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Abstract: Advances in extracorporeal membrane oxygenation (ECMO) technology are associated
with expanded indications, increased utilization and improved outcome. There is growing interest in
developing ECMO prognostication scores to aid in bedside decision making. To date, the majority
of available scores have been limited to mostly registry-based data and with mortality as the main
outcome of interest. There continues to be a gap in clinically applicable decision support tools to aid
in the timing of ECMO cannulation to improve patients’ long-term outcomes. We present a brief
review of the commonly available adult and pediatric ECMO prognostication tools, their limitations,
and future directions.
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1. Introduction

Extracorporeal Membrane Oxygenation (ECMO) has seen its use exponentially in-
crease over the last two decades [1]. New compact devices, improvements in anti-coagulation
strategies and monitoring, and improvements in cannulation techniques have continued to
fuel the growth within the field, and more centers are now offering ECMO support [1].

As the technology has advanced, the field has seen the criteria for ECMO deployment
continue to expand, with progressively more centers pushing the boundaries and offering
ECMO for previously contraindicated disease processes and even in out-of-hospital settings.
ECMO mortality has slowly improved with recent trials demonstrating mortality in the
30–50% range, compared to over 40–70% in similar patients not receiving ECMO [2–5].

Despite these advances, the fundamental question of prognostication persists—who is
a good candidate for ECMO support?

This question has never been more pressing than during the recent COVID-19 pan-
demic. As resources are stretched thin, offering resource-intensive therapies approaches a
zero-sum situation in which difficult decisions must be made [6–10]. To date, the common
approaches have focused on identifying factors in either patient characteristics or complica-
tions, mostly prior to ECMO initiation, to develop prognostication scores. The developed
scores have mostly relied on registry-based data, especially for neonatal and pediatric
scores, and with mortality as the main outcome. We review the current prognostication
tools available to clinicians, their limitations, and the future directions of the field.

2. Current ECMO Prognostication Tools

Over the last two decades, several groups have put together prediction scores with
Area Under Receiver Operator Curve (AUC), ranging from 0.65 to 0.89 depending on the
group and indication evaluated.

2.1. Neonatal Respiratory Failure

Two current scores exist to predict ECMO outcomes in neonatal respiratory failure,
both derived from the Extracorporeal Life Support Organization (ELSO) registry. Both the
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Pittsburgh Index of Pre-ECMO Risk (PIPER) score [11] and Neonatal Risk Estimate Score
for Children Using Extracorporeal Respiratory Support (Neo-RESCUERS) [12] rely on a
combination of demographic, laboratory, and treatment data prior to ECMO cannulation
to predict survival.

The PIPER score demonstrated a 21% increase in mortality for each PIPER quartile.
The mortality data was also separated by presence or absence of CDH. They further
presented a combined model including ECMO duration and presence of complication
categories as independent variables and showed an improved AUC of 0.79.

Neo-RESCUERS analyzed neonates over overlapping periods of the registry to create
a development and validation dataset. They showed that patients in their lowest decile had
an observed mortality of 7% compared to a predicted mortality of 4.4%, while the highest
decile had an observed mortality of 65.6% compared to a predicted mortality of 67.5%.

Both scores present reasonable AUCs but neither have been externally validated
(Table 1). ECMO cannulation technique has also changed over time with more neonatal
veno-venous (VV) ECMO cannulations occurring than from the time this registry data
was collected.

Table 1. Prognostication scores for neonatal respiratory failure.

Score Variables Year Patient Cohort AUC (95% CI) External Validation

PIPER [11]

Prior to ECMO Demographics
Apgar at 5 min <7
Birth weight <3 kg
Age >10 days
CDH
Vitals
MAP <49 mm Hg
Laboratory Data
pO2 <34 mm Hg
Treatment Data
Patient not on iNO

2016

Source
ELSO registry
Date
2000–2010
Age
<30 days old
# of Patients
5455 on VA ECMO

0.74 (0.72–0.77) No

Neo-RESCUERS
[12]

Prior to ECMO Demographics
Birth Weight
Gestational Age
Age
Gender
Primary Diagnosis
Comorbidity
Renal Failure
Laboratory Data
pH
PaO2/FiO2
Treatment Data
iNO

2016

Source
ELSO registry
Date
2008–2013
Age
<28 days
# of Patients
4592 patients

0.77 (0.75–0.80) No

AUC = area under receiver operator curve, ECMO = extracorporeal membrane oxygenation, # = number, CDH = congenital diaphragmatic
hernia, MAP = mean arterial pressure, PaO2 = partial pressure of oxygen, iNO = inhaled nitric oxide, VA = veno-arterial, ELSO =
Extracorporeal Life Support Organization.

2.2. Neonatal Congenital Diaphragmatic Hernia

There is one neonatal congenital diaphragmatic hernia (CDH) ECMO prediction tool
that is designed to be scored either with only variables from prior to cannulation or with the
addition of variables after cannulation [13]. The highest risk group within the pre-ECMO
score had a mortality of 75% compared to the mortality of the highest risk group as defined
by the on-ECMO score of 86%. As expected, the addition of on-ECMO variables results
in an improvement in the accuracy of the model (Table 2). These findings illustrated the
importance of ECMO complications when predicting mortality.
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Table 2. Prognostication scores for neonatal congenital diaphragmatic hernia.

Score Variables Year Patient Cohort AUC (95% CI) External Validation

CDH
Pre-ECMO [13]

Prior to ECMO Demographics
Prior diaphragmatic hernia repair
Critical congenital heart disease
Perinatal infection
Weight
APGARs
Side of hernia
Pre ECMO-Arrest
Laboratory Data
pH
Treatment Data
Ventilator settings

2018

Source
ELSO registry
Date
2000–2015
# of Patients
4374 Neonates with
CDH as primary
diagnosis

0.65 (0.62–0.68) No

CDH
On-ECMO [13]

Prior to ECMO + On-ECMO
Treatment Data
ECMO settings (pump type)
ECMO associated complications
(hemorrhage, severe neurologic
complication, elevated creatinine,
dialysis, tamponade, CPR, sepsis)

2018 0.73 (0.71–0.76) No

AUC = area under receiver operator curve, ECMO = extracorporeal membrane oxygenation, # = number, CDH = congenital diaphragmatic
hernia, CPR = cardiopulmonary resuscitation, ELSO = Extracorporeal Life Support Organization.

