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OBJECTIVES: To investigate the incidence of seizures and short-term mortality associated with seizures in children undergoing
extracorporeal membrane oxygenation (ECMO).

METHODS: PubMed, Embase, and Web of Science were searched from inception to September 2021. Study quality was assessed
using the Newcastle-Ottawa Scale. Random effects meta-analysis was conducted.

RESULTS: Fourteen studies met the inclusion criteria for quantitative meta-analysis. The cumulative estimate of seizure incidence
was 15% (95% Cl: 12-17%). Studies using electroencephalography reported a higher incidence of seizures compared with those
using electro-clinical criteria (19% vs. 9%, P = 0.034). Furthermore, 75% of seizures were subclinical. Children receiving
extracorporeal cardiopulmonary resuscitation (ECPR) exhibited a higher incidence of seizures compared to children with respiratory
and cardiac indications. Seizure incidence was higher in patients undergoing venoarterial (VA) ECMO compared with venovenous
(VV) ECMO. The pooled odds ratio of mortality was 2.58 (95% Cl: 2.25-2.95) in those developed seizures.

CONCLUSION: The incidence of seizures in children requiring ECMO was 15% and majority of seizures were subclinical.

The incidence of seizures was higher in patients receiving ECPR than in those with respiratory and cardiac indications. Seizures
were more frequent in patients undergoing VA ECMO than VV ECMO. Seizures were associated with increased short-term
mortality.

Pediatric Research; https://doi.org/10.1038/s41390-022-02187-5

IMPACT:

® The incidence of seizures in children undergoing extracorporeal membrane oxygenation (ECMO) was ~15% and majority of

the seizures were subclinical.

® Seizures were associated with increased short-term mortality.

Risk factors for seizures were extracorporeal cardiopulmonary resuscitation and venoarterial ECMO.

® Electroencephalography (EEG) monitoring is recommended in children undergoing ECMO and further studies on the

optimal protocol for EEG monitoring are necessary.

INTRODUCTION

Extracorporeal membrane oxygenation (ECMO) was first success-
fully applied in 1971 for the rescue of neonates and in 1972 for
the support of adult patients with reversible respiratory
failure'2. Since then, it has been increasingly applied as a life
support technique for both children and adult patients with
severe but potentially reversible cardiopulmonary diseases®*.
Despite the benefit of decreasing mortality, ECMO is associated
with an increased burden of neurological complications.
Children receiving ECMO represent a unique patient population,
which is vulnerable to both focal and diffuse neurological
impairment®. In children, the ECMO-related neurological injury,
including seizures, hypoxic-ischemic brain injury, ischemic
stroke, intracerebral hemorrhage and brain death, has been
reported to be up to 20%°. In comparison, the incidence of

neurological complications in general pediatric intensive care
unit was estimated to be 13%’.

The reported incidence of seizures varied substantially in
children receiving ECMO, ranging between 6 and 23%°'°.
However, most of these previous studies were single center
studies with heterogenous patient populations and indications for
ECMO use, which lowered the general applicability of the results.
In addition, children receiving ECMO who developed seizures have
been reported to exhibit poor prognosis and high short-term
mortality®''. However, some studies have revealed that the
presence of seizures did not increase mortality in pediatric
patients'®'>'3_In the present study, we performed a systematic
review and meta-analysis to determine the incidence of seizures in
children receiving ECMO and to investigate whether the presence
of seizures is associated with increased short-term mortality.

"Department of Radiology, Shenzhen Children’s Hospital, Shenzhen, China. *Department of Pediatric Intensive Care Unit, Shenzhen Children’s Hospital, Shenzhen, China.
3Shantou University Medical College, Shantou, China. “These authors contributed equally: Guisen Lin, Yaowen Li. ®email: homerzeng@126.com

Received: 1 March 2022 Revised: 22 June 2022 Accepted: 23 June 2022

Published online: 29 July 2022

SPRINGER NATURE


http://crossmark.crossref.org/dialog/?doi=10.1038/s41390-022-02187-5&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41390-022-02187-5&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41390-022-02187-5&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41390-022-02187-5&domain=pdf
https://doi.org/10.1038/s41390-022-02187-5
mailto:homerzeng@126.com
www.nature.com/pr

G. Lin et al.

MATERIALS AND METHODS

Search strategy

PubMed, Embase and Web of Science were searched to identify

studies reporting the prevalence of seizures in children receiving

ECMO and the association of seizures with the short-term

mortality of children. The search focused on the following key
", “extracorporeal

words: “extracorporeal membrane oxygenation”,
cardiopulmonary resuscitation”, “extracorporeal life support”,
“seizures”, “status epilepticus”, “epileptic state”, “neurologic out-
come”, “neurologic prognosis”, “neurological complication” and
“neurological injury”. The search process terminated in September
2021. The detailed search strategy was provided in the Supple-
mentary Materials.

Study selection and data extraction

The search results were independently reviewed by 2 authors
(G. L. and Y. L)) for eligibility with any disagreement resolved by
consensus. Studies fulfilling the following criteria were included:
(1) Clinical trials, cohort studies, case control studies or case
reports/series reporting the incidence of seizures and/or the
association of seizures with patient mortality; (2) patient popula-
tion was children (age < 18), or the data of the children population
was available; (3) case number was more than 5. References of the
included studies were screened for eligibility. The study period
and institution for patient recruitment were carefully compared
for exclusion of studies with patient population overlap. Studies
from a single center that participated in the Extracorporeal Life
Support Organization (ELSO) with an overlapping study period
with the ELSO report were excluded if the ELSO report was
included.

Information was extracted from the eligible studies by 2 authors
(G. L. and Y. L) independently, and this included number of
patients, number of patients with seizures, patient types (neonatal
or pediatric), study period, patient number, indication for ECMO,
cannulation methods (venoarterial [VA] or venovenous [VV]),
ECMO support days, seizure detection methods, proportion of
subclinical nonconvulsive seizures, survival rate for patients with
seizures and survival rate for patients without seizures. The
outcomes of interest were (1) Incidence of seizures; (2) odds ratio
of mortality for patients with seizures compared to patients
without seizures.

Quality assessment

Two authors (Y. Z. and Q. F.) independently evaluated the risk of
bias of the included studies using the Newcastle-Ottawa Scale
(NOS) for assessment of the quality of nonrandomized studies in
meta-analysis. The NOS contained 3 domains, which were patient
selection, comparability, and assessment of outcome or exposure.
The quality of studies was considered high with low risk of bias
when the NOS score was 6 points or more.

Statistical analyses

The present systematic review and meta-analysis was performed
following the Preferred Reporting Items for Systematic Reviews and
Meta-analysis (PRISMA) principles. The incidence of seizures was
calculated with Freeman-Tukey double arcsine transformation'®.
The heterogeneity was assessed using the I%. 1> 2 50% indicates a
high degree of heterogeneity and I < 50% indicates low degree of
heterogeneity. A random-effect model was used to estimate the
pooled incidence of seizures and the pooled odd ratio of mortality.
For the incidence of seizures, subgroup analysis was performed for
seizure diagnosis criteria, proportion of subclinical nonconvulsive
seizures, indications of ECMO, ECMO cannulation methods and
patient types. Publication bias was assessