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Abstract Objective: There are limited data on the outcomes of children receiving delayed (≥7 days) extracorporeal
membrane oxygenation after cardiac surgery. The primary aim of this project is to identify the aetiology and outcomes
of extracorporeal membrane oxygenation in children receiving delayed (≥7 days) extracorporeal membrane oxygenation
after cardiac surgery. Patients and methods:We conducted a retrospective review of all children≤18 years supported with
delayed extracorporeal membrane oxygenation after cardiac surgery between the period January, 2001 and March,
2012 at the Arkansas Children’s Hospital, United States of America, and Royal Children’s Hospital, Australia. The
data collected in our study included patient demographic information, diagnoses, extracorporeal membrane oxyge-
nation indication, extracorporeal membrane oxygenation support details, medical and surgical history, laboratory,
microbiological, and radiographic data, information on organ dysfunction, complications, and patient outcomes. The
outcome variables evaluated in this report included: survival to hospital discharge and current survival with emphasis
on neurological, renal, pulmonary, and other end-organ function. Results: During the study period, 423 patients
undergoing cardiac surgery were supported with extracorporeal membrane oxygenation at two institutions, with a
survival of 232 patients (55%). Of these, 371 patients received extracorporeal membrane oxygenation <7 days after
cardiac surgery, with a survival of 205 (55%) patients, and 52 patients received extracorporeal membrane oxygenation
≥7 days after cardiac surgery, with a survival of 27 (52%) patients. The median duration of extracorporeal membrane
oxygenation run for the study cohort was 5 days (interquartile range: 3, 10). In all, 14 patients (25%) received
extracorporeal membrane oxygenation during active cardiopulmonary resuscitation with chest compressions. There
were 24 patients (44%) who received dialysis while being on extracorporeal membrane oxygenation. There were eight
patients (15%) who had positive blood cultures and four patients (7%) who had positive urine cultures while being
on extracorporeal membrane oxygenation. There were nine patients (16%) who had bleeding complications
associated with extracorporeal membrane oxygenation runs. There were 10 patients (18%) who had cerebrovascular
thromboembolic events associated with extracorporeal membrane oxygenation runs. Of these, 19 patients are still alive
with significant comorbidities. Conclusions: This study demonstrates that mortality outcomes are comparable among
children receiving extracorporeal membrane oxygenation≥7 days and<7 days after cardiac surgery. The proportion of
patients receiving extracorporeal membrane oxygenation ≥7 days is small and the aetiology diverse.
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EXTRACORPOREAL MEMBRANE OXYGENATION, FIRSt
introduced clinically in 1972, has been applied
as a means of cardiopulmonary support after

cardiac surgery both as an elective therapy and as a
rescue therapy.1–13 The common indications for
extracorporeal membrane oxygenation use in children
after cardiac surgery include low cardiac output
syndrome, inability to wean from cardiopulmonary
bypass, refractory arrhythmias, pulmonary hyperten-
sion, inotrope refractory cardiogenic shock, bridge to
heart transplant, and extracorporeal cardiopulmonary
resuscitation.4–13

Although there are multiple reports on the successful
outcomes of children receiving extracorporeal mem-
brane oxygenation in the immediate post-operative
period, there are very sparse data on the outcomes of
children receiving delayed rescue extracorporeal mem-
brane oxygenation (≥7 days) after cardiac surgery.6–12

The primary aim of this project is to identify the
aetiology and outcomes of extracorporeal membrane
oxygenation in children receiving delayed rescue extra-
corporeal membrane oxygenation therapy after cardiac
surgery. We hypothesised that children receiving
delayed rescue extracorporeal membrane oxygenation
will have worse mortality than children receiving
extracorporeal membrane oxygenation in the immediate
post-operative period.

Patients and methods

We conducted a retrospective review of all children
≤18 years supported with delayed extracorporeal
membrane oxygenation after cardiac surgery between
the period January, 2001 and March, 2012 at the
Arkansas Children’s Hospital, United States of
America, and Royal Children’s Hospital, Australia.
We defined delayed extracorporeal membrane oxyge-
nation as patients receiving extracorporeal membrane
oxygenation≥7 days after cardiac surgery – during the
same hospital stay. Patients receiving extracorporeal
membrane oxygenation after hospital discharge were
excluded from the study. The patients transferred from
other hospitals on mobile extracorporeal membrane
oxygenation were also excluded from the study. The
Institutional Review Board at University of Arkansas
Medical Sciences approved the conduct of this study.
However, such an approval was waived at Royal
Children’s Hospital because of the retrospective nature
of the study.
The data collected in our study included patient

demographic information, diagnoses, indications for
extracorporeal membrane oxygenation initiation, extra-
corporeal membrane oxygenation support details,
medical and surgical history, laboratory, micro-
biological, and radiographic data, information on
organ dysfunction, complications, and patient

outcomes. The outcome variables evaluated in this
report included: survival to hospital discharge and
current survival with emphasis on neurological, renal,
pulmonary, and other end-organ function. Bleeding
was defined as cannulation site or surgical bleeding
requiring surgical exploration.13 Hepatic insuffi-
ciency was defined as patients with a peak aspartate
aminotransferase or alanine aminotransferase >500
IU/dl that developed in the period after deployment
of extracorporeal membrane oxygenation.13

Statistical methodology

Continuous variables were presented as the median
(Q1, Q3), where Q1 is the 25th percentile and Q3 is
the 75th percentile, whereas categorical variables
were presented as numbers and percentages. p-Values
are based on Wilcoxon–Kruskal–Wallis test for
continuous and ordinal data, and Pearson or Fisher’s
exact test for categorical variables. Analyses were
performed using statistical analysis software SAS
v 9.1.3.

Results

During the study period, 423 patients undergoing
cardiac surgery were supported with extracorporeal
membrane oxygenation at two institutions, with a
survival of 232 patients (55%). Of these, 371 patients
received extracorporeal membrane oxygenation <7 days
after cardiac surgery, with survival to hospital discharge
of 205 (55%) patients. In all, 52 patients received
extracorporeal membrane oxygenation ≥7 days after
cardiac surgery – during the same hospital stay – with
survival to hospital discharge of 27 (52%) patients. The
distribution of patients between the two centres is
shown in Table 1. There were 37 boys (67%) in the
study cohort with a median age of 64 days (interquartile
range: 22, 227) and a median weight of 3.5 kg (inter-
quartile range: 2.8, 6 kg). The median number of days
of initiation of extracorporeal membrane oxygenation
after cardiac surgery was 9 days (interquartile range:
7, 32). The median duration of the extracorporeal
membrane oxygenation run for the study cohort was
5 days (interquartile range: 3, 10).

Location and indications of delayed extracorporeal
membrane oxygenation
Table 2 shows the location and reasons of decompen-
sation before extracorporeal membrane oxygenation
initiation in our study cohort. Majority of the
patients receiving extracorporeal membrane oxyge-
nation ≥7 days after cardiac surgery were in an
intensive care unit before decompensation. There
were four patients who were transferred to the ward
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before initiation of extracorporeal membrane oxygena-
tion. There was one patient who decompensated in the
operating room after reoperation for a residual lesion
requiring extracorporeal membrane oxygenation for
survival. Another patient decompensated while under-
going cardiac catheterisation for detection of a residual
lesion. The most common reasons for decompensation
were low cardiac output syndrome and cardio-
pulmonary arrest. In all, six patients received extra-
corporeal membrane oxygenation because of respiratory
failure. Of these, two patients with single-ventricle
physiology received extracorporeal membrane oxyge-
nation after extubation failure. There were five patients
who received extracorporeal membrane oxygenation
because of inotrope refractory shock, five patients who
received extracorporeal membrane oxygenation for
sepsis and bacteraemia, and one patient who received
extracorporeal membrane oxygenation for intractable
arrhythmias.

Patient characteristics, diagnoses, and complications

Table 3 demonstrates demographics and extracorporeal
membrane oxygenation details for the study patients.
Table 4 demonstrates cardiac surgeries associated with
study patients. There were five patients in our cohort
who had genetic abnormalities. Majority of the patients
in our study cohort received veno-arterial extracorporeal
membrane oxygenation. The median cardiopulmonary
bypass time with the associated cardiac surgeries was
110 minutes with a median cross-clamp time of
27 minutes. In all, 39 (71%) patients in study cohort
had an open chest at the time of extracorporeal mem-
brane initiation. There were 14 patients who received
extracorporeal membrane oxygenation during active
cardiopulmonary resuscitation with chest compressions.
There were 10 patients (18%) who had cerebrovascular
thromboembolic events associated with extracorporeal
membrane oxygenation runs.

Table 1. Summary of ECMO experience between the two study centres.

Total ACH RCH

All patients receiving ECMO after cardiac surgery
No. of ECMO runs 469 269 200
No. of ECMO patients 423 243 180
Survival at hospital discharge 232 (55%) 139 (57%) 93 (47%)

ECMO ≥7 days after cardiac surgery
No. of ECMO runs 55 40 15
No. of ECMO patients 52 38 14
Survival at hospital discharge 27 (52%) 22 (58%) 5 (36%)

ECMO <7 days after cardiac surgery
No. of ECMO runs 414 229 185
No. of ECMO patients 371 205 166
Survival at hospital discharge 205 (55%) 117 (57%) 88 (53%)

ACH=Arkansas Children’s Hospital, Little Rock, Arkansas, United States of America; ECMO= extracorporeal membrane oxygenation; RCH=Royal
Children’s Hospital, Melbourne, Australia

Table 2. Location and reasons for delayed ECMO in study patients.

All ECMO runs (n= 55) Survivors (n= 27) Non-survivors (n= 28) p-value

Location of patient
Intensive care unit 49 (89%) 22 (81.4%) 27 (96.4%) 0.32
Ward 4 (7%) 3 (11.1%) 1 (3.7%)
Operating room 1 (2%) 1 (3.7%) 0
Catheterisation lab 1 (2%) 1 (3.7%) 0

Reasons for ECMO
Low cardiac output syndrome 22 (40%) 12 (44.4%) 10 (35.7%) 0.11
Cardiopulmonary arrest 16 (29%) 7 (25.9%) 9 (32.1%)
Respiratory failure 6 (11%) 4 (14.8%) 2 (7.1%)
Shock 5 (9%) 4 (14.8%) 1 (3.7%)
Sepsis 5 (9%) 0 5 (17.8%)
Arrhythmias 1 (2%) 0 1 (3.7%)

ECMO= extracorporeal membrane oxygenation
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Comparison between two centers
Table 5 depicts location-based extracorporeal mem-
brane oxygenation details for the study patients. In
all, 15 patients at Royal Children’s Hospital received

delayed extracorporeal membrane oxygenation, while
40 patients at Arkansas Children’s Hospital received
delayed extracorporeal membrane oxygenation. The
patients in Royal Children’s Hospital cohort were
younger and smaller than the Arkansas Children’s Hos-
pital cohort. The mortality rate was 66% (10 patients) at
Royal Children’s Hospital and 45% (18 patients) at
Arkansas Children’s Hospital (p=0.15).

Outcomes
Of the patients receiving extracorporeal membrane
oxygenation ≥7 days after cardiac surgery, 27 patients
survived to hospital discharge. Of these, 19 patients are
still alive with significant comorbidities. There are six
patients who have significant chronic lung disease;
three patients who have significant renal dysfunction
requiring dialysis, with one patient listed for renal
transplant; and eight patients who have significant
neurologic damage, with brain atrophy and develop-
mental delay.

Discussion

Our investigation provides the first report on tempo-
ral trends, landscape, and outcomes of children
receiving extracorporeal membrane oxygenation
≥7 days after cardiac surgery. Although prolonged
duration of extracorporeal membrane oxygenation is

Table 3. Demographics and ECMO details for the study patients.

