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Abstract: Extracorporeal membrane oxygenation (ECMO) is a modified form of cardiopulmonary bypass
which may provide support for severe cardiorespiratory failure including paediatric acute respiratory distress
syndrome (PARDS). While ECMO was initially demonstrated to successfully support neonates with severe
respiratory failure, the use of ECMO has expanded rapidly to support both paediatric and adult respiratory
failure. Extracorporeal Life Support Organization (ELSO) registry data shows that the use of ECMO for
paediatric respiratory failure has expanded rapidly over the past decades with increasing use of venovenous
ECMO. Despite the increasing complexity of children supported by ECMO for ARDS, outcomes have
remained consistent with survival to hospital discharge greater than 50%. ECMO complications are still
common and potentally devastating, especially neurological complications. There is grade 1 evidence to
support the use of ECMO in both neonatal and adult respiratory failure but evidence in paediatric respiratory
failure is confined to case series and case-control studies. While there are no published guidelines for use of
ECMO in PARDS, in particular no clearly defined inclusion and exclusion criteria, current evidence suggests
that children with severe ARDS may benefit from ECMO support, with survival to hospital discharge

equivalent or better than conventional management in children with severe ARDS.
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Introduction

Extracorporeal membrane oxygenation (ECMO) or as it is
also known extracorporeal life support (ECLS) is a modified
form of cardiopulmonary bypass, in which an artificial lung
(membrane oxygenator) provides oxygenation and removal
of carbon dioxide via an extracorporeal circuit (1).

ECMO is used to provide support for both failing heart
and lungs and is recognised as a treatment option for severe
paediatric acute respiratory distress syndrome (PARDS).
ARDS is an acquired lung disease which is characterized
by hypoxaemia and poor lung compliance (2). ARDS can
lead to a failure of oxygenation and ventilation despite

maximal conventional therapy including mechanical
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ventilation. Prolonged mechanical ventilation can lead to
ventilator-induced lung injury (VILI) and the combination
of pulmonary inflammation and aggressive ventilation may
lead to multiorgan failure (MOF) (3).

Severe PARDS is defined as PARDS with severe
hypoxaemia and characterized by an oxygen index of greater
than 16 (4). Oxygenation index (OI) is a measure of both
oxygenation and lung compliance and is calculated by the
following formula:

OI = Fraction of inspired oxygen (FiO,) x Mean airway
pressure (MAP)/Partial pressure arterial oxygen (PaO,)

Severe PARDS has a high mortality rate (20-40%) and
high morbidity (3-6). ECMO may potentially provide
rescue oxygenation and ventilation, preventing VILI, MOF
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Figure 1 (A) A 3-year-old girl with ARDS secondary to influenza A complicated by Streptococcus pneumoniae; (B) venovenous ECMO (via

double-lumen SVC cannula) commenced following deterioration due to air leak and cystic lung changes.

and death. However, despite being used for respiratory
failure in neonates, children and adults for many years,
there has been little evidence (and no grade I evidence) to
support the use of ECMO in PARDS (7).

Any potential survival benefit needs to be weighed
against morbidity outcomes and hospital costs. Faraoni ez /.
found that median cost of ECMO in children was US
$230,425 per patient. This cost was higher in survivors (US
$519,450) and was more than double the cost per survivors
of bone marrow, renal or liver transplantation (8).

This paper will introduce the concept of ECLS or
ECMO in severe PARDS, describe its current use, review
the evidence to support its use (neonatal, paediatric and
adult) and describe some of the potential pitfalls and
complications associated with ECMO in children. Finally
current or future research in this area will be discussed

(Figure 1).

Overview of ECMO in PARDS

ECMO was pioneered as a technique to support
term infants with severe respiratory failure which was
unresponsive to conventional management (9). The use of
ECMO was then expanded to support older children and
adults with cardiorespiratory failure. By pumping blood
through an extracorporeal circuit containing a membrane
oxygenator, ECMO can provide both oxygenation and
carbon dioxide removal to replace the failing lung as well as
providing mechanical cardiovascular support to replace or
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augment the failing circulatory system.