2.3. Pediatric Respiratory Failure

Two scores exist for pediatric respiratory failure (Table 3): the Pediatric Risk Estimation
Score for Children Using Extracorporeal Respiratory Support (PED-Rescuers) score [14]
and the newer Pediatric Pulmonary Rescue with Extracorporeal Membrane Oxygenation
Prediction (P-Prep) score [15]. Both scores were developed utilizing data from the ELSO
registry with an overlap in the data collection period but with a slight difference in the
patient cohort age group. The PED-Rescuers score was developed and then validated
against a dataset also from the ELSO registry, while the P-Prep score underwent external
validation against another large pediatric database, the Pediatric Health Information System
(PHIS). Both scores rely on pre-ECMO data regarding demographics including diagnosis,
as well as laboratory and treatment variables. Since they were published, the incidence
of pediatric respiratory ECMO has continued to increase, and the ELSO registry has
transitioned to ICD-10 coding from ICD-9, which may provide more granular diagnosis
data. Additionally, the ELSO registry underwent extensive revision and standardization of
all data fields in 2018 to provide a more standardized approach across centers and to allow
for more reliable multicenter data analysis [16].

Table 3. Prognostication scores for pediatric respiratory failure.

Score Variables Year Patient Cohort AUC (95% CI) External Validation

PED-RESCUERS
[14]

Prior to ECMO Demographics
Comorbidities
Primary diagnosis of Asthma,
Bronchiolitis or Pertussis
Laboratory Data
pH
PaCO2
Treatment Data
Ventilator settings
Duration of admission and MV
prior to ECMO
Milrinone

2016

Source
ELSO registry
Date
2009–2014
Age
29 days to 18 years
# of Patients
2458 on ECMO for
respiratory
indications

0.63 (0.60–0.65) No
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Table 3. Cont.

Score Variables Year Patient Cohort AUC (95% CI) External Validation

P-PREP [15]

Prior to ECMO Demographics
Gender
Age >10 years
Year of ECMO support
Primary pulmonary diagnosis
Comorbidities
Laboratory Data
PF ratio
pH
Treatment Data
VV vs VA
Mechanical ventilation >14 days
HFOV
iNO
Neuromuscular blockade

2017

Source
ELSO registry
Date
2001–2013
Age
>7 days to <18 years
# of Patients
4352 patients needing
ECMO for
respiratory failure

0.69 (0.67–0.71)
Yes (PHIS

dataset—0.66
(0.63–0.69))

AUC = area under receiver operator curve, ECMO = extracorporeal membrane oxygenation, # = number, PHIS = pediatric Health
Information System, MV = mechanical ventilation, CPR = cardiopulmonary resuscitation, ELSO = Extracorporeal Life Support Organization,
VV = veno-venous, VA = veno-arterial, HFOV = high frequency oscillatory ventilation, iNO = inhaled nitric oxide.

2.4. Adult Respiratory Failure

Several Adult Respiratory Failure scores exist (Table 4), with the earliest being EC-
MOnet developed on data from the 2009 H1N1 Pandemic [17]. This score was limited to a
single country cohort entered into an international research collaborative, ECMOnet [18].
They analyzed 60 patients, finding an overall survival rate of 68%. Predictors included
hospital length of stay prior to ECMO, bilirubin, creatinine, hematocrit, and mean arterial
pressure. These variables were split into categorical values and translated into scores. The
external test set revealed AUC of 0.69 with an accuracy of 62%, sensitivity of 51%, and
specificity of 62%.

Since that time, several other scores have been developed. Utilizing data from three
French intensive care units (ICU), the PRedicting dEath for SEvere ARDS on VV-ECMO
(PRESERVE) score was developed, including 140 patients with refractory acute respiratory
distress syndrome (ARDS) and eight pre-ECMO parameters as predictors [19]. Infectious
diseases were the leading cause of ARDS with 26% being infected with influenza H1N1.
They found that the pre ECMO P:F ratio was not associated with survival, and due to
trials around this time showing improved mortality with early prone positioning, the
authors forced it into their model and found it was independently associated with lower
mortality. In addition to aiming to identify factors associated with long-term mortality
for ICU survivors at 6-months post-discharge with 80% of survivors participating, they
looked at health-related quality of life (HRQOL) and reported emotional (34%), anxiety
(25%), depression or post-traumatic stress (PTSD) symptoms (16%). They further compared
HRQL outcomes in their population compared to controls, as well as other ECMO and
ARDS trials.

The Respiratory Extracorporeal Membrane Oxygenation Survival Prediction (RESP)
score was developed with ELSO registry data and then externally validated on single center
data used to develop the PRESERVE score [20]. It was further validated in several other
independent studies [21,22]. Survival within the registry data was 57%; several diagnosis
groups were associated with mortality, and acute non-pulmonary infections and central
nervous system dysfunction were also significant predictors. Included variables were then
scored, and the final score was split into five risk classes with risk class I demonstrating 92%
survival vs risk class V with 18% survival. Prone positioning was not reported within the
registry and thus was not a predictor. The RESP score also performed better in the external
database compared to classical ICU severity scores such as simplified acute physiology
score II (SAPS II) and sequential organ failure assessment (SOFA).

Both RESP and PRESERVE scores have also been compared in separate independent
databases, where they were found to have similar accuracy in predicting both in-hospital
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and 6-months survival [23,24]. Of note—four variables overlap between the scores includ-
ing age, immunocompromised status, mechanical ventilation time prior to ECMO, and
peak inspiratory pressure (PIP) or plateau pressure.

Table 4. Prognostication scores for adult respiratory failure.

