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Extracorporeal membrane oxygenation (ECMO) is a rapidly emerging advanced life

support technique used in cardiorespiratory failure refractory to other treatments.
There has been an influx in the number of studies relating to ECMO in recent years, as
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Introduction

Extracorporeal membrane oxygenation (ECMO) is a rapidly
emerging advanced life support technique used to provide
cardiac and respiratory support in cardiorespiratory failure
refractory to other treatments. The first successful use of the
technique in an adult was reported in 1972 (Hill et al)," which
is followed soon after in 1974 by the first use in a pediatric
patient.2 Since then, the use of ECMO in children has been
increasing with more than 55,000 pediatric patients® since
1990. The majority of patients comprise of neonates, account-
ing for >50% of reported cases.>

There have been notable recent advancements made in
ECMO technology, though complications still remain preva-
lent and can lead to significant morbidity and mortality.
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the technique becomes more popular. However, there are still significant gaps in the
literature including complications and their impacts and methods to predict their
development. This review evaluates the available literature on the complications of
ECMO postcardiotomy in the pediatric population. Areas explored include renal,
cardiovascular, hematological, infection, neurological, and hepatic complications.
Incidence, risk factors and potential predictors, and scoring systems for the develop-
ment of these complications have been evaluated.

With increasing popularity, there has been an influx in the
number of studies concerning ECMO. However, there is still a
paucity in the literature relating to complications, impacts of
these factors, and methods to predict their development.

This review aims to discuss the complications that may
arise from the use of ECMO in pediatric population post-
cardiotomy including their incidence, risk factors, and pre-
dictors of complications.

Use of Extracorporeal Membrane
Oxygenation

ECMO should be considered in patients where conventional
maneuvers and therapies have failed, reversible pathology is
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Indications

Cardiac

N

Cardiac

Non-cardiac

Pre-operative Cardiogenic:
- Pre-operative
stabilization - Myocardial
failure
Intra-operative
Distributive:
—  Failure to wean off
CPB - Sepsis
- Elective support - Anaphylaxis

during high-ris Obstructive:

catheter
procedures - Pulmonary
. hypertension
Post-operative P
—  Pulmonary
embolus

- Low cardiac
output in post-
operative period

\

Respiratory ECPR
—  Acute respiratory distress - In-hospital
syndrome cardiac arrest
- Viral or bacterial not
pneumonia responsive to
- Aspiration pneumonia conventional
—  Status asthmaticus CPR

-  Mediastinal masses

—  Pulmonary haemorrhage

-  Severe air leak

—  Bridge to transplant

—  Perioperative support to
airway surgery

Fig. 1 Indications for extracorporeal membrane oxygenation in pediatric population.

suspected, and the benefits of the procedure outweigh the
risks. Decision to initiate ECMO is made on a case-by-case
basis, based on patient condition, expert senior advice, and
institutional experience.

The indications for ECMO can be categorized as cardiac,
respiratory, and extracorporeal cardiopulmonary resuscita-
tion (ECPR). Cardiac indications are further subclassified into
cardiac surgery: preoperative, intraoperative, and postoper-
ative or noncardiac surgery. Within the pediatric population,
we can classify relating to common indications for use in
neonates (<30 days) and pediatric (>30 days to < 18 years),
summarized in =Fig. 1.

The two main forms of ECMO are veno-venous (VV-ECMO)
and veno-arterial (VA-ECMO). The indication for ECMO,
among other factors, will determine the form utilized. The
most common indication for VV-ECMO in the pediatric
population is severe respiratory failure and for VA-ECMO is
cardiac surgery.? Dalton et al® found that in a cohort of 2,036
pediatric patients, VA-ECMO was used for respiratory failure
in 64% of patients and almost exclusively (>99%) in cardiac
causes and ECPR.

