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The approach to extracorporeal cardiopulmonary
resuscitation (ECPR) in children. A narrative
review by the paediatric ECPR working group of
EuroELSO

HA Mensink,1 A Desai,2 M Cvetkovic,3 M Davidson,4

A Hoskote,3 M O’Callaghan,3 T Thiruchelvam3 and
PP Roeleveld1

Abstract
Extracorporeal Cardiopulmonary Resuscitation (ECPR) has potential benefits compared to conventional Cardiopulmonary
Resuscitation (CCPR) in children. Although no randomised trials for paediatric ECPR have been conducted, there is
extensive literature on survival, neurological outcome and risk factors for survival. Based on current literature and
guidelines, we suggest recommendations for deployment of paediatric ECPR emphasising the requirement for protocols,
training, and timely intervention to enhance patient outcomes. Factors related to outcomes of paediatric ECPR include
initial underlying rhythm, CCPR duration, quality of CCPR, medications during CCPR, cannulation site, acidosis and renal
dysfunction. Based on current evidence and experience, we provide an approach to patient selection, ECMO initiation and
management in ECPR regarding blood and sweep flow settings, unloading of the left ventricle, diagnostics whilst on ECMO,
temperature targets, neuromonitoring as well as suggested weaning and decannulation strategies.
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Introduction

Extracorporeal cardiopulmonary resuscitation (ECPR) is
defined by the Extracorporeal Life Support Organization
(ELSO) as veno-arterial (V-A) ECMO which is instituted
during conventional cardiopulmonary resuscitation
(CCPR), delivered with manual or mechanical compres-
sions, or within 20 minutes of the return of spontaneous
circulation (ROSC) without ongoing compressions.1 Pa-
tients cannulated after 20 minutes of sustained ROSC are
classified as receiving V-A ECMO, not as ECPR. The main
goal of ECPR is to restore systemic circulation whilst al-
lowing identification and treatment of the aetiology of the
cardiac arrest (CA) and facilitating recovery of the heart
and vital organs. Following ECPR, mechanical support can
also be a bridge to organ transplantation if candidacy is
ascertained (bridge to bridge in the form of durable me-
chanical support), long-term mechanical support or
palliative care.

In children, in contrast to adults, no randomised
controlled trials examining the role of ECPR have been
published and ELSO guidance on paediatric ECPR is
based on the available, mostly retrospective, evidence. In
this review, we describe the background, selection cri-
teria, practical aspects, and outcomes of ECPR in
children and provide recommendations for patient
population and indications for considering ECPR based
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on current knowledge, conventional resuscitation
guidelines, literature, and expert opinion.

Conventional CPR

Conventional CPR (CCPR) for paediatric out-of-
hospital cardiac arrest (OHCA) is associated with
poor survival and poor neurological outcomes. After
CCPR for OHCA, only 2%–11% survive to hospital
discharge, and 2%–5% survive with good functional
status.2

Outcomes of CCPR for paediatric in-hospital cardiac
arrest (IHCA) are better and have improved over time.
The last decades survival rates for paediatric IHCA have
increased. Survival to hospital discharges are reported
between 37%–54%.3–5 Despite the significant increase of
both ROSC and hospital survival,6,7 only between 39 and
58% of patients in whom ROSC is achieved survive to
hospital discharge.4,7 In a paediatric intensive care
setting a multicentre study has shown that approxi-
mately one quarter of the children who achieved ROSC,
developed multiple CPR events, with only 25% survival
to hospital discharge.4 Mortality after ROSC is often
caused by withdrawal of life sustaining support because
of anoxic brain damage and/or renal failure.6 In a recent
analysis of 1100 children with IHCA, medical cardiac
patients had lower odds of survival with favourable
neurologic outcomes compared to non-cardiac and
surgical cardiac patients.8

Potential benefits of ECMO in CPR

Lasa et al compared 591 ECPR patients with 3165 CCPR
patients (CCPR >10min) using the American Heart
Association Get With the Guidelines Registry (GWTG-
R).9 After adjusting for covariates, patients receiving
ECPR had higher odds of survival to discharge [OR 2.80,
95% CI 2.13–3.69, p < .001] and survival with favourable
neurologic outcome [OR 2.64, 95% CI 1.91–3.64, p <
.001] compared to patients who received CCPR. Hos-
pital mortality despite ROSC after CCPR may therefore
be reduced by the judicious use of ECPR for specific
patient populations and within a highly practiced en-
vironment, as stated in the current AHA guidelines.10

Compared to CCPR, ECPRmay give better outcomes
for several reasons. The most important factor is pos-
sibly the ability to fully “rest the heart” after a period of
hypoperfusion and chest compressions, allowing the
maximum opportunity for end-organ recovery. Pro-
viding adequate systemic perfusion is extremely im-
portant to prevent secondary damage of other organs
including the brain, kidneys and intestines. Optimising
ventilator pressures and limiting oxygen exposure

minimises associated lung injury. The timely deploy-
ment of ECMO in a CPR setting often makes it possible
to limit or stop inotropic and vasopressor support,
reducing myocardial oxygen consumption whilst pro-
viding luxuriant coronary perfusion. This can theoret-
ically permit myocardial recovery whilst maintaining
good systemic perfusion. And finally, the ECMO system
can be used to minimise secondary damage by hyper-
thermia through tight temperature regulation.