Score Variables Year Patient Cohort AUC (95% CI) External Validation

ECMONet [17]

Prior to ECMO Demographics
PreECMO hospital length of stay
Vitals
Mean Arterial pressure
Laboratory Data
Bilirubin
Creatinine
Hematocrit

2013

Source
Prospective
multicenter
Date
2009 H1N1 Pandemic
# of Patients
60 H1N1 influenza A
patients with
respiratory distress

0.86 (0.75–0.96) Yes—0.69 (0.56–0.83)

PRESERVE [19]

Prior to ECMO Demographics
Age
BMI
Immunocompromised
SOFA > 13
Treatment Data
MV > 6 days
No prone positioning prior to
ECMO
PEEP < 10 cm H2O
Plateau Pressure > 30 cm H2O

2013

Source
Multicenter (3 French
ICUs)
Date
2008–2012
# of Patients
140 ARDS patients

0.89 (0.83–0.94) Yes (0.68 (0.62–0.75)
and 0.75 (0.57–0.92)) *

RESP [20]

Prior to ECMO Demographics
Age
Immunocompromised status
Mechanical ventilation prior to
initiation of ECMO
Acute Respiratory Diagnosis
CNS dysfunction
Acute associated nonpulmonary
infection
Cardiac Arrest prior to ECMO
Laboratory Data
PaCO2
Treatment Data
Neuromuscular blockade prior to
ECMO
iNO
HCO3
Peak inspiratory pressure

2013

Source
ELSO registry
Date
2000–2012
# of Patients
2355 Adult patients
with Severe acute
respiratory failure

0.74 (0.72–0.76) Yes (0.92 (0.89–0.97)
and 0.81 (0.67–0.95)) *

Roch Score [25]

Prior to ECMO Demographics
SOFA
Age
Influenza Pneumonia

2014

Source
Single Center
Date
2009–2013
# of Patients
85 patients with
ARDS

0.80 (0.71–0.89) Yes (0.56 (0.45–0.68))
**

VV [26]

Prior to ECMO Demographics
Immunocompromised
SOFA score
Treatment Data
Days of MV

2016

Source
Single center
Date
2007–2015
# of Patients
116 patients on
VV ECMO for ARDS

0.76 (0.67–0.85) No
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Table 4. Cont.

Score Variables Year Patient Cohort AUC (95% CI) External Validation

PRESET [27]

Prior to ECMO Demographics
Hospital days pre ECMO
Vitals
Mean arterial pressure
Laboratory Data
Lactate
pH
Platelet

2017

Source
Single Center
Date
2010–2015
# of Patients
108 patients with
Severe ARDS treated
with VV ECMO

0.85 (0.76–0.93) Yes (0.70 (0.56–0.84))

AUC = area under receiver operator curve, ECMO = extracorporeal membrane oxygenation, # = number, ELSO = Extracorporeal Life
Support Organization, VV = veno-venous, VA = veno-arterial, CNS = central nervous system, iNO = inhaled nitric oxide, BMI = body
mass index, SOFA = Sequential Organ Failure Assessment, ICU = intensive care unit, ARDS = acute respiratory distress syndrome. * These
findings were validated externally in separate databases not included in the original study ** Validated in the same database as used for
PRESET Score.

The Roch score focused on identifying factors associated with mortality in patients re-
ferred to a single center for acute respiratory distress syndrome (ARDS) and then requiring
ECMO support [25]. They looked at 85 consecutive ARDS patients equipped with ECMO
by a mobile team, with the median time to cannulation 3 h after contact from the referring
center. The variables were assigned scores with the 0–2 score group having 40% mortality
and the 3–4 score having 93% mortality. The strength of the Roch score is its development
in a referral center setting.

While several other scores have been developed on either multi or single center
data and then been externally validated, in general they have achieved good accuracy
in predicting mortality with only limited variables. These include the Veno-venous (VV)
ECMO mortality score [26] and PREdiction of Survival on ECMO Therapy-Score (PRESET)
score [27]. The PRESET score was derived with 108 ARDS patients on VV-ECMO who were
retrospectively analyzed with the EMCOnet, RESP, PRESERVE and Roch score. Within
their dataset, only the ECMOnet and RESP score accurately determined survival, and
subsequently the PRESET score was created including extrapulmonary predictors such
as mean arterial pressure, lactate, pH, platelets, and hospital days pre-ECMO. The scores
were then split into three risk classes with risk class I having 26% mortality vs risk class III
with 93% mortality.

A recent single center external validation also looked at these scores (PRESERVE,
RESP, VV-ECMO mortality, and SOFA scores). The authors found slightly lower AUCs
than previously reported between 0.64–0.73 [21].

2.5. Adult Cardiac Failure

Three large adult prognostic scores for survival for cardiac veno-arterial (VA) ECMO
exist (Table 5). The SAVE score is based off the ELSO registry data [28]. It was designed to
predict survival from refractory cardiogenic shock. Registry data showed a 42% survival,
the score was then validated on 161 Australian patients. The score was then split into risk
classes from I to IV, with survival in class I at 75% vs. class IV at 18%. They further compared
these risk categories across the most prevalent diagnosis groups, with myocarditis and
heart and lung transplants having the highest survival. The external validation AUC was
quite high (0.90), but it was done on a single highly protocolized center with higher survival
and difference in diagnosis distribution. This center also participated in the ELSO registry
so there may be some overlap between these cohorts.
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Table 5. Prognostication scores for adult cardiac failure.