All ECMO runs (n= 55) Survivors (n= 27) Non-survivors (n= 28) p-value

Demographics
Sex (male) 37 (67%) 20 (74%) 17 (61%) 0.29
Age (days) 64 (22, 227) 116 (43, 320) 42 (20, 132) 0.02
Weight (kg) 3.5 (2.8, 6) 4.3 (2.8, 9) 3.1 (2.8, 3.6) 0.26
Underlying genetic syndrome 5 (9%) 2 (7.4%) 3 (10.7%)
VA ECMO 53 (96%) 26 (96.3%) 27 (96.4%) 0.97
Cardiopulmonary bypass time (minutes) 110 (0, 181) 99 (0, 181) 126 (0, 178) 0.66
Cross-clamp time (minutes) 27 (0, 76) 0 (0, 60) 47 (0, 90) 0.49
Duration of ECMO (days) 5 (3, 10) 4 (2, 7) 6 (4, 12) 0.06

Type of cannulation
Chest 39 (71%) 20 (74%) 19 (68%) 0.87
Neck 16 (29%) 7 (26%) 9 (32%)

ECPR 14 (25%) 6 (22.2%) 8 (28.5%) 0.58
Length of ECPR (minutes) 41 (40,55) 47.5 (40, 62) 41 (35, 52) 0.59

Complications on ECMO
Need for dialysis 24 (44%) 8 (29.6%) 16 (57.1%) 0.04
Positive blood culture 8 (15%) 2 (7.4%) 6 (21.4%) 0.14
Positive urine culture 4 (7%) 0 4 (14.2%) 0.04
Hepatic insufficiency 3 (5%) 0 3 (10.7%) 0.08
Necrotising enterocolitis 1 (2%) 0 1 (3.5%) 0.32
Bleeding complications 9 (16%) 2 (7.4%) 7 (25%) 0.07
Cerebrovascular thromboembolic event 10 (18%) 4 (14.8%) 6 (21.4%) 0.52

ECMO= extracorporeal membrane oxygenation; ECPR= extracorporeal cardiopulmonary resuscitation; VA ECMO= veno-arterial extracorporeal
membrane oxygenation
Continuous variables are summarised by the triplet of quartiles 50th (25th and 75th). Categorical variables are summarised as per cent (n)

Table 4. Cardiac surgeries associated with delayed ECMO in the
study patients.

Type of Surgery
All ECMO
runs ACH RCH

Norwood operation 14 8 6
Modified Blalock–Taussig shunt or
central shunt

10 7 3

Pulmonary artery banding 5 4 1
Orthotopic heart transplantation 5 5 0
VSD/ASD repair 4 4 0
“Hybrid” Norwood 3 3 0
Aortic valve repair 3 2 1
Bi-directional cavopulmonary
anastomosis (Glenn)

3 2 1

Mitral valve replacement 2 2 0
Common AV canal repair 2 2 0
Truncus arteriosus repair 2 0 2
Ross–Konno procedure 1 1 0
Aortic arch repair 1 0 1
Total 55 40 15

ACH=Arkansas Children’s Hospital; ASD= atrial septal defect;
AV canal= atrioventricular canal; ECMO= extracorporeal membrane
oxygenation; RCH=Royal Children’s Hospital; VSD= ventricular
septal defect
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associated with worse outcomes, it is unknown
whether the timing of initiation of extracorporeal
membrane oxygenation after cardiac surgery affects
outcomes.14 Despite varied aetiologies, the survival
to hospital discharge in patients receiving delayed
extracorporeal membrane oxygenation is comparable
to patients receiving extracorporeal membrane oxy-
genation in the immediate post-operative period. To
our knowledge, this is the first study to date on this
topic in the available medical literature.
The increasing complexity of congenital cardiac

surgery has resulted in the increased use of extra-
corporeal membrane oxygenation support for children
in the post-operative period. Up to 2–5% of all children
undergoing corrective or palliative cardiac surgery
use mechanical cardiac support with extracorporeal
membrane oxygenation.5–8 The timing of extracorpo-
real membrane oxygenation initiation in children after
cardiac surgery is not well defined and is institution
specific. Some authors propose “routine” or “elective”
use of extracorporeal membrane oxygenation after Stage I
Norwood with good outcomes.1,3,15 Others use
extracorporeal membrane oxygenation as a “rescue”
therapy before the onset of end organ or circulatory
collapse.4,6–14,16,17 The most common need for
extracorporeal membrane oxygenation in the imme-
diate post-operative period is the inability to wean
off cardiopulmonary bypass in the operating room.