Survival

There are many publications about outcomes of pae-
diatric ECPR, however, no RCT’s have been conducted
and evidence is limited to case series, single centre
cohort studies, ECMO registry reports and some (sys-
tematic) reviews, mainly related to IHCA in children
with cardiac disease. Therefore, all the available
knowledge is based on experience in children in whom
the decision to proceed with ECPR had been made by
the treating team based on their experience and their
local protocols.

The two largest cohorts in children include two ELSO
registry studies describing survival to hospital discharge
of 43% in 3005 patients and a more recent cohort (2011-
2019) with survival 48% in 2289 patients.11,12 Between
2009 and 2022, 5704 paediatric ECPR and 2142 neonatal
ECPR cases were registered in the ELSO-registry with
41 and 44% survival to hospital discharge.13 Several
GWTG-R studies report a survival of 31%–51% in
different patient populations.9,14–18 Survival in smaller
cohort studies vary from 14 to 80% depending on the
study population.19,20 A meta-analysis of 28 studies
showed combined hospital survival of 46% in
1348 patients.21

Most ECPR is performed in children with cardiac
disease who suffer an in-hospital cardiac arrest.15,18,22

Survival in some subpopulations is notably lower, for
example in the ELSO-registry, ECPR survival was only
14% in meningococcal sepsis and 30% for children with
neoplasms.19,23 In contrast, in certain situations survival
can be higher, for example ECPR during cardiac
catheterisation, survival to discharge was 79%.24

Neurological outcome

Multiple studies have evaluated neurological outcome
after paediatric ECPR. However, the neuro-
developmental assessment tools utilised often vary be-
tween studies making comparison of outcomes
challenging. Most studies have used the Paediatric
Cerebral Performance Category (PCPC) or Paediatric
Overall Performance Category (POPC) and the
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outcomes vary widely. In interpreting these results, one
should be aware that some studies report favourable
neurological outcome in survivors whilst others report
favourable neurological outcomes in relation to the
entire group of ECPR patients. Bembea et al combined
ELSO and GWTG-R outcomes and reported favourable
outcome (normal or mild disability; PCPC 1-2) in 93%
of the survivors.25 These results seem encouraging;
however, scoring is subjective and most studies had
significant missing data on neurological outcome. In a
more recent analysis of the GWTG-R registry, only 31%
of ECPR patients who experienced >10 min of CPR had
a favourable neurologic outcome.15 This is similar to
results found in the paediatric resuscitation quality
(PediRes-Q) registry where 31% of all ECPR patients
which reflects 67% of survivors, had a favourable
neurological outcome.18 Some studies undertook a more
detailed long-term prospective follow-up. Joffe et al
reviewed 14 IHCA ECPR cohort studies with total of
762 cardiac patients and reported an average survival of
49%. Neurological follow-up (varying between months
to years after ECMO) of the survivors showed a fa-
vourable outcome, defined as normal neurology or a
mild disability (PCPC 1-2), in 79%.26 A report from Lasa
et al analysed 3756 patients (cardiac and non-cardiac) of
which 16% received ECPR. Survival to hospital dis-
charge was 27% for CCPR patients compared to 40% in
the ECPR group.9 Survival with favourable neurologic
outcome occurred in 18% of the CCPR patients and 27%
of all the ECPR patients. In a secondary analysis of the
Therapeutic Hypothermia after Pediatric Cardiac Arrest
(THAPCA) In-Hospital trial, approximately one-third
of patients survived to 12-month with good neuro-
behavioral status, using the Vineland adaptive Behav-
iour Scales.27

Risk factors

When reviewing current literature in paediatric ECMO,
several risk factors for mortality and neurological out-
come may be identified, as well as protective factors
which may improve outcomes. The described risk
factors are summarised in Table 1 and will be discussed
in more detail below as together they provide important
clues and targets on how to approach paediatric ECPR.
We have divided these factors into categories. The first
are basic patient characteristics ‘before ECPR’, that can
mostly not be modified (such as underlying chromo-
somal abnormalities, or underlying cardiac anatomy),
but do play an important role in patient selection. The
second category relates to the cardiac arrest and sub-
sequent resuscitation. Many of these factors, such as
quality of resuscitation, can be influenced by the

resuscitation team and should be a focus of protocols
and training in order to help improve survival. The third
category involves factors that may influence outcomes
while on ECMO and many may be influenced by the
way we approach the support of these children, such as
providing adequate blood flow. The last category is
focussed on factors after decannulation from ECMO
and the effect on long-term neurological outcomes.