The ECPR describes the process of initiating ECMO during
active CPR in patients suffering refractory cardiac arrest. It is
utilized when cardiac arrest is confirmed to be of cardiac
origin. ECPR has become more widely available and is com-
monly utilized in both adult and pediatric populations.® ECMO
implantation during cardiac arrest relatively common, com-
prising 36% of neonatal implantations and 13% of pediatric
ECMO implantations, according to the 2016 Extracorporeal

Life Support Organization (ELSO) report.® The successful initi-
ation of ECPR in pediatric patients requires prompt access to
state-of-the-art facilities, with the highest survival rates post-
ECPR being identified in those who are postcardiotomy and
already within a PICU or catheter laboratory setting.” ECPR has
been proven to be an effective means of improving survival to
hospital discharge postcardiopulmonary arrest in both pre-
and postoperative cardiac pediatric patients. Rapid initiation is
a key to success.?

Indications and Contraindications of ECMO
Postcardiotomy

Extracorporeal membrane oxygenation is a well-established
treatment for complication in the postoperative period for
children with congenital heart disease (CHD). Indications for
VA-ECMO in these patients include failure to wean off cardio-
pulmonary bypass, postoperative low cardiac output syn-
drome, thrombosis of shunt in univentricular circulations,
intractable arrythmias, and cardiac arrest.’ In addition to
these, ECMO postcardiotomy can be used as a bridge therapy,
where a patient is awaiting a cardiac transplantation.'®

The contraindications of postcardiotomy ECMO are rela-
tive and involve decision-making on a case-by-case basis
balancing the benefits and risks of the procedure. The rela-
tive contraindications to be considered include age and size
of patient, preexisting conditions affecting patient quality of
life, and conditions incompatible with life post-ECMO and
futility.!’
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Complications

The ECMO complications can be divided into various catego-
ries including renal, cardiovascular, hematological, infection,
neurological, and hepatic. A summary of studies assessing
complications of ECMO in pediatric population postcardiot-
omy is shown in =Table 1. The incidence and risk factors of
various complications of ECMO in pediatric and adults are
summarized in =Table 2.

Renal

Acute kidney injury (AKI) is a commonplace in pediatric
patients receiving ECMO therapy postcardiac surgery, with
incidence in various studies'?~1? ranging from 30 to 90%. In-
hospital mortality was also significantly increased in two of
the four studies ranging from 77 to 83%. Typically, AKI occurs
within 48 hours of initiating ECMO support.16 It is known
that there is an increased morbidity and mortality associated
with a single episode of AKI. Hence, the focus should be
aimed at prevention, early detection, and intervention in at
risk patients.

Patients may already have significant renal injury prior to
the initiation of ECMO due to infection, ischemia, or hemo-
dynamic instability. Patients receiving ECMO therapy are
shown to have worsening AKI with fluid overload'” and
increasing duration of therapy,'®'? conferring a decreased
survival benefit in pediatric cardiac patients. A review by
Jenks et al?® recommended fluid restriction, diuretics, peri-
toneal dialysis, and continuous renal replacement therapy as
treatment options to assist in the management of AKI and
fluid overload after ECMO.

Guo et al identified renal failure as a prominent feature in
54.5% (n = 6) of pediatric ECPR-assisted patients; of these six
patients, four died.?’ Longer hypoperfusion times are asso-
ciated with renal failure; however, it confers no association
with other complications.”’ Another study identified non-
survivors of pediatric ECPR therapy as being more likely to
have received renal replacement therapy compared to sur-
vivors (35.5 vs. 10.8%).2% Despite this, early initiation of ECPR
is recommended to preserve optimal renal perfusion and
reduce morbidity as a result of ECPR.%

Cardiovascular

Cardiovascular complications are a major cause of mortality in
ECMO patients. In pediatric population, this predominantly
comprises hypertension, myocardial dysfunction, arrhyth-
mias, cardiac arrest, and thromboembolic events. Children
with at least one cardiovascular complication have been shown
to have reduced survival rates post-ECMO.%*

