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Abstract Background: Neuro-
logic complications in neonates
supported with extracorporeal mem-
brane oxygenation (ECMO) are
common and diminish their quality of
life and survival. An understanding of
factors associated with neurologic
complications in neonatal ECMO is
lacking. The goals of this study were
to describe the epidemiology and
factors associated with neurologic
complications in neonatal ECMO.
Patients and methods: Retrospec-
tive cohort study of neonates
(age B30 days) supported with
ECMO using data reported to the
Extracorporeal Life Support Organi-
zation during 2005–2010.
Results: Of 7,190 neonates sup-
ported with ECMO, 1,412 (20 %) had
neurologic complications. Birth
weight \3 kg [odds ratio (OR): 1.3;
95 % confidence intervals (CI):
1.1–1.5], gestational age (\34 weeks;
OR 1.5, 95 % CI 1.1–2.0 and
34–36 weeks: OR 1.4, 95 % CI
1.1–1.7), need for cardiopulmonary

resuscitation prior to ECMO (OR 1.7,
95 % CI 1.5–2.0), pre-ECMO blood
pH B 7.11 (OR 1.7, 95 % CI
1.4–2.1), pre-ECMO bicarbonate use
(OR 1.3, 95 % CI 1.2–1.5), prior
ECMO exposure (OR 2.4, 95 % CI
1.6–2.6), and use of veno-arterial
ECMO (OR 1.7, 95 % CI 1.4–2.0)
increased neurologic complications.
Mortality was higher in patients with
neurologic complications compared
to those without (62 % vs. 36 %;
p \ 0.001). Conclusions: Neuro-
logic complications are common in
neonatal ECMO and are associated
with increased mortality. Patient fac-
tors, pre-ECMO severity of illness,
and use of veno-arterial ECMO are
associated with increased neurologic
complications. Patient selection, early
ECMO deployment, and refining
ECMO management strategies for
vulnerable populations could be tar-
geted as areas for improvement in
neonatal ECMO.
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Introduction

Neurologic complications are common during extra-
corporeal membrane oxygenation (ECMO) and are
associated with increased mortality and long-term

morbidity [1–6]. Neurologic complications during
ECMO may be related to patient characteristics, pre-
ECMO severity of illness, ECMO management, and
complications during ECMO [3–5]. The incidence and
factors associated with neurologic complications during
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ECMO in specific populations such as children sup-
ported with ECMO for cardiac arrest (ECPR) have been
previously reported [2, 7, 8]. Brain immaturity increases
vulnerability to neurologic complications for neonates
supported with ECMO. Hardart et al. [9, 10] previously
reported that intracranial hemorrhage (ICH) occurred in
9.9 % of neonates supported with ECMO. They also
reported that ICH in this population was associated
with gestational age, diagnosis of sepsis, severe meta-
bolic acidosis, use of epinephrine, and coagulopathy
prior to ECMO deployment. Since this report in 1998,
indications for use of ECMO in the neonatal population
has changed, with fewer neonates supported for respi-
ratory and more for cardiac indications [11]. In
addition, ECMO technology has changed, and experi-
ence in the management of ECMO patients has
improved. The impact of these issues on the incidence
and risk factors for neurologic complications in new-
borns supported with ECMO has not been evaluated.
New information on the incidence and factors associ-
ated with neurologic complications in neonates
supported with ECMO may be useful in planning
interventions that can help reduce these complications
and improve ECMO outcomes.

The goals of this study were to determine the inci-
dence of neurologic complications and to identify patient
demographic, pre-ECMO, and ECMO support-related
variables associated with neurologic complications using
a recent multicenter cohort of neonates supported with
ECMO for all indications.

Materials and methods

Data for purposes of this study were obtained from the
ECMO registry of the Extracorporeal Life Support
Organization (ELSO). The ECMO registry collects data
on ECMO used to support cardiorespiratory function in
newborns, children, and adults. Registry data are
reported from approximately 230 member centers
including US and international centers after approval
through local institutional review boards. An agreement
between member centers and ELSO allows the release
of limited de-identified data sets for purposes of
research without the need for further approval from
individual centers. Data are reported to the registry
from the contributing centers using a standardized data
sheet containing patient demographics, diagnosis,
ECMO indication and support details, and patient out-
comes. For this study, data from all neonates (B30 days
of age at ECMO deployment) reported to the ECMO
registry during the calendar years 2005–2010 were
extracted.