ECPR for IHCA

The American Heart Association (AHA) resuscitation
guidelines state that ECPR can be considered in children
with underlying cardiac disease with a witnessed in-
hospital cardiac arrest in centres with established ECMO
programs.10 The European resuscitation Counsel (ERC)
recommends to consider ECPR for children with
emergency department CA or IHCAwith a presumed or
confirmed reversible cause where CCPR does not
promptly lead to ROSC.53 ELSO suggests that com-
bining high-quality ECPR with high-quality CCPR may
be considered if the CA is witnessed and is associated
with a reversible condition.40 To achieve the best pos-
sible outcomes for ECPR it is important to be prepared,
have ECPR protocols in place, identify patients at risk,
and select patients carefully.

Anticipation and preparedness

To improve outcomes for CPR it is essential to have
protocols and training for every step in the paediatric
chain of survival. The Paediatric Extracorporeal Car-
diopulmonary Resuscitation ELSO Guidelines provide
an important resource in preparation for and estab-
lishing an ECPR program.40 Prevention of cardiac arrest
is still the best way to reduce hospital mortality.54 On
paediatric wards this can be achieved by implementation
of early warning scores and rapid response teams. For
children in intensive care, identifying those at greatest
risk of cardiac arrest and ensuring timely team dis-
cussion and timely ECMO cannulation before cardiac
arrest ensues will improve patient outcomes. In some
children in ICU, vascular access may be difficult because
of vessel patency related to their underlying disease and/
or previous history, in those patients it can be helpful to
assess vessel patency with ultrasound to determine
which vessels could be cannulated if ECPR were to
become a reality. Training of the team for ECPR will
reduce the interruptions to chest compressions (CC)
and significantly improve time to cannulation.55 The
ELSO ECPR guidelines include a valuable task list and
task assignment for ECPR team members.40 Outcome
after cardiopulmonary resuscitation (CPR) is influenced
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by the resuscitation team response. Prior simulation
training improves individual overall CPR performance
and assisting early calls for help for the resuscitation.56

Patient selection

There is a high level of heterogeneity in ECPR initiation
practice worldwide.57 To further improve outcomes and
reduce time consuming decision making it is important
to establish local agreements over inclusion and ex-
clusion criteria for ECPR. Most important is to select
patients with a reasonable chance of recovery whichmay
be difficult to ascertain at the time of cardiac arrest.
Decision-making should therefore be supported by
predetermined in- and exclusion criteria. Multiple
studies have shown that cardiac patients, and especially

post-cardiac surgery patients, have better outcomes than
non-cardiac patients.27,32,33 However, in other reports
within the cardiac population, the medical-cardiac pa-
tients (e.g. myocarditis) have better outcomes, whereas
the patients with single ventricle physiology (versus two-
ventricle physiology) or very complex heart disease
(RACHS 6) have worse outcomes.28–31 In the recent
multicentre analysis of 1100 children with IHCA 11%
died, 69% achieved ROSC >20 min, and 20% were
transitioned to ECPR.8 Of these 217 ECPR patients, 35%
were medical cardiac, 50% were surgical cardiac, and
14.7% were non-cardiac patients. There was no data on
the specific outcome of the ECPR groups.

Based on the limited outcomes in non-cardiac pa-
tients it might be reasonable to limit ECPR to children
with witnessed IHCA, to exclude those with known
cerebral damage or no chance to bridge to recovery or

Table 1. Factors associated with outcomes of ECPR. CA: cardiac arrest, CHD: congenital heart disease, AKI: acute kidney injury, RRT:
renal replacement therapy, IHCA: in-hospital cardiac arrest, OHCA: out-of-hospital cardiac arrest, CCPR: conventional
cardiopulmonary resuscitation. The factors ‘after ECPR’ are not risk factors for mortality or survival, but essential components to ECPR
care.

Adverse Risk Factors for mortality and/or poor
neurological outcome

Protective factors for improved survival

Before ECMO (baseline
characteristics)

Single-ventricle physiology28–31 Two-ventricle physiology28–31

Non-cardiac disease32,33 Cardiac disease 17,37,38

Acquired heart disease27 White race36,39

Higher complexity of CHD28 Post-cardiac surgery27

Prematurity33

Younger age (<12 months)34

Chromosomal abnormalities35

Neurologic comorbidity17

Trauma36

Obesity36

Gastro-intestinal comorbidity27

Technology dependence27

Cardiac arrest and CPR OHCA IHCA
Unwitnessed CA40 Short duration of CCPR41

Long duration of CCPR41 Open-chest compressions27

CCPR interruptions42 CA in catheterisation lab24

CCPR location outside ICU27 PH >7.1739

High lactate27,43 Neck/RCA cannulation28,38

Acidosis, pH <7.0128

Hypercarbia44

Sodium bicarbonate bolus32

Calcium45

Blood-primed ECMO circuit35

During ECPR Time to normal lactate43 Early diagnosis and management of
underlying cause49–52

Normalization of lactate27

AKI/Renal failure28,32,33,35,38,39,46

RRT31,34

Fluid overload47

ECMO duration30

Neurologic complications28,31,34,35,38,39,48

After ECPR Transition of care Neurodevelopmental follow-up
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transplant, and to be critical in cases of pneumonia,
sepsis, oncology and severely impaired immunology.