Particularly in severe PARDS, ECMO can allow ‘lung
rest’ and prevent or reduce VILI

While the use of other supportive treatments such as
inhaled nitric oxide and high frequency ventilation may
have reduced the requirement for ECMO in neonates, the
use of ECMO for paediatric and adult cardiorespiratory
failure has increased exponentially (10).

Most of the information supporting the use of ECMO
comes from the International Extracorporeal Life Support
Organization (ELSO) Registry which has been collecting
data on over 70,000 neonates, children and adults who have
been supported on ECMO over the past 25 years.

Overall, 7,552 children (>30 days till <18 years) with
respiratory failure have been supported on ECMO with
an ECMO survival rate of 67% and a survival to hospital
discharge of 58%. Survival to hospital discharge for children
with respiratory failure is inferior to survival in neonatal
respiratory failure (74%), which is predominantly due to the
high survival rates in neonates with meconium aspiration
syndrome (MAS). However, survival in children is similar
to survival in adults with respiratory failure (58%). Survival
to discharge for children with respiratory failure has been
consistent over the past decade with a survival of 60% in the
last published year [2015].

The number of paediatric respiratory ECMO runs has
increased steadily over the past 12 years, from just under
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200 reported cases to ELSO in 2003 to more than 500
cases in 2015. This increase likely reflects increased overall
support amongst paediatric intensive care specialists for
ECMO as a rescue therapy for children.

The most common aetiologies for respiratory failure
requiring ECMO support are viral, bacterial and aspiration
pneumonia and the survival to hospital discharge has been
highest in those with viral (66%) and aspiration (69%)
pneumonia.

While VA ECMO has been more commonly used in the
total cohort, VV ECMO has been increasingly used for
paediatric respiratory failure (60% of cases in 2015) and
survival in VV ECMO is improved (64-69%) compared to
VA ECMO (52%), although this may be related to severity
of illness and aetiological factors.

Frequency of complications in paediatric ECMO remains
a concern with significant neurological complications
(infarction and haemorrhage) in more than 10% of cases (10).

Evidence for ECMO in ARDS

The first successful use of ECMO in newborns was
published in 1976 (9). Two early studies using ‘play the
winner’ and adaptive methodology (11,12), suggested
ECMO may improve survival in severe PPHN before
this was confirmed in the UK collaborative randomised
trial of neonatal ECMO in 1996. In this landmark study,
185 neonates with respiratory failure were randomised
to ECMO centre referral and consideration of ECMO
versus conventional management. Referral to an ECMO
centre resulted in a significant reduction in mortality (OR
0.55; 95% CI, 0.39-0.77). Further follow-up showed that
neurological outcome was equivalent in survivors. Of the
patients referred for ECMO, 84% were actually cannulated
to ECMO. One of the major criticisms of this study was the
possible benefit of medical care in an ECMO referral centre
affecting outcome rather than the institution of ECMO
itself (13).

The CESAR trial, published in 2009, demonstrated a
survival benefit for adults with severe acute respiratory
failure when randomised for consideration of ECMO
versus conventional management. One hundred eighty
adults with Murray lung injury score >3 or pH <7.2 were
randomised. Patients referred for ECMO consideration had
a significantly better survival without disability compared to
conventional management (63 % vs. 47%). Of those referred
for ECMO, 75% were cannulated to ECMO (14).

While a randomised, controlled trial of ECMO in
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PARDS has not been completed successfully, there have
been several attempts to demonstrate the benefits of ECMO
in PARDS published in the literature.

In a multicentre, retrospective cohort analysis, Green
et al. compared paediatric patients with acute respiratory
failure who were supported with ECMO to those who were
not. They used logistic regression analysis to identify factors
associated with survival and then compared pairs of ECMO
and non-ECMO patients who were matched by severity of
disease and respiratory diagnosis.

The comparison of ECMO and non-ECMO matched
pairs showed a reduction in mortality with ECMO (26.3%)
compared to non-ECMO (49.1%) patients when matched
for diagnosis and worst OI (P<0.01). The difference was
most significant in the 50-75% mortality risk quartile
(28.6% vs. 71.4%) (P<0.05) (15).

