pressure guided ECMO initiation trigger has also been studied, with higher driving 
pressures at cannulation associated with poorer survival [43, 61]. The findings from 
a large registry study of approximately 7000 patients suggest that ECMO is possibly 
most effective if consistently provided to patients with more severe hypoxaemia i.e. 
PaO2/FiO2 < 80 mmHg, or driving pressure > 15 cm H2O [61]. The relationship of 
mechanical ventilation therapy to ECMO survival may be influenced by the timing of 
intubation and IPPV (which tended to be early during the first wave compared with 
subsequent waves), and also as various non-invasive ventilation modalities e.g. high 
flow nasal cannula oxygen, CPAP, NIV etc., began to dominate the initial manage-
ment phase of COVID ARDS.

COVID-19 patients require a prolonged duration of ECMO support compared 
with non-COVID ARDS to achieve successful weaning and ICU survival [30]. 
Approximately 25% of patients required at least 5 weeks or more of ECMO support 
[3, 47]. Interestingly, a longer duration of ECMO is not associated with increased 
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mortality [27, 42]. This may be partly due to survival bias i.e., patients must survive a 
certain duration of time while supported with ECMO to fulfil the criteria for wean-
ing, compared with other patients who may have had ECMO stopped earlier for 
futility or died [27, 42, 99]. Bridging to lung transplantation may also have skewed 
this data, as this would have removed some of the more critically unwell cohort who 
would probably not have survived without transplantation. However, studies report-
ing the use of lung transplantation in COVID-19 have so far been limited primarily to 
case reports and case series [100–102].

Organisational factors are also important to consider when examining mortality 
in COVID-19 patients supported with ECMO, especially given the heterogeneity 
across the major studies in relation to geographical, resource allocation, and temporal 
differences therein. A massive surge in capacity combined with a rapid upskilling of 
non-intensive care staff was required to deliver prompt and effective care to COVID-
19 patients both in the main critical care ward and in non-critical care environments. 
Critical care surge capacity increased up to 155% in total, and 40% of COVID patients 
overall were managed in surge capacity beds. The patient to nurse ratio increased by 
about 25%, with most units requiring non-ICU clinicians and non-ICU nurses to aid 
with the increased workload (58% and 85% respectively). However, ECMO was gen-
erally employed only in the standard critical care bed setting [94]. Criteria for patient 
selection also varied over the course of the pandemic as knowledge of the disease 
evolved and as availability of resources changed [35]. Even now, ethical patient selec-
tion and timing of optimal ECMO initiation remains challenging.

High-volume ECMO centre experience, as measured by the number of ECMO 
runs greater than 30 per year, has a significant benefit on ICU mortality in COVID-
ARDS [3, 44]. This was clearly demonstrated in the emulated target trial study by 
Hajage and colleagues where in high-volume experience centres, survival was 78% on 
ECMO vs. 64% for conventional management [4]. In other studies, survival in low 
vs. higher volume centres has been reported as 20% vs. 38% respectively [44]. The 
volume-survival relationship extends not only to those patients that receive ECMO 
support, but also those who are retrieved or transferred to the specialist high volume 
ECMO centre and do not receive ECMO. This has been demonstrated in non-COVID 
ARDS also [29]. Paradoxically, some healthcare systems demonstrated a higher 
in-hospital mortality across all phases of the pandemic despite being well resourced 
e.g. in Germany, there was an in-hospital mortality of about 70% over the entire 
pandemic, however this may be due to differences in patient selection criteria. The 
clinical and organisational factors associated with mortality in COVID-ARDS patients 
supported with ECMO are summarised in Table 3.

5. Conclusion

The COVID-19 pandemic has presented the most unparalleled global healthcare 
challenge since the influenza pandemic of 1918. Our knowledge of the disease and 
potentially efficacious therapy is constantly evolving, and yet patients with COVID 
ARDS remain at significantly increased risk of poor outcomes, including mortality. 
Although ECMO is a possible lifesaving option in those who are refractory to optimal 
conventional therapy, it is still unclear whether the use of VV ECMO definitively 
confers improved survival in patients with COVID-19 ARDS based on the mortality 
data thus far, although the more recent data is encouraging. We do know however, 
that improved survival depends on numerous factors, including resource allocation, 
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ECMO Predictive Scores, Past, 
Present, and Future
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Abstract

Over the five decades since the first successful reports of extracorporeal membrane 
oxygenation (ECMO) use, ideal patient selection has been an ongoing question. This 
has led to the development of several prognostication tools aimed at identifying risk 
factors associated with poor outcomes. These have spanned neonatal, pediatric and 
adult patients supported on ECMO for cardiac or respiratory failure. The majority of 
these scores have focused on mortality as an objective poor outcome with only 2 adult 
scores looking at long-term neuropsychological outcomes in ECMO survivors. In 
the development of these scores the authors have mainly relied on registry style data 
with limited granularity and focused on immediate pre-ECMO data points without 
incorporation of the evolving patient trajectories leading up to ECMO cannulation. 
While such scores can be useful in both prognostication and as risk stratification 
and quality assessment tools, they all lack practicality on an individual patient level 
with regards to decision making, as these scores have all been developed on data from 
patients already supported on ECMO without a comparable control cohort, to truly 
mimic decision making at the bedside. In this chapter we review the currently avail-
able ECMO prognostication scores, their limitations and potential future directions.

Keywords: ECMO, predictive scores, mortality, predictive analytics, machine learning

1. Introduction

Throughout the history of extracorporeal membrane oxygenation (ECMO) from 
the first reported successful use in an adult patient in 1972 [1] and subsequently in 
neonates with respiratory failure [2], and then followed by the exponential increased 
use in adults following the CESAR trial [3], there has been interest in identifying 
patients who would benefit most from this high-risk resource-intensive therapy. 
Early efforts focused on using predictive scores of severe neonatal respiratory failure 
[4]; Newborn Pulmonary Insufficiency Index (a score developed by plotting serial 
inspired oxygen values with serial pH measurements in the first 24 hours of life) 
[5] and serial alveolar-arterial oxygen gradients (A-a DO2) [6], were deployed with 
mixed results. Since then, there have been extensive efforts at developing tools to aid 
in early identification of patients who would benefit most from timely institution 
of ECMO support and those with a high risk of mortality while being supported 
by ECMO. In this chapter, we provide a review of the currently available ECMO 



Extracorporeal Membrane Oxygenation Support Therapy

142

prediction tools, their development, validation and limitations and an outline of 
potential future directions of ECMO decision support tools.

2. ECMO outcomes prediction scores to date

The need for predictive scoring algorithms is particularly vital with deployment 
of a high resource therapy like extracorporeal life support. Over the last several 
decades various groups have published predictive scores typically focusing on 
mortality, with the hope to help guide clinical decision making for optimal patient 
selection prior to cannulation, and often to help stratify patient risk. The overall 
goal being to help identify patients most likely to benefit, and these scores have 
ranged in accuracy (measured by the Area Under the Receiver Operative Curve) 
from 0.65 to 0.89 [7].