Initial underlying rhythm

As mentioned before, ECPR is mostly performed in
children with underlying cardiac disease. In adults
sudden cardiac arrest due to an arrhythmia carries better
outcomes than asystole at ECMO-initiation.58 In chil-
dren the most common underlying rhythm is brady-
cardia with poor perfusion or asystole/pulseless
electrical activity (PEA), and not a primary
arrhythmia.8,15,27 This is probably due to their pro-
longed pathway towards cardiac arrest. The outcomes in
asystole versus an arrhythmia vary in the paediatric
literature and asystole has been described as a risk factor
for mortality.33 In a recent meta-analysis survivors had a
shockable rhythm more often compared to non-
survivors.41 However, an analysis of the GTWG-R
registry could not identify a difference in survival be-
tween an initial shockable versus a non-shockable
rhythm.15 In an ELSO-registry analysis of ECPR in
children without congenital heart disease, PEA was a
predictor of mortality.36 In the secondary analysis of the
THAPCA trial approximately 60% of patients presented
with bradycardia, 20% with PEA, 13% with VF/VT, and
5% with asystole. Survival was 23%, 40%, 56% and 0%
respectively.27 More studies are needed in specific pa-
tient populations, but a non-shockable rhythm in itself is
not a contra-indication to ECPR in children at this time.

CPR duration pre ECMO

Of course, “time is brain”, and therefore the time from
arrest to ECMO flow is ideally as short as possible,
probably preferably less than 60 min, the so-called
golden hour. Theoretically, the shorter the period of
CPR pre-ECMO, the better the survival and neuro-
logical outcomes. However, many studies do not show a
correlation between duration of CPR and death and/or
neurologic outcome.22 Based on a systematic review,
Mandigers et al created a model in which a weak
negative linear relationship between survival and CPR
duration in ECPR was found.59 In a recent meta-
analysis, the pooled data from 17 paediatric studies
reported that the duration of CPR was negatively as-
sociated with survival.41 Survivors received an average of
37 +/� 25 min of CPR compared to 48 +/� 38 min in
non-survivors. Multiple cases of ECPR after longer CPR
duration (up to 176 min) before ECMO flow with fa-
vourable neurological outcomes have been reported,
therefore it is hard to define a CPR duration cut-off after
which ECMO is futile.60–62 The overall expert consensus

is to aim for initiation of ECMO-flow within 40–60 min
after the onset of cardiac arrest.40 In the secondary
analysis of the THAPCA trial, the highest survival was
seen in children who had had 31–45 min of CCPR prior
to cannulation.27 Recently, early ECPR (<70.5 min CPR)
was compared with late ECPR (>70.5 min CPR) in
infants suffering IHCA in a single-center.29 Early ECPR
had a hospital survival of 45.5% compared to 17.2% in
the late ECPR group. Early activation of the ECPR team
and reducing time to ECMO flow by team training and
organisation remains important to increase survival.
Where possible, staff should anticipate and plan for
possible ECPR for high-risk patients on the intensive
care units in terms of candidacy, cannulation strategies
and priming the circuit in advance.

Quality of CPR

Probably more important than CPR duration is the
prompt initiation and the quality of CPR. A witnessed
arrest and subsequent direct start of CPR is likely to
improve outcomes to keep the no-flow state as short as
possible before irreparable damage occurs. The quality
of CPR mostly relates to the time from CA to initiation
of chest compressions (CC), the rate and depth of CC,
the duration of CC interruptions, ventilation rate, or
intra-arrest maintenance of target blood pressure and
end-tidal CO2.