VA-ECMO can give rise to specific complications such as
cardiac thrombosis and cerebral or coronary hypoxia. This is
due to the retrograde blood flow through the aorta when the
femoral artery and vein are cannulated. Stasis can occur in
the left ventricle leading to thrombus formation.?® Fully
oxygenated blood entering through the femoral artery will
preferentially perfuse the lower extremities, whereas the
heart will perfuse the coronary circulation, brain, and upper
extremities. This leads to a greater proportion of oxygenated
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blood perfusing lower extremities compared to blood sup-
plying the heart and brain.?® For this reason, oxygen satura-
tion should be monitored in the right upper extremity, in
light of potential need for intervention.

Thrombotic events occurred in 34.8% of patients postcar-
diac surgery in one cohort.?”” Thromboembolic events may
give rise to ischemic bowel, infarction of the kidney, or
ischemia of the extremities, noted in 14% of cases in a
20-year long and retrospective review of pediatric ECMO
patients.28

One study found hemolysis measured by plasma free
hemoglobin (pFHb) occurred in 57.5% of patients and was
prognostic for the development of thrombotic complica-
tions.?” Another study found hemolysis to predict acute
renal failure and mortality.?° Thrombotic risk, among other
complications, may be decreased with closer coagulation
management of pediatric ECMO patients including 24-hour
laboratory support.30

Thiagarajan et al®! found the rate of thrombus formation
did not differ between survivors and nonsurvivors of ECPR;
however, rates of arrhythmias and CPR during ECMO support
were higher in nonsurvivors.

Harlequin syndrome, also known as “North-South
syndrome,” is another known potential complication of
VA-ECMO support with an incidence of 8.8%.3% It describes
oxygen-rich blood leaving the ECMO circuit reaching body
parts supplied by the descending aorta and the distal aortic
arch only to supply abdominal organs and legs. Inadequate
oxygenation of blood via the lungs inhibits retrograde move-
ment of oxygenated ECMO blood toward the aortic arch
resulting in upper body hypoxia and cerebral hypoxemia.>?
Strategies to oppose combat the development of Harlequin
syndrome include altering the cannulation site.3%3°

Hematological

Bleeding in ECMO patients can manifest in various different
formats, including blood loss from surgical sites, pulmonary
hemorrhage, intracranial hemorrhage, gastrointestinal and
genitourinary bleeding, and blood loss from laboratory
sampling. Bleeding events were identified as occurring in
78.2% of one pediatric patient cohort.?” Bleeding complica-
tions are associated with reduced survival in neonatal
patients. However, this trend has not been identified in the
pediatric population according to ELSO registry data.” Bleed-
ing was identified as the most common complication in
54.5% of patients (n=6).2" The severity of which required
re-exploration in this cohort. Of those patients who experi-
enced bleeding as a complication, 83.3% (n=>5) died.?! Key
risk factors associated with hemorrhage include young age,
pre-ECMO severity of illness, and increased surgical risk.>®
These risk factors may aid in identification of high-risk
patients prior to initiation of ECMO therapy.

An important aspect of management in mechanical
circulatory support such as ECMO is the balance of anti-
coagulation and bleeding. ELSO 2020 guidelines’ recom-
mend the use of unfractionated heparin (UFH) prior to
cannulation as the primary method of anticoagulation in
ECMO. However, a known complication of heparin is
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Table 1 (Continued)

Longer duration of ECMO and ECMO complications
are more likely in those patients developing

Patients with single ventricle physiology and

repaired truncus arteriosus may benefit less from

ECMO support and have higher mortality risk.

Capillary leak on extracorporeal membrane oxy-
genation could be a risk of mortality in patients

Patients who develop renal failure, stroke and DIC

during ECMO support have a high mortality
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Abbreviations: AKI, acute kidney injury; DIC, disseminated intravascular coagulation; ECMO, extracorporeal membrane oxygenation; ICH, intracranial hemorrhage.
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heparin-induced thrombocytopenia (HIT), and thus, an al-
ternative method of anticoagulation may be appropriate in
some patients.