This however was not supported by another case-
matched cohort study (16), using the RESTORE
(Randomised Evaluation of Sedation Titration for
Respiratory Failure) database as a source (17). Pairs were
matched based on individual case matching (based on
OlI, age, days of ventilation and underlying aetiology)
and propensity score matching using multivariate logistic
regression to estimate the probability of receiving ECMO.

Of the 879 patients with severe ARDS, not supported
by ECMO, 61 were matched to the 61 patients with severe
ARDS who were managed with ECMO. Non-ECMO
patients were excluded from this process if they had
contraindications to ECMO, such as children post-BMT or
with severe neurological injury.

The 90-day hospital mortality was identical between the
matched pairs (25%) and similar between the propensity-
matched pairs [25% vs. 30% (P=0.70)]. ECMO survivors
had a longer PICU and hospital length of stay compared
to non-ECMO survivors but there was no difference
in Pediatric Overall Performance Category (POPC)
or Pediatric Cerebral Performance Category (PCPC)
outcomes between the groups.

These studies are difficult to interpret as they were
both non-randomised, controlled trials and therefore only
measured confounding factors (such as OI, aetiology)
can be accounted for. The numbers of patients in both
studies undergoing ECMO was small and patient care in
an ECMO-centre, irrespective of whether the child was
cannulated for ECMO could potentially be a confounding
factor. While Green’s study did not include long-term
follow-up, POPC and PCPC were equivalent between the
groups in Barbaro’s study.
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Figure 2 CT head of a 7 year-old boy on VA ECMO demonstrating
acute intracranial haemorrhages. ECMO, extracorporeal membrane

oxygenation.

Given the supportive evidence in neonates (13) and
adults (14) and the widespread use of ECMO for severe
paediatric respiratory failure, it seems unlikely that a
traditional randomised trial comparing the ECMO versus
conventional therapy will be feasible or even considered
ethical. In an era where ECMO technology and equipment
is improving and ECMO complications are possibly
diminishing it would appear that studying the precise role
of ECMO (indications, trigger-points, contraindications) in
severe respiratory failure would be the next step.

Complications

Despite improvements in equipment (pumps, oxygenators)
complications from ECMO, especially central nervous
system (CNS) complications, remain a significant concern.

ECMO complications or adverse events can be classified
into:

(I) Mechanical (related to pump or oxygenator

problems);

(II) Surgical site/cannula complications;

(III) Multi-organ complications.

Based on ELSO registry data, mechanical complications
occur in up to 10-15% of children (oxygenator failure most
common). Mechanical failure is more likely with increasing
duration of ECMO but the frequency of mechanical failure
appears to have reduced over the past 2 decades (18).

Surgical or cannula site haemorrhage occurs in up to
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18% of children (19).

The most concerning multi-organ complications
are neurological complications and infection. CNS
complications are most likely to result or contribute
to poor outcomes for children on ECMO and include
CNS haemorrhage (6.4%), CNS infarction (4.2%). CNS
complications in children on ECMO are less likely than
CNS complications in neonates but more common than
CNS complications in adults. It is also clear on analysis of
ELSO data that the occurrence of CNS complications has a
negative impact on survival and functional outcomes (10,19)
(Figure 2).

Infection is a common complication in paediatric ECMO.
ELSO data analysis demonstrated an infection rate of 18%
of total cases or 15.4 per 1,000 ECMO days. Infection rate
was proportional to duration of ECMO and the presence
of an infection significantly increased risk of mortality [OR
1.91 (95% CI, 1.75-2.08)]. Common organisms included
coagulase negative Staphylococci (15.9%), Candida species
(12.7%) and Pseudomonas aeruginosa (10.5%) (20).

A review of children undergoing ECMO for pneumonia
showed at least one patient related complication in 82.7%
of children, the most common being secondary bacteraemia
(38.5%), pulmonary haemorrhage (5.8%), cerebral
infarction (5.8%) and seizures (3.8%). Equipment related
complications were seen in 75%, most commonly clots in
the circuit (48%), oxygenator failure (11.5%), pump failure
(9.6%) and cannula malposition (9.6%) (21).