Score Variables Year Patient Cohort AUC (95% CI) External Validation

SAVE [28]

Prior to ECMO Demographics
Cardiogenic shock
Age
Weight
Pre-ECMO organ failure
Chronic Renal failure
Pre-ECMO cardiac arrest
Vitals
DBP before ECMO >40 mmHg
PP before ECMO <20 mmHg
Laboratory Data
HCO3 < 15 mmol/L
Treatment Data
Duration of intubation prior to
initiation of ECMO
Peak inspiratory pressure <20 cmH2O

2015

Source
ELSO registry
Date
2003–2013
# of Patients
3846 patients with
refractory
cardiogenic shock
treated with VA
ECMO

0.68 (0.64–0.71)

Yes—0.90 (0.85–0.95)
0.77 (0.69–0.86) * [31]

& 0.69 (CI
unavailable) **

Encourage [29]

Prior to ECMO Demographics
Age
Sex
BMI > 25
GCS < 6
Laboratory Data
Creatinine
Lactate
Prothrombin activity

2016

Source
Multicenter
Date
2008–2013
# of Patients
138 ECMO treated
AMI patients

0.84 (0.77–0.91) No

PREDICT
VA-ECMO [30]

On ECMO Laboratory Data
pH
Lactate
HCO3

2018

Source
Single Center
Date
2010–2015
# of Patients
205 VA-ECMO

0.82 (0.76–0.88)—6 h
score

0.84 (0.78–0.90)—12 h
score

Yes—0.72 (0.65–0.78)
(6 h) & 0.74

(0.65–0.82) (12 h)

AUC = area under receiver operator curve, ECMO = extracorporeal membrane oxygenation, # = number, ELSO = Extracorporeal Life
Support Organization, VA = veno-arterial, DBP = diastolic blood pressure, PP = pulse pressure, AMI = acute myocardial infarction. * These
findings were validated externally in separate databases not included in the original study ** Validated in the same database as used for
PREDICT VA-ECMO Score.

The prEdictioN of Cardiogenic shock OUtcome foR AMI (Acute Myocardial Infarction)
patients salvaGed by VA-ECMO (ENCOURAGE) score was based off multicenter data of
138 patients and also followed up on HRQOL data [29]. It was developed over 138 patients
from two centers and was unique in that it was the first specific risk score for AMI-
cardiogenic shock. They demonstrated 47% survival and had seven pre-ECMO predictors.
Their HRQOL data was compared among score classes with 6-month survival ranging
from 7 to 80%. They also reported anxiety (34%), depression (20%), and PTSD (5%) among
their survivors.

Conversely, the Predict VA-ECMO score is based off variables for patients already on
ECMO, relying on very few variables at different time intervals with good accuracy [30].
They were able to develop a dynamic score using only three points of care biomarkers,
and it outperformed the SAVE score within their database. A significant strength was
the evaluation of extracorporeal cardiopulmonary resuscitation (eCPR) patients as well as
cardiogenic shock patients.

3. Limitations in Current Prognostic Scores

The majority of prediction models aim to predict the same outcome—mortality. Aside
from CDH on-ECMO score and Predict VA-ECMO, all scores take input variables from
pre-ECMO cannulation to help predict mortality. As one would expect looking at the
variables of interest, a patient’s severity of illness and degree of end organ dysfunction
prior to ECMO initiation often plays a large role in their predicted mortality. Unfortunately,
there are limited trials to help establish when a patient would best benefit from cannulation,
as both too early and too late cannulation could be associated with adverse outcomes. In
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other words, the current models do not provide clinicians with decision support tools for
timely institution of ECMO support, before end organ deterioration develops that has been
shown to correlate with worse in-hospital and long-term mortality.

While several adult scores have been designed without registry data or are externally
validated, many pediatric scores are not externally validated. External validation is often
crucial to ensure a prediction score is applicable to varying patient cohorts with differ-
ences in demographics, therapeutics, and even diagnoses. Recent studies have shown
even externally validated adult scores performed similarly and with lower accuracy than
initially reported [23,24]. Recent literature has been published on how some of these scores
performed retrospectively during the COVID-19 pandemic [2]. Recent evidence from the
COVID-19 pandemic has also shown that the timing of ECMO initiation influences patient
outcomes [32].

A common factor is that a large portion of predictive variables only point to existing
end organ dysfunction prior to cannulation but provide scant evidence on modifiable risk
factors either in the pre or on ECMO phases. They also mostly predict only short-term
mortality, but provide limited information on long-term neurologic or functional outcomes.

4. Future Directions

As described in a recent joint paper regarding the development and reporting of
prediction models from respiratory, sleep, and critical care journals—a significant limita-
tion of prediction models is the inclusion of casual relationships between variables [33].
Variables such as pre-ECMO cardiac arrest or SOFA score are independently related to
mortality—with or without ECMO cannulation. Furthermore, the joint paper discusses the
limitations of categorizing continuous variables and the subsequent loss of information.
For example, a model that treats hypotension, mean arterial pressure (MAP) <60 mmHg,
as a binary variable, may treat MAPs of 39 and 59 mmHg the same, as well as the folly of
relying only on AUC curves without considering the importance of precision and recall,
especially when datasets are unbalanced [34]. As survival improves overall, especially for
conditions such as CDH, it is increasingly likely that there will be significantly unbalanced
classes (higher survival). Both these limitations impact the vast majority of current ECMO
prediction scores.

Further, while current prediction scores can inform clinical decisions regarding pop-
ulation level statistics of who will survive ECMO, they offer little in the way of input
on how to improve these outcomes. Most rely on demographics and pre-cannulation
markers of severity of illness or pre-ECMO cardiac arrest [35,36]. Research has also focused
on factors that relate to continued multiorgan failure such as need for renal replacement
therapy [23,37], continued need for vasoactive support, or markers of hemolysis or dissem-
inated intravascular coagulation [38,39].

Little has been offered in terms of ECMO predictive scores that alert clinicians of
actionable variables that may impact outcomes. Recent adult literature has shown in a
large ELSO database that a significant relative decrease in PaCO2 in respiratory ECMO
patients was associated with poor neurologic outcomes [40]. Pediatric data has shown the
importance of PaCO2 and its interaction with blood pressure on cerebral autoregulation in
a single center [41]. Studies in pediatric patients have also shown the impact of hyperoxia
on neurologic outcomes [42,43]. Other literature has focused on the impact of cannulation
modality and mortality [44,45].

Factors such as relative changes in PaCO2, MAP, cannulation Site, and degree of
hyperoxia are often modifiable by experienced clinical staff. Predictive scores with a focus
on a change in variables over time and their impact on mortality are sorely needed to aid
not only in the decision to place a patient on ECMO, but to predict and impact outcomes
following cannulation.