Patients with either long complex repairs and pro-
longed myocardial ischaemic times or those with
pre-existing left ventricle compromise have enough
post-pump myocardial dysfunction that they cannot
be successfully weaned off cardiopulmonary bypass.
They are subsequently bridged over to extracorporeal
membrane oxygenation to allow recovery of ventri-
cular function.
One of the postulated mechanisms for delayed

unexpected sudden acute decompensation in patients
with single-ventricle physiology could be dangerous
increase in systemic vascular resistance.18 In their
case series of five patients after Norwood palliation,
Wright et al demonstrated elevated systolic blood
pressures associated with acute cardiovascular collapse
8–15 days after cardiac surgery.18 Of these, one patient
required chest compressions and emergent use of
extracorporeal membrane oxygenation for survival.
Others required mechanical ventilation and intravenous
inotropic agents or vasodilators with rapid resolution of
their acidosis.18 The other reason for delayed cardio-
vascular collapse necessating extracorporeal membrane
oxygenation could be the presence of significant residual
lesions requiring surgical re-intervention. According to
a recent study, residual lesions are present in approxi-
mately one-quarter of post-operative cardiac surgery
patients receiving extracorporeal membrane oxygena-
tion support.18 In this study, residual lesions were

Table 5. Univariate comparisons of patient and ECMO characteristics between the two study centres.

ACH (n= 40) RCH (n= 15) p-value

Demographics
Sex (male) 28 (70%) 9 (60%) 0.48
Age (days) 95 (44, 250) 17 (14, 39) 0.04
Weight (kg) 3.5 (2.8, 6.7) 3.1 (2.7, 3.7) 0.37
Underlying genetic syndrome 3 (7.5%) 2 (13.3%) 0.45
VA ECMO 38 (95%) 15 (100%) 0.37
Cardiopulmonary bypass time (minutes) 75 (0, 178) 139 (92, 206) 0.08
Cross clamp time (minutes) 10 (0, 65) 59 (0, 82) 0.43
Duration of ECMO (days) 6 (4, 14) 4 (1, 6) 0.02

Type of cannulation
Chest 26 (65%) 13 (86%) 0.02
Neck 14 (35%) 2 (13.3%)

ECPR 6 (15%) 8 (53.3%) 0.003
Length of ECPR (minutes) 52 (42, 62) 40 (21, 48) 0.06

Complications on ECMO
Need for dialysis 17 (42.5%) 7 (46.6%) 0.78
Positive blood culture 6 (15%) 2 (13.3%) 0.87
Positive urine culture 3 (7.5%) 1 (6.7%) 0.91
Hepatic insufficiency 3 (7.5%) 0 0.27
Necrotising enterocolitis 1 (2%) 0 0.53
Bleeding complications 4 (10%) 5 (33.3%) 0.03
CVA 9 (22.5%) 1 (6.7%) 0.17

ACH=Arkansas Children’s Hospital; CVA= cerebrovascular thromboembolic event; ECMO= extracorporeal membrane oxy-
genation; ECPR= extracorporeal cardiopulmonary resuscitation; RCH=Royal Children’s Hospital; VA ECMO= veno-arterial
extracorporeal membrane oxygenation
Continuous variables are summarised by the triplet of quartiles 50th (25th and 75th). Categorical variables are summarised as per
cent (n)
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detected in 35 of the 119 post-operative patients placed
on extracorporeal membrane oxygenation support.
Earlier detection of residual lesions during the first
3 days of extracorporeal membrane oxygenation
support improved rate of decannulation significantly
as compared with later detection – after 3 days of
extracorporeal membrane oxygenation support.19