Outcomes

Estimating the overall outcome of children with ARDS
supported with ECMO is difficult. ELSO registry data
gives an overall picture in children classified as respiratory
ECMO and further analysis of the data gives a breakdown of
aetiology and outcome. There are also several observational
cohort studies previously referred to in this review. There
are however no randomised trials in paediatric ARDS. The
UK Neonatal ECMO Trial (13) demonstrated an overall
survival of 68% in babies allocated to ECMO versus 41% in
those managed without ECMO. The CESAR trial in adult
patients (14) demonstrated that 63% of patients allocated to
ECMO survived to 6 months without a disability compared
to 47% in the conventional management group.

Green et al. (15) demonstrated a 73.6% survival in
children with acute respiratory failure supported with
ECMO. Secondary analysis of RESTORE data (17)
demonstrated a survival rate of 75% in children with
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severe ARDS supported with ECMO. A small case series in
children with refractory pneumonia supported with ECMO
showed a survival to hospital discharge of 69% (21). ELSO
registry data shows an overall ECMO survival of 67%
but survival to hospital discharge of 58% in children with
respiratory failure (10).

There are many factors which may influence ECMO
survival in this group. Consideration for ECMO is
dependant both on inclusion criteria as well as exclusion
criteria due to comorbidities. An analysis of ELSO registry
data (22) showed that the presence of comorbidities
significantly reduced survival and that while overall survival
for paediatric respiratory ECMO was unchanged over the
period from 1993-2007, the survival rates in the subset
of patients without comorbidities supported by ECMO
increased from 57% to 72% over the study period. Published
ELSO registry data suggests a gradual trend to increased
overall survival rates over the previous 25 years (10).
When broken down into aetiological categories, viral
and aspiration pneumonia had slightly better outcomes
than bacterial pneumonia and children cannulated for VV
ECMO (64%) had better survival compared to VA ECMO
(52%), although this is likely to influenced by other factors
(severity of illness, multi-organ failure).

Other aetiological categories consistently show worse
survival rates. Children supported with ECMO for ARDS
associated with sepsis (40%), pertussis pneumonia (39%)
and opportunistic infections (fungal 23 %, pneumocyctis
pneumonia 48%) all have poor survival rates (10,22,23).

Long-term neurological outcomes are difficult to
estimate and there are no good data published on this
in children. Long-term follow from the UK Neonatal
ECMO trial (now up to 7 years published) shows consistent
superiority in the ECMO group with equivalent frequency
of neurological deficits between ECMO survivors and
controls (24,25). A review of case series suggests that the
rate of moderate-severe neurological deficits post-ECMO
ranges between 3-13% for neonates (26-28) and 3-16% in
children (29,30).

There is limited follow-up data regarding pulmonary
morbidity but several case series demonstrate frequent
subsequent respiratory admissions (29), pulmonary function
abnormalities (31,32) and reduced exercise tolerance (33)
although the clinical significance of these changes is unclear.

Practical aspects-timing, initiation, duration

Indications and contraindications for ECMO support
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have changed over the past decade. The original neonatal
guidelines were based on severity of type 1 (OI) and type 2
(Ventilation index) respiratory failure and the estimated risk
of mortality (34).

With the advent of inhaled nitric oxide, high frequency
oscillation and other advances in both NICU and PICU,
mortality has probably improved overall and this has led
to a less rigid adherence to published guidelines. However
mortality in severe PARDS with conventional support is
still unacceptably high.

Multiple case series and reviews have demonstrated an
association between severity of hypoxia (OI, PF ratio),
poor lung compliance (OI) and mortality (3,5,6). A recent
analysis of two large data sets (CHLA data and ANZICS
data) by the PALICC group demonstrated that an OI >16
(severe PARDS) predicted a mortality rate of approximately
40% (35). This is equivalent to the mortality rate for
paediatric respiratory ARDS requiring ECMO support
(10,17), suggesting that an OI of >16 may be an appropriate
cut-off to initiate ECMO support. As Ol increases there
appears to be a linear increase in mortality, demonstrating
a mortality range of 43-56% at an OI of >20 (35). However
it is recommended that the decision to support ECMO
is based on overall evaluation of all clinical data with an
emphasis on the trajectory of disease severity (Table I).

Exclusion criteria, although seemingly self-explanatory,
have changed over the past decade. ECMO is being offered
progressively more complex patients and the number
of absolute contraindications to ECMO continues to
shrink (22). However, ECMO should not be offered if it is
likely to be futile. Contemporary contraindications can be
categorized as absolute and relative.

An analysis of ELSO data from 1993-2007 by Zabrocki
et al. showed a significant increase in the number of children
with co-morbidities who underwent ECMO support over
a span of 10 years (47% vs. 19%). This is despite a clear
relationship between the presence of comorbidities and
increasing mortality. Survival with ECMO support was
significantly reduced with prominent comorbidities such
as renal failure (survival 33%), oncological disease (30%),
immunodeficiency (34%) and stem cell transplantation (5%).
The presence of chronic lung disease or congenital heart
disease however did not impact significantly on survival (22).
The poor outcomes in children with immunodeficiency
or oncological disease described are consistent with other
published data (38-40).

Physician’s opinions on exclusion criteria remain varied
however. A survey looking at attitudes towards children
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Table 1 ECMO: indications (36,37)
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ECMO: indications

Severe respiratory failure as evidenced by sustained PaO,/FiO, ratios <60-80 or Ol >40

Lack of response to conventional mechanical ventilation + other forms of rescue therapy (e.g., high frequency oscillatory ventilation

(HFQV), inhaled nitric oxide, prone positioning)

Elevated ventilator pressures (e.g., mean airway pressure >20-25 on conventional ventilation or >30 on HFOV or evidence of iatrogenic

barotrauma)

Other considerations

Hypercapnic respiratory failure: severe, sustained respiratory acidosis (e.g., pH <7.1) despite appropriate ventilator and patient

management
Rate of deterioration and how quickly ECLS can be initiated

Absence of contraindications

with co-morbidities revealed some interesting outcomes.
While predictably, support with ECMO was low for a child
with Trisomy 18 (31%), a majority of respondents would
offer ECMO to a child with cerebral palsy and severe
developmental delay (76%), a child with cardiac arrest with
uncertain neurological status (76%) and newly diagnosed
patient with acute leukemia and septic shock (67%).
Support for ECMO cannulation was also dependant on
number of circuits available and geographical region (41).

These papers reiterate the need to consider the long
term impact of comorbidities on survival and quality of life
outcomes. Although there are few absolute contraindications
to ECMO support, chronic organ disease may significantly
impact on long-term outcome. Acute neurological injury
also has a significant impact on both ECMO survival and
long-term quality of life. The risk of secondary neurologic
injury (haemorrhage and infarction) on ECMO support also
needs to be considered in those with acute neurology.

Prolonged ventilation prior to ECMO support has
also been a consistent contraindication to ECMO and
the negative impact of prolonged ventilation (>14 days)
prior to ECMO cannulation is supported by available data
(7,15,22,23,42) (Table 2).

Veno-venous versus veno-arterial ECMO

ELSO data and published case series demonstrate
increasing preference for veno-venous ECMO for
paediatric respiratory disease. There is also some evidence
from case series and ELSO data analysis that survival may
be improved with VV ECMO compared to VA ECMO
(10,21,22). Although without randomised trials, case-
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matched controls or even logistic regression analysis,
confounding factors, in particular disease severity and
multi-organ failure, may explain this observation. In
Zabrocki’s analysis of ELSO data, survival for children
commenced on VV ECMO was 66-70% compared to 51%
with VA ECMO. VV ECMO was an independent predictor
of survival after logistic regression analysis. In the small
proportion of children that required conversion from VV
to VA ECMO (6%), survival was 49% (22). Two reports
describing institutional experiences with VV ECMO for
neonatal (43) and paediatric (44) respiratory failure showed
VV ECMO was successful despite high pre-ECMO
Vasopressor requirements.

There are several potential advantages to VV ECMO
including a reduced risk of CNS complications (45),
less complicated weaning and possible lower overall
mortality (10,21). However the presence of cardiovascular
compromise in paediatric ARDS may preclude the option
of VV ECMO.

Duration of ECMO

Duration of ECMO is primarily dependant on lung
recovery. Factors influencing lung recovery include aetiology
of lung disease, duration of mechanical ventilation prior to
ECMO (22), degree of lung injury secondary to ventilation
(VILI) and presence of secondary pulmonary complications
(pulmonary infection, pulmonary haemorrhage). Other
factors influencing duration of ECMO requirement include
fluid management, sedation strategies, non-pulmonary
complications (brain injury, critical illness neuromyopathy)
and co-morbidities (10).

Ann Transl Med 2019;7(19):512 | http://dx.doi.org/10.21037/atm.2019.09.27



Annals of Translational Medicine, Vol 7, No 19 October 2019

Table 2 ECMO: contraindications (36,37)

Page 7 of 10

ECMO: contraindications
Absolute contraindications

Lethal chromosomal abnormalities (e.g., Trisomy 13 or 18)

Severe neurological compromise (e.g., intracranial haemorrhage with mass effect)

Uncontrollable haemorrhage
Incurable malignancy
Relative contraindications

Duration of pre-ECLS mechanical ventilation >14 days

Recent neurosurgical procedures or intracranial haemorrhage (within the last 1-7 days, depending on neurosurgical advice)

Pre-existing chronic illness with poor long-term prognosis
Allogeneic bone marrow transplant recipients

High-risk patients

Infants with pertussis pneumonia or disseminated herpes simplex

Cytomegalovirus infection
Severe multi-organ failure

Severe coagulopathy or thrombocytopenia

While attempts should be made to wean ECMO as soon
as lung recovery has occurred, prolonged ECMO can be
successful. An analysis of ELSO registry data shows that
survival in children on ECMO support for >7 weeks is not
significantly different from those supported for less than
2 weeks (46). However evidence on this is conflicting with a
large case series of children with respiratory failure showing
a significantly better survival (61%) in those supported on
ECMO for less than 14 days compared to those requiring
more than 21 days (38%) (23,47).

Future research

A randomised controlled trial in children with ARDS
comparing outcomes with ECMO versus conventional
management only is unlikely to occur, despite the fact that
similar trials have been conducted in neonates and adults
(13,14). In fact, the positive outcomes from these trials
have in all likelihood, convinced the majority of PICU
practitioners that ECMO should be offered in the absence
of contra-indications. Future research is likely to be directed
at trigger points for initiating ECMO-at what severity of
PARDS do the potential benefits of ECMO outweigh the

risks. As discussed in this review, propensity scoring and
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comparative outcome studies have attempted to address this
precise issue.

Conclusions

Despite the use of ECMO in an increasingly complex
cohort of children, survival to discharge has remained
consistent (57%) and while morbidity is a concern, it
appears at least comparable to morbidity in similar children
managed with conventional therapy.

Well-defined criteria and practice parameters for children
with ARDS requiring ECMO support are not yet published.
However available data support the use of ECMO as rescue
therapy for children with severe ARDS and a high risk of
mortality and suggest that despite an increase in use over
the past decade that ECMO is still currently under-utilized
in children with severe ARDS.

While mortality rates in severe ARDS are similar both
with and without the use of ECMO, ECMO support
potentially has other benefits including reducing VILI and
multi-organ failure associated with prolonged mechanical
ventilation. However mortality and morbidity of children
with severe ARDS requiring ECMO support remain
high and this needs to be taken into account, along with

Ann Transl Med 2019;7(19):512 | http://dx.doi.org/10.21037/atm.2019.09.27



Page 8 of 10

the substantial hospital costs and the burden on hospital
resources, when a child is considered for ECMO support.
Patient selection is crucial as there is consistent evidence
that aetiology of lung disease, the presence of comorbidities,
presence of multi-organ failure and duration of mechanical
ventilation prior to institution of ECMO all strongly
influence outcome.
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