Definition of neurologic complications

Neurologic complications were defined as brain death,
cerebral infarction, intracranial hemorrhage (ICH), or
seizures [1, 2] diagnosed during ECMO support and
identified using ELSO registry neurologic complication
codes. Cerebral infarction and ICH reported to the reg-
istry were diagnosed using head ultrasound (HUS) or
computerized tomography imaging of the head. Seizures
were diagnosed clinically or using an electroencephalo-
gram (EEG). Time to diagnosis of a neurologic event after
ECMO deployment, long-term follow-up, and functional
outcome data were not collected by the registry and could
not be used to further characterize the severity of neuro-
logic complications.

Variables for analysis

Variables used included: patient age, diagnosis, type and
duration of ECMO support, number of ECMO runs per
patient, pre-ECMO mechanical ventilator settings, patient
support details, worst blood gas values obtained within
the 6 h prior to ECMO initiation, and in-hospital mor-
tality. Pre-ECMO cardiac arrest was defined as cardiac
arrest requiring cardiopulmonary resuscitation occurring
from the time of admission but prior to initiation of
ECMO. Decisions regarding patient selection, patient
management before, on, or after ECMO, and the use of
imaging for assessment of neurologic injury were not
standardized across the reporting institutions and were
subject to practice variability. In addition, data regarding
anticoagulation management were not collected by ELSO
and were unavailable for analysis.

Data categorization

Primary and Secondary International Classification of Dis-
eases, 9th edition (ICD-9), diagnosis codes reported to the
registry were used to create the diagnostic categories
including ‘‘congenital heart disease (CHD),’’ ‘‘congenital
diaphragmatic hernia (CDH),’’ ‘‘persistent pulmonary
hypertension of the newborn (PPHN),’’ ‘‘meconium aspira-
tion syndrome (MAS),’’ ‘‘respiratory distress syndrome
(RDS),’’ ‘‘respiratory infection,’’ ‘‘sepsis,’’ and ‘‘other,’’
containing patients that could not be assigned to one of the
above groups. Primary indication for ECMO included
‘‘pulmonary,’’ ‘‘cardiac,’’ and ‘‘ECPR’’ based on definitions
created by the ECMO registry. Patients were categorized as
cannulated through the neck if either the internal jugular vein
or carotid artery was one of the cannulation sites reported.
Patients were assigned as cannulated through the chest if
either the right atrium or aorta was used for cannulation.
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Statistical Analysis

For patients (n = 215) who had more than one ECMO
run, only data from the last run were included for anal-
ysis. Demographic, pre-ECMO, and ECMO support
details at the time of ECMO initiation were compared for
patients with or without neurologic complications using
the Mann-Whitney U test for continuous data and the chi-
square test for categorical data. The Fisher’s exact test
was used when expected counts in [20 % of cells were
\5. A chi-square test for linear trend was used to study
trends in the incidence of neurologic injury over the study
time period.

Multivariable logistic regression was used to explore
the association of variables related to demographic, pre-
ECMO, and ECMO support obtained at the time of
ECMO deployment and neurologic complications during
ECMO. Candidate variables for inclusion in the multi-
variable models were chosen from the univariate analysis
with criteria for variable selection set at a p value \0.1. A
backward selection procedure was used for entry of
variables into the model, and variables were retained if
their adjusted p value was \0.05.