8 A longer pause in CC has been shown to
be related to lower survival with favourable neurologic
outcome.42 High quality cardiopulmonary resuscitation
(CPR) improves outcomes, but what constitutes the best
possible CPR for an individual patient is still based on
limited evidence and probably differs between patients
and aetiologies.63 Real-time monitoring during CPR
may allow staff to modify CPR itself (for example, adjust
rate and depth). Potential bedside tools to monitor CPR
effectiveness include invasive or non-invasive arterial
blood pressure, end-tidal CO2 (ETCO2), near-infrared
spectroscopy (NIRS) and focused echocardiography.64

A recent analysis of the PediRes-Q collaborative was not
able to show a relationship between the quality of CPR
and outcomes.18 However, quality overall was below
recommended by the AHA and thus provided room for
improvement. The secondary analysis of the THAPCA-
trial showed that open-chest compressions were inde-
pendently associated with greater 1-year survival, pos-
sibly due to the shorter duration between start of chest
compressions to initiation of ECMO.27 Experimental
models also suggest that open-chest compressions may
be haemodynamically superior to closed-chest com-
pressions by generating greater arterial pressure, cardiac
output, coronary perfusion pressure, and cerebral blood
flow.65

Mensink et al. 85S



Medication during CPR

Epinephrine dosing during CCPR (also prior to ECPR)
is subject of discussion. Based on experience and expert
opinion some centres are cautious with adrenaline re-
suscitation dosing once decided to cannulate for ECMO
in an attempt to limit increased afterload which may
reduce ECMO flows.66 In adult ECPR, a limitation of
epinephrine dosing may have contributed to an increase
in neurologically intact survival.67 However, a recent
single-centre study in paediatric ECPR failed to find a
relationship between epinephrine dosing and blood
pressure on ECMO or the need of vasodilators.68 A
retrospective analysis of 191 cases of paediatric ECPR in
5 centres, showed that epinephrine is dosed less fre-
quently and guidelines for epinephrine dosing are fol-
lowed less rigidly compared to CCPR. They did not
show a decreased ECMO-flow with increased use of
epinephrine, but the authors did find an increased use of
vasodilators.33 Together with the finding that survivors
had received fewer epinephrine doses and continuing
epinephrine beyond 10 min of resuscitation did not
improve survival, it is suggested that limiting epi-
nephrine dosing may be beneficial and at least not
harmful, but further research is needed. Furthermore,
the dosing of bicarbonate and calcium during CPR
should also be further researched as both are associated
with decreased survival.32,45

Cannulation

The site of cannula insertion is based on patient
characteristics (e.g. age, diagnosis, comorbidities) and
local experience. Following cardiac surgery central
cannulation is commonly chosen in an ECPR situation,
especially in those with an open chest. In all other cases
peripheral cannulation is often preferred because it may
diminish interruption of CPR and is less invasive. A
single centre retrospective study showed no difference in
survival between different cannulation sites.69 Other
studies are in favour of peripheral cannulation, but this
may be biased by the fact that the more unstable patients
have their chest left open after cardiac surgery and are
cannulated centrally.28,38 In some children, peripheral
vascular access may be problematic due to their anatomy
or vascular thrombosis. Therefore, it is wise to assess
vascular patency in children at risk of cardiac arrest early
in their treatment course. When high flows need to be
achieved, for example in a patient with sepsis, central
cannulation might be necessary. Percutaneous cannu-
lation has been shown to be related to fewer compli-
cations and shorter cannulation time, potentially
improving outcomes in patients undergoing ECPR.70 It

should be considered, where appropriate, in older
children and young adolescents. In a large, multicentre,
international registry of adult cardiac arrest patients
who received percutaneous or surgical cannulation for
femoro-femoral ECPR, percutaneous cannulation was
associated with lower rate of severe neurological com-
plications, and similar rates of in-hospital mortality,
limb ischaemia and cannulation site bleeding.71 In
addition, in adults, bilateral femoral cannulation com-
pared to unilateral femoral cannulation, was associated
with a reduced risk for compartment syndrome/
fasciotomy, lower rates of bleeding and vessel repair
during ECMO, and lower in-hospital mortality.72

Hypercarbia and hyperoxia

Following ECMO flow initiation, a rapid decline in PaCO2

(compared to paCO2 level prior to cannulation – delta
PaCO2) and thereby reduced perfusion of an already
compromised brain by CCPR can result in secondary
damage. In paediatric V-A ECMO patients, an ELSO-
registry analysis showed that hypercarbia in itself, but
also a relative decrease in PaCO2 greater than 30% were
associated with a higher risk of neurologic complications
including death by neurological criteria.73 In neonates
respiratory ECMO a significant decrease in PaCO2 after
ECMO initiation is associated with acute neurological
events. Cautious PaCO2 decrease should be the aim after
initiation of any ECMO run.74 In a retrospective obser-
vational study with 201 paediatric ECMO patients im-
proved survival was associated with smaller changes of
PaCO2 at the time of ECMO initiation.75 An ELSO-registry
report showed that hypercarbia prior to initiation of
ECMO was associated with death due to neurological
criteria in paediatric ECPR.44 Furthermore, hyperoxia
should be avoided because of the possible harmful effects of
oxygen free radicals.76 Hyperoxia after ROSC has been
associated with increased mortality and poor neurologic
recovery.77,78 Possible mechanisms include increased re-
active oxygen species with a consequent increase in brain
lipid-per-oxidation, impaired cerebral oxidative energy
metabolism, and accelerated neuronal degeneration.79

