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Abstract 

Purpose: This study aimed to concisely describe the current standards of care, major recent advances, common 
beliefs that have been contradicted by recent trials, areas of uncertainty, and clinical studies that need to be per‑
formed over the next decade and their expected outcomes with regard to extracorporeal membrane oxygenation 
(ECMO).

Methods: Narrative review based on a systematic analysis of the medical literature, national and international guide‑
lines, and expert opinion.

Results: The use of venovenous ECMO (VV‑ECMO) is increasing in the most severe forms of acute lung injury. In 
patients with cardiogenic shock, short‑term veno‑arterial ECMO (VA‑ECMO) provides both pulmonary and circulatory 
support. Technological improvements and recently published studies suggest that ECMO is able to improve patients’ 
outcomes. There are, however, many uncertainties regarding the real benefits of this technique both in hemody‑
namic and respiratory failure, the territorial organization to deliver ECMO, the indications and the use of concomitant 
treatments.

Conclusions: Although there have been considerable advances regarding the use of ECMO in critically ill patients, 
the risk/benefit ratio remains underinvestigated. ECMO indications, organization of ECMO delivery, and use of adju‑
vant therapeutics need also to be explored. Ongoing and future studies may be able to resolve these issues.

Keywords: Extracorporeal membrane oxygenation, Acute respiratory distress syndrome, Cardiogenic shock, 
Research agenda, Position article

Introduction
Extracorporeal membrane oxygenation (ECMO) is an 
old technique that has beneficiated from recent techni-
cal improvements. Interest for venovenous ECMO (VV-
ECMO) for the most severe forms of severe acute lung 
injury, including acute respiratory distress syndrome 
(ARDS) has been renewed since the publication of the 

CESAR study [1] and its extensive use during the H1N1 
pandemic [2–5]. In patients with cardiogenic shock, 
mortality remains high despite advances in treatment. 
Short-term percutaneous mechanical circulatory support 
(MCS) devices can be used for cardiogenic shock patients 
refractory to conventional therapies. Veno-arterial 
ECMO (VA-ECMO) provides both pulmonary and circu-
latory support and can be used as a bridge to myocardial 
recovery or to other therapies such as transplantation or 
the implantation of a long-term ventricular assist device 
(VAD). Even with the many advances in the last decade, a 
lot of uncertainties remain concerning the use of ECMO 
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during respiratory and/or cardiogenic failure. This review 
summarizes recent developments and identifies the main 
areas for future research.

What is the current standard for delivering the best 
possible critical care to patients on extracorporeal 
life support?
VV‑ECMO for acute respiratory failure
Positive results of the CESAR trial [1] and the successful 
rescue of the most severe ARDS cases associated with the 
Influenza A(H1N1) pandemic [2–7] have led to an expo-
nential use of VV-ECMO for acute respiratory failure 
in the last decade. High blood flow through ECMO cir-
cuits to provide full blood oxygenation and  CO2 elimina-
tion is now considered as a reasonable option to support 
patients with severe acute lung injury or status asthmati-
cus refractory to conventional measures. Alternatively, 
VV-ECMO may be applied in less severe patients in 
whom it might allow “lung rest” by lowering airway pres-
sures and tidal volume rather than improving oxygena-
tion per se [8]. Cannulation strategies for VV-ECMO can 
either include two single-lumen cannulas or one double-
lumen cannula, the latter currently can only be implanted 
via the right internal jugular vein [8]. Most commonly, 
the right femoral vein for outflow and the right internal 
jugular vein for return flow are used, although the best 
cannulation configuration has not been tested in rand-
omized trials. Less blood recirculation within the ECMO 
circuit occurs with double-lumen cannulas [9]. They 
might, however, be reserved for selected indications 
(mobilization, groin cannulation impossible), as they are 
more expensive, flow-restricted and potentially more 
hazardous to implant.

Support of the cardiogenic shock patient (Fig. 1)
Although there is no strong scientific evidence to support 
routine MCS therapy in cardiogenic shock patients to 
date [10, 11], its use is increasing since that it can provide 
emergency circulatory support while a definite solution 
is sought.

Most of these highly instable patients receive a device 
as salvage therapy after having already developed signs 
of multiple organ failure. In these situations, mechani-
cal assistance is frequently used as a bridge to deci-
sion, in which cardiogenic shock patients are rescued 
and optimized until cardiac recovery allowing weaning 
from MCS or implantation of a surgical solution such as 
durable VAD or heart transplantation. In the last dec-
ade, VA-ECMO has become the first-line therapy in this 
setting since it provides both respiratory and cardiac 
support, is easy to insert, even at the bedside, provides 
stable flow rates, and is associated with less organ failure 
after implantation compared to large biventricular assist 

devices that require open-heart surgery [12, 13]. Other 
short-term MCS devices are the Impella© (ABIOMED, 
Danvers, MA, USA) which is a catheter-based axial 
pump positioned retrogradely across the aortic valve 
into the left ventricle [14, 15] and the TandemHeart© 
(TandemLife, Pittsburgh, PA, USA) which is an extracor-
poreal centrifugal pump that drains blood from the left 
atrium via a cannula introduced trans-septally through 
the femoral vein and pumps back blood into the femoral 
artery [16]. Compared to VA-ECMO, these systems are 
currently more expensive and are not adapted to patients 
with severe biventricular failure. The traditional configu-
ration for peripheral VA-ECMO involves femoral venous 
drainage and femoral arterial reinfusion. ECMO cannula-
tion can also be performed by direct transthoracic access 
of cardiac cavities following cardiac operations.

Accepted medical indications for MCS may be clas-
sified into the following categories [12, 13]: acute myo-
cardial infarction complicated by cardiogenic shock [13, 
17, 18], acute decompensated heart failure with refrac-
tory cardiogenic shock [12], fulminant myocarditis [19], 
cardiotoxic drug intoxication [20], stress-induced car-
diomyopathy [13], post-cardiac arrest resuscitation syn-
drome [21], decompensated pulmonary vascular disease 
[28–33], or massive pulmonary embolism [34, 35]), the 
highest rate of survival being reported in these case-
series for acute myocardial infarction and fulminant 
myocarditis [17, 19, 22]. In a single-center, retrospective 
study, cardiogenic shock post-MI patients treated with 
PCI and adjunctive ECMO had a higher 30-day survival 
than historical controls without ECMO (60 vs. 35%) 
[18].

MCS therapy can also be initiated in cases of low car-
diac output syndrome after heart surgery [23]. A retro-
spective single-center study of 517 post-heart surgery 
VA-ECMO patients reported a rate of 1.28% with hospital 
survival of only 25% [24]. Successful VA-ECMO therapy 
in primary graft failure following heart transplantation 
is encouraging [25]. Earlier initiation of MCS in cardiac 
surgery, preoperatively or postoperatively, might improve 
the outcomes of these patients [26].

ECMO for cardiac arrest resuscitation (ECPR)
Extracorporeal cardiopulmonary resuscitation with 
ECMO (ECPR) can give a chance for better neurologic 
outcome than conventional CPR for in-hospital (IHCA) 
and out-of-hospital (OHCA) cardiac arrest patients 
[27–29] and contribute to organ donation in those who 
die [28]. A landmark study of 46 IHCA patients demon-
strated that ECPR provided significantly higher 1-year 
survival than conventional CPR [30]. Similar results were 
reported by Shin et  al. in 85 IHCA ECPR patients [31]. 
Results of ECPR for OHCA patients are more contrasted. 



1308

Device
features 

IABP Impella 2.5 Impella CP Impella 5 Impella RP 
HeartMate

PHP
VA ECMO TandemHeart

Pump
mechanism 

Pneuma�c Axial flow Axial flow Axial flow Axial flow Axial flow Centrifugal Centrifugal 

Cannula 8 Fr 13 Fr 14 Fr 23 Fr 9 Fr 

13 Fr at inser�on
24 Fr when 

opened across 
aor�c valve

18-21 Fr inflow 
15–22 Fr
ou�low 

21 Fr inflow 
15–17 Fr
ou�low 

Inser�on 

Percutaneous; 
descending 

aorta via 
femoral artery 

Percutaneous; 
femoral artery 

retrograde 
across aor�c 

valve 

Percutaneous
; femoral 

artery 
retrograde 

across aor�c 
valve 

Surgical cutdown: 
subclavian artery 
retrograde across 

aor�c valve 

Percutaneous; 
femoral vein 

across pulmonic 
valve 

Percutaneous; 
femoral artery 

retrograde 
across aor�c 

valve

Percutaneous 
and surgical; 

inflow via 
femoral vein, 
ou�low via 

femoral artery 

Percutaneous; 
inflow via 

femoral vein into 
le� atrium; 
ou�low via 

femoral artery 

Maximum
implant 
dura�on

7-10 days 7-10 days 7-10 days 2-3 weeks 7-10 days 7-10 days 3-4 weeks 2-3 weeks

Delivered flow Negligible 1.5-2 l/min 2.5–3.5 l/min 4.5-5 l/min >2.5 l/min RV 3.5–4.5 l/min 3-6 l/min 4 l/min 

A�erload Slightly 
reduced 

Neutral Neutral Neutral Neutral Neutral Increased Increased 

LV end-diastolic 
pressure 

Slightly 
reduced 

Slightly reduced Reduced Markedly Reduced 
Neutral or 

slightly 
increased 

Markedly 
Reduced

Increased Reduced 

Haemodynamic
support 

Le� ventricle 
only

Le� ventricle 
only

Le� ventricle 
only

Le� ventricle only
Right ventricle 

only
Le� ventricle 

only
Biventricular Biventricular

Fig. 1 Temporary mechanical circulatory support devices for cardiogenic shock



1309

Single-center studies from Japan, in which transport time 
from scene to ECMO center was around 30 min, reported 
up to 30% survival with good neurological outcome. 
However, a French series of 51 OHCA ECPR patients 
for whom mean ischemic time was 120  min reported 
only two survivors [32]. Survival with favorable neuro-
logical recovery was low although better than in control 
patients (11 vs. 2%), in the largest (260 VF/VT patients) 
multi-center (20 hospitals) prospective observation study 
of ECPR in Japan [33]. Lastly, survival was not improved 
in ECPR OHCA patients in a large Korean nationwide 
OHCA database [34]. Data from all these ECPR studies 
stress that shorter time from collapse to ECMO and then 
early coronary angioplasty are the most important deter-
minants of outcomes.

What have been the major recent advances in the 
field?
Technical breakthrough in ECMO equipment
The renaissance of ECMO for severe cardiac and res-
piratory failures was accelerated by several major tech-
nical developments. First, the old silicon membrane 
oxygenators were replaced by miniaturized, low-resist-
ance poly-methyl-pentene oxygenators. These systems 

offer more effective gas exchange with lower resist-
ance to flow, have smaller priming volumes, are more 
biocompatible with less platelet and plasma protein 
consumption and are coated with a thrombo-resistant 
coating allowing less anticoagulation [6, 35]. Second, 
centrifugal pumps have permitted major improvements 
in efficacy and security over the older roller pumps, 
with less blood cell trauma, no requirement for venous 
reservoirs, and very few failures over weeks of support 
[6, 35]. More recently, the continuing miniaturization 
of devices has permitted the integration of pump and 
oxygenator within one low weight device and has facili-
tated transport by mobile ECMO teams [36]. Lastly, 
sensors without direct blood contact to continuously 
measure pressures as well as hemoglobin and venous 
saturation are useful tools for enhanced circuit and 
patient safety.

Extracorporeal Life Support Organization and the 
International ECMO Network
The Extracorporeal Life Support Organization (ELSO, 
https://www.elso.org) has maintained a large interna-
tional registry since 1989, and has collected data on 
over 75,000 ECMO patients. Important data regarding 

Complica�ons

Limb 
ischaemia + + ++ ++ +/- ++ +++ +++ 

Haemolysis + ++ ++ ++ ++ ++ ++ ++ 

Hemorrhage 
at cannula�on

site 
+ ++ ++ ++ + ++ +++ +++ 

Evidence for 
survival benefit

RCT
Nega�ve 
RCT [65] - Nega�ve RCT 

[15] - - - - -

Propensity 
matched 
cohorts 

- - - - - - Cardiac arrest 
[30, 31] -

Case-series - + + + - - +++ +
Fig. 1 continued

https://www.elso.org


1310

patients’ selection, ECMO results and center organiza-
tion have been derived from the registry over the last 
25  years [37–40]. This organization also provides valu-
able resources to clinicians, ECMO center directors and 
coordinators, hospital directors and health care organi-
zations [9], and organizes regular training activities and 
meetings. Centers providing ECMO should be encour-
aged to join ELSO to benchmark their results against 
other national and international institutions, and partici-
pate in epidemiologic studies.

The recently formed International ECMO Network 
(ECMONet http://www.internationalecmonetwork.org) 
is a growing consortium of ECMO centers and individu-
als dedicated to conducting high-quality, high-impact 
research in the field. By ensuring that expert centers 
adhere to current best practices for the organization and 
conduct of ECMO, this group aims to foster the highest 
quality research.

Regional/National Organization of ECMO support
The soaring growth of centers performing ECMO in 
adult patients has occurred mostly in the absence of 
oversight or coordination [41]. However, recent data 

from the ELSO registry suggested an inverse linear rela-
tionship between case volume and mortality, with cent-
ers performing more than 30 adult ECMO cases per year 
having a significantly lower mortality than centers per-
forming fewer than 6 cases per year [40]. Although the 
minimum acceptable case volume for an ECMO center 
remains controversial, many centers conduct few cases 
annually and outcomes may be suboptimal in this set-
ting [41]. By creating networks of hospitals at the local 
or regional level (Fig. 2), and concentrating case volume 
in expert centers, using standardized protocols for case 
selection and management, outcomes would certainly 
improve. Recent attempts to build regional ECMO net-
works suggest that some of these goals can be met [3, 42, 
43]. However, experience with directing ECMO cases 
to high-volume centers is limited, and has not been sci-
entifically proven superior as a strategy. A recent study 
even suggested that low-volume centers have better 
ECMO in-hospital mortality than high-volume cent-
ers [44], questioning the existence of a positive vol-
ume–outcome relationship in this population. Another 
unresolved issue is the nurse-to-patient ratio for ECMO 
patients [45].

Fig. 2 The regional coverage of England by the National Severe Respiratory Failure Service

http://www.internationalecmonetwork.org
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ECMO retrieval teams
Mobile ECMO retrieval teams might allow safe transpor-
tation under cardiopulmonary support to experienced 
tertiary centers and might ultimately improve survival 
of the sickest respiratory or cardiac failure patients ini-
tially treated in centers where ECMO is not possible. The 
mobile team ideally should be available 24 h a day, 7 days 
a week. and employ experienced personnel trained in the 
transport of critically ill patients, insertion of ECMO can-
nulae, and circuit and patient management [9]. Successful 
transportation of patients on cardiopulmonary support 
by ambulance, helicopter, and fixed-wing aircraft has 
been reported [42, 46–48]. Centers performing ECMO 
should develop specific guidelines and ensure adequate 
staff training to provide uninterrupted availability of 
transport on ECMO. Development of telemedicine is also 
important to improve patients selection for ECMO, and 
also to provide adequate advices regarding alternative 
strategies to ECMO to less experienced centers.

Scoring systems to predict the outcomes
In very recent years, several scoring systems to pre-
dict the outcomes of patients after ECMO for cardiac 
or respiratory indications have been proposed [17, 38, 
49–52]. Respiratory scores constantly demonstrate the 
strong negative impact of older age, immunocompro-
mised status, associated extra-pulmonary organ dys-
function, pre-ECMO duration of mechanical ventilation, 
impaired pulmonary compliance and non-influenza-
induced ARDS diagnosis (Table 1). In addition, the RESP 
and the PRESERVE scores [17, 52] have been consistent 
with recent randomized controlled trials by demonstrat-
ing that pre-ECMO prone positioning and neuromus-
cular blockade were associated with improved survival. 
Interestingly, no predictive score has shown hypoxemia 
to be predictive of survival in this setting. The survival 
after veno-arterial-ECMO (SAVE)-score based on the 
ELSO registry data from 3846 cardiogenic shock patients 
showed that preexisting comorbidities, pre-ECMO organ 
failures and cardiac arrest, lower pulse pressure, and 
lower serum bicarbonate were risk factors associated 
with mortality [38]. The ENCOURAGE score [17], which 
was constructed on data from VA-ECMO-treated acute 
myocardial infarction patients, demonstrated the major 
impact of age, liver and renal failure, coma and serum 
lactated on patients’ survival.

These scoring systems should only be considered 
appropriate for predicting survival in patients for whom 
ECMO has already been initiated. They might help offer-
ing population management information and might 
facilitate risk-adjusted comparison of outcomes between 
institutions, regions, and time periods. They have 
not been validated for prediction of survival in larger Ta
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populations of patients where ECMO has not yet been 
instituted and should be used with great caution to select 
individual patients for cardiac or respiratory ECMO or to 
decide on futility. These scores have still to be prospec-
tively validated and regularly recalibrated on large popu-
lations of patients.

What are the common beliefs that have been 
contradicted by recent trials? (Table 1)
Anticoagulation
Older ECMO circuits using poorly biocompatible mate-
rials required major anticoagulation and were associ-
ated with substantial bleeding. The advent of coated 
circuits has permitted a decrease in anticoagulation, 
small studies reporting that prophylactic systemic 
anticoagulation was possible in ECMO patients with 
reduced incidence of complications [6]. In the setting 
of severe bleeding, the avoidance of anticoagulation for 
as long as 20 consecutive days has even been reported 
[53]. However, proof beyond doubt is missing that oxy-
genator clotting or risk of deep vein thrombosis does 
not increase with less anticoagulation. Anticoagulation 
targets might also be higher for cardiac patients on VA-
ECMO. Rigorous evaluations of anticoagulation use in 
ECMO patients are needed, since practices vary widely 
[7, 54].

Transfusion strategies
The transfusion thresholds for red blood cells and plate-
lets in patients receiving ECMO were traditionally set 
to maintain values close to the normal range (120–140 
G/L and >100  g/L, respectively) [1]. This notion has, 
however, been challenged in recent years [8] as transfu-
sions of blood products are costly, induce alloimmuni-
sation in transplant candidates and might cause specific 
lung injury [55]. Small observational trials indicated that 
ECMO can be successfully conducted in patients with a 
hemoglobin content of less than 80 g/L [56] with consec-
utive reduced need for red blood cell substitution. Simi-
larly, platelet transfusion might be discouraged except 
when severe thrombocytopenia is accompanied by bleed-
ing [8, 9]. More studies are, however, needed in order to 
evaluate the short- and long-term consequences of lower 
transfusion thresholds.

Early mobilization and physical therapy on ECMO
Historically, ECMO patients have been nursed with 
full bed rest and managed with high levels of sedation 
and minimal interventions because of concerns about 
short-term safety [1, 7, 8]. However, prolonged immo-
bility exposes the patient to exacerbated muscle weak-
ness and poor long-term outcomes. A recent systematic 
review of early rehabilitation in adults during mechanical 

Fig. 3 Ambulation in an ECMO patient at the Medical ECMO program, Columbia University Medical Center/New York‑Presbyterian Hospital. Cour‑
tesy of Dr. Daniel Brodie
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ventilation reported that early rehabilitation may improve 
strength, functional recovery at hospital discharge, and 
days alive and at home in the 6 months after critical ill-
ness [57]. Patients receiving ECMO may benefit from 
less sedation and early rehabilitation, and recent studies 
found that rehabilitation, including mobilization (Fig. 3), 
during ECMO was feasible and safe [58, 59].

ECMO as a bridge to lung transplantation
Due to organ shortage, severe respiratory or circula-
tory failure develops in many patients on waiting lists 
for lung transplantation (LTx). Deterioration of wait-
ing list patients commonly triggers the need to proceed 
with transplantation to avoid imminent death despite 
an increased risk of mortality. Therefore, VV- and VA-
ECMO have been increasingly used to bridge patients 
with acute-on-chronic respiratory and/or circulatory 
failure to LTx. In an analysis using United Network for 
Organ Sharing (UNOS) data from 1987 to 2008, patients 
supported preoperatively by mechanical ventilation or 
ECMO had markedly worse survival after LTx compared 
to those transplanted unsupported [60]. More recent 
analyses using UNOS data from 2010 to 2015 showed 
that the adverse influence of ECMO was absent in high-
volume lung transplant centers [61]. A systematic review 
including 14 retrospective studies pointed out that cur-
rent data do not permit a definitive conclusion on the 
efficacy of ECMO as a bridge to transplantation [62]. 
However, these patients may have an acceptable  1-year 
survival [62–64]. These data contradicted the widespread 
belief that the outcome of ECMO patients after lung 
transplantation is dismal [60, 62].

Pathophysiological approach and research in cardiogenic 
shock
From a methodological point of view, the major advance 
has been the proof-of-concept that large randomized tri-
als with mechanical support devices and clinically rel-
evant endpoints (i.e. mortality) are feasible, as shown for 
the use of IABP in the IABP-SHOCK II trial [65]. Com-
mon beliefs in shock research which have been contra-
dicted in recent trials are that: (1) devices that increase 
cardiac output automatically improve prognosis; (2) 
positive haemodynamic findings seen in healthy labora-
tory animals without cardiogenic shock can be uncriti-
cally translated to the patient with cardiogenic shock; (3) 
what seems reasonable from a pathophysiological point 
of view necessarily transforms into clinical benefit; and 
(4) cardiogenic shock is a pure hemodynamic problem. 
Especially, the latter view must be disregarded. Cardio-
genic shock is a hemodynamic problem only at the very 
beginning, and soon becomes a very complex disease, 
with bacterial translocation, overshooting inflammation 

and the development of multiple organ failure [66]. 
Indeed, in patients with cardiogenic shock complicating 
myocardial infarction, the APACHE II score is a better 
predictor of mortality than cardiac output [67].

What are the remaining areas of uncertainties? 
(Table 1)
Risk–benefit evaluation of ECMO support
Although ECMO can improve survival of patients with 
advanced lung and heart disease, there is significant 
associated morbidity with performance of this interven-
tion [68]. Specifically, the use of ECMO for severe ARDS 
remains controversial, with conflicting data regarding 
its impact on survival [69, 70]. A recent study showed 
a rapid increase in the use of ECMO in Germany, while 
mortality remained high [41]. Evidence regarding the 
benefits of temporary MCS in cardiogenic shock not 
responding to standard therapy, including inotropes, is 
also still limited. In a meta-analysis of three randomized 
clinical trials comparing a percutaneous MCS versus 
IABP in cardiogenic shock patients, MCS appeared safe 
and demonstrated better hemodynamics, but did not 
improve 30-day mortality and was associated with more 
bleeding complications [71]. Furthermore, in a recent 
randomized controlled trial involving 48 mechanically 
ventilated cardiogenic shock patients after acute myo-
cardial infarction, the Impella CP was not associated 
with reduced 30-day mortality compared with IABP [15]. 
Based on these results, temporary MCS only received a 
class IIb recommendation from the European Society of 
Cardiology [10].

LV unloading in VA‑ECMO
Peripheral VA-ECMO increases LV afterload that may 
delay myocardial recovery in cases of myocardial infarc-
tion or myocarditis. Excessive LV afterload and lack of 
LV unloading under VA-ECMO might induce serious 
complications such as LV stasis with thrombus forma-
tion, pulmonary edema, myocardial ischaemia caused 
by ventricular distension, and ultimately increased mor-
tality [12, 68, 72, 73]. Current strategies of LV unloading 
in VA-ECMO patients include atrial septostomy, central 
percutaneous cannulation of the left atrium or ventricle, 
combined support with VA-ECMO and Impella, as well 
as concomitant utilization of an IABP [11]. Adding an 
IABP to VA-ECMO was shown to improve hemodynam-
ics, to reduce LV dimensions and to decrease pulmonary 
artery pressures [72]. Furthermore, IABP combined with 
VA-ECMO was independently associated with improved 
mortality and successful weaning from ECMO in a Japa-
nese national inpatient database [73]. Alternatively, asso-
ciation of the Impella device to VA-ECMO might provide 
a greater reduction in LV overload while increasing the 
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net forward flow [14]. Indeed, a recent study suggested 
better outcomes in patients with combined support with 
VA-ECMO and Impella [74].

Mechanical ventilation under VV‑ECMO
The optimal ventilator strategy in VV-ECMO patients is 
not clear [75]. Tidal volume can be very low, resulting in 
near-absent tidal stress and strain, and minimal or absent 
atelectrauma. While some experts endorse a higher PEEP 
strategy (>10 cmH2O) to keep the lung open and prevent 
atelectasis [76, 77], some endorse a strategy that includes 
no external PEEP (i.e., patient extubated) [78]. In a recent 
meta-analysis of 9 VV-ECMO studies, the driving pres-
sure was the only parameter that was independently 
associated with in-hospital mortality [79]. Avoiding inju-
rious mechanical ventilation should therefore be a princi-
ple of lung protection [5, 76, 79].

In general, any mode (e.g., volume/assist-control, 
APRV, NAVA) that can decrease harmful ventilation 
might be used. Once patients stabilize transitioning to 
spontaneous breathing, partial-assist modes (e.g., pres-
sure support ventilation) should be considered.

Nutrition therapy in ECMO patients
Nutrition therapy is used in almost all critically ill 
patients, with no clear evidence about optimal adminis-
tration. A study of 107 ECMO patients in Australia and 
New Zealand to determine current nutrition practice [80] 
showed that enteral nutrition was the most commonly 
used nutrition-delivery mode during ECMO, but was 
interrupted on 53% of study days. The authors reported 
that acceptable amounts of calories and proteins were 
delivered, although these were less than the estimated 
requirements. The two most commonly reported barri-
ers to the delivery of enteral nutrition included fasting for 
a therapeutic or diagnostic procedure and high gastric 
residual volumes.

ECPR
Rescuing cardiac arrest patients with ECMO requires 
disproportionate human, financial and material 
resources. However, to date, long-term outcomes of the 
ECPR patients are still poor compared to other groups 
of ECMO patients [32–34]. Therefore, what should be 
patient selection criteria for ECPR? To reduce low-flow 
time, should on-site ECPR be preferred to rapid transport 
of refractory cardiac arrest patients to the closest ECMO 
center [81]? Would mechanical chest compression device 
give better results than long-term conventional CPR 
awaiting ECMO in this setting? Will additional therapies 
such as therapeutic hypothermia or other brain protec-
tion treatment to attenuate ischemic/reperfusion injuries 
improve neurological outcome?

What the international group of experts 
recommend as the top 10 studies/trials to be 
carried out in the next 10 years, and what are 
expected outcomes/results of these trials (Table 2)
Randomized controlled trial (RCT) of VV‑ECMO for severe 
respiratory failure
Beyond rescuing ARDS patients dying of refractory 
hypoxemia, ECMO may improve the outcomes of less 
severe ARDS patients by facilitating less-damaging ven-
tilation. The ongoing international multicenter rand-
omized Extracorporeal Membrane Oxygenation for 
Severe Acute Respiratory Distress Syndrome (EOLIA, 
NCT01470703) trial may help to resolve the ongoing 
controversy in this indication. This trial tests the efficacy 
of early VV-ECMO in patients with severe (main entry 
criteria  PaO2/FiO2  <  80  mmHg) or refractory ARDS 
compared to conventional mechanical ventilation with 
systematic prone positioning.

RCT of VA‑ECMO or other MCS devices for severe 
cardiogenic shock
Although widely used for over three decades, the IABP-
SHOCK II trial demonstrated that the IABP provided 
no benefit over medical treatment alone in AMI-related 
cardiogenic shock. A large randomized trial should now 
be rapidly conducted to test VA-ECMO, other catheter-
based MCS devices or combination MCS support in this 
setting.

RCT of restrictive or very restrictive transfusion policy 
in ECMO patients
Compared with more liberal strategies, a trial in ECMO 
patients might demonstrate non-inferiority (or even 
superiority regarding patients centered outcomes) of 
transfusion thresholds as low as 70 or 20  g/L for red 
blood cells and platelets, respectively. Patients with ongo-
ing serious bleeding or myocardial ischemia should, how-
ever, be excluded from such trials.

RCT of reduced anticoagulation or alternative 
anticoagulant drugs in ECMO patients
Reducing anticoagulation might result in fewer bleed-
ing complications and ultimately better short- and long-
terms outcomes, especially in patients on VV-ECMO. 
Alternative anticoagulant drugs together with better 
monitoring of the balance between coagulation and anti-
coagulation might also improve patient outcomes.

RCT testing early mobilization and physical therapy 
on ECMO
This study might prove that less sedation and early reha-
bilitation on ECMO is safe and feasible and is associ-
ated with improved strength, faster functional recovery, 
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shorter duration of ICU stay and better long-term 
outcomes.

RCT comparing pre‑hospital versus in‑hospital ECMO 
in refractory cardiac arrest
This study is already recruiting cardiac arrest patients in 
France (ACPAR2, NCT02527031). Patients randomized 
to the experimental group will receive VA-ECMO sup-
port at the site of cardiac arrest within 20–30 min of col-
lapse. Control patients will receive on-site resuscitation 
with secondary transfer to the hospital for ECMO initia-
tion. The primary endpoint of ACPAR2 will be survival 
with good neurological outcome (CPC 1 or 2) 6 months 
following the event.

Drug pharmacokinetics, pharmacodynamics 
and innovative pharmacologic strategies in ECMO patients
Since most drug pharmacokinetics and pharmacodynam-
ics are altered in ECMO patients and can lead to either 
toxicity or treatment failure, future research should 
investigate circuit, drug and critical illness factors that 
can affect drug PK during ECMO [82]. Alternatively, 
it could make sense to combine ECMO support with 
drugs dampening inflammation, autonomous dysfunc-
tion, cytopathic hypoxia and MODS. The inotropic and 

calcium sensitizer Levosimendan might also accelerate 
weaning from VA-ECMO in cardiogenic shock patients.

Physiologic studies evaluating best ventilation strategies 
in VV‑ECMO patients
These studies should test the effects of MV settings 
including PEEP, plateau and driving pressures, modes of 
MV and prone positioning at the different phases of VV-
ECMO support. For example, assessing lung recruitabil-
ity and optimizing PEEP at the individual patient level 
may translate in shorter duration of ECMO and respira-
tory support and even lower mortality [77].

Would regionalization of ECMO with ECMO retrieval teams 
improve outcomes?
A carefully designed trial comparing a coordinated, 
regionalized network of ECMO centers and satellite 
hospitals, with a region hosting a similar population but 
lacking such coordination, will need to be undertaken. 
This should demonstrate a cost-effective improvement in 
outcomes and resource utilization with regionalized care. 
While ECPR would clearly benefit from concentration 
of expertise, satellite facilities may not be served rapidly 
enough by specialized centers. ECPR indications might 
therefore require a separate study.

Table 2 Top 10 studies/trials to be carried out in the next 10 years

Studies/trials Expected outcome/results

1. RCT of VV‑ECMO for severe respiratory failure Lower mortality/better long‑term quality of life with early VV‑ECMO in 
patients with severe or refractory ARDS compared to conventional 
mechanical ventilation with systematic prone positioning

2. RCT of VA‑ECMO or other MCS devices vs. medical treatment only for 
patients with AMI‑related cardiogenic shock

Lower mortality/better long‑term quality of life with early VA‑ECMO or 
other MCS devices

3. RCT of restrictive or very restrictive transfusion policy in ECMO patients Transfusion thresholds as low as 70 or 20 g/L for red blood cells and plate‑
lets associated with less transfusion, less cost, less complications and 
similar short‑ and long‑term outcomes

4. RCT of reduced anticoagulation or alternative anticoagulant drugs in 
ECMO patients

Fewer bleeding complications and ultimately better short‑ and long‑terms 
outcomes

5. RCT testing early mobilization and physical therapy on ECMO Less sedation and early rehabilitation on ECMO, feasible, safe, and associ‑
ated with improved strength, faster functional recovery, shorter duration 
of ICU stay and better long‑term outcomes

6. RCT comparing pre‑hospital vs. in‑hospital ECMO in refractory cardiac 
arrest

Feasibility of pre‑hospital ECMO. Cost and results compared to immediate 
transfer on CPR and in‑hospital ECMO initiation

7. Drug pharmacokinetics, pharmacodynamics and innovative pharmaco‑
logic strategies in ECMO patients

Impact of circuit, drug and critical illness factors on drug PK during ECMO. 
Less toxicity or treatment failure with optimized drug dosing on ECMO

8. Physiologic studies evaluating best ventilation strategies in VV‑ECMO 
patients

Effects of individualizing MV settings including PEEP, plateau and driving 
pressures, modes of MV and prone positioning on duration of ECMO and 
respiratory support and mortality

9. Studies of regionalization of ECMO service with ECMO retrieval teams Coordinated, regionalized network of ECMO centers and satellite hospitals 
is cost‑effective and improves outcomes and resource utilization

10. Large international retrospective and prospective cohorts to refine 
indications, to evaluate long‑term outcomes and to explore ethical 
issues in ECMO patients

Real‑life data to refine indications, improve scoring algorithms and explore 
ethical issues of ECMO patients, their proxies and the ICU staff
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Retrospective and prospective cohorts to refine 
indications, to evaluate long‑term outcomes and to 
explore ethical issues in ECMO patients
Such studies including large international cohorts of 
patients may refine the specific indications and scoring 
algorithms for patients requiring ECLS support. Ethical 
issues regarding ECMO patients, their proxies and the 
ICU staff should also be the focus of future studies.

Conclusion
Although there have been considerable advances regard-
ing the use of ECMO in critically ill patients, the risk–
benefit ratio remains underinvestigated. Organization 
of ECMO delivery and use of adjuvant therapeutics also 
need to be explored. Finally, ECMO indications must be 
carefully identified in order to take into account the costs 
associated with the use of this unusual salvage therapy.

Author details
1 Medical–Surgical Intensive Care Unit, Hôpital Pitié–Salpêtrière, Assistance 
Publique–Hôpitaux de Paris, F–75013 Paris, France. 2 Institute of Car‑
diometabolism and Nutrition, Sorbonne University, UPMC Univ Paris 06, 
INSERM, UMRS_1166–ICAN, F–75013 Paris, France. 3 Division of Pulmonary, 
Allergy and Critical Care Medicine, Columbia University Medical Center/
New York–Presbyterian Hospital, Columbia University, New York, NY, USA. 
4 Cardiovascular Surgery, National Taiwan University Hospital, Taipei, 
Taiwan. 5 Interdepartmental Division of Critical Care Medicine and Institute 
of Health Policy, Management and Evaluation, University of Toronto, Toronto, 
Ontario, Canada. 6 Extracorporeal Life Support Program, Toronto General 
Hospital, Toronto, Ontario, Canada. 7 AMC Heart Center, Academic Medical 
Center‑University of Amsterdam, Amsterdam, The Netherlands. 8 ANZIC‑RC, 
Department of Epidemiology and Preventive Medicine, Monash University 
and Physiotherapy Department, The Alfred, Melbourne, Australia. 9 Depart‑
ment of Internal Medicine V‑Pneumology and Critical Care Medicine, ECLS 
Centre Saar, University Hospital of Saarland, Homburg, Germany. 10 Cardiotho‑
racic and Vascular Surgery Department, Hôpital Pitié‑Salpêtrière, Assistance 
Publique‑Hôpitaux de Paris, F‑75013 Paris, France. 11 Emergency and Critical 
Care Center, Hokkaido University Hospital, Sapporo, Japan. 12 Department 
of Internal Medicine II, University Hospital Regensburg, Regensburg, Germany. 
13 Department of Medicine III, University Hospital Halle (Saale) of the Martin‑
Luther‑University Halle‑Wittenberg, Halle (Saale), Germany. 14 Réanimation 
des Détresses Respiratoires et Infections Sévères, CHU Nord, UMR CNRS 7278, 
Aix‑Marseille Université, Marseille, France. 15 Department of Surgery, Division 
of Cardiothoracic and Vascular Surgery, Columbia University Medical Center/
New York‑Presbyterian Hospital, New York, NY, USA. 16 Papworth Hospital NHS 
Foundation Trust, Papworth, UK. 

Received: 3 February 2017   Accepted: 12 April 2017
Published online: 3 May 2017

References
 1. Peek GJ, Mugford M, Tiruvoipati R, Wilson A, Allen E, Thalanany MM, Hibbert 

CL, Truesdale A, Clemens F, Cooper N, Firmin RK, Elbourne D (2009) Efficacy 
and economic assessment of conventional ventilatory support versus 
extracorporeal membrane oxygenation for severe adult respiratory failure 
(CESAR): a multicentre randomised controlled trial. Lancet 374:1351–1363

 2. Davies A, Jones D, Bailey M, Beca J, Bellomo R, Blackwell N, Forrest P, 
Gattas D, Granger E, Herkes R, Jackson A, McGuinness S, Nair P, Pellegrino 
V, Pettila V, Plunkett B, Pye R, Torzillo P, Webb S, Wilson M, Ziegenfuss 
M (2009) Extracorporeal membrane oxygenation for 2009 influenza 
A(H1N1) acute respiratory distress syndrome. JAMA 302:1888–1895

 3. Noah MA, Peek GJ, Finney SJ, Griffiths MJ, Harrison DA, Grieve R, Sadique 
MZ, Sekhon JS, McAuley DF, Firmin RK, Harvey C, Cordingley JJ, Price S, 
Vuylsteke A, Jenkins DP, Noble DW, Bloomfield R, Walsh TS, Perkins GD, 
Menon D, Taylor BL, Rowan KM (2011) Referral to an extracorporeal mem‑
brane oxygenation center and mortality among patients with severe 
2009 influenza A(H1N1). JAMA 306:1659–1668

 4. Patroniti N, Zangrillo A, Pappalardo F, Peris A, Cianchi G, Braschi A, Iotti GA, 
Arcadipane A, Panarello G, Ranieri VM, Terragni P, Antonelli M, Gattinoni 
L, Oleari F, Pesenti A (2011) The Italian ECMO network experience during 
the 2009 influenza A(H1N1) pandemic: preparation for severe respiratory 
emergency outbreaks. Intensive Care Med 37:1447–1457

 5. Pham T, Combes A, Roze H, Chevret S, Mercat A, Roch A, Mourvillier 
B, Ara‑Somohano C, Bastien O, Zogheib E, Clavel M, Constan A, Marie 
Richard JC, Brun‑Buisson C, Brochard L (2013) Extracorporeal membrane 
oxygenation for pandemic influenza A(H1N1)‑induced acute respiratory 
distress syndrome: a cohort study and propensity‑matched analysis. Am J 
Respir Crit Care Med 187:276–285

 6. MacLaren G, Combes A, Bartlett RH (2012) Contemporary extracorporeal 
membrane oxygenation for adult respiratory failure: life support in the 
new era. Intensive Care Med 38:210–220

 7. Fan E, Gattinoni L, Combes A, Schmidt M, Peek G, Brodie D, Muller T, 
Morelli A, Ranieri VM, Pesenti A, Brochard L, Hodgson C, Van Kiersbilck 
C, Roch A, Quintel M, Papazian L (2016) Venovenous extracorpor‑
eal membrane oxygenation for acute respiratory failure : a clinical 
review from an international group of experts. Intensive Care Med 
42:712–724

 8. Brodie D, Bacchetta M (2012) Extracorporeal membrane oxygenation for 
ARDS in adults. N Engl J Med 365:1905–1914

 9. Combes A, Brodie D, Bartlett R, Brochard L, Brower R, Conrad S, De 
Backer D, Fan E, Ferguson N, Fortenberry J, Fraser J, Gattinoni L, Lynch W, 
MacLaren G, Mercat A, Mueller T, Ogino M, Peek G, Pellegrino V, Pesenti A, 
Ranieri M, Slutsky A, Vuylsteke A (2014) Position paper for the organiza‑
tion of extracorporeal membrane oxygenation programs for acute res‑
piratory failure in adult patients. Am J Respir Crit Care Med 190:488–496

 10. Ponikowski P, Voors AA, Anker SD, Bueno H, Cleland JG, Coats AJ, Falk V, 
Gonzalez‑Juanatey JR, Harjola VP, Jankowska EA, Jessup M, Linde C, Nihoyan‑
nopoulos P, Parissis JT, Pieske B, Riley JP, Rosano GM, Ruilope LM, Ruschitzka 
F, Rutten FH, van der Meer P (2016) 2016 ESC Guidelines for the diagnosis 
and treatment of acute and chronic heart failure: the Task Force for the 
diagnosis and treatment of acute and chronic heart failure of the European 
Society of Cardiology (ESC) developed with the special contribution of the 
Heart Failure Association (HFA) of the ESC. Eur Heart J 37:2129–2200

 11. Abrams D, Combes A, Brodie D (2014) Extracorporeal membrane oxygena‑
tion in cardiopulmonary disease in adults. J Am Coll Cardiol 63:2769–2778

 12. Combes A, Leprince P, Luyt CE, Bonnet N, Trouillet JL, Leger P, Pavie A, 
Chastre J (2008) Outcomes and long‑term quality‑of‑life of patients 
supported by extracorporeal membrane oxygenation for refractory 
cardiogenic shock. Crit Care Med 36:1404–1411

 13. Werdan K, Gielen S, Ebelt H, Hochman JS (2014) Mechanical circulatory 
support in cardiogenic shock. Eur Heart J 35:156–167

 14. Engstrom AE, Cocchieri R, Driessen AH, Sjauw KD, Vis MM, Baan J, de Jong 
M, Lagrand WK, van der Sloot JA, Tijssen JG, de Winter RJ, de Mol BA, Piek 
JJ, Henriques JP (2011) The Impella 2.5 and 5.0 devices for ST‑elevation 
myocardial infarction patients presenting with severe and profound 
cardiogenic shock: the Academic Medical Center intensive care unit 
experience. Crit Care Med 39:2072–2079

 15. Ouweneel DM, Eriksen E, Sjauw KD, van Dongen IM, Hirsch A, Packer EJ, 
Vis MM, Wykrzykowska JJ, Koch KT, Baan J, de Winter RJ, Piek JJ, Lagrand 
WK, de Mol BA, Tijssen JG, Henriques JP (2017) Percutaneous mechanical 
circulatory support versus Intra‑aortic Balloon Pump in cardiogenic shock 
after Acute Myocardial Infarction. J Am Coll Cardiol 69:278–287

 16. Burkhoff D, Cohen H, Brunckhorst C, O’Neill WW (2006) A randomized 
multicenter clinical study to evaluate the safety and efficacy of the 
TandemHeart percutaneous ventricular assist device versus conventional 
therapy with intraaortic balloon pumping for treatment of cardiogenic 
shock. Am Heart J 152(469):e461–e468

 17. Muller G, Flecher E, Lebreton G, Luyt CE, Trouillet JL, Brechot N, Schmidt 
M, Mastroianni C, Chastre J, Leprince P, Anselmi A, Combes A (2016) The 
ENCOURAGE mortality risk score and analysis of long‑term outcomes 
after VA‑ECMO for acute myocardial infarction with cardiogenic shock. 
Intensive Care Med 42:370–378



1317

 18. Sheu JJ, Tsai TH, Lee FY, Fang HY, Sun CK, Leu S, Yang CH, Chen SM, Hang 
CL, Hsieh YK, Chen CJ, Wu CJ, Yip HK (2010) Early extracorporeal mem‑
brane oxygenator‑assisted primary percutaneous coronary intervention 
improved 30‑day clinical outcomes in patients with ST‑segment eleva‑
tion myocardial infarction complicated with profound cardiogenic shock. 
Crit Care Med 38:1810–1817

 19. Mirabel M, Luyt CE, Leprince P, Trouillet JL, Leger P, Pavie A, Chastre J, 
Combes A (2011) Outcomes, long‑term quality of life, and psychologic 
assessment of fulminant myocarditis patients rescued by mechanical 
circulatory support. Crit Care Med 39:1029–1035

 20. de Lange DW, Sikma MA, Meulenbelt J (2013) Extracorporeal membrane 
oxygenation in the treatment of poisoned patients. Clin Toxicol (Philadel‑
phia, Pa) 51:385–393

 21. de Chambrun MP, Brechot N, Lebreton G, Schmidt M, Hekimian G, 
Demondion P, Trouillet JL, Leprince P, Chastre J, Combes A, Luyt CE (2016) 
Venoarterial extracorporeal membrane oxygenation for refractory cardio‑
genic shock post‑cardiac arrest. Intensive Care Med 42:1999–2007

 22. Takayama H, Truby L, Koekort M, Uriel N, Colombo P, Mancini DM, Jorde 
UP, Naka Y (2013) Clinical outcome of mechanical circulatory support for 
refractory cardiogenic shock in the current era. J Heart Lung Transplant 
32:106–111

 23. Rao V, Ivanov J, Weisel RD, Ikonomidis JS, Christakis GT, David TE (1996) 
Predictors of low cardiac output syndrome after coronary artery bypass. J 
Thorac Cardiovasc Surg 112:38–51

 24. Rastan AJ, Dege A, Mohr M, Doll N, Falk V, Walther T, Mohr FW (2010) 
Early and late outcomes of 517 consecutive adult patients treated with 
extracorporeal membrane oxygenation for refractory postcardiotomy 
cardiogenic shock. J Thorac Cardiovasc Surg 139:302–311 (311 e301)

 25. D’Alessandro C, Golmard JL, Barreda E, Laali M, Makris R, Luyt CE, Leprince 
P, Pavie A (2011) Predictive risk factors for primary graft failure requiring 
temporary extra‑corporeal membrane oxygenation support after cardiac 
transplantation in adults. Eur J Cardiothorac Surg 40:962–969

 26. Fukuhara S, Takeda K, Garan AR, Kurlansky P, Hastie J, Naka Y, Takayama H 
(2016) Contemporary mechanical circulatory support therapy for postcar‑
diotomy shock. Gen Thorac Cardiovasc Surg 64:183–191

 27. Kim SJ, Kim HJ, Lee HY, Ahn HS, Lee SW (2016) Comparing extracorpor‑
eal cardiopulmonary resuscitation with conventional cardiopulmonary 
resuscitation: a meta‑analysis. Resuscitation 103:106–116

 28. Ortega‑Deballon I, Hornby L, Shemie SD, Bhanji F, Guadagno E (2016) 
Extracorporeal resuscitation for refractory out‑of‑hospital cardiac arrest 
in adults: a systematic review of international practices and outcomes. 
Resuscitation 101:12–20

 29. Ouweneel DM, Schotborgh JV, Limpens J, Sjauw KD, Engstrom AE, 
Lagrand WK, Cherpanath TG, Driessen AH, de Mol BA, Henriques JP (2016) 
Extracorporeal life support during cardiac arrest and cardiogenic shock: a 
systematic review and meta‑analysis. Intensive Care Med 42:1922–1934

 30. Chen YS, Lin JW, Yu HY, Ko WJ, Jerng JS, Chang WT, Chen WJ, Huang SC, Chi 
NH, Wang CH, Chen LC, Tsai PR, Wang SS, Hwang JJ, Lin FY (2008) Cardiopul‑
monary resuscitation with assisted extracorporeal life‑support versus con‑
ventional cardiopulmonary resuscitation in adults with in‑hospital cardiac 
arrest: an observational study and propensity analysis. Lancet 372:554–561

 31. Shin TG, Choi JH, Jo IJ, Sim MS, Song HG, Jeong YK, Song YB, Hahn JY, 
Choi SH, Gwon HC, Jeon ES, Sung K, Kim WS, Lee YT (2011) Extracorporeal 
cardiopulmonary resuscitation in patients with inhospital cardiac arrest: 
a comparison with conventional cardiopulmonary resuscitation. Crit Care 
Med 39:1–7

 32. Le Guen M, Nicolas‑Robin A, Carreira S, Raux M, Leprince P, Riou B, 
Langeron O (2011) Extracorporeal life support following out‑of‑hospital 
refractory cardiac arrest. Crit Care 15:R29

 33. Sakamoto T, Morimura N, Nagao K, Asai Y, Yokota H, Nara S, Hase M, Tahara 
Y, Atsumi T (2014) Extracorporeal cardiopulmonary resuscitation versus 
conventional cardiopulmonary resuscitation in adults with out‑of‑hospital 
cardiac arrest: a prospective observational study. Resuscitation 85:762–768

 34. Choi DS, Kim T, Ro YS, Ahn KO, Lee EJ, Hwang SS, Song SW, Song KJ, Shin 
SD (2016) Extracorporeal life support and survival after out‑of‑hospital 
cardiac arrest in a nationwide registry: a propensity score‑matched analy‑
sis. Resuscitation 99:26–32

 35. Lehle K, Philipp A, Hiller KA, Zeman F, Buchwald D, Schmid C, Dornia C, 
Lunz D, Muller T, Lubnow M (2014) Efficiency of gas transfer in veno‑
venous extracorporeal membrane oxygenation: analysis of 317 cases 
with four different ECMO systems. Intensive Care Med 40:1870–1877

 36. Haneya A, Philipp A, Foltan M, Camboni D, Mueller T, Bein T, Schmid C, 
Lubnow M (2012) First experience with the new portable extracorporeal 
membrane oxygenation system Cardiohelp for severe respiratory failure 
in adults. Perfusion 27:150–155

 37. Brogan TV, Thiagarajan RR, Rycus PT, Bartlett RH, Bratton SL (2009) 
Extracorporeal membrane oxygenation in adults with severe respiratory 
failure: a multi‑center database. Intensive Care Med 35:2105–2114

 38. Schmidt M, Bailey M, Sheldrake J, Hodgson C, Aubron C, Rycus PT, 
Scheinkestel C, Cooper DJ, Brodie D, Pellegrino V, Combes A, Pilcher D 
(2014) Predicting survival after extracorporeal membrane oxygenation for 
severe acute respiratory failure. The respiratory extracorporeal membrane 
oxygenation survival prediction (RESP) score. Am J Respir Crit Care Med 
189:1374–1382

 39. Schmidt M, Burrell A, Roberts L, Bailey M, Sheldrake J, Rycus PT, Hodgson 
C, Scheinkestel C, Cooper DJ, Thiagarajan RR, Brodie D, Pellegrino V, 
Pilcher D (2015) Predicting survival after ECMO for refractory cardiogenic 
shock: the survival after veno‑arterial‑ECMO (SAVE)‑score. Eur Heart J 
36:2246–2256

 40. Barbaro RP, Odetola FO, Kidwell KM, Paden ML, Bartlett RH, Davis MM, 
Annich GM (2015) Association of hospital‑level volume of extracorporeal 
membrane oxygenation cases and mortality. Analysis of the extracorporeal 
life support organization registry. Am J Respir Crit Care Med 191:894–901

 41. Karagiannidis C, Brodie D, Strassmann S, Stoelben E, Philipp A, Bein T, Mul‑
ler T, Windisch W (2016) Extracorporeal membrane oxygenation: evolving 
epidemiology and mortality. Intensive Care Med 42:889–896

 42. Beurtheret S, Mordant P, Paoletti X, Marijon E, Celermajer DS, Leger P, 
Pavie A, Combes A, Leprince P (2013) Emergency circulatory support in 
refractory cardiogenic shock patients in remote institutions: a pilot study 
(the cardiac‑RESCUE program). Eur Heart J 34:112–120

 43. Aubin H, Petrov G, Dalyanoglu H, Saeed D, Akhyari P, Paprotny G, Richter 
M, Westenfeld R, Schelzig H, Kelm M, Kindgen‑Milles D, Lichtenberg A, 
Albert A (2016) A suprainstitutional network for remote extracorporeal 
life support: a retrospective cohort study. JACC Heart Fail 4:698–708

 44. McCarthy FH, McDermott KM, Spragan D, Hoedt A, Kini V, Atluri P, Gaffey 
A, Szeto WY, Acker MA, Desai ND (2016) Unconventional volume‑out‑
come associations in adult extracorporeal membrane oxygenation in the 
United States. Ann Thorac Surg 102:489–495

 45. Van Kiersbilck C, Gordon E, Morris D (2016) Ten things that nurses should 
know about ECMO. Intensive Care Med 42:753–755

 46. Biscotti M, Agerstrand C, Abrams D, Ginsburg M, Sonett J, Mongero L, 
Takayama H, Brodie D, Bacchetta M (2015) One Hundred Transports on 
Extracorporeal Support to an Extracorporeal Membrane Oxygenation 
Center. Ann Thorac Surg 100:34–39 (discussion 39–40)

 47. Bryner B, Cooley E, Copenhaver W, Brierley K, Teman N, Landis D, Rycus P, 
Hemmila M, Napolitano LM, Haft J, Park PK, Bartlett RH (2014) Two dec‑
ades’ experience with interfacility transport on extracorporeal membrane 
oxygenation. Ann Thorac Surg 98:1363–1370

 48. Forrest P, Ratchford J, Burns B, Herkes R, Jackson A, Plunkett B, Torzillo P, 
Nair P, Granger E, Wilson M, Pye R (2011) Retrieval of critically ill adults 
using extracorporeal membrane oxygenation: an Australian experience. 
Intensive Care Med 37:824–830

 49. Enger T, Philipp A, Videm V, Lubnow M, Wahba A, Fischer M, Schmid C, 
Bein T, Muller T (2014) Prediction of mortality in adult patients with severe 
acute lung failure receiving veno‑venous extracorporeal membrane 
oxygenation: a prospective observational study. Crit Care 18:R67

 50. Pappalardo F, Pieri M, Greco T, Patroniti N, Pesenti A, Arcadipane A, Ranieri 
VM, Gattinoni L, Landoni G, Holzgraefe B, Beutel G, Zangrillo A (2013) Pre‑
dicting mortality risk in patients undergoing venovenous ECMO for ARDS 
due to influenza A(H1N1) pneumonia: the ECMOnet score. Intensive Care 
Med 39:275–281

 51. Roch A, Hraiech S, Masson E, Grisoli D, Forel JM, Boucekine M, Morera 
P, Guervilly C, Adda M, Dizier S, Toesca R, Collart F, Papazian L (2014) 
Outcome of acute respiratory distress syndrome patients treated with 
extracorporeal membrane oxygenation and brought to a referral center. 
Intensive Care Med 40:74–83

 52. Schmidt M, Zogheib E, Roze H, Repesse X, Lebreton G, Luyt CE, Trouillet 
JL, Brechot N, Nieszkowska A, Dupont H, Ouattara A, Leprince P, Chastre 
J, Combes A (2013) The PRESERVE mortality risk score and analysis of 
long‑term outcomes after extracorporeal membrane oxygenation 
for severe acute respiratory distress syndrome. Intensive Care Med 
39:1704–1713



1318

 53. Herbert DG, Buscher H, Nair P (2014) Prolonged venovenous extracor‑
poreal membrane oxygenation without anticoagulation: a case of Good‑
pasture syndrome‑related pulmonary haemorrhage. Crit Care Resusc 
16:69–72

 54. Sklar MC, Sy E, Lequier L, Fan E, Kanji HD (2016) Anticoagulation practices 
during venovenous extracorporeal membrane oxygenation for respira‑
tory failure. A systematic review. Ann Am Thorac Soc 13:2242–2250

 55. Gajic O, Rana R, Winters JL, Yilmaz M, Mendez JL, Rickman OB, O’Byrne 
MM, Evenson LK, Malinchoc M, DeGoey SR, Afessa B, Hubmayr RD, Moore 
SB (2007) Transfusion‑related acute lung injury in the critically ill: prospec‑
tive nested case‑control study. Am J Respir Crit Care Med 176:886–891

 56. Agerstrand CL, Burkart KM, Abrams DC, Bacchetta MD, Brodie D (2015) 
Blood conservation in extracorporeal membrane oxygenation for acute 
respiratory distress syndrome. Ann Thorac Surg 99:590–595

 57. Tipping CJ, Harrold M, Holland A, Romero L, Nisbet T, Hodgson CL (2017) 
The effects of active mobilisation and rehabilitation in ICU on mortality 
and function: a systematic review. Intensive Care Med 43(2):171–183

 58. Abrams D, Javidfar J, Farrand E, Mongero LB, Agerstrand CL, Ryan P, 
Zemmel D, Galuskin K, Morrone TM, Boerem P, Bacchetta M, Brodie D 
(2014) Early mobilization of patients receiving extracorporeal membrane 
oxygenation: a retrospective cohort study. Crit Care 18:R38

 59. Munshi L, Kobayashi T, DeBacker J, Doobay R, Telesnicki T, Lo V, Cote 
N, Cypel M, Keshavjee S, Ferguson ND, Fan E (2017) Intensive care 
physiotherapy during extracorporeal membrane oxygenation for acute 
respiratory distress syndrome. Ann Am Thorac Soc 14(2):246–253

 60. Mason DP, Thuita L, Nowicki ER, Murthy SC, Pettersson GB, Blackstone 
EH (2010) Should lung transplantation be performed for patients on 
mechanical respiratory support? The US experience. J Thorac Cardiovasc 
Surg 139(765–773):e761

 61. Hayes D Jr, Tobias JD, Tumin D (2016) Center volume and extracorporeal 
membrane oxygenation support at lung transplantation in the lung 
allocation score era. Am J Respir Crit Care Med 194:317–326

 62. Chiumello D, Coppola S, Froio S, Colombo A, Del Sorbo L (2015) Extracor‑
poreal life support as bridge to lung transplantation: a systematic review. 
Crit Care 19:19

 63. Fuehner T, Kuehn C, Hadem J, Wiesner O, Gottlieb J, Tudorache I, Olsson 
KM, Greer M, Sommer W, Welte T, Haverich A, Hoeper MM, Warnecke 
G (2012) Extracorporeal membrane oxygenation in awake patients as 
bridge to lung transplantation. Am J Respir Crit Care Med 185:763–768

 64. Trudzinski FC, Kaestner F, Schafers HJ, Fahndrich S, Seiler F, Bohmer P, Linn 
O, Kaiser R, Haake H, Langer F, Bals R, Wilkens H, Lepper PM (2016) Out‑
come of patients with interstitial lung disease treated with extracorporeal 
membrane oxygenation for acute respiratory failure. Am J Respir Crit Care 
Med 193:527–533

 65. Thiele H, Zeymer U, Neumann FJ, Ferenc M, Olbrich HG, Hausleiter J, Rich‑
ardt G, Hennersdorf M, Empen K, Fuernau G, Desch S, Eitel I, Hambrecht 
R, Fuhrmann J, Bohm M, Ebelt H, Schneider S, Schuler G, Werdan K (2012) 
Intraaortic balloon support for myocardial infarction with cardiogenic 
shock. N Engl J Med 367:1287–1296

 66. Reyentovich A, Barghash MH, Hochman JS (2016) Management of refrac‑
tory cardiogenic shock. Nat Rev Cardiol 13:481–492

 67. Prondzinsky R, Lemm H, Swyter M, Wegener N, Unverzagt S, Carter JM, 
Russ M, Schlitt A, Buerke U, Christoph A, Schmidt H, Winkler M, Thiery 
J, Werdan K, Buerke M (2010) Intra‑aortic balloon counterpulsation in 
patients with acute myocardial infarction complicated by cardiogenic 
shock: the prospective, randomized IABP SHOCK Trial for attenuation of 
multiorgan dysfunction syndrome. Crit Care Med 38:152–160

 68. Cheng R, Hachamovitch R, Kittleson M, Patel J, Arabia F, Moriguchi J, 
Esmailian F, Azarbal B (2014) Complications of extracorporeal membrane 
oxygenation for treatment of cardiogenic shock and cardiac arrest: a 
meta‑analysis of 1,866 adult patients. Ann Thorac Surg 97:610–616

 69. Hubmayr RD, Farmer JC (2010) Should we “rescue” patients with 2009 
influenza A(H1N1) and lung injury from conventional mechanical ventila‑
tion? Chest 137:745–747

 70. Quintel M, Gattinoni L, Weber‑Carstens S (2016) The German ECMO 
inflation: when things other than health and care begin to rule medicine. 
Intensive Care Med 42:1264–1266

 71. Cheng JM, den Uil CA, Hoeks SE, van der Ent M, Jewbali LS, van Domburg 
RT, Serruys PW (2009) Percutaneous left ventricular assist devices vs. 
intra‑aortic balloon pump counterpulsation for treatment of cardiogenic 
shock: a meta‑analysis of controlled trials. Eur Heart J 30:2102–2108

 72. Petroni T, Harrois A, Amour J, Lebreton G, Brechot N, Tanaka S, Luyt CE, 
Trouillet JL, Chastre J, Leprince P, Duranteau J, Combes A (2014) Intra‑
aortic balloon pump effects on macrocirculation and microcirculation 
in cardiogenic shock patients supported by venoarterial extracorporeal 
membrane oxygenation*. Crit Care Med 42:2075–2082

 73. Aso S, Matsui H, Fushimi K, Yasunaga H (2016) The effect of intraaortic 
balloon pumping under venoarterial extracorporeal membrane oxygena‑
tion on mortality of cardiogenic patients: an analysis using a nationwide 
inpatient database. Crit Care Med 44:1974–1979

 74. Pappalardo F, Schulte C, Pieri M, Schrage B, Contri R, Soeffker G, Greco 
T, Lembo R, Mullerleile K, Colombo A, Sydow K, De Bonis M, Wagner F, 
Reichenspurner H, Blankenberg S, Zangrillo A, Westermann D (2017) 
Concomitant implantation of Impella(R) on top of veno‑arterial extracor‑
poreal membrane oxygenation may improve survival of patients with 
cardiogenic shock. Eur J Heart Fail 19(3):404–412

 75. Marhong JD, Munshi L, Detsky M, Telesnicki T, Fan E (2015) Mechanical 
ventilation during extracorporeal life support (ECLS): a systematic review. 
Intensive Care Med 41:994–1003

 76. Schmidt M, Stewart C, Bailey M, Nieszkowska A, Kelly J, Murphy L, Pilcher 
D, Cooper DJ, Scheinkestel C, Pellegrino V, Forrest P, Combes A, Hodgson 
C (2015) Mechanical ventilation management during extracorporeal 
membrane oxygenation for acute respiratory distress syndrome: a retro‑
spective international multicenter study. Crit Care Med 43:654–664

 77. Franchineau G, Brechot N, Lebreton G, Hekimian G, Nieszkowska A, 
Trouillet JL, Leprince P, Chastre J, Luyt CE, Combes A, Schmidt M (2017) 
Bedside contribution of electrical impedance tomography to set positive 
end‑expiratory pressure for ECMO‑treated severe ARDS patients. Am J 
Respir Crit Care Med. doi:10.1164/rccm.201605‑1055OC

 78. Langer T, Santini A, Bottino N, Crotti S, Batchinsky AI, Pesenti A, Gattinoni 
L (2016) “Awake” extracorporeal membrane oxygenation (ECMO): patho‑
physiology, technical considerations, and clinical pioneering. Crit Care 
20:150

 79. Serpa Neto A, Schmidt M, Azevedo LC, Bein T, Brochard L, Beutel G, 
Combes A, Costa EL, Hodgson C, Lindskov C, Lubnow M, Lueck C, 
Michaels AJ, Paiva JA, Park M, Pesenti A, Pham T, Quintel M, Marco Ranieri 
V, Ried M, Roncon‑Albuquerque R Jr, Slutsky AS, Takeda S, Terragni PP, 
Vejen M, Weber‑Carstens S, Welte T, Gama de Abreu M, Pelosi P, Schultz 
MJ (2016) Associations between ventilator settings during extracorpor‑
eal membrane oxygenation for refractory hypoxemia and outcome in 
patients with acute respiratory distress syndrome: a pooled individual 
patient data analysis : mechanical ventilation during ECMO. Intensive 
Care Med 42:1672–1684

 80. Ridley EJ, Davies AR, Robins EJ, Lukas G, Bailey MJ, Fraser JF (2015) 
Nutrition therapy in adult patients receiving extracorporeal membrane 
oxygenation: a prospective, multicentre, observational study. Crit Care 
Resusc 17:183–189

 81. Lamhaut L, Jouffroy R, Soldan M, Phillipe P, Deluze T, Jaffry M, Dagron C, 
Vivien B, Spaulding C, An K, Carli P (2013) Safety and feasibility of prehos‑
pital extra corporeal life support implementation by non‑surgeons for 
out‑of‑hospital refractory cardiac arrest. Resuscitation 84:1525–1529

 82. Shekar K, Roberts JA, McDonald CI, Fisquet S, Barnett AG, Mullany DV, 
Ghassabian S, Wallis SC, Fung YL, Smith MT, Fraser JF (2012) Sequestration 
of drugs in the circuit may lead to therapeutic failure during extracorpor‑
eal membrane oxygenation. Crit Care 16:R194

http://dx.doi.org/10.1164/rccm.201605-1055OC

	The ICM research agenda on extracorporeal life support
	Abstract 
	Purpose: 
	Methods: 
	Results: 
	Conclusions: 

	Introduction
	What is the current standard for delivering the best possible critical care to patients on extracorporeal life support?
	VV-ECMO for acute respiratory failure
	Support of the cardiogenic shock patient (Fig. 1)
	ECMO for cardiac arrest resuscitation (ECPR)

	What have been the major recent advances in the field?
	Technical breakthrough in ECMO equipment
	Extracorporeal Life Support Organization and the International ECMO Network
	RegionalNational Organization of ECMO support
	ECMO retrieval teams
	Scoring systems to predict the outcomes

	What are the common beliefs that have been contradicted by recent trials? (Table 1)
	Anticoagulation
	Transfusion strategies
	Early mobilization and physical therapy on ECMO
	ECMO as a bridge to lung transplantation
	Pathophysiological approach and research in cardiogenic shock

	What are the remaining areas of uncertainties? (Table 1)
	Risk–benefit evaluation of ECMO support
	LV unloading in VA-ECMO
	Mechanical ventilation under VV-ECMO
	Nutrition therapy in ECMO patients
	ECPR

	What the international group of experts recommend as the top 10 studiestrials to be carried out in the next 10 years, and what are expected outcomesresults of these trials (Table 2)
	Randomized controlled trial (RCT) of VV-ECMO for severe respiratory failure
	RCT of VA-ECMO or other MCS devices for severe cardiogenic shock
	RCT of restrictive or very restrictive transfusion policy in ECMO patients
	RCT of reduced anticoagulation or alternative anticoagulant drugs in ECMO patients
	RCT testing early mobilization and physical therapy on ECMO
	RCT comparing pre-hospital versus in-hospital ECMO in refractory cardiac arrest
	Drug pharmacokinetics, pharmacodynamics and innovative pharmacologic strategies in ECMO patients
	Physiologic studies evaluating best ventilation strategies in VV-ECMO patients
	Would regionalization of ECMO with ECMO retrieval teams improve outcomes?
	Retrospective and prospective cohorts to refine indications, to evaluate long-term outcomes and to explore ethical issues in ECMO patients

	Conclusion
	References