A review by Taylor et al*° explored the use of bivalirudin
as an alternative to heparin in mechanical circulatory sup-
port. Primarily, studies comparing the use of bivalirudin to
heparin in pediatric population have been carried out based
on need, where an alternative had been necessary, such as
heparin resistance or a diagnosis of HIT. Advantages of
bivalirudin over heparin seen in these studies included
shorter time to therapeutic anticoagulation and lower num-
ber of significant bleeding events.>® However, the literature
on this topic is few and limited by their retrospective nature,
and thus, further studies are required to determine safety,
efficacy, and the most effective dosing strategies for use of
bivalirudin in ECMO.

A study looking at ECPR-ECMO found bleeding requiring
re-exploration in 44% in one cohort.>® Severely low cardiac
output for a prolonged period of time prior to cardiac arrest
may lead to a significant metabolic acidosis and elevated
lactate post-ECMO initiation. This is associated with a failure
to wean off ECMO and increased mortality.?>“? Patients may
have benefited from better quality CPR or earlier initiation of
ECPR. In addition, early correction of causes of poor perfusion
and clearance of lactic acidosis may prevent severe organ
injury.23

138

Infection

Nosocomial infections are common as a result of ECMO
therapy. Studies have found sepsis to occur in 21 to 31% of
children in postcardiotomy ECMO.*"#? Another study by Lou
et al*3 found culture-proven infection in 42% of their cohort.
Nosocomial infections are associated with longer duration of
ECMO therapy and increase mortality.**

Risk factors for nosocomial infections include long dura-
tion of ECMO therapy, bleeding complications on ECMO, and
mechanical complications such as oxygenator failure or
pump malfunction.** The use of prophylactic antimicrobial
and antifungal therapy and surveillance cultures is suggested
to be of value in reducing the incidence of nosocomial
infection.** Lack of evidence and consensus has resulted in
varying practices across centers regarding antimicrobial
prophylaxis and infection surveillance.*®

Rapid cannulation is crucial in improving outcomes in
ECPR and reducing hypoxic injuries. However, with this, it
becomes difficult to perform a clean procedure in a timely
manner. Indwelling medical devices, such as those used in
ECMO, central lines and arterial lines, can also act as a risk
factor for the development of infection. Nosocomial infec-
tions were not associated with increased mortality in
ECPR,?! although one study found multidrug resistant patho-
gens to be associated with higher mortality.*

Inflammation

A potential complication of ECMO is the onset of an immedi-
ate complex inflammatory response described as similar to
that seen in systemic inflammatory response syndrome
when blood is exposed to the extracorporeal circulation.*’
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Table 2 Incidence of complications in pediatric extracorporeal membrane oxygenation and associated risk factors

Complication

Incidence in
pediatrics (%)

Incidence
in adult (%)

Associated risk factors

Acute kidney injury

8-78

4-68.8

Longer duration of ECMO'81°

Sepsis/infection/
bacteremia

9-56

7-58

Duration of ECMO, mechanical complications, hemorrhagic com-
plications and use of VA- and central ECMO are associated with
increasing risk of nosocomial infection.'®#?

Liver dysfunction

5-28

3.9

Hemolysis, prolonged fasting, and total parenteral nutrition and
diuretic use during ECMO®; associated with increased risk of liver
dysfunction

Longer duration of ECMO is associated with cholestasis.®*

Bleeding

9-65

2.9-91

Heparin effect or overdose, coagulopathy, thrombocytopenia,
platelet dysfunction, acquired von Willebrand syndrome, and
hyperfibrinolysis.8?

Overall risk of hemorrhage is 5-10%, possibly greater among those
requiring support for cardiac indications.”

An analysis of the ELSO registry revealed age >1y, long ECMO
duration, surgical exploration of the mediastinum prior to ECMO
support, cannulation <24 h after surgery, and long bypass time of
>282 min as risk factors for hemorrhage.