To date, these scores have been focused on the broad pathophysiology of the 
disease necessitating ECMO support; respiratory failure requiring veno-venous (VV) 
ECMO and cardiac failure necessitating support by veno-arterial (VA) ECMO.

2.1 Respiratory failure

2.1.1 Neonatal - congenital diaphragmatic hernia

Congenital diaphragmatic hernia (CDH) continues to be one of the most common 
reasons for ECMO use in the neonatal age group [8]. This unique pathology is char-
acterized by a failure of diaphragmatic development, associated lung hypoplasia and 
subsequent persistent pulmonary hypertension of the newborn (PPHN) and as such 
typically presents with isolated refractory respiratory or combined respiratory and 
cardiac failure shortly after birth [9].

As worsening hypoxia and hypercapnia after birth often exacerbate pulmonary 
hypertension in turn leading to worsening gas exchange and hemodynamics, the 
potential need exists for ECMO as a rescue therapy for those with severe CDH [9]. 
Prediction of CDH severity is often identified prenatally and is based off genetic 
testing, the sidedness of the CDH, liver position (proportion in the thorax), and 
observed to expected fetal lung volume by magnetic resonance imaging (MRI) [10]. 
Despite decades-long use of ECMO for CDH, there continue to ongoing controver-
sies surrounding ECMO use in this unique population. Outcomes remain variable, 
controversy exists regarding if the optimal support modality is VV or VA ECMO and 
the timing of ECMO initiation, as well as if surgical repair is best performed early or 
late and finally if surgical repair should be performed while on ECMO support due 
to the increased possibility of associated bleeding complications [11–14]. The CDH 
working groups for both the Extracorporeal Life Support Organization (ELSO) and 
its European chapter (EuroELSO) have published entry criteria for utilizing severity 
of hypoxemia, impaired ventilation and impaired tissue perfusion prior to ECMO 
as indications and prematurity, weight, comorbidities and duration of mechanical 
ventilation as relative contraindications [15–17].

Currently two CDH ECMO specific mortality risk prediction models exist utiliz-
ing data from the ELSO registry data from 2000 to 2015, including over 4000 ECMO 
supported neonates [18]. Using multivariable logistic regression analyses using both 
complete data sets and 10 imputed data sets, the authors developed two predictive 
models, a pre-ECMO mortality risk score and another on-ECMO mortality risk score. 



143

ECMO Predictive Scores, Past, Present, and Future
DOI: http://dx.doi.org/10.5772/intechopen.106191

By dividing the studied cohort into a two thirds development cohort and a one third 
validation cohort, the authors included pre-ECMO ventilatory settings and adequacy 
of gas exchange as measured by blood pH in addition to CDH specific risk factors 
including CDH sidedness and repair on ECMO. The developed pre-ECMO model per-
formed modestly with C statistics of 0.65. With the addition of on-ECMO complica-
tions; neurologic, renal and infectious, the on-ECMO Prediction model performance 
improved to C = 0.73 (Table 1). The authors recognized the value of these models 
specifically in research and quality improvement projects with cautious application in 
patient management.

2.1.2 Neonatal

Two commonly utilized scores exist to predict ECMO mortality risk in the general 
neonatal population beyond CDH.

The Pittsburgh Index for Pre-ECMO Risk (PIPER) was developed utilizing 5455 
neonatal respiratory VA-ECMO patients from the ELSO registry from 2000 to 2010 to 
predict survival to hospital discharge [19]. PIPER was developed on seven pre-ECMO 
variables including patient characteristics; age, weight and the diagnosis of CDH in 
addition to markers of hemodynamic compromise and severity of respiratory failure 
prior to ECMO initiation; mean arterial blood pressure (MAP), pH, partial pres-
sure of oxygen (pO2) and use of inhaled nitric oxide (iNO). The authors found that 
each increasing quartile had a 15% increased risk of mortality. Despite the focus on 
pre-ECMO risk, the authors also conducted further modeling to include on-ECMO 
variables such as ECMO duration and complications (hemorrhagic, mechanical, neu-
rologic, pulmonary and renal), which increased the predictive power of the PIPER 
model from an area under the receiver operator curve (AUROC) of 0.74 to 0.79. While 
not developed to focus only on CDH patients, CDH was much more common in the 
highest PIPER quartiles. Older age at ECMO initiation was also found to be associated 
with decreased survival [19].

The Neonatal Risk Estimate Score for Children Using Extracorporeal Respiratory 
Support (Neo-RESCUERs) was similarly designed to predict mortality for neonates 
receiving ECMO respiratory support [20]. It was developed and validated on 4592 
neonates in the ELSO registry between 2008 and 2013, with January 1st 2012 as the 
cutoff date between the initial derivation cohort and the subsequent internal valida-
tion dataset. Validation was performed on patients with complete data in addition to 
those with imputed data. The investigators included patient demographics (age, ges-
tational age, birth weight, sex, diagnosis), markers of respiratory and cardiac failure 
(pH, partial pressure of carbon dioxide (PaCO2), ratio of arterial partial pressure of 
oxygen to fraction of inspired oxygen (PF ratio), oxygenation index (OI), and history 
of cardiac arrest) in addition to renal failure and comorbid conditions prior to ECMO 
cannulation (Table 1). They demonstrated their lowest decile having a predicted 
mortality of 4.4% compared to an observed mortality of 7%, and their highest decile 
having a predicted mortality of 67.5% and observed mortality of 65.6%. CDH in this 
group had 11-fold higher adjusted odds for mortality compared to meconium aspira-
tion, pre-ECMO renal failure also had a much higher odds of mortality. As is the case 
with similar registry-based scores, the authors acknowledge the significant limitations 
with reliance on only the available variables in addition to the retrospective nature of 
the study and the inclusion of only ECMO supported patients. As such, they recom-
mend the use of Neo-RESCUERS as a benchmarking and risk stratification tool rather 
than an ECMO decision support tool.
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Score Year Variables Patient cohort

CDH
Pre-ECMO

2018 Prior CDH repair
Critical congenital heart disease
Perinatal infection
Weight
APGARs
Side of hernia
Pre ECMO-Arrest
pH
Ventilator settings

4374 Neonates with CDH 
from
ELSO registry
(2000–2015)

CDH
On-ECMO

2018 Pre-ECMO +
On-ECMO
ECMO settings (pump type)
ECMO associated complications 
(hemorrhage, severe neurologic 
complication, elevated creatinine, dialysis, 
tamponade, CPR, sepsis)

4374 Neonates with CDH 
from
ELSO registry
(2000–2015)

PIPER 2016 Apgar at 5 minutes <7
Birth weight < 3 kg
Age > 10 days
CDH
MAP <49 mm Hg
pO2 < 34 mmHg
Patient not on iNO

5455 on VA ECMO, <30 days 
from
ELSO registry
(2000–2010)

Neo-
RESCUERS

2016 Birth Weight
Gestational Age
Age
Gender
Primary Diagnosis
Comorbidity
Renal Failure
pH
PaO2/FiO2
iNO

4592 patients, <28 days
From ELSO registry
(2008–2013)

PED-
RESCUERS

2016 Comorbidities
Primary diagnosis of Asthma, Bronchiolitis 
or Pertussis
pH
PaCO2
Ventilator settings
Duration of admission and MV prior to 
ECMO
Milrinone

2458 on ECMO for 
respiratory failure, 29 days to 
18 years from
ELSO registry
(2009–2014)

P-PREP 2017 Gender
Age > 10
Year of ECMO support
Primary pulmonary diagnosis
Comorbidities
PF ratio
pH
VV vs. VA
Mechanical ventilation >14 days
HFOV
iNO
Neuromuscular blockade

4352 patients on ECMO for 
respiratory failure, >7 days to 
<18 years from ELSO registry
(2001–2013)
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2.1.3 Pediatric

Two common scores exist to predict mortality in pediatric respiratory failure. 
The Pediatric Risk Estimation Score for Children Using Extracorporeal Respiratory 
Support (Ped-RESCUERS) and the newer Pediatric Pulmonary Rescue with 
Extracorporeal Membrane Oxygenation Prediction (P-PREP) score.