These challenges also remain ever present during the current COVID-19 pandemic,
with the RESP & PRESERVE score having AUCs of 0.60 and 0.55 in a multicenter COVID-19
database [2]. The complexity of the COVID-19 patients in that they may require longer
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durations of mechanical ventilation, may have more significant ARDS and overall increased
treatment complexity is not well reflected in either of these scores. We propose new COVID-
19-specific scores should be developed that can include these further nuances. We further
propose these prediction scores should be under continuous development and revision,
which will improve their ability to serve as true clinical decision support tools.

5. Changing the Outcome

Deployment of ECMO has become more widespread with nearly a 10-fold increase
over the last two decades. Recent trials have also documented the improvement in mortality
outcomes provided by ECMO support. As with other interventions that have become more
widespread in critical care, the focus shifts from a binary outcome of mortality to more
nuanced patient-centered outcomes.

Neurologic injury is one of the most common complications of ECMO, with neurologic
complications such as intracranial hemorrhage associated with upwards of 40% of deaths.
Children are similarly affected with survival falling to 36–38% following acute neurologic
injury. In children in particular, long term follow up has also demonstrated that survivors
often have significant impairment—12% report severe motor impairment, 10–50% with
cognitive delays, 16–46% with behavioral abnormalities, and 31–53% of survivors having
quality of life scores at least one standard deviation below the mean. Likewise, a standard-
ized 1-year follow up clinic after respiratory ECMO demonstrated neurodevelopmental
problems in 30% of the 98 patients [46]. Prior papers have focused on the role of cannulation
sites, PaCO2 change, and hyperoxia amongst others, for their roles in neurologic injury.
Unfortunately, neurologic outcome has not been the focus of prediction models, likely due
to heterogenous conditions of patients pre-ECMO, the role of their pre-ECMO illness, and
difficulty in collecting and analyzing long term data. Despite these challenges, the next
generation of prediction models may benefit from focus on neurologic outcomes rather
than survival and ICU discharge, as previously mentioned.

6. Conclusions

We present a review of current ECMO prediction models in neonatal, pediatric, and
adult ECMO patients developed over the last decade, as well as a challenge for the next gen-
eration of models to focus on accuracy as well as precision, clinically modifiable outcomes,
and outcomes aside from mortality such as long-term neurologic and functional status.

Author Contributions: Conceptualization, N.S. and A.S.S.; methodology, N.S. and A.S.S.; formal
analysis, N.S. and A.S.S.; resources, N.S. and A.S.S.; writing—original draft preparation, N.S. and
A.S.S.; writing—review and editing, N.S. and A.S.S.; supervision, N.S. and A.S.S.; project administra-
tion, N.S. and A.S.S. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. ELSO. ECLS Registry Report, International Summary; ELSO: Ann Arbor, MI, USA, 2020.
2. Supady, A.; DellaVolpe, J.; Taccone, F.S.; Scharpf, D.; Ulmer, M.; Lepper, P.M.; Halbe, M.; Ziegeler, S.; Vogt, A.; Ramanan, R.;

et al. Outcome Prediction in Patients with Severe COVID-19 Requiring Extracorporeal Membrane Oxygenation-A Retrospective
International Multicenter Study. Membranes 2021, 11, 170. [CrossRef]

3. Schmidt, M.; Schellongowski, P.; Patroniti, N.; Taccone, F.S.; Miranda, D.R.; Reuter, J.; Prodanovic, H.; Pierrot, M.; Dorget, A.;
Park, S.; et al. follows: Six-Month Outcome of Immunocompromised Patients with Severe Acute Respiratory Distress Syndrome
Rescued by Extracorporeal Membrane Oxygenation. An International Multicenter Retrospective Study. Am. J. Respir Crit. Care
Med. 2018, 197, 1297–1307. [CrossRef] [PubMed]

http://doi.org/10.3390/membranes11030170
http://doi.org/10.1164/rccm.201708-1761OC
http://www.ncbi.nlm.nih.gov/pubmed/29298095


Membranes 2021, 11, 537 10 of 11

4. Goligher, E.C.; Tomlinson, G.; Hajage, D.; Wijeysundera, D.N.; Fan, E.; Juni, P.; Brodie, D.; Slutsky, A.S.; Combes, A. Extracorporeal
Membrane Oxygenation for Severe Acute Respiratory Distress Syndrome and Posterior Probability of Mortality Benefit in a Post
Hoc Bayesian Analysis of a Randomized Clinical Trial. JAMA 2018, 320, 2251–2259. [CrossRef]

5. Combes, A.; Hajage, D.; Capellier, G.; Demoule, A.; Lavoue, S.; Guervilly, C.; da Silva, D.; Zafrani, L.; Tirot, P.; Veber, B.; et al.
Extracorporeal Membrane Oxygenation for Severe Acute Respiratory Distress Syndrome. N. Engl. J. Med. 2018, 378, 1965–1975.
[CrossRef]

6. Abrams, D.; Lorusso, R.; Vincent, J.L.; Brodie, D. ECMO during the COVID-19 pandemic: When is it unjustified? Crit. Care 2020,
24, 507. [CrossRef]

7. Alhazzani, W.; Moller, M.H.; Arabi, Y.M.; Loeb, M.; Gong, M.N.; Fan, E.; Oczkowski, S.; Levy, M.M.; Derde, L.; Dzierba, A.; et al.
Surviving Sepsis Campaign: Guidelines on the Management of Critically Ill Adults with Coronavirus Disease 2019 (COVID-19).
Crit. Care Med. 2020, 48, e440–e469. [CrossRef] [PubMed]

8. Cho, H.J.; Heinsar, S.; Jeong, I.S.; Shekar, K.; Li Bassi, G.; Jung, J.S.; Suen, J.Y.; Fraser, J.F. ECMO use in COVID-19: Lessons from
past respiratory virus outbreaks-a narrative review. Crit. Care 2020, 24, 301. [CrossRef] [PubMed]

9. Ramanathan, K.; Antognini, D.; Combes, A.; Paden, M.; Zakhary, B.; Ogino, M.; MacLaren, G.; Brodie, D.; Shekar, K. Planning
and provision of ECMO services for severe ARDS during the COVID-19 pandemic and other outbreaks of emerging infectious
diseases. Lancet Respir. Med. 2020, 8, 518–526. [CrossRef]