Total amount and number of intravascular volume administration is
linked to the development of intracranial hemorrhage during VA-
ECMO treatment.®0

Central nervous
system
complications

4-51

3.2-29

Overall risk of acute seizures is 5-10%, possibly greater among
those requiring support for cardiac indications.”

Lower gestational age, birth weight <3 kg, prior CPR or those with
sepsis, acidosis, coagulopathy or an inotropic requirement, neo-
nates requiring VA-ECMO.”

Metabolic acidosis (arterial blood pH < 7.2) pre-ECMO and during
ECMO. 3

Abbreviations: CPR, cardiopulmonary resuscitation; ECMO, extracorporeal membrane oxygenation; ELSO, extracorporeal life support organization;

VA, venoarterial.

Activation of the contact and complement systems cause
massive cytokine release. This response is clinically concern-
ing as it can potentially lead to endothelial injury and end-
organ dysfunction.*® A number of technologies have been
proposed to combat this inflammatory response including
cytokine adsorption.*> Combined use of ECMO and adsorp-
tion technologies has been used successfully in pediatric
populations to reduce inflammatory markers and prevent
multiorgan failure.>®

COVID-19 Pandemic

ECMO has been utilized extensively throughout the COVID-19
pandemic in both adult and pediatric populations. The ELSO
registry as of May 10, 2021 indicates that 6,662 confirmed
cases of severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) patients had been supported by ECMO.>' There
has been much discrepancy in survival outcomes associated
with ECMO use globally in patients with COVID-19; however,
this has been attributed to many factors including differences
in patient cohorts, virulence variability, and preexisting mor-
bidity.>? The use of ECMO in management of patients with
COVID-19 has not been associated with any increased risk of
mortality compared to patients with acute hypoxemic respi-
ratory failure treated without ECMO.>> While pediatric pop-
ulations have generally experienced reduced disease severity
associated with SARS-CoV-2 infection, there have been cases of

multisystem inflammatory syndrome in children (MIS-C)
requiring pediatric intensive care admission.>*>> MIS-C is
defined by the Centers for Disease Control and Prevention as
presenting in individuals less than 21 years of age with fever,
laboratory evidence of inflammation, and clinically severe
illness requiring hospitalization with organ damage in more
than two organs. These same individuals are required to have
had current or recent SARS-CoV-2 infection within 4 weeks of
symptom onset.”® ECMO support has successfully been uti-
lized in the management of MIS-C in pediatric populations.>’

Neurological

Neurological complications include intracerebral hemor-
rhage, seizures, infarction, and brain death; which can
have serious lasting implications on patient morbidity. A
study®® looking at 1,602 patients undergoing surgery for
CHD found that stroke or intracranial hemorrhage occurred
in 14% of children undergoing ECMO. Independent predictors
of these neurological events included weight under 3 kg, pre-
ECMO pH, and CPR prior to initiation of ECMO.

A study by Chow et al’® found 22% of their cohort had
short-term neurological sequalae while hospitalized post-
ECMO, of which 40% had seizures. Another study®® found the
rate of seizures to be 7% in both neonates and pediatrics,
while ICH was higher in neonates, 11.1% compared to 4.9%.
Neurological impairment resulting in seizures and status
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epilepticus have been identified as having a negative impact
on survival of pediatric patients.* Neonates treated with
ECMO who have seizures have increased cognitive delay
and decreased 1Q compared to those without.®! Despite
this, patients treated with ECMO are not associated with
increased risk of neurological disease when compared to
patients treated without ECMO0.%°

The initiation of ECPR in pediatric patients is associated
with increased neurological morbidity compared to pediat-
ric patients receiving ECMO therapy only. The ELSO database
identified 22% of neonates and children who received ECPR
as experiencing an acute neurological injury.” Efforts to
decrease the incidence of neurological injury following
ECPR may include therapeutic hypothermia to increase the
likelihood of recovery, and the routine use of head ultra-
sound examinations to identify early bleeding.??