Because diagnostic groups and the indication for
ECMO, pre-ECMO arterial blood pH, and pCO2, and
neck and chest cannulation for ECMO were collinear
variables, only the indication for ECMO, arterial blood
pH, and neck cannulation were considered for inclusion in
the model as data. Variables with data missing
from [10 % of cases were not considered for inclusion in
the model to prevent loss of information. Subjects with
missing values from one or more independent variables
were excluded from inclusion in the multivariable model.
Continuous variables [e.g., weight at ECMO, gestational
age (GA), pre-ECMO arterial blood pH] retained in the
logistic regression model were refitted as categorical
variables to allow for possible non-linear association with
the outcome. Continuous variables were categorized as
tertiles or quartiles of their distribution. SPSS version
18.0 software (SPSS, Chicago, IL) was used for the
analysis. Data are reported as frequency (n) with pro-
portion (%), median values with interquartile range (IQR:
25th, 75th percentile), or odds ratios (OR) with 95 %
confidence intervals (CI). Statistical significance was set
at p \0.05.

Results

Study population

A total of 7,405 ECMO runs in 7,190 neonates were
reported to the ECMO registry during the study period.
Median age at ECMO was 2 days (IQR 1, 7), 56 % of the
patients were male, and 53 % of the patients were white

race. Congenital heart disease (n = 2,368, 33 %), meco-
nium aspiration syndrome (n = 1,474, 21 %), congenital
diaphragmatic hernia (n = 1,468, 20 %), and persistent
pulmonary hypertension of the newborn (n = 1,371,
19 %) were the most common diagnostic categories.
Indications for ECMO included respiratory failure
(n = 4,787, 66 %), cardiac disease (n = 1,903, 27 %),
and ECMO to aid cardiopulmonary resuscitation (ECPR;
n = 500, 7 %). The median duration of ECMO was 141
(IQR: 88, 238) hours. The incidence and types of neuro-
logical complications are shown in Table 1. A single
neurologic complication code was present in 1,219 neo-
nates (17 %), whereas multiple codes were present in 203
(3 %) neonates. The incidence of neurologic complica-
tions in ECMO neonates did not vary by year (chi-square
for linear trend, p = 0.2). Mortality prior to hospital
discharge was higher in those with compared to those
without neurologic complications (62 vs. 36 %;
p \ 0.001).

Comparison of patients with and without neurologic
complications

Demographic information

Table 1 shows demographic features of neonates with and
without neurologic complications during ECMO. Neo-
nates with neurologic complications had lower GA and
body weight than those without. Diagnostic category and
indication for ECMO support were significantly different
between the two groups. Neurologic complications were
lowest among neonates whose indication for ECMO was
respiratory failure compared to cardiac and ECPR indi-
cations. Similarly, neonates supported with ECMO for
meconium aspiration syndrome (13 %), respiratory dis-
tress syndrome of the newborn (16 %), and PPHN (17 %)
had a lower incidence of neurologic complications com-
pared to those with sepsis (33 %), congenital heart
disease (22 %), and classified as the miscellaneous group
(26 %). Neurologic complications were higher among
neonates whose gestation age was B36 weeks compared
to term or post-term neonates. The distribution of

Table 1 Incidence and types of neurological complications in
neonates supported with ECMO

Variable N (%)

Number of neonates in study cohort 7190
Number with neurological complications 1,412 (20)
Types of neurological complications
Intracranial hemorrhage 906 (13)
Seizure 476 (7)
Cerebral infarction 261 (4)
Brain death 58 (1)
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neurologic complications based on weight and GA is
shown in Fig. 1.

Pre-ECMO and ECMO support data

Pre-ECMO and ECMO details of neonates with and
without neurologic complications are shown in Table 2.
Neurologic complications occurred more frequently in
patients treated with surfactant and intravenous bicar-
bonate. Pre-ECMO blood gas values for pH, partial
pressure of oxygen (PaO2), standardized bicarbonate
level, and peripheral oxygen saturation (SaO2) were sig-
nificantly lower, and partial pressure of carbon dioxide
was significantly higher in neonates with neurologic
complications. ECMO cannulation sites and duration of
ECMO support were similar for the two groups (Table 3).