ECMONet 2013 PreECMO hospital length of stay
Mean Arterial pressure
Bilirubin
Creatinine
Hematocrit

60 adult influenza A patients 
with respiratory failure from 
multicenter data (2009 H1N1 
Pandemic)

PRESERVE 2013 Age
BMI
Immunocompromised
SOFA>13
MV > 6 days
No prone positioning prior to ECMO
PEEP <10
Plateau Pressure > 30

140 adult ARDS patients from 
multicenter data (2008–2012)

RESP 2013 Age
Immunocompromised status
Mechanical ventilation prior to initiation of 
ECMO
Acute Respiratory Diagnosis
CNS dysfunction
Acute associated non-pulmonary infection
Cardiac Arrest prior to ECMO
PaCO2
Neuromuscular blockade prior to ECMO
iNO
Bicarb. Level
Peak inspiratory pressure

2355 adult patients with 
respiratory failure from
ELSO registry
(2000–2012)

Roch Score 2014 SOFA score
Age
Influenza Pneumonia

85 adult patients with ARDS 
from single center
(2009–2013)

VV 2016 Immunocompromised
SOFA score
Days of MV

116 adult patients with ARDS 
from single center
(2007–2015)

PRESET 2017 Hospital days pre ECMO
Mean arterial pressure
Lactate
pH
Platelet

108 adult patients with ARDS 
from single center
(2010–2015)

ECMO = extracorporeal membrane oxygenation, CDH = congenital diaphragmatic hernia, MAP = mean arterial 
pressure, pO2 = partial pressure of oxygen, iNO = inhaled nitric oxide, VA = veno-arterial, ELSO = Extracorporeal 
Life Support Organization, CPR = cardiopulmonary resuscitation, PHIS = Pediatric Health Information System, 
MV = mechanical ventilation, VV = veno-venous, HFOV = high frequency oscillatory ventilation, CNS = central 
nervous system, iNO = inhaled nitric oxide, BMI = body mass index, bicarb = bicarbonate, SOFA = Sequential Organ 
Failure Assessment, ICU = intensive care unit, ARDS = acute respiratory distress syndrome, PTSD = post-traumatic 
stress disorder, HRQL = Health Related Quality of Life.

Table 1. 
ECMO mortality prediction scores for respiratory failure.
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Ped-RESCUERS was developed on patients aged 29 days to 18 years, utilizing 
the ELSO registry from 2009 to 2014, with the 2013 to 2014 cohort as the validation 
data set to predict survival to hospital discharge [21]. The model was developed 
and validated on 2458 pediatric patients undergoing ECMO for respiratory sup-
port, with an overall observed mortality rate was 39.8%. In addition to variables 
of severity of respiratory failure up to 6 hours prior to ECMO initiation (pH and 
PaCO2), the authors also included the duration of mechanical ventilation and type 
of mechanical ventilatory support prior to cannulation and specific diagnoses such 
as pertussis, bronchiolitis and malignancy in the model development (Table 1). 
The model had modest performance with an AUROC of 0.69 in the development 
cohort and 0.63 in the validation data set. Similar to clinical experience, they found 
those with bronchiolitis and asthma had relatively better outcomes than those with 
cancer or pertussis, and those requiring ECMO later in their course had increased 
mortality. Interestingly higher pre-ECMO PaCO2 was associated with less mortality, 
the authors speculate this may be due to the association with asthma and bronchi-
olitis and their subsequent survival benefit [21]. Similar to Neo-RESCUERS, the 
authors acknowledge the inability to use Ped-RESCUERS as a decision support tool 
on an individual patient level as the model was only developed on patients already 
supported on ECMO, but rather as a risk adjustment tool to help facilitate inter-
institutional comparisons.

The P-PREP Score was developed and internally validated on 4352 children more 
than 7 days old to less than 18 years old requiring ECMO for respiratory failure in 
the ELSO registry between 2008 and 2013 and then externally validated in 2007 
patients from the Pediatric Health Information System (PHIS) dataset [22]. Predictive 
variables included mode of ECMO support, and pre-ECMO variables such as length 
of mechanical ventilation, severity of hypoxia and diagnosis categories and comor-
bidities (Table 1). As the relative timing of comorbidities to ECMO initiation is not 
recorded in the ELSO registry, all comorbidities were assumed to be present at the 
time of ECMO cannulation. Of interest, the year of ECMO support was included in 
the final P-PREP model given the lower mortality rates in the 2009–2013 era com-
pared to 2001–2009, although not assigned a score in the model calculation. Mode 
of ECMO support and severity of hypoxia were excluded from the external valida-
tion model as these variables are not collected in the PHIS database. The model had 
modest performance in the development, internal and external validation data sets 
(AUROC of 0.69, 0.66 and 0.69 respectively). Mortality was significantly higher in 
patients with two or more extrapulmonary organ system failures. Similar to previous 
models, P-PREP was limited to patients already supported on ECMO and as such 
could not be used as a ECMO decision making risk tool but the authors suggest it may 
aid in prognostication and family counseling for patients supported on ECMO for 
respiratory failure [22].

2.1.4 Adult

Since the 2009 H1N1 influenza A pandemic, there has been an exponential 
increase in ECMO use for adult respiratory failure [23] and as such several risk predic-
tion scores have been developed for this population.

Perhaps the earliest widely used score was the ECMOnet score – developed on 
60 patients from a multicenter 2009 H1N1 influenza A pandemic cohort [24]. The 
authors’ goal was to add consideration to extrapulmonary organ function, and not 
just the severity of respiratory failure in risk stratification for VV ECMO use in 
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respiratory failure, aiming to aid in resource allocation and timing of ECMO initia-
tion. Pre-ECMO predictors associated with mortality included hospital length of 
stay, bilirubin, creatinine, hematocrit and mean arterial pressure with a good model 
performance with an AUROC of 0.85 (Table 1). The results were then validated on 
an external dataset of 74 patients with acute respiratory distress syndrome (ARDS) 
supported on ECMO with an AUROC of 0.69. This tool provided early evidence of the 
importance of the consideration of extrapulmonary organ function at time of ECMO 
initiation.