Hepatic

Patients on ECMO are often in a compromised hemodynamic
condition. Consequently, they are at risk of hepatic ischemia
resulting in hepatic dysfunction and failure.®? Hepatic dys-
function is associated with poor prognosis in critically ill
patients, particularly those with cardiac failure.®® Evaluation
is by elevation in bilirubin, alanine aminotransferase, alka-
line phosphatase, and y-glutamyl transferase.

The 2019 international summary by the ELSO reported an
incidence of 4.7% of hyperbilirubinemia in the pediatric
population post—ECMO.64 Hyperbilirubinemia has been
shown to be increased in nonsurvivors post—ERCP.31

Hyperbilirubinemia and biliary calculi may develop as a
result of hemolysis, prolonged fasting and total parenteral
nutrition (TPN), and the use of diuretic therapy during
ECMO.%°> Direct hyperbilirubinemia and raised hepatic
enzymes usually resolve after ECMO support withdrawal.?%-67
Plasma exchange transfusion may be used to rapidly reduce
bilirubin levels.®® Fluids and electrolytes (potassium, magne-
sium, phosphorus, and ionized calcium) should also be
carefully monitored.®®

The Role of Ultrasound Imaging in Postcardiotomy
ECMO
Echocardiography plays a fundamental role in predicting
complications and improving outcomes in ECMO postcar-
diotomy, providing information on patient selection, guiding
cannula insertion and placement, detecting complications,
and aiding the weaning and decannulation process.®® The use
of echocardiography can be divided broadly into three cate-
gories: pre-ECMO, during ECMO, and post-ECMO (i.e., wean-
ing off ECMO). ELSO have published guidelines on the use of
echocardiography for ECMO.”0

Pre-ECMO echocardiography is crucial in understanding
the patient’s underlying cardiac anatomy, the patient’s
hemodynamic condition, and to determine the best ECMO
modality.®® During cannulation, venous cannula size plays
an important role in determining blood flow in the ECMO
circuit, hence measuring diameter via echocardiogram aids
selection of the largest possible venous cannula size.®®
Although transthoracic echocardiography is firstline for

ECMO and Complications Salha et al.

imaging pre-ECMO,’® transesophageal echocardiography
may be required where there is not sufficient spatial
resolution.”’

Routine echocardiography should be performed on all
patients during ECMO to monitor cardiac function and screen
for complications. There should be routine monitoring of
cannula position to identify those at increased risk of decan-
nulation. Complications such as bleeding are more common
due to systemic anticoagulation utilized in ECMO and may lead
to effusions which can be identified on imaging.%® Cannula
thrombus formation is also a known complication during
ECMO.”?

The decision of when to wean off ECMO should be a
clinical decision based on comprehensive assessment of
the patient. The findings of echocardiography play an impor-
tant role in helping the decision-making process, especially
in VA-ECMO. Aissaoui et al’> showed that patients more
hemodynamically stable during ECMO support reduction
had more successful wean of ECMO. They recommended
that successful weaning in VA-ECMO should be expected
when LV ejection fraction, lateral E/Ea ratio, velocity time
integral, lateral strain, and strain rate increase while gradu-
ally decreasing the level of mechanical support.

Risk Factors and Predictors of Complications

Time on ECMO is a widely agreed risk factor for the develop-
ment of complications and poor outcomes post-ECMO. One
study found for every 10 hours of ECMO, the risk of compli-
cations and death increased (relative risk [RR]: 1.005; 95%
confidence interval [CI]: 1.003-1.007; RR: 1.005; 95% CI:
1.003-1.007, respectively).’

Reversibility of the cause of the cardiorespiratory failure
requiring ECMO is an important factor to consider when
deciding to initiate ECMO support. A study performed in
2014 revealed that newborn infants with reversible causes of
cardiac arrest requiring ECPR, such as respiratory failure and
cardiac disease, had significantly better odds of survival with
reduced incidence of multisystem organ failure.?'

Predictors of mortality and risk factors for complications
may be used to design patient selection criteria for ECMO and
guide discontinuation. A study performed in 2006 revealed
that higher mortality is associated with the development of
renal failure, stroke, and disseminated intravascular coagul-
opathy during ECMO support. It also concluded that those
with single ventricle physiology and repaired truncus arte-
riosus may benefit less from ECMO support and have higher
mortality risk.”# This is supported by another study, where
patients requiring ECMO after pediatric cardiac surgery were
less likely to survive to hospital discharge, if the surgical
procedure had been single ventricle palliation compared to
biventricular repair (16.66 vs. 55.55%). Similarly, patients
with higher serum creatinine and alanine aminotransferase
enzymes levels before commencing ECMO tended to have
worse survival rates (p=0.012 and 0.03, respectively).”

Another study revealed that arterial blood pH less than
7.2 during ECMO was associated with increased risk of
neurological injury and mortality (odds ratio: 2.23, 95% CI:
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1.23-4.06). Moreover, presence of metabolic acidosis pre-
ECMO and during ECMO also increased mortality rate, as this
suggests insufficient circulatory support. However, 12% of
the patients who survived after ECMO also had pH <7.2.
Therefore, it could not be used as a criterion to withhold
ECMO support but should be considered carefully in these
patients.31

Factors such as elevated levels of lactate during the first
72 hours, high inotrope score when initiating ECMO and
ECMO support duration of more than 3 days can be used
to determine the discontinuation of ECMO support.”®

Currently, there are no tools developed to predict mortality
in children undergoing ECMO postcardiotomy. A number of
risk stratification tools to predict mortality for patients receiv-
ing respiratory ECMO support have been developed in recent
years. These can be divided into neonatal and pediatric tools. A
summary of predictors of mortality and scoring systems is
shown in =Table 3.

The neonatal prediction tools include the Pittsburgh index
for pre-ECMO risk (PIPER)’® and the neonatal risk estimate
score for children using extracorporeal respiratory support
(neo-RESCUERS),”” which both utilized data from the ELSO
registry, a registry of 298 centers. The PIPER tool predicts
mortality based on seven pre-ECMO variables and revealed a
15% increase in mortality per PIPER quartile. This study also
went on to add on-ECMO complications and length of time on
ECMO to produce a PIPER+ score, which had increased sensi-

tivity and specificity for hospital mortality in these patients. A
limitation of the PIPER tool is that the dataset this was derived
from only included neonates on VA-ECMO, and therefore,
this cannot be applied to those using VV-ECMO. The neo-
RESCUERS tool utilized 10 variables to produce a pre-ECMO
risk of in-hospital mortality in neonates and was validated
with an internal cohort.

The Pediatric Risk Estimate Score for Children Using
Extracorporeal Respiratory Support (PedRESCUERS)78 and
Pulmonary Rescue with Extracorporeal Membrane Oxygen-
ation Prediction (P-PREP)’® Score are both tools predicting
mortality in pediatric ECMO patients also derived from the
ELSO Registry. Both tools only include pre-ECMO variables
and although the PedRESCUERS was internally validated, the
P-PREP score was the only tool to be validated with an
external cohort aiding its generalizability.

These tools allow risk stratification of patients, which is
particularly important when dealing with high cost, high-
risk therapies such as ECMO that also pose technical and
ethical issues. They are also helpful in discussions with
parents regarding the risks and benefits of ECMO therapy
prior to initiation.

There are a number of limitations applying to all five
prediction tools previously mentioned. Firstly, these tools
have all been developed for respiratory failure ECMO and
therefore cannot be applied to cases, where ECMO has been
indicated for cardiac causes and ECPR. Second, all of the

Table 3 Predictors of mortality postextracorporeal membrane oxygenation and scoring systems

Study (Year) Outcome

Dalton et al (2015)°

The duration of ECMO; risk of death and complications increases every 10 hourly.