Multivariable model of factors associated
with neurologic complications during ECMO

Factors associated with neurologic complications in
neonates supported with ECMO are shown in Table 4.
Neonates with lower birth weight (\3 kg compared to
[3.5 kg), lower GA [very preterm (\34 weeks GA) and
preterm (34–36 weeks GA) compared to term neonates
(39–40 weeks GA)], those with prior exposure to ECMO,
and those supported with veno-arterial (VA) ECMO had
increased odds of neurologic complications. Similarly,
those with a cardiac arrest requiring CPR and bicarbonate
replacement prior to ECMO had increased odds of neu-
rologic complications. Finally, those with low arterial
blood gas pH (B7.11 compared to pH C7.34) obtained

within the 6 h prior to ECMO cannulation had increased
odds of neurologic complications.

Discussion

In our cohort of neonates supported with ECMO, we
found that neurologic complications were common and
occurred in 20 % of the subjects. The most frequent form
of neurologic injury was ICH. We found that prematurity,
lower body weight, cardiac arrest, and severe physiolog-
ical instability before ECMO deployment increased the
odds of neurologic complications.

In neonatal ECMO, factors present prior to and during
ECMO support have been shown to be associated with
brain injury [4, 5, 12] In laboratory animals, severe hyp-
oxemia similar to that seen in neonatal respiratory failure
has been shown to alter cerebral autoregulation, resulting
in increased vulnerability of the cerebral circulation to
ischemia during systemic hypotension, and hyperemia
with hypertension [4, 13–15]. When cerebral blood flow
has been restored after exposure to hypoxemia with
ECMO flow, the cerebral circulation may be exposed to
higher blood pressure, leading to cerebral hyperemia and
ICH. The duration of hypoxemia before autoregulation is
lost is unclear. In animal models, it has been shown that
loss of autoregulation occurs even after brief exposure to
hypoxemia and that cerebral autoregulation remains
altered for several hours after restoration of gas exchange
and circulation. Based on these animal studies, it appears
that increased vulnerability to ICH may be present prior to
and immediately following ECMO deployment.

Similar mechanisms may be in play in neonates sup-
ported with ECMO. Clinical investigations in neonatal
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ECMO have shown that the severity of cardiopulmonary
dysfunction prior to ECMO, indicated by severe meta-
bolic acidosis, cardiac arrest, or epinephrine use prior to
ECMO cannulation, was associated with an increased
incidence of ICH [9, 10, 16–18]. Our findings of increased
odds of neurologic complications in neonates with low
arterial blood pH, those requiring bicarbonate replace-
ment, and those with cardiac arrest prior to ECMO
support the notion that severity of illness prior to ECMO
may increase the risk of neurologic injury. Thus, early
deployment of ECMO prior to the onset severe metabolic
acidosis or cardiac arrest may prevent neurologic injury in
some cases.

Investigations on the timing of ICH in neonates sup-
ported with ECMO have shown that ICH commonly
occurs within the first 72 h after ECMO deployment [16,
19]. Thus, neonates supported with ECMO for severe
cardiopulmonary dysfunction may require increased

vigilance during this period. In a cohort of neonates
supported with ECMO, Khan et al. [19] reported that
19 % had ICH on HUS prior to ECMO deployment. Thus,
in some cases, ICH can occur before ECMO deployment
and can be worsened by ECMO use. Screening HUS prior
to ECMO deployment may be useful for identifying pre-
existing ICH so ECMO management can be modified to
decrease ICH extension. However, obtaining a screening
HUS may not always be practical, as ECMO is often
required emergently and cannot be delayed to obtain a
screening HUS.

Table 2 Demographic features of neonates on ECMO with and without
neurologic complications

Variable CNS injury
(n = 1,412,
20 %)

Number
CNS injury
(n = 5,778,
80 %)

p value

Age at ECMO (days) 2 (1, 8) 2 (1, 7) 0.57
Weight at ECMO (kg) 3.1 (2.7, 3.5) 3.2 (2.8, 3.6) \0.001
Weight categories (kg) \0.001
B3 669 (48) 2,216 (39)
[3–3.45 330 (24) 1,450 (26)
C3.45 386 (28) 1,943 (35)

Gestational age (weeks) 38 (37, 40) 39 (37, 40) \0.001
Race 0.34
Asian 68 (5 %) 272 (5 %)
Black 248 (18 %) 1,077 (19 %)
Hispanic 242 (17 %) 872 (15 %)
Other 83 (6 %) 317 (6 %)
White 758 (54 %) 3180 (56 %)

Gender 0.80
Male 825 (59 %) 3,362 (58 %)
Female 580 (41 %) 2,388 (42 %)

Diagnostic categories \0.001
Congenital heart disease 530 (38 %) 1,838 (32 %)
Congenital diaphragmatic hernia 289 (21 %) 1,179 (21 %)
PPHN 192 (13 %) 937 (16 %)
Meconium aspiration syndrome 198 (14 %) 1,276 (22 %)
Respiratory distress syndrome 20 (1 %) 102 (2 %)
Respiratory infection 34 (2 %) 126 (2 %)
Sepsis 122 (9 %) 244 (4 %)
Other 27 (2 %) 76 (1 %)

Chromosomal syndromes 21 (2 %) 126 (2 %) 0.10
Indication for ECMO \0.001
Pulmonary 860 (61 %) 3,927 (68 %)
Cardiac 411 (29 %) 1,492 (26 %)
ECPR 141 (10 %) 359 (6 %)

Prior ECMO run 59 (4 %) 98 (2 %) \0.001
Surgical procedure prior to ECMO 730 (52 %) 2,830 (49 %) 0.07

CNS central nervous system, ECMO extracorporeal membrane oxygenation,
ECPR ECMO to support cardiopulmonary resuscitation, PPHN persistent
pulmonary hypertension of the newborn

Table 3 Pre-ECMO and ECMO features of neonates with and without
neurologic complications

Variable CNS injury
(n = 1,412)

Number
CNS injury
(n = 5,778)

p value

Admit to ECMO time (h) 22 (5, 109) 23 (5, 106) 0.57
Intubation to ECMO

time (h)
28 (11, 74) 30 (13, 81) 0.07

Pre-ECMO cardiac arrest 377 (27 %) 866 (15 %) \0.001
Pre-ECMO ventilator support
Ventilator ratea 12 (8, 40) 12 (8, 40) 0.90
PIPa 34 (28, 43) 34 (27, 41) 0.31
PEEPa 6 (5, 7) 5 (5, 7) 0.48
MAPa 17 (13, 20) 16 (13, 20) 0.18
FiO2

a 1 (1, 1) 1 (1, 1) 0.45
Pre-ECMO arterial blood gas
pH 7.19 (7.04, 7.30) 7.24 (7.13, 7.34) \0.001
PaO2 (mmHg) 36 (26, 50) 39 (29, 52) \0.001
PaCO2 (mmHg) 56 (43, 75) 53 (42, 70) \0.001
Standardized bicarbonate

(mmol/l)a
21 (17, 25) 22 (19, 26) \0.001

SaO2 (%)a 67 (42, 82) 72 (51, 86) \0.001
Arterial blood gas pH

categories
\0.001

B7.11 454 (36) 1,222 (23)
7.12–7.23 315 (25) 1,426 (27)
7.23–7.33 240 (19) 1,352 (25)
C7.34 255 (20) 1349 (25)

Pre-ECMO support
Vasoactive support 1149 (81 %) 4706 (81 %) 0.09
HFOV 722 (51 %) 3018 (52 %) 0.46
iNO 924 (65 %) 3917 (68 %) 0.09
Surfactant 274 (19 %) 1295 (22 %) 0.01
Neuromuscular blocking

agents
852 (60 %) 3405 (59 %) 0.33

Bicarbonate replacement 562 (40 %) 1893 (33 %) \0.001
ECMO Mode \0.001
VA ECMO 1218 (86 %) 4360 (75 %)
VV ECMO 189 (13 %) 1397 (24 %)
Other 10 (1 %) 3 (1 %)

Cannulation site
Neck 1032 (74 %) 4323 (77 %) 0.07
Chest 389 (28 %) 1442 (26 %) 0.06

ECMO extracorporeal membrane oxygenation, PIP peak inflation pressure,
PEEP positive end expiratory pressure, MAP mean airway pressure, FiO2

fraction of inspired oxygen saturation, PaO2 partial pressure of oxygen in
arterial blood, PaCO2 partial pressure of carbon dioxide in arterial blood,
SaO2 oxygen saturation, HFOV high frequency oscillatory ventilation, iNO
inhaled nitric oxide, VA veno-arterial, VV veno-venous
a Data missing from [10 % of cases
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Prior studies have found neonates with illness asso-
ciated with coagulopathy such as sepsis had increased
ICH during ECMO [9, 17, 20]. Heparin anticoagulation
used for the conduct of ECMO confers additional risk of
ICH in these patients. Wilson et al. [21] in a series of
neonates supported with ECMO showed that the inci-
dence of ICH was decreased in patients treated with
fibrin-stabilizing agents such as epsilon amino caproic
acid (Amicar) during ECMO. However, in a more recent
report, the use of epsilon amino caproic acid (Amicar)
during neonatal ECMO was shown to decrease surgical
bleeding but not ICH [22]. These authors suggested that
in neonates at higher risk of bleeding complications on
ECMO, namely those with severe hypoxia, severe meta-
bolic acidosis, ICH, and coagulopathy prior to ECMO,
and premature newborns, use of fibrin stabilizing agents
may reduce bleeding complications, including ICH. The
efficacy of epsilon amino caproic acid in preventing ICH
in neonates supported with ECMO has not been tested in a
randomized controlled trial to support its routine use.

Neurologic injury may occur as a result of the can-
nulation of the carotid artery and internal jugular vein
used to conduct ECMO [5, 13, 23]. Prior studies have
shown that both cerebral blood flow and EEG rhythm
were maintained after ligation of the carotid artery during
ECMO cannulation [24, 25]. Although we did not show
increased neurologic complications in neonates cannu-
lated using the neck vessels, we found that patients
supported with VA compared to VV-ECMO had
increased neurological complications. Loss of pulsatile

cerebral blood flow, decreased cerebral autoregulation,
and circuit-associated emboli during VA ECMO may
explain the increased neurologic injury rate in neonates
supported with VA ECMO [4, 5, 13, 23]. Alternatively,
increased neurologic complications in VA ECMO may
merely reflect more severe cardiorespiratory dysfunction,
conferring a higher risk of neurologic complications in
VA ECMO patients. Thus, in neonates with respiratory
failure, but with preserved cardiac function requiring
ECMO, use of VV instead of VA ECMO may lower the
incidence of neurologic injury.

Many centers consider prematurity a contraindication
for ECMO support in neonates because of the increased
risk of ICH in this population [10, 26]. Both prematurity
(GA \36 weeks) and lower weight (\3 kg) were associ-
ated with increased neurologic complications in our
cohort. Increased propensity to neurologic injury in pre-
mature infants may be mediated by cellular and molecular
maturation-dependent mechanisms. Premature neonates
on ECMO are at high risk of ICH due to the presence of a
friable germinal matrix with poor supporting stroma [27,
28]. Hemodynamic instability, fluctuations in cerebral
blood flow, and exposure to anticoagulation may com-
pound this risk. Since an increasing number of premature
neonates is being considered for ECMO support, better
understanding of ECMO and anticoagulation manage-
ment in these neonates is needed. Finally, we found an
association between the need for multiple ECMO runs
and neurologic complications [29]. Continued hemody-
namic instability after successful ECMO decannulation,
re-exposure to anticoagulation therapies, and subtle neu-
rologic injury acquired during the prior ECMO exposure
may explain the increased incidence of neurologic com-
plications in this subset. Although exposure to a second
run of ECMO may be lifesaving in some situations, it is
important to consider the increased risk of neurologic
complications in clinical decision making and when
providing information to families.