10. Shekar, K.; Badulak, J.; Peek, G.; Boeken, U.; Dalton, H.J.; Arora, L.; Zakhary, B.; Ramanathan, K.; Starr, J.; Akkanti, B.;
et al. Extracorporeal Life Support Organization Coronavirus Disease 2019 Interim Guidelines: A Consensus Document from
an International Group of Interdisciplinary Extracorporeal Membrane Oxygenation Providers. ASAIO J. 2020, 66, 707–721.
[CrossRef]

11. Maul, T.M.; Kuch, B.A.; Wearden, P.D. Development of Risk Indices for Neonatal Respiratory Extracorporeal Membrane
Oxygenation. ASAIO J. 2016, 62, 584–590. [CrossRef] [PubMed]

12. Barbaro, R.P.; Bartlett, R.H.; Chapman, R.L.; Paden, M.L.; Roberts, L.A.; Gebremariam, A.; Annich, G.M.; Davis, M.M. Develop-
ment and Validation of the Neonatal Risk Estimate Score for Children Using Extracorporeal Respiratory Support. J. Pediatr. 2016,
173, 56–61.e53. [CrossRef]

13. Guner, Y.S.; Nguyen, D.V.; Zhang, L.; Chen, Y.; Harting, M.T.; Rycus, P.; Barbaro, R.; Di Nardo, M.; Brogan, T.V.; Cleary, J.P.; et al.
Development and Validation of Extracorporeal Membrane Oxygenation Mortality-Risk Models for Congenital Diaphragmatic
Hernia. ASAIO J. 2018, 64, 785–794. [CrossRef]

14. Barbaro, R.P.; Boonstra, P.S.; Paden, M.L.; Roberts, L.A.; Annich, G.M.; Bartlett, R.H.; Moler, F.W.; Davis, M.M. Development and
validation of the pediatric risk estimate score for children using extracorporeal respiratory support (Ped-RESCUERS). Intensive
Care Med. 2016, 42, 879–888. [CrossRef] [PubMed]

15. Bailly, D.K.; Reeder, R.W.; Zabrocki, L.A.; Hubbard, A.M.; Wilkes, J.; Bratton, S.L.; Thiagarajan, R.R.; Extracorporeal Life Support
Organization Member, C. Development and Validation of a Score to Predict Mortality in Children Undergoing Extracorporeal
Membrane Oxygenation for Respiratory Failure: Pediatric Pulmonary Rescue With Extracorporeal Membrane Oxygenation
Prediction Score. Crit. Care Med. 2017, 45, e58–e66. [CrossRef] [PubMed]

16. ELSO. ECLS Registry Form. Available online: https://www.elso.org/Portals/0/ELSOECLSRegistryForm5_0%202018-03-01.pdf
(accessed on 12 June 2021).

17. Pappalardo, F.; Pieri, M.; Greco, T.; Patroniti, N.; Pesenti, A.; Arcadipane, A.; Ranieri, V.M.; Gattinoni, L.; Landoni, G.; Holzgraefe,
B.; et al. Predicting mortality risk in patients undergoing venovenous ECMO for ARDS due to influenza A (H1N1) pneumonia:
The ECMOnet score. Intensive Care Med. 2013, 39, 275–281. [CrossRef]

18. ECMOnet Mission and Values. Available online: https://www.internationalecmonetwork.org/mission-and-values (accessed on
12 June 2021).

19. Schmidt, M.; Zogheib, E.; Roze, H.; Repesse, X.; Lebreton, G.; Luyt, C.E.; Trouillet, J.L.; Brechot, N.; Nieszkowska, A.; Dupont, H.;
et al. The PRESERVE mortality risk score and analysis of long-term outcomes after extracorporeal membrane oxygenation for
severe acute respiratory distress syndrome. Intensive Care Med. 2013, 39, 1704–1713. [CrossRef]

20. Schmidt, M.; Bailey, M.; Sheldrake, J.; Hodgson, C.; Aubron, C.; Rycus, P.T.; Scheinkestel, C.; Cooper, D.J.; Brodie, D.; Pellegrino,
V.; et al. 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. 2014, 189, 1374–1382.
[CrossRef] [PubMed]

21. Man, M.; Shum, H.; Lam, S.; Yu, J.; KING, B.; Yan, W. An External Validation of Scoring Systems in Mortality Prediction in
Veno-Venous Extracorporeal Membrane Oxygenation. ASAIO J. 2021. [CrossRef]

22. Klinzing, S.; Wenger, U.; Steiger, P.; Starck, C.T.; Wilhelm, M.; Schuepbach, R.A.; Maggiorini, M. External validation of scores pro-
posed for estimation of survival probability of patients with severe adult respiratory distress syndrome undergoing extracorporeal
membrane oxygenation therapy: A retrospective study. Crit. Care 2015, 19, 142. [CrossRef]

23. Kang, H.R.; Kim, D.J.; Lee, J.; Cho, Y.J.; Kim, J.S.; Lee, S.M.; Lee, J.H.; Jheon, S.; Lee, C.T.; Lee, Y.J. A Comparative Analysis of
Survival Prediction Using PRESERVE and RESP Scores. Ann. Thorac. Surg. 2017, 104, 797–803. [CrossRef]