Thiagarajan et al (2007)%°
worse odds of survival.

For patients on ECPR, those with irreversible causes of the cardiorespiratory failure had

Arterial blood pH less than 7.2 and metabolic acidosis prior to and during ECMO.

Dohain et al (2019)74
ECMO.

The development of renal failure, stroke, disseminated intravascular coagulopathy during

Single ventricular physiology and repaired truncus arteriosus are associated with higher
mortality risk as they may benefit less from the ECMO support.

Baslaim et al (2006)75

Single ventricle palliation has worse survival rates compared to biventricular repair for
pediatric patients requiring ECMO during surgery.

Maul et al (2016)7®

Risk stratification tool “PIPER”: The Pittsburgh index for pre-ECMO risk.
The tool acts as a pre-ECMO risk index to predict mortality in neonates receiving VA-ECMO
for respiratory failure. Each PIPER quartile linked to a 15% increase in mortality.

Barbaro et al (2016)7’

failure.

Risk stratification tool “neo-RESUERS”: The neonatal risk estimate score for children using
extracorporeal respiratory support.
A risk adjustment score to predict mortality for neonates receiving ECMO in respiratory

Barbaro et al (2016)78

ECMO support.

Risk stratification tool “PedRESCUERS”: pediatric risk estimate score for children using
extracorporeal respiratory support.
risk-adjustment tool predicting mortality in children (29 d-18 y) receiving respiratory

Bailly et al (2017)7°
genation prediction

Risk stratification tool “P-PREP”: pulmonary rescue with extracorporeal membrane oxy-

an externally validated tool for predicting in-hospital mortality among children (7 d-18 y)
with respiratory failure receiving ECMO support.

Abbreviations: CDH, congenital diaphragmatic hernia; ECPR, extracorporeal cardiopulmonary resuscitation; ECMO, extracorporeal membrane

oxygenation; VA, venoarterial.
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aforementioned tools have been developed by using ELSO data
and therefore may not generalize to non-ELSO ECMO centers.
Furthermore, variables used in these prediction tools were
limited to those in the ELSO dataset, and hence, missed
variables such as severity of illness, markers of renal function
(e.g., urine output and creatinine), and neurological status (e.g.
pupil response and seizures). Finally, these tools do not take
into account the influence of ECMO center characteristics such
as varying infrastructure and ability to deliver timely inter-
ventions and advanced treatments to high-risk patients. Fu-
ture work is needed to incorporate a larger population,
specifically postcardiotomy and ECPR, and to explore variables
notalready used. This will allow development of more accurate
prediction tools in pediatric and neonatal ECMO.

Summary

Despite great advancement in ECMO technology, with
positive outcomes in patients who are refractory to
conventional therapies, there are still high rates of complica-
tions which can have significant effects on patients’ short- and
long-term morbidity and mortality. The majority of compli-
cations of ECMO following cardiac surgery are renal, infective,
and bleeding related. Other causes include thromboembolic,
neurological, and hepatic complications. Risk factors for the
development of complications include longer duration on
ECMO, cardiac indications for procedure, and hypocapnia.
There is a lack of scoring systems in the literature to predict
mortality following ECMO in this patient population. Further
work is needed to help predict and minimize complications of
this procedure in pediatric population.

Conclusion

ECMO is an advanced life support technique that is used to
provide support in cardiorespiratory failure refractory to
other treatments. Complications associated with its use in
pediatric population postcardiotomy is common, include
renal, cardiovascular, hematological, infection, neurological,
and hepatic causes, and associated with morbidity and
mortality. However, there are methods available to reduce
their occurrence. Risk stratification tools such as PIPER, neo-
RESCUERS, pre-ECMO, and on-ECMO have been developed to
predict mortality for pediatric patients on ECMO based on
the various risk factors for the development of these com-
plications. Further work is needed in order to earlier predict
complications of ECMO in pediatric population and optimize
outcomes in these patients.
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