We found the incidence of non-hemorrhagic neuro-
logic complications such as cerebral infarction, seizures,
and brain death to be low compared to ICH. Cerebral
infarction can occur as a result of emboli from the ECMO
circuit. Embolic cerebral infarcts are at risk of hemor-
rhagic conversion when the anticoagulation is started and
are often the nidus for ICH [5]. Ischemic brain injury may
occur prior to ECMO at a time when cerebral autoregu-
lation is impaired. Need for cardiopulmonary
resuscitation prior to ECMO cannulation increases the
incidence of neurologic complications including ischemic
brain injury in ECMO patients of all ages [1, 2]. We
found higher odds of neurologic complications in new-
borns requiring pre-ECMO CPR. These findings again
illustrate that early recognition of the need for ECMO
support and ECMO deployment before cardiac arrest may
help reduce the incidence of neurologic injury. Thera-
peutic hypothermia has been shown to reduce death and

Table 4 Multivariable model of demographic and Pre-ECMO
factors associated with neurologic complications

Variable Odds ratio
(95 % CI)

P value

Weight at ECMO (kg)
B3 1.3 (1.1, 1.5) 0.01
[3–3.45 1.1 (0.9, 1.3) 0.003
[3.45 1.0 (reference) 0.36
Gestational age (w)
[38–40 (term) 1.0 (reference) 0.02
B34 (very pre-term) 1.4 (1.02, 2.0) 0.04
[34–36 (pre-term) 1.3 (1.1, 1.7) 0.01
[36–38 (near term) 1.0 (0.8, 1.2) 0.80
[40 (post-term) 1.0 (0.8, 1.2) 0.90
Pre-ECMO cardiac arrest 1.7 (1.4, 2.0) \0.001
Pre-ECMO Bicarbonate replacement 1.3 (1.2, 1.5) \0.001
Pre-ECMO arterial blood pH categories \0.001
B7.11 1.7 (1.4, 2.1) \0.001
7.12 – 7.23 1.2 (1.0, 1.4) 0.1
7.24 – 7.33 0.9 (0.8, 1.1) 0.48
C7.34 1.0 (reference)

VA ECMO mode 1.6 (1.4, 2.0) \0.001
Multiple ECMO runs 2.4 (1.6, 3.6) \0.001

N = 5,822 ECMO, area under ROC: 0.65
ECMO extracorporeal membrane oxygenation, VA ECMO veno-
arterial
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neurological disability in neonates after cardiac arrest and
is used in many centers to improve neurologic outcomes
in neonates with birth asphyxia and cardiac arrest [30,
31]. The potential role of therapeutic hypothermia in
improving neurologic outcomes in neonatal ECMO has
not been previously studied and should be investigated in
the future.

Limitations of our data set and our definition of neu-
rological injury require careful consideration when
interpreting the data presented here. Data are reported to
the ELSO registry on a voluntary basis and are therefore
subject to reporting bias, so neurologic complications
may be underreported. The data analyzed here were not
specifically collected for studying neurologic complica-
tions in neonates supported with ECMO. We included
seizures, including those diagnosed clinically in our def-
inition of neurological injury. Clinical diagnosis of
seizures is subject to misinterpretation; seizures may not
be entirely attributable to ECMO use and may not be
associated with underlying neurological injury [32, 33].
Information on the severity of neurologic injury was not
collected and could not be used to classify neurologic
complications. We cannot determine the timing of neu-
rologic injury, and thus some patients in our cohort may
have had injury prior to the initiation of ECMO. Data

regarding the presence of coagulation disorders and
anticoagulation management were not available for
studying the influence of these important issues on neu-
rologic complications during ECMO. Finally, important
information on functional outcomes and quality of life in
survivors with neurologic complications was not available
for analysis.

Despite these many limitations, we can say that neu-
rologic complications are common in neonates supported
with ECMO and that a high-risk cohort of neonates can be
identified. Premature neonates, weight \ 3 kg, support
with VA ECMO, those re-cannulated after prior ECMO
exposure, those with severe acidosis, and those with pre-
ECMO cardiac arrest requiring CPR may be at higher risk
for neurologic complications during ECMO. In these
high-risk neonates, whether early ECMO deployment,
modification of existing ECMO management protocols,
neurologic imaging, anticoagulation management, and
early use of neuro-protective therapies can decrease
neurologic complications should be investigated in the
future.
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