24. Brunet, J.; Valette, X.; Buklas, D.; Lehoux, P.; Verrier, P.; Sauneuf, B.; Ivascau, C.; Dalibert, Y.; Seguin, A.; Terzi, N.; et al. Predicting
Survival After Extracorporeal Membrane Oxygenation for ARDS: An External Validation of RESP and PRESERVE Scores. Respir.
Care 2017, 62, 912–919. [CrossRef]

http://doi.org/10.1001/jama.2018.14276
http://doi.org/10.1056/NEJMoa1800385
http://doi.org/10.1186/s13054-020-03230-9
http://doi.org/10.1097/CCM.0000000000004363
http://www.ncbi.nlm.nih.gov/pubmed/32224769
http://doi.org/10.1186/s13054-020-02979-3
http://www.ncbi.nlm.nih.gov/pubmed/32505217
http://doi.org/10.1016/S2213-2600(20)30121-1
http://doi.org/10.1097/MAT.0000000000001193
http://doi.org/10.1097/MAT.0000000000000402
http://www.ncbi.nlm.nih.gov/pubmed/27258227
http://doi.org/10.1016/j.jpeds.2016.02.057
http://doi.org/10.1097/MAT.0000000000000716
http://doi.org/10.1007/s00134-016-4285-8
http://www.ncbi.nlm.nih.gov/pubmed/27007109
http://doi.org/10.1097/CCM.0000000000002019
http://www.ncbi.nlm.nih.gov/pubmed/27548818
https://www.elso.org/Portals/0/ELSOECLSRegistryForm5_0%202018-03-01.pdf
http://doi.org/10.1007/s00134-012-2747-1
https://www.internationalecmonetwork.org/mission-and-values
http://doi.org/10.1007/s00134-013-3037-2
http://doi.org/10.1164/rccm.201311-2023OC
http://www.ncbi.nlm.nih.gov/pubmed/24693864
http://doi.org/10.1097/MAT.0000000000001461
http://doi.org/10.1186/s13054-015-0875-z
http://doi.org/10.1016/j.athoracsur.2017.01.052
http://doi.org/10.4187/respcare.05098


Membranes 2021, 11, 537 11 of 11

25. Roch, A.; Hraiech, S.; Masson, E.; Grisoli, D.; Forel, J.M.; Boucekine, M.; Morera, P.; Guervilly, C.; Adda, M.; Dizier, S.; et al.
Outcome of acute respiratory distress syndrome patients treated with extracorporeal membrane oxygenation and brought to a
referral center. Intensive Care Med. 2014, 40, 74–83. [CrossRef]

26. Cheng, Y.T.; Wu, M.Y.; Chang, Y.S.; Huang, C.C.; Lin, P.J. Developing a simple preinterventional score to predict hospital mortality
in adult venovenous extracorporeal membrane oxygenation: A pilot study. Medicine 2016, 95, e4380. [CrossRef]

27. Montero, S.; Slutsky, A.S.; Schmidt, M. The PRESET-Score: The extrapulmonary predictive survival model for extracorporeal
membrane oxygenation in severe acute respiratory distress syndrome. J. Thorac. Dis. 2018, 10, S2040–S2044. [CrossRef]

28. Schmidt, M.; Burrell, A.; Roberts, L.; Bailey, M.; Sheldrake, J.; Rycus, P.T.; Hodgson, C.; Scheinkestel, C.; Cooper, D.J.; Thiagarajan,
R.R.; et al. Predicting survival after ECMO for refractory cardiogenic shock: The survival after veno-arterial-ECMO (SAVE)-score.
Eur. Heart J. 2015, 36, 2246–2256. [CrossRef]

29. Muller, G.; Flecher, E.; Lebreton, G.; Luyt, C.E.; Trouillet, J.L.; Brechot, N.; Schmidt, M.; Mastroianni, C.; Chastre, J.; Leprince, P.;
et al. The ENCOURAGE mortality risk score and analysis of long-term outcomes after VA-ECMO for acute myocardial infarction
with cardiogenic shock. Intensive Care Med. 2016, 42, 370–378. [CrossRef]

30. Wengenmayer, T.; Duerschmied, D.; Graf, E.; Chiabudini, M.; Benk, C.; Muhlschlegel, S.; Philipp, A.; Lubnow, M.; Bode,
C.; Staudacher, D.L. Development and validation of a prognostic model for survival in patients treated with venoarterial
extracorporeal membrane oxygenation: The PREDICT VA-ECMO score. Eur. Heart J. Acute Cardiovasc. Care 2019, 8, 350–359.
[CrossRef]

31. Amin, F.; Lombardi, J.; Alhussein, M.; Posada, J.D.; Suszko, A.; Koo, M.; Fan, E.; Ross, H.; Rao, V.; Alba, A.C.; et al. Predicting
Survival After VA-ECMO for Refractory Cardiogenic Shock: Validating the SAVE Score. CJC Open 2021, 3, 71–81. [CrossRef]

32. Biancari, F.; Mariscalco, G.; Dalen, M.; Settembre, N.; Welp, H.; Perrotti, A.; Wiebe, K.; Leo, E.; Loforte, A.; Chocron, S.; et al.
Six-Month Survival After Extracorporeal Membrane Oxygenation for Severe COVID-19. J. Cardiothorac Vasc. Anesth. 2021, 35,
1999–2006. [CrossRef]

33. Leisman, D.E.; Harhay, M.O.; Lederer, D.J.; Abramson, M.; Adjei, A.A.; Bakker, J.; Ballas, Z.K.; Barreiro, E.; Bell, S.C.; Bellomo, R.;
et al. Development and Reporting of Prediction Models: Guidance for Authors From Editors of Respiratory, Sleep, and Critical
Care Journals. Crit. Care Med. 2020, 48, 623–633. [CrossRef]

34. Saito, T.; Rehmsmeier, M. The precision-recall plot is more informative than the ROC plot when evaluating binary classifiers on
imbalanced datasets. PLoS ONE 2015, 10, e0118432. [CrossRef] [PubMed]

35. Azizov, F.; Merkle, J.; Fatullayev, J.; Eghbalzadeh, K.; Djordjevic, I.; Weber, C.; Saenko, S.; Kroener, A.; Zeriouh, M.; Sabashnikov,
A.; et al. Outcomes and factors associated with early mortality in pediatric and neonatal patients requiring extracorporeal
membrane oxygenation for heart and lung failure. J. Thorac. Dis. 2019, 11, S871–S888. [CrossRef]

36. Kuraim, G.A.; Garros, D.; Ryerson, L.; Moradi, F.; Dinu, I.A.; Garcia Guerra, G.; Moddemann, D.; Bond, G.Y.; Robertson, C.M.T.;
Joffe, A.R.; et al. Predictors and outcomes of early post-operative veno-arterial extracorporeal membrane oxygenation following
infant cardiac surgery. J. Intensive Care 2018, 6, 56. [CrossRef]