The Predicting dEath for Severe ARDS on VV-ECMO (PRESERVE) score was 
developed on data from 140 patients with refractory ARDS in three French intensive 
care units from 2008 to 2012 to identify factors associated with death by 6 months 
post-ICU discharge [25]. A large portion of patients (26%) in this group also had 
H1N1 influenza. Eight pre-ECMO predictors were identified including age, body mass 
index, immunocompromised status, prone positioning, sepsis-related organ failure, 
days of pre-ECMO mechanical ventilation, plateau and positive end expiratory pres-
sures (PEEP) (Table 1). Interestingly PF ratio was not found to be associated with 
mortality, but during enrolment of the development cohort increasing evidence had 
been mounting on the benefit of prone positioning. When the authors forced it into 
the model, PF ratio was found to be associated with lower mortality. The PRESERVE 
model performed well with an AUROC of 0.89 at predicting all cause 6-months post-
ICU discharge mortality. The goal of the PRESERVE score was to help clinicians select 
appropriate candidates, and uniquely they provided details on health-related quality 
of life (HRQL) evaluation at 6 months, finding high levels of persistent physical 
and emotional difficulties, including anxiety, depression and post-traumatic stress 
disorder (PTSD) [24].

The Respiratory Extracorporeal Membrane Oxygenation Survival Prediction 
(RESP) score is one of the most commonly clinically used and cited scores, devel-
oped from the ELSO registry data from 2000 to 2012 to predict survival to hospital 
discharge [26]. The authors also externally validated the score on the 140 patients 
used for the development of the PRESERVE score, using commonly available features 
in both datasets. Diagnostic groups, non-pulmonary infections and central nervous 
system dysfunction were significant predictors, again highlighting the importance of 
extrapulmonary organ function prior to ECMO initiation. The RESP score demon-
strated the importance of ECMO specific mortality prediction scores as it performed 
better than simple severity of illness scores such as the simplified acute physiology 
score (SAPS II) and sequential organ failure assessment (SOFA). The RESP score 
includes five risk classes, with the lowest and highest classes having 8% and 82% mor-
tality respectively. An important limitation of the score development was inability to 
incorporate prone positioning, as it was not reported in the ELSO registry data. As 
with the PRESERVE score, duration of mechanical ventilation above 7 days prior to 
ECMO initiation was found to be significantly associated with worse outcomes. The 
authors acknowledge the score limitation in only being developed on patients already 
supported on ECMO in addition to the lack of detailed biologic data in the ELSO 
registry beyond the immediate pre-ECMO blood gas values.

Since its development, the RESP score has been further externally validated in 
several independent studies [27, 28] and studies utilizing external databases compar-
ing both the RESP and PRESERVE score have demonstrated similar accuracy [29, 30]. 
Though several of their variables overlap, which may explain their similar accuracy 
(Table 1). Interestingly, more recent data has shown that the RESP Score performed 
poorly at predicting mortality during the Coronavirus disease 2019 (COVID-19) 
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pandemic – with patients in lower risk classes paradoxically having worse survival 
than those in higher risk classes [31].

The Roch Score was development to identify factors associated with in-hospital 
mortality in 85 ARDS patients treated with ECMO following referral to an ECMO 
center between 2009 and 2013 [32]. All patients were cannulated by a mobile ECMO 
unit prior to transfer to the referral center. ECMO decision making followed criteria 
with exclusion of patients with prolonged mechanical ventilation or ARDS over 
7 days, age above 70 years and those with SOFA scores above 18. The uniqueness of 
this score’s development focusing on referral to an ECMO center, may support its 
 utility in decision to transfer to ECMO centers. It included only limited variables 
(Table 1) including age, SOFA score and influenza diagnosis, making it suitable for 
timely decisions regarding transfer. The authors identified patients that were under 
45 years of age and had a diagnosis of influenza had markedly better prognosis, 
independent of other organ dysfunctions [32].

Another score is the VV-ECMO mortality score [33], which was developed 
on a 116 adult patients single center cohort between 2007 and 2015. The authors 
included only patients with a PF ratio < 70, and independent predictors of in-
hospital mortality included pre-ECMO variables such as SOFA score, length of 
mechanical ventilation and immunocompromised status, which were translated 
into a simple 3 binary variable predictor. The lowest score had a mortality of 18%, 
while the highest had a mortality of 88%, and again emphasized the importance of 
extra-pulmonary organ dysfunction and severity of illness. The authors’ goal was 
to develop a simple risk stratification tool to identify patients with the highest of a 
poor outcome with VV ECMO, for prognostication or consideration of alternative 
support modalities if possible.

The PREdiction of Survival on ECMO Therapy Score (PRESET) was derived on 
108 ARDS patients between 2010 and 2015 [34]. In this work the authors analyzed the 
performance of 4 previous mortality risk scores; ECMOnet, RESP, PRESERVE and 
Roch with only the RESP and ECMOnet score demonstrating good accuracy. There 
was some evidence that the ECMOnet score was most appropriate only in cohorts of 
H1N1 patients. The authors then developed a new score, PRESET. The importance of 
extrapulmonary predictors such as mean arterial blood pressure, lactate, pH, platelets 
and pre-ECMO hospital length of stay were found. The lowest risk class had a 26% 
mortality rate, while the highest had a 93% mortality rate. Platelet count prior to 
ECMO initiation was found to be an important predictor, with a decrease of 100,000/
ul associated with 30% increased mortality. These findings were similar to those 
reported in other critically ill patients [35]. A decrease in pH by 0.1 was also found to 
increase mortality by 40%. Recent studies have also demonstrated the accuracy of the 
PRESET score in COVID-19 patients [36].

Some studies have aimed at externally validating several of these scores with 
varying results, with slightly lower accuracy than initially published in general and 
with some studies showing superior performance of general severity of illness scores 
at predicting in-hospital mortality [37–39].

2.2 Cardiac failure

2.2.1 Pediatric

The Pediatric Extracorporeal Membrane Oxygenation Prediction (PEP) model 
was developed for risk stratifying mortality of all pediatric and neonatal patients 
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requiring ECMO regardless of indication between 2012 and 2014 [40]. The authors 
included on data from 514 patients from the bleeding and thrombosis on extra-
corporeal membrane oxygenation (BATE) dataset to predict in-hospital mortality. 
Variables include indication for ECMO, age, CDH diagnosis, and laboratory markers 
in the 12 hours prior to ECMO initiation, utilizing the data points most proximal and 
prior to ECMO for analysis (Table 2). As with prior scores developed only on ECMO 

Score Year Variables Patient cohort

PEP 2019 Age
Indication for ECMO
CDH
MAS
Baseline pH
PTT
INR
Documented blood infection prior to 
ECMO

514 patients, <19 years, from 
multicenter data (2012–2014)

Pedi-Save 2022 Age
Cardiac diagnostic category
Race
STAT category
pH
Acid buffer requirement prior to 
ECMO
Number of cardiac procedures
Failure to wean from CPB as ECMO 
indication