We recommend that institutions develop a strategy of
initiating ECMO with low FiO2 of 21% on the blender
and a low sweep flow (ratio of sweep gas to ECMO flow
of 0.5–0.7) and monitor patient’s arterial blood gases in
the first hour to avoid hyperoxia and a rapid decrease in
PaCO2. We suggest performing after establishing
ECMO flow to check PaCO2 (and thereby assessing
delta PaCO2) and PaO2 and adjust sweep gas and
blender FiO2 accordingly. Target normoxia and avoid
both hypoxia and hyperoxia post return of ECMO
circulation (ROEC).
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Acidosis

Acidosis pre-ECMO and on ECMO are both associated
with higher mortality.28,31,35,39,44 Pre-ECPR pH <7.01 is
associated with worse outcome and should be taken into
account with other risk factors before deploying ECPR.
An initial high lactate and the peak lactate are a re-
flection of the severity of the arrest and are risk factors
for mortality.35,43 Administering sodium bicarbonate
during CPR to correct acidosis does not protect and may
actually decreases the chance of survival.32 There are
also suggestions that giving high doses of calcium may
be associated with poor outcome.45

ECMO flow

Providing adequate ECMO flow and adequate oxygen
delivery is essential. A persistent (lactic) acidosis on
ECMO is probably caused by severe organ damage or
inability to provide sufficient ECMO-flow and is also
prognostic for poor outcomes.27,43,80 ECMO flow should
therefore be titrated to deliver adequate systemic blood
flow aiming at normalisation of haemodynamics, in-
cluding normalisation of lactate levels, resolution of
acidosis and restoration of urine output.40 If lactate
levels cannot be normalised within 24–48 hours despite
optimal ECMO blood flow, then one should consider
other pathologies including intestinal or brain ischaemia
or an undiagnosed metabolic pathology.

Unloading the left ventricle

After V-A ECMO cannulation, in children without
adequate intra-cardiac shunts, cardiac stun can occur
due to the imposed afterload of the ECMO circuit. In
this situation the left ventricle (LV) is unable to open the
aortic valve and empty. Consequently, severe LV dila-
tation can occur, eventually leading to compromised
coronary perfusion and further ventricular dilatation.
Cardiac stun can lead to cardiac thrombus formation
and pulmonary haemorrhage due to elevated left atrial
pressures and the resultant pulmonary oedema. This
should be closely monitored by following pulse pressure
on arterial pressure curve, assessment of left ventricle
and aortic valve on echocardiography, and signs of
pulmonary oedema on chest x-ray.

Several strategies to prevent or treat cardiac stun are
available. First, as long as there is sufficient systemic
perfusion, slightly reducing ECMO flow can be tried
which may reduce afterload which the LV might then be
able to overcome. However, this is hardly ever possible
as providing adequate systemic blood flow is essential.
Another strategy is to support the LV by low-dose

adrenaline (0.05–0.1 ug/kg/min) and/or milrinone
(0.5 ug/kg/min). In all patients, but especially in case of
systemic hypertension, vasodilators (e.g., sodium ni-
troprusside, milrinone) should be used to reduce the
afterload imposed on the LV. Generally, a pulse-
pressure of 10–15 mmHg is targeted. If the aortic
valve still does not open despite these aforementioned
measures, further emergent intervention is warranted.
Percutaneous left atrial decompression can be done
using one of three possible techniques: balloon-
atrioseptostomy (Image 1), atrial stent placement, or
insertion of an LA vent connected to the venous limb of
the circuit.81 Alternatively, one can surgically place an
extra cannula in the left atrium, a so called ‘left vent’
which is connected to the venous limb of the ECMO
circuit. But this (often) requires sternotomy. In older
children, an intra-aortic balloon pump or Impella
should be considered to unload the left ventricle as
proven successful in adult literature.82 Placing a vent
directly into LV can be considered but is uncommon.

Diagnostics

Attempts should be made to identify the reason for the
cardiac arrest as soon as possible once ECMO flows are
established. Cardiac catheterisation or CT scan to di-
agnose the cause of cardiac arrest, such as unexpected
residual lesions have been associated with better out-
come in children post-cardiotomy.49–52 Other reasons
for cardiac collapse could be arrhythmias and/or
myocarditis/cardiomyopathy which may benefit from
anti-arrhythmic medication or other specific therapies.