37. Mitra, S.; Ling, R.; Tan, C.; Shekar, K.; MacLaren, G.; Ramanathan, K. Concurrent Use of Renal Replacement Therapy during
Extracorporeal Membrane Oxygenation Support: A Systematic Review and Meta-Analysis. J. Clin. Med. 2021, 10, 241. [CrossRef]

38. Borasino, S.; Kalra, Y.; Elam, A.R.; Carlisle O’Meara, L.; Timpa, J.G.; Goldberg, K.G.; Collins Gaddis, J.L.; Alten, J.A. Impact of
Hemolysis on Acute Kidney Injury and Mortality in Children Supported with Cardiac Extracorporeal Membrane Oxygenation. J.
Extra Corpor. Technol. 2018, 50, 217–224.

39. Murphy, D.A.; Hockings, L.E.; Andrews, R.K.; Aubron, C.; Gardiner, E.E.; Pellegrino, V.A.; Davis, A.K. Extracorporeal membrane
oxygenation-hemostatic complications. Transfus. Med. Rev. 2015, 29, 90–101. [CrossRef] [PubMed]

40. Cavayas, Y.A.; Munshi, L.; Del Sorbo, L.; Fan, E. The Early Change in PaCO2 after Extracorporeal Membrane Oxygenation
Initiation Is Associated with Neurological Complications. Am. J. Respir. Crit. Care Med. 2020, 201, 1525–1535. [CrossRef]

41. Joram, N.; Beqiri, E.; Pezzato, S.; Andrea, M.; Robba, C.; Liet, J.M.; Chenouard, A.; Bourgoin, P.; Czosnyka, M.; Leger, P.L.; et al.
Continuous Monitoring of Cerebral Autoregulation in Children Supported by Extracorporeal Membrane Oxygenation: A Pilot
Study. Neurocrit. Care 2021, 34, 935–945. [CrossRef] [PubMed]

42. Joram, N.; Beqiri, E.; Pezzato, S.; Andrea, M.; Robba, C.; Liet, J.M.; Chenouard, A.; Bourgoin, P.; Czosnyka, M.; Leger, P.L.; et al.
Impact of Arterial Carbon Dioxide and Oxygen Content on Cerebral Autoregulation Monitoring Among Children Supported by
ECMO. Neurocrit. Care 2021. [CrossRef]

43. Al-Kawaz, M.N.; Canner, J.; Caturegli, G.; Kannapadi, N.; Balucani, C.; Shelley, L.; Kim, B.S.; Choi, C.W.; Geocadin, R.G.; Whitman,
G.; et al. Duration of Hyperoxia and Neurologic Outcomes in Patients Undergoing Extracorporeal Membrane Oxygenation. Crit.
Care Med. 2021. [CrossRef]

44. MacLaren, G.; Butt, W.; Best, D.; Donath, S. Central extracorporeal membrane oxygenation for refractory pediatric septic shock.
Pediatr. Crit. Care Med. 2011, 12, 133–136. [CrossRef] [PubMed]

45. Schlapbach, L.J.; Chiletti, R.; Straney, L.; Festa, M.; Alexander, D.; Butt, W.; MacLaren, G.; on behalf of the Australian & New
Zealand Intensive Care Society (ANZICS) Centre for Outcomes & Resource Evaluation (CORE) and the Australian & New
Zealand Intensive Care Society (ANZICS) Paediatric Study Group. Defining benefit threshold for extracorporeal membrane
oxygenation in children with sepsis—A binational multicenter cohort study. Crit. Care 2019, 23, 429. [CrossRef] [PubMed]

46. Said, A.S.; Guilliams, K.P.; Bembea, M.M. Neurological Monitoring and Complications of Pediatric Extracorporeal Membrane
Oxygenation Support. Pediatr. Neurol. 2020, 108, 31–39. [CrossRef] [PubMed]

http://doi.org/10.1007/s00134-013-3135-1
http://doi.org/10.1097/MD.0000000000004380
http://doi.org/10.21037/jtd.2018.05.184
http://doi.org/10.1093/eurheartj/ehv194
http://doi.org/10.1007/s00134-016-4223-9
http://doi.org/10.1177/2048872618789052
http://doi.org/10.1016/j.cjco.2020.09.011
http://doi.org/10.1053/j.jvca.2021.01.027
http://doi.org/10.1097/CCM.0000000000004246
http://doi.org/10.1371/journal.pone.0118432
http://www.ncbi.nlm.nih.gov/pubmed/25738806
http://doi.org/10.21037/jtd.2018.11.107
http://doi.org/10.1186/s40560-018-0326-4
http://doi.org/10.3390/jcm10020241
http://doi.org/10.1016/j.tmrv.2014.12.001
http://www.ncbi.nlm.nih.gov/pubmed/25595476
http://doi.org/10.1164/rccm.202001-0023OC
http://doi.org/10.1007/s12028-020-01111-1
http://www.ncbi.nlm.nih.gov/pubmed/33029743
http://doi.org/10.1007/s12028-021-01201-8
http://doi.org/10.1097/CCM.0000000000005069
http://doi.org/10.1097/PCC.0b013e3181e2a4a1
http://www.ncbi.nlm.nih.gov/pubmed/20453704
http://doi.org/10.1186/s13054-019-2685-1
http://www.ncbi.nlm.nih.gov/pubmed/31888705
http://doi.org/10.1016/j.pediatrneurol.2020.03.014
http://www.ncbi.nlm.nih.gov/pubmed/32299748

	Introduction 
	Current ECMO Prognostication Tools 
	Neonatal Respiratory Failure 
	Neonatal Congenital Diaphragmatic Hernia 
	Pediatric Respiratory Failure 
	Adult Respiratory Failure 
	Adult Cardiac Failure 

	Limitations in Current Prognostic Scores 
	Future Directions 
	Changing the Outcome 
	Conclusions 
	References