10,091 patients with a cardiac 
diagnosis, <18 years, from ELSO 
registry
(2001–2015)

SAVE 2015 Age
Weight
Pre-ECMO organ failure
Chronic Renal failure
Pre-ECMO cardiac arrest
DBP before ECMO >40 mmHg
PP before ECMO <20 mmHg
Bicarb. <15 mmol/L
Duration of intubation prior to 
initiation of ECMO
Peak inspiratory pressure < 20 cmH2O

3846 patients with cardiogenic shock 
from
ELSO registry
(2003–2013)

Encourage 2016 Age
Sex
BMI >25
GCS <6
Creatinine
Lactate
Prothrombin activity

138 patients with AMI patients from 
multicenter data (2008–2013)

PREDICT 
VA-ECMO

2018 On-ECMO
pH
Lactate
Bicarb. Level

205 VA-ECMO from single center
(2010–2015)

Simple VA 
ECMO score

2019 Age
Duration of intubation
Lactate
Platelets
Albumin

100 adult patients with cardiogenic 
shock or cardiac arrest from 
multicenter data
(2010–2017)
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patients’ data, the authors acknowledged the inability to generalize the score for 
individual patient prediction or selection for ECMO support. The same group then 
performed an external validation of the PEP score on 4342 patients from the ELSO 
registry between 2012 and 2014 [41]. They found that the score AUROC decreased 
from 0.75 on the BATE data to 0.64 on the ELSO data with the most significant 
decrease in the highest risk deciles.

The Pediatric Survival after Veno-arterial ECMO (Pedi-SAVE) score was recently 
developed utilizing pediatric cardiac VA-ECMO patients from 2001 to 2015 from the 
ELSO registry from birth to 18 years of age [42]. The study included 10,091 patients, 
and both pre- and post-cannulation models were developed. Lowest risk patients 
in the pre- and post-cannulation groups had a 65% and 74% chance of survival 
respectively, compared to the highest risk groups having 33% and 22% compara-
tively. Pre-cannulation factors included type of congenital heart disease with better 
outcomes in patients with non-single ventricle physiology, age, pH, requirement for 
acid-buffer administration, number of cardiac procedures, the Society of Thoracic 
Surgeons-European Association for Cardio-Thoracic Surgery score (STAT), combined 
cardiopulmonary failure and failure to separate from cardiopulmonary bypass prior 
to ECMO initiation (Table 2). The post-cannulation model included pump flow rates 
in the first 24 hours on ECMO and on-ECMO complications [42]. The authors con-
cluded that the developed scores could serve in risk adjustment, comparing outcomes 
between centers and across eras. They also acknowledge the limitations of a registry 
data-based predictive score with lack of granular patient physiological data, inability 
to control for data completeness and most importantly the inability to generalize the 
score to direct individual patient care or guide whether to provide or withdraw ECMO 
support on the individual patient level.

2.2.2 Adult

Several adult prognostic scores exist for ECMO use in the setting of cardiac failure 
exist. The survival after veno-arterial ECMO (SAVE) score sought to identify pre-
ECMO factors which predict survival to hospital discharge, it utilized 3846 patients 
from the extracorporeal life support organization registry between 2003 and 2013 
[43]. The authors performed further validation on an external dataset of 161 patients 

Score Year Variables Patient cohort

CASUS 2018 ICU duration
Lactate
Pressure adjusted heart rate
Intubation status
Renal function
Platelet count
Neurologic status

90 adult VA ECMO patients from 
single center (2011–2012)

ECMO = extracorporeal membrane oxygenation, ELSO = Extracorporeal Life Support Organization, VA = veno-
arterial, DBP = diastolic blood pressure, PP = pulse pressure, bicarb = bicarbonate, AMI = acute myocardial infarction, 
CDH = congenital diaphragmatic hernia, MAS = meconium aspiration syndrome, PTT = partial thromboplastin time, 
INR = international normalization ratio, STAT = The Society of Thoracic Surgeons-European Association for Cardio-
Thoracic Surgery, CPB = cardiopulmonary bypass, PP = pulse pressure, Bicarb = bicarbonate, BMI = body mass index, 
GCS = Glasgow coma scale.

Table 2. 
ECMO mortality prediction scores for cardiac failure.
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who underwent VA ECMO support at a single institution. The developed score 
included 12 variables including underlying diagnosis leading to cardiogenic shock, 
age, weight, pre-ECMO organ failure, duration of mechanical ventilation prior to 
ECMO, pre-ECMO cardiac arrest and hemodynamic profile and degree of metabolic 
acidosis (Table 2). The score gave 5 risk classes with survival percentage ranging from 
18 to 75%. On internal validation, the score had an AUROC of 0.68 that increased to 
0.9 on external validation. The high accuracy may have been due to the validation 
set being a participant in the original registry, and it being a high volume highly 
regimented center. Their findings highlighted the importance of timing for ECMO 
initiation, with too early use exposing patients to unnecessary complications and too 
late use proving futile. The SAVE score also outperformed the SOFA score at both 
cannulation and ICU admission and other ICU severity of illness scores at discrimi-
nating patients who did not survive to hospital discharge, once again highlighting the 
importance of ECMO specific scoring methods [43].

Two other common adult cardiac prognostic scores were developed with more 
limited populations in mind. The prEdictioN of Cardiogenic shock OUtcome foR 
AMI (Acute Myocardial Infarction) patients salvaGed by VA-ECMO (ENCOURAGE) 
score was developed to predict in-ICU mortality from data on 138 patients from 2 
ICUs between 2008 and 2013 [44]. Similarly, to the PRESERVE score the authors 
conducted quality of life assessments on ICU survivors, and found high rates of 
anxiety, depression and PTSD. Seven pre-ECMO predictive variables were identified 
(Table 2) including age, Glasgow coma score, creatinine, lactate, prothrombin activ-
ity, body mass index and sex. The lowest risk group had an 80% survival compared 
to the highest score group having only a 7% survival. In this group of patients with 
acute myocardial infraction, the ENCOURAGE score had an AUROC of 0.84 outper-
forming the SAVE score, and myocardial infraction scores such as the GRACE model 
[45], Dutch University Hospital Model [46] or the SHOCK Trial and Registry Scoring 
system [47]. Limitations included that development heavily relied on data from 2 
highly specialized and experienced centers, limiting its generalizability, in addition 
some of the VA ECMO patients having low markers of impaired end organ perfusion 
(lactate and pH), suggesting either early ECMO initiation or less severe disease at 
initiation of ECMO.

The PREDICT VA-ECMO score was developed on a single center derivation cohort 
of 205 all-comers who received VA ECMO from 2010 to 2015, and validated on a 
cohort from an independent center from 2010 to 2017 [48]. In this work the authors 
set out to develop a dynamic model to predict hospital survival using on-ECMO 
variables at multiple time points. Two models were thus developed; the 6-hour 
PREDICT-VA-ECMO score utilizing variables at 6-hours post ECMO cannulation 
and the 12-hour PREDICT-VA-ECMO incorporating variables at 1, 6 and 12 hours 
post cannulation. The PREDICT VA-ECMO score out performed common severity of 
illness scores, as well as the SAVE score, but with higher accuracy with the 12-hour 
model compared to the 6-hour model (AUROC of 0.823 and 0.839 respectively), with 
comparable performance in the external validation cohort. Variables included lactate, 
pH and bicarbonate (Table 2). It demonstrated good prediction accuracy utilizing 
only a few variables which are easily obtained, and importantly was able to include 
evaluation of extracorporeal cardiopulmonary resuscitation (eCPR) patients.