Hypothermia

The ELSO paediatric ECPR guidelines suggest hypo-
thermia (33–34°C) for 24–48 h post-arrest to optimise
neurologic outcomes and to avoid hyperthermia despite
no comparative evidence of improved survival.40 More
recent literature does not support therapeutic hypo-
thermia for paediatric ECPR. Sanford et al analysed
2289 paediatric patients from the ELSO-registry and
found no survival or neurological benefit for patients
kept <34.0°C for >24 h.12 The THAPCA trial for IHCA,
with more than half of patients on ECMO, did not find a
significant benefit for therapeutic hypothermia com-
pared to normothermia.83

In the absence of any RCTs, maintaining normo-
thermia (36.0–37.5°C) seems reasonable, but avoiding
hyperthermia should be considered as an important
recommendation. Patient temperature can often be very
well controlled by the temperature regulation of the
ECMO circuit.
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Renal dysfunction

In the ELSO-registry, renal replacement therapy is the
most reported complication in neonatal and paediatric
ECPR.13 Renal dysfunction and fluid-overload pre-
ECMO and during ECMO are both associated with
worse outcomes.28,32,33,35,38,39,46 However, one multi-
variate analysis found that AKI/RRT is no longer a risk
factor for mortality when correcting for fluid overload at
ECMO discontinuation, suggesting that AKI/RRT
might not be associated with worse outcome when fluids
can be withdrawn by RRT.47 The negative impact of
RRT on survival is probably not due to the actual RRT
itself, but more a reflection of the underlying disease
and/or event that lead to renal dysfunction and the
concomitant requirement of RRT.31,34

Neuromonitoring

Whilst on V-A ECMO it is important to perform
neuromonitoring like near-infrared spectroscopy
(NIRS), (amplitude integrated) EEG and routine brain
ultrasound in neonates, however this practice is highly
variable amongst ECMO programs in Europe.84 In
children on ECMO-support neurologic complications
are frequently seen, especially in ECPR patients.16,85 In
these patients, intracranial haemorrhage, hypoxic is-
chaemic injury, ischaemic stroke, cerebral oedema, and
seizures are a frequent cause of death or severe func-
tional impairment.30,44 With appropriate neuro-
monitoring and neuroprotective measures neurologic
injury can be minimised or detected early.86 The ELSO
guidelines on neuromonitoring recommend frequent

cranial ultrasound in infants with an open fontanelle,
cranial CT-scan in case of clinical suspicion for neu-
rological complications or abnormal findings on neu-
romonitoring, to consider continuous cerebral oximetry
monitoring with NIRS in all patients undergoing
ECMO, and to consider continuous EEG monitoring
within 12–24 h of ECMO cannulation for a duration of
at least 24–48 h.87 The use of plasma biomarkers for
neurologic injury is appealing, but requires further in-
vestigation before it can be clinically applied.88

Duration of ECMO

Median ECMO duration after ECPR varies between
3 and 7 days, but is generally 3–5 days in the larger
studies.17,29–31,33,44,48,89 In the ELSO-registry median
duration is 3.5 and 4 days for paediatric and neonatal
ECPR respectively.13 In V-A ECMO in general and also
in ECPR patients, increased duration of ECMO is as-
sociated with a greater risk of mortality and a poor
neurologic outcome.30,31,41,45,90 This is likely related to
the inability of the heart and the body to heal from the
insult of cardiac arrest or due to complications that
may arise with increased time on ECMO.25 In a large
single-centre study of ECPR in children with congenital
heart disease, survivors with acceptable neurology had a
median ECMO duration of 3 [2-5] days compared to
7 [2-12] days in non-survivors and survivors with severe
neurologic dysfunction.30 Interestingly, in an ELSO-
registry study of ECPR in children without congenital
heart disease with a survival to discharge of 41%, the
median ECMO duration was 5 days in survivors
compared to 2 days in non-survivors.36 The authors did

Image 1. Example of an atrial balloonseptostomy in a neonate with normal cardiac anatomy and cardiac stun after ECPR and cannulated
in neck. Left: Signs of pulmonary oedema. Right: Fluoroscopy image during atrial balloon septostomy.
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not comment on the reason for this observed significant
difference, probably due to the nature of the ELSO-
registry where no distinction is made between death or
poor neurologic prognosis as a reason for ECMO dis-
continuation. In a meta-analysis of 30 ECPR studies of
cardiac and non-cardiac patients, the mean ECMO
duration in survivors was 97 [+/� 120] hours compared
to 119 [+/� 116] hours in non-survivors (p < .01).41

Weaning/decannulation

Signs of recovery include improving pulse pressure with
limited inotrope support, increasing end-tidal CO2, and
improved cardiac function on assessment with echo-
cardiography. Weaning from ECPR follows the prin-
ciples of weaning of V-A ECMO for paediatric cardiac
failure, with the purpose to determine if the patient is
ready to decannulate ECMO.91 The weaning process
varies according to institutional and patient factors but
would commonly occur over 4–8 h with a gradual
decrease in ECMO flows while optimising lung venti-
lation strategy, intravascular volume status, and vaso-
active medications. Once the patient has demonstrated
satisfactory haemodynamics on minimum ECMO
support, typically around 50 mL/kg/min, it is reasonable
to trial the patient off ECMO and then decannulate if
successful. Detailed description of weaning techniques is
beyond the scope of this review and described in more
detail in the ELSO Red Book.92 Prior to ECMO wean
and decannulation, it is important to have a team
discussion on strategies of further management should
the ECMO wean not succeed.