Pulmonary hypertension could be another reason
for delayed cardiovascular collapse. Many congenital
heart lesions, particularly those requiring repairs
in the neonatal period, are associated with severe
pulmonary hypertension. Some patients with large
ventricular septal defects or complete atrioventricular
canal defects, as well as neonates with total anom-
alous pulmonary venous connection, cor triatriatum,
and truncus arteriosus, are particularly prone to sud-
den and severe rise in pulmonary vascular resistance
post-operatively. This is related to inherent reactivity
of the pulmonary vascular bed in response to either
obstructed pulmonary venous outflow or extreme
pulmonary overcirculation from a large left-to-right
shunt. Other children develop hospital-acquired
viral respiratory infections or have undiagnosed
pre-existing infections that increase the pulmonary
vascular resistance even higher. Some patients with
continued pulmonary hypertensive crises may benefit
from extracorporeal membrane oxygenation support.
Occasionally, the decrease in cardiac function appears

more quickly, or without warning, and may be related
to sudden changes in volume status, electrolyte
balance, or oxygenation and ventilation that leads
to cardiac arrest that may not be reversible with
conventional resuscitative measures.13 These patients
can be resuscitated with extracorporeal cardio-
pulmonary resuscitation.13 Respiratory failure in
children after heart surgery can be another speculated
reason for delayed extracorporeal membrane oxyge-
nation after heart surgery. This can be associated with
or without intrinsic lung disease. Extubation failure
can be a factor for sudden cardiovascular collapse,
especially in children with single-ventricle physio-
logy. In one of the landmark studies on extubation
failure in children after cardiac surgery, our group
demonstrated an extubation failure of 22% (14/64)
in children after Norwood operation.20 Of these, one
patient had a sudden cardiac arrest in the immediate
post-extubation period with the need for extra-
corporeal cardiopulmonary resuscitation.20

As in other studies, the most common complications
in this report were related to bleeding, thromboem-
bolic events, and nosocomial infections.21–24 The three
most common neurological complications of extra-
corporeal membrane oxygenation in children include
central nervous system haemorrhage, central nervous
system infarction, and seizures. In a recent study from
ELSO registry, intracranial haemorrhage occurred in

7.4% of the patients, cerebral infarction occurred
in 5.7% of the patients, and clinically diagnosed
seizures occurred in 8.4% of all extracorporeal
membrane oxygenation-treated patients.25 In our
cohort receiving delayed extracorporeal membrane
oxygenation, the incidence of these complications
was similar to the intracranial haemorrhage occurring
in 10% of the patients, and cerebral infarction in 7%
of the patients. Survivors after delayed extracorporeal
membrane oxygenation run develop long-term
sequalae such as developmental delay, neurological
deficits, chronic lung disease, renal insufficiency, and
other end-organ dysfunction.
Our study has limitations inherent to any retro-

spective analysis. The results from this study may not
be generalisable to all centres. Our study combined
data from two geographically distinct centres from
two continents with different ideologies. Although
both these centres believe in the use of extracorporeal
membrane oxygenation as a rescue therapy before the
onset of cardiovascular collapse, the threshold of
using extracorporeal membrane oxygenation may be
different in two centres leading to differences in
outcomes among two centres. The relatively small
sample size limited our ability to analyse outcomes
based on surgical diagnosis and precluded regres-
sion tests to identify independent predictors. We
excluded patients receiving delayed extracorporeal
membrane oxygenation after hospital discharge.
This patient population may have provided a different
insight in speculating reasons for delayed extra-
corporeal membrane oxygenation. Our study also
lacked haemodynamic data before initiation of delayed
extracorporeal membrane oxygenation. Our study lacked
data on complications in the patients receiving extra-
corporeal membrane oxygenation data <7 days after
cardiac surgery. Although mortality was similar in two
groups, it is possible that complications and other out-
comes may have been different in the two groups.
Despite these limitations, this study provides

insight on temporal trends, landscape, and outcomes
of children receiving extracorporeal membrane oxy-
genation ≥7 days after cardiac surgery. We conclude
that the number of patients receiving extracorporeal
membrane oxygenation ≥7 days after cardiac surgery
is small, aetiology diverse, and outcomes comparable
to patients receiving extracorporeal membrane oxy-
genation in the immediate post-operative period.
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