Other published scores include a simple scoring system developed on a retrospec-
tive cohort of 100 patients between 2010 and 2017 at three institutions, to predict 
survival to discharge. Five variables were ultimately included, lactate >10 mmol/L, 
albumin <3 gm/dL and platelets <180,000/uL as well as age and duration of 
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pre-ECMO mechanical ventilation. The lowest score predicted a mortality of 10%, 
while the highest saw 100% expected mortality [49].

Some studies have also indicated that lactate and urine output are independent 
predictors of mortality in extracorporeal life support patients, and that the cardiac-
surgery score (CASUS) has moderate accuracy compared to simpler severity of illness 
scores such as SOFA [50].

2.3 Limitations of current approaches

Several limitations exist when evaluating the current landscape of ECMO outcome 
prediction tools. Although there is good evidence that these scores perform better 
than standard severity of illness scores, external validation has often shown decreased 
accuracy. Concerningly many of these scores performed poorly during the novel 
COVID-19 pandemic, at a time when patient selection and resource allocation was 
integral [31, 36, 51].

The reasons for poor external validation are likely multifold, while scores 
developed on large international multicenter registry data should have excellent 
external validity, this ignores that these databases often have very poor granularity. 
They fail to account for large center variations which may account for mortality 
differences [52, 53], including variations in anticoagulation strategies [54], ven-
tilator strategies, timing of ECMO initiation and expertise that may exist in high 
volume centers [52, 53, 55]. This is especially true when the underlying population 
receiving ECMO is evolving, as during the COVID-19 pandemic. Static scores lend 
themselves poorly to changing dynamics in population, as ECMO use has con-
tinued to expand since many of these scores have been developed. Furthermore, 
scores developed utilizing large international registry data and at high volume 
ECMO centers may translate poorly to centers outside the registry or lower volume 
or lower resource centers. Particularly concerning is the fact that many of the 
pediatric and neonatal scores lack any significant external validation, limiting 
confidence in their deployment.

Another explanation for many of the current generation of ECMO mortality 
scores’ modest performance may be the tendency to rely on accuracy as a measure of 
performance. Accuracy while made up of sensitivity and specificity, may be less reli-
able if an outcome of interest is less common. Furthermore, clinicians at the bedside 
frequently care about positive and negative predictive values, but these are based off 
prevalence. If centers have large variations in the prevalence of mortality, scores may 
experience wide variance in their ability to predict the outcome of interest.

Using data from both an institutional database of 15 hospitals in a quaternary 
referral center and a multinational dataset spanning 42 countries from the COVID-
19 pandemic, we evaluated the performance of several ECMO mortality prediction 
scores; RESP, PRESERVE, Roch and PRESET [56]. In order to more comprehensively 
evaluate the scores’ performance, we reported both accuracy with AUROC and preci-
sion with area under the precision recall curve (AUPRC) (Table 3). Our results were 
consistent with previous reports during the pandemic with modest performance of all 
the studied scores, further emphasizing their limited clinical applicability, especially 
in the setting of global healthcare system resource limitation.

The current generation of ECMO mortality scores also fails to provide guidance 
to clinicians in what may be the most vital decision – timing of ECMO initiation. The 
lack of data regarding the patients’ pre-ECMO evolving trajectory and reliance on 
static variables often immediately prior to ECMO cannulation, in addition to the lack 
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of a true matched non-ECMO control cohort, significantly limit the utility of all the 
current scores as clinically applicable decision support tools.

Finally, only two of the scores (ENCOURAGE and PRESERVE) included any data 
on outcomes aside from mortality, providing information related to quality of life. As 
mortality improves it likely will become increasingly relevant to begin predicting on 
meaningful clinical outcomes like neurological function and quality of life.

3. Future directions

The continuously expanding use of ECMO internationally has been coupled by 
an evolution in biomedical informatics, artificial intelligence and machine learning 
methodology. This evolution has opened the possibility of exploring more complex 
machine learning methodologies to develop predictive models to better mirror the 
clinical decision-making dilemma.

The COVID-19 pandemic has the unmasked the collaborative potential across 
institutions and even nations to share healthcare data in real time. This opens the 
possibility to develop more granular multi-institutional databases that expand the 
currently available registry data. Such databases would open the potential to not only 
incorporate variables well in advance of ECMO cannulation to better correlate the 
outcomes with patient trajectories, but also allow the comparison with a propensity 
matched cohort of non-ECMO critically ill patients to mirror the influence of decision 
and timing of provision of ECMO support.

The advances in ECMO technology, expanding candidacy and improved out-
comes, demonstrate that the use of mortality as an objective outcome has become 
insufficient. The current landscape of ECMO use mandates a transition from survival 
to functional neurological outcomes as the goal of predictive modeling. Such an 
approach requires agreement in the ECMO community on clearly defined definitions 
for goal neurological outcomes, a task well overdue. Such objective outcomes could 
then be used as goals in predictive model development to better understand the influ-
ence of timing and provision of such high-risk resource-intensive therapy on both 
individual and system levels.

Dataset ECMONet RESP PRESERVE Roch PRESET

Published Datasets AUROC 0.61 0.64 0.69 0.63 0.66

AUPRC

N 404 601 792 430 388

International dataset AUROC 0.57 — — 0.63 0.55

AUPRC 0.49 — — 0.71 0.56

N 328 — — 214 352

Institutional Dataset AUROC 0.54 0.53 0.59 0.53 0.61

AUPRC 0.48 0.49 0.58 0.61 0.61

N 60 54 21 50 50

AUROC = area under receiver operator curve, AUPRC = area under precision recall curve.

Table 3. 
Performance of commonly available ECMO mortality scores in the COVID-19 pandemic.
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4. Conclusions

Over the decades since the first deployment of ECMO its application has 
exponentially increased, and there has been growing interest in developing tools to 
guide clinical decision making, to help aid in patient selection and prognostication. 
While several scores have been developed, they share similar limitations secondary 
to the granularity of the available data, score development approaches, the focus on 
mortality as the main outcome of interest and reliance on data only from patients 
supported on ECMO. This has led to continued efforts to refine and a requirement 
to continuously update these scores. Future directions include a transition from a 
mortality focused approach to an approach focused on identifying objective short and 
long-term neurologic outcomes. Additionally, there is a need to develop tools capable 
of matching the studied ECMO cohort to a non-ECMO cohort of similar severity of 
illness and then develop tools capable of aiding in both patient selection and determi-
nation of the optimal ECMO initiation time to improve both mortality and neurologic 
outcomes.

Conflict of interest

The authors declare no conflict of interest.