Follow-up and outcomes

Centres that deploy paediatric ECPR, and ECMO in
general, are advised to maintain a standardized follow-
up program to diagnose and support neuro-
developmental issues as soon as possible. A recent ELSO
guideline advises robust longitudinal follow-up with
early intervention. Uniform collection of data for de-
velopmental, psychological, neurological assessment
and other somatic aspects like kidney function for ad-
equate short- and long-term follow-up is essential.93

In case of no recovery

In the ECPR patient, V-A ECMO is deployed as a bridge
to recovery, heart transplant, or a bridge to decision. On
initiation of ECPR and during the entire ECMO run,
parents should be well informed on the risks and
possible outcomes. In reality approximately 50% of

ECPR patients do not survive and when recovery fails,
ECMO should be discontinued after careful discussion
and team agreement as well as family discussion. In case
of clinically severe neurologic concerns further neuro-
logic evaluation can be indicated, including cranial CT
or EEG, to help aid in the decision to continue or
withdraw life support.44 In case of brain death in some
countries organ donation procedure is possible.94 After
decision to discontinue treatment, end-of-life care is
indicated for these children and their families. Together
with parents a careful plan is made for end-of-life care
for the patient. Religious and other (psychological, so-
cial, bereavement) support should be offered where
appropriate.

ECPR for OHCA

In children, there are insufficient data to support the
recommendation for the use of ECPR for out-of-
hospital cardiopulmonary arrest.10,40 In the ELSO-
registry, only 3% of ECPR is OHCA.11 In an OHCA
situation often a combination of risk factors for worse
outcome are present (i.e. delayed start of CPR, subop-
timal quality CPR, asystole, non-cardiac causes, long
pre-arrest phase, or unwitnessed arrest).53 Following the
current evidence and guidelines, ECPR for OHCA
should probably be limited to specific protocols in more
experienced centres, preferably in research settings.
Exceptions can be made for children with hypothermia
without asphyxia, in which the brain is protected by
hypothermia before going into cardiac arrest. Adults
with hypothermic cardiac arrest due to non-asphyxial
hypothermia have improved neurologic outcomes when
treated with ECPR compared to patients with asphyxia
hypothermic cardiac arrest.95 In cases of drowning,
water temperature, body temperature and heart rhythm
should be considered before deciding for ECPR. In an
ELSO-registry analysis of 247 patients receiving ECMO
following a drowning event, only 23% of patients who
were cannulated during CPR survived to hospital dis-
charge, in patients who did not experience a cardiac
arrest the survival was 71%.96

Future directions

Preventing ECPR by timely identifying those at risk for
cardiac arrest and early intervention is the best method
to improve hospital survival.54 In the future, carefully
selected randomised-controlled trials are necessary to
aid in patient selection, pre-ECPR practice, and post-
ECPR practice.97 The use of artificial intelligence to
predict cardiac arrest in children has been studied and
seems promising.98,99 Further research and
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development is needed to deploy these algorithms in
daily practice.

To further improve outcomes in paediatric ECPR
secondary injury to the brain and other organs while
recovering from the circulatory arrest should be mini-
mised. Brain damage and kidney failure are both as-
sociated with an increase in morbidity and mortality. A
promising development could be administration of
hydrogen gas either through the ventilator or through
the oxygenator of the ECMO system which decreases
brain and kidney injury in a pig model of global is-
chaemic injury by reducing the oxygen radical to water
and thus mitigating oxygen radical mediated tissue
injury.100 Inhaled hydrogen has been proven safe in
mice and healthy adults101,102 and its feasibility and
safety in paediatric ECPR is currently being studied
[clinical trial NCT05574296]. Potentially H2 Adminis-
tration in ECPR might improve both neurological
outcomes and survival.

Conclusion

ECPR has become an established modality in many
centres for children with cardiac disease who experience
prolonged IHCA and carries approximately 50% sur-
vival to hospital discharge depending on the underlying
cause of cardiac arrest. Both the system and skilled staff
are key to ECPR program success. In order to achieve
and improve on these outcomes it is important to be well
prepared and have local protocols in place that help with
inter-professional team training, patient selection, re-
suscitation, timing and location of cannulation, careful
decrease in PaCO2, prevention of hyperoxia, prevention
of hyperthermia, achieving adequate flow, investigating
and treating the cause of the cardiac arrest, minimise
complications, minimise time on ECMO, good neuro-
logical assessment and follow-up and provide excellent
end-of life care for those that do not survive.
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