© 2022 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 



ECMO Predictive Scores, Past, Present, and Future
DOI: http://dx.doi.org/10.5772/intechopen.106191

155

References

[1] Hill JD et al. Prolonged 
extracorporeal oxygenation for acute 
post-traumatic respiratory failure 
(shock-lung syndrome). Use of 
the Bramson membrane lung. The 
New England Journal of Medicine. 
1972;286(12):629-634

[2] Bartlett RH et al. Extracorporeal 
membrane oxygenation (ECMO) 
cardiopulmonary support in infancy. 
Trans Am Soc Artif Intern Organs. 
1976;22:80-93

[3] Peek GJ 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. Lancet. 
2009;374(9698):1351-1363

[4] Krummel TM et al. Alveolar-arterial 
oxygen gradients versus the neonatal 
pulmonary insufficiency index for 
prediction of mortality in ECMO 
candidates. Journal of Pediatric Surgery. 
1984;19(4):380-384

[5] Cimma R, Risemberg H, 
White JJ. A simple objective system 
for early recognition of overwhelming 
neonatal respiratory distress. Journal of 
Pediatric Surgery. 1980;15(4):581-585

[6] Dibbins AW, Wiener ES. Mortality 
from neonatal diaphragmatic 
hernia. Journal of Pediatric Surgery. 
1974;9(5):653-662

[7] Shah N, Said AS. Extracorporeal 
support prognostication-time to move 
the goal posts? Membranes (Basel). 
2021;11(7):537-548

[8] Harting M, Davis C, Lally K. 
Congenital diaphragmatic hernia and 

ECMO. In: Brogan T, Lequier L, 
Lorusso R, MacLaren G, Peek G, editors. 
Extracorporeal Life Support: The 
ELSO Red Book. 5th ed. Ann Arbor, 
Michigan: Extracorporeal Life Support 
Organization; 2017. pp. 133-150

[9] Rafat N, Schaible T. Extracorporeal 
membrane oxygenation in congenital 
diaphragmatic hernia. Frontiers in 
Pediatrics. 2019;7:336

[10] Cordier AG et al. Prenatal diagnosis, 
imaging, and prognosis in congenital 
diaphragmatic hernia. Seminars in 
Perinatology. 2020;44(1):51163

[11] Schaible T et al. A 20-year experience 
on neonatal extracorporeal membrane 
oxygenation in a referral center. Intensive 
Care Medicine. 2010;36(7):1229-1234

[12] McHoney M, Hammond P. Role 
of ECMO in congenital diaphragmatic 
hernia. Archives of Disease in 
Childhood-Fetal and Neonatal Edition. 
2018;103(2):F178-F181

[13] Puligandla PS et al. Management 
of congenital diaphragmatic hernia: 
A systematic review from the APSA 
outcomes and evidence based practice 
committee. Journal of Pediatric Surgery. 
2015;50(11):1958-1970

[14] Bryner BS et al. Congenital 
diaphragmatic hernia requiring 
extracorporeal membrane oxygenation: 
Does timing of repair matter? Journal of 
Pediatric Surgery. 2009;44(6):1165-1172

[15] Tsao K et al. Congenital 
diaphragmatic hernia in the preterm 
infant. Surgery. 2010;148(2):404-410

[16] Snoek KG et al. Standardized 
postnatal management of infants with 



Extracorporeal Membrane Oxygenation Support Therapy

156

congenital diaphragmatic hernia in 
Europe: The CDH EURO consortium 
consensus-2015 update. Neonatology. 
2016;110(1):66-74

[17] Sebald M et al. Risk of need for 
extracorporeal membrane oxygenation 
support in neonates with congenital 
diaphragmatic hernia treated with 
inhaled nitric oxide. Journal of 
Perinatology. 2004;24(3):143-146

[18] Guner YS et al. Development and 
validation of extracorporeal membrane 
oxygenation mortality-risk models for 
congenital diaphragmatic hernia. ASAIO 
Journal. 2018;64(6):785-794

[19] Maul TM, Kuch BA, Wearden PD. 
Development of risk indices for neonatal 
respiratory extracorporeal membrane 
oxygenation. ASAIO Journal. 
2016;62(5):584-590

[20] Barbaro RP et al. Development and 
validation of the neonatal risk estimate 
score for children using extracorporeal 
respiratory support. The Journal of 
Pediatrics. 2016;173:56-61 e3

[21] Barbaro RP et al. Development 
and validation of the pediatric risk 
estimate score for children using 
extracorporeal respiratory support (Ped-
RESCUERS). Intensive Care Medicine. 
2016;42(5):879-888

[22] Bailly DK et al. Development and 
validation of a score to predict mortality 
in children undergoing extracorporeal 
membrane oxygenation for respiratory 
failure: Pediatric pulmonary rescue with 
extracorporeal membrane oxygenation 
prediction score. Critical Care Medicine. 
2017;45(1):e58-e66

[23] Organization, E.L.S. ECLS 
Registry Report. 2022 [cited 2022 
June 7 2022]. Available from: 
https://www.elso.org/Registry/

InternationalSummaryandReports/
InternationalSummary.aspx

[24] Pappalardo F et al. Predicting 
mortality risk in patients undergoing 
venovenous ECMO for ARDS due 
to influenza a (H1N1) pneumonia: 
The ECMOnet score. Intensive Care 
Medicine. 2013;39(2):275-281

[25] Schmidt M et al. The PRESERVE 
mortality risk score and analysis of 
long-term outcomes after extracorporeal 
membrane oxygenation for severe acute 
respiratory distress syndrome. Intensive 
Care Medicine. 2013;39(10):1704-1713

[26] Schmidt M 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(11):1374-1382

[27] Man MY, Shum HP, Lam SM, 
Yu JSY, King BHS, Yan WW. An external 
validation of scoring systems in mortality 
prediction in Veno-venous extracorporeal 
membrane oxygenation. ASAIO Journal. 
2022;68(2):255-261

[28] Klinzing S et al. External validation 
of scores proposed for estimation 
of survival probability of patients 
with severe adult respiratory distress 
syndrome undergoing extracorporeal 
membrane oxygenation therapy: A 
retrospective study. Critical Care. 
2015;19:142

[29] Kang HR et al. A comparative 
analysis of survival prediction using 
PRESERVE and RESP scores. The Annals 
of Thoracic Surgery. 2017;104(3):797-803

[30] Brunet J et al. Predicting 
survival after extracorporeal 
membrane oxygenation for ARDS: 



ECMO Predictive Scores, Past, Present, and Future
DOI: http://dx.doi.org/10.5772/intechopen.106191

157

An external validation of RESP and 
PRESERVE scores. Respiratory Care. 
2017;62(7):912-919

[31] Joshi H et al. Respiratory ECMO 
survival prediction (RESP) score for 
COVID-19 patients treated with ECMO. 
ASAIO Journal. 2022;68(4):486-491

[32] Roch A et al. Outcome of acute 
respiratory distress syndrome patients 
treated with extracorporeal membrane 
oxygenation and brought to a referral 
center. Intensive Care Medicine. 
2014;40(1):74-83

[33] Cheng YT et al. Developing a simple 
preinterventional score to predict 
hospital mortality in adult venovenous 
extracorporeal membrane oxygenation: 
A pilot study. Medicine (Baltimore). 
2016;95(30):e4380

[34] Hilder M et al. Comparison of 
mortality prediction models in acute 
respiratory distress syndrome undergoing 
extracorporeal membrane oxygenation 
and development of a novel prediction 
score: The PREdiction of survival on 
ECMO therapy-score (PRESET-score). 
Critical Care. 2017;21(1):301

[35] Thiery-Antier N et al. Is 
thrombocytopenia an early prognostic 
marker in septic shock? Critical Care 
Medicine. 2016;44(4):764-772

[36] Tabatabai A et al. Mortality risk 
assessment in COVID-19 Venovenous 
extracorporeal membrane oxygenation. 
The Annals of Thoracic Surgery. 
2021;112(6):1983-1989

[37] Man M-Y et al. An external 
validation of scoring Systems in 
Mortality Prediction in Veno-venous 
extracorporeal membrane oxygenation. 
ASAIO Journal. 2022;68(2):255-261

[38] Wang R et al. Predictive values 
of different critical scoring systems 

for mortality in patients with severe 
acute respiratory failure supported by 
extracorporeal membrane oxygenation. 
Zhonghua Jie He He Hu Xi Za Zhi. 
2016;39(9):698-703

[39] Maca J et al. Extracorporeal 
membrane oxygenation survival: 
External validation of current 
predictive scoring systems focusing on 
influenza a etiology. Artificial Organs. 
2021;45(8):881-892

[40] Bailly DK et al. Development of 
the pediatric extracorporeal membrane 
oxygenation prediction model for risk-
adjusting mortality. Pediatric Critical 
Care Medicine. 2019;20(5):426-434

[41] Bailly DK et al. External validation of 
the pediatric extracorporeal membrane 
oxygenation prediction model for 
risk adjusting mortality. Perfusion. 
2021;36(4):407-414

[42] Geisser DL et al. Development of 
a model for the pediatric survival after 
Veno-arterial extracorporeal membrane 
oxygenation score: The Pedi-SAVE score. 
ASAIO Journal. 2022:9000

[43] Schmidt M et al. Predicting survival 
after ECMO for refractory cardiogenic 
shock: The survival after veno-arterial-
ECMO (SAVE)-score. European Heart 
Journal. 2015;36(33):2246-2256

[44] Muller G 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 Medicine. 
2016;42(3):370-378

[45] Fox KA et al. Management of acute 
coronary syndromes. Variations in 
practice and outcome. Findings from the 
global registry of acute coronary events 
(GRACE). European Heart Journal. 
2002;23(15):1177-1189



Extracorporeal Membrane Oxygenation Support Therapy

158

[46] Cheng JM et al. A simple risk 
chart for initial risk assessment of 
30-day mortality in patients with 
cardiogenic shock from ST-elevation 
myocardial infarction. European Heart 
Journal: Acute Cardiovascular Care. 
2016;5(2):101-107

[47] Sleeper LA et al. A severity scoring 
system for risk assessment of patients 
with cardiogenic shock: A report from 
the SHOCK trial and registry. American 
Heart Journal. 2010;160(3):443-450

[48] Wengenmayer T et al. Development 
and validation of a prognostic model 
for survival in patients treated with 
venoarterial extracorporeal membrane 
oxygenation: The PREDICT VA-ECMO 
score. European Heart Journal: Acute 
Cardiovascular Care. 2019;8(4):350-359

[49] Worku B et al. A simple 
scoring system to predict survival 
after Venoarterial extracorporeal 
membrane oxygenation. The Journal 
of Extra-Corporeal Technology. 
2019;51(3):133-139

[50] Hofmann B et al. Cardiac surgery 
score (CASUS) improves outcome 
prediction in patients treated with 
extracorporal life support (ECLS). 
Perfusion. 2018;33(1):36-43

[51] Zayat R et al. Role of extracorporeal 
membrane oxygenation in critically 
ill COVID-19 patients and predictors 
of mortality. Artificial Organs. 
2021;45(6):E158-E170

[52] Barbaro RP 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(8):894-901

[53] Becher PM et al. Procedural volume 
and outcomes in patients undergoing 
VA-ECMO support. Critical Care. 
2020;24(1):291

[54] Seeliger B et al. Comparison of 
anticoagulation strategies for veno-
venous ECMO support in acute 
respiratory failure. Critical Care. 
2021;24(1):701

[55] Rabie AA et al. Implementation of 
new ECMO centers during the COVID-19 
pandemic: Experience and results from 
the Middle East and India. Intensive Care 
Medicine. 2021;47(8):887-895

[56] ISARIC Clinical Characterisation 
Group, Xue B, Shah N, Yang H, 
Kannampallil T, Marwali E, et al. 2021 
ELSO Meeting Abstracts. ASAIO Journal. 
2021;67:1-57





Extracorporeal Membrane 
Oxygenation Support 

Therapy
Edited by Antonio Loforte

Edited by Antonio Loforte

Extracorporeal membrane oxygenation (ECMO) is very quickly becoming a 
mainstream therapy for patients experiencing acute, severe, and often medically 

refractory cardiopulmonary failure. Over the years, the technology has improved and 
the guidelines, protocols, and indications for therapy have been refined. Similar to 

other “resource-intensive” technologies in which success or failure is often seen and 
experienced in the setting of a brief hospitalization, there is often much interest and 
intrigue when a patient is supported on ECMO. Success requires a team effort and a 

tremendous amount of hard work and effective communication. The hope is that this 
text will serve as a cornerstone for program growth and development as well as an 

inspiration for those intrigued by the potential benefits of ECMO.

Published in London, UK 

©  2023 IntechOpen 
©  Akiromaru / iStock

ISBN 978-1-80356-548-4

Extracorporeal M
em

brane O
xygenation Support Th

erapy

ISBN 978-1-80356-550-7


	Extracorporeal Membrane Oxygenation Support Therapy
	Contents
	Preface
	Chapter1
ECMO in Cath-Lab for Coronary, Structural or Combined Percutaneous Cardiac Interventional High-Risk Procedure
	Chapter2
Venoarterial Extracorporeal Membrane Oxygenation in Cardiac Surgery
	Chapter3
Extracorporeal Membrane Oxygenation for the Support of Adults with Acute Myocarditis
	Chapter4
ECMO as Bridge to HeartTransplantation
	Chapter5
The Role of Extracorporeal Membrane Oxygenation Support after PulmonaryThrombo-Endarterectomy
	Chapter6
LeftVentricular Unloading in v-a ECLS Patients
	Chapter7
How to DoWeaning and Decannulation in Adult Cardiac
	Chapter8
ECMO for Respiratory Failure in the Patient with Advance Lung Disease: A Bridge to Recovery or Decision
	Chapter9
The Utility of ECMO in Acute Respiratory Distress Syndrome
	Chapter10
The Role of VV-ECMO in Severe COVID-19 ARDS
	Chapter11
ECMO Predictive Scores, Past, Present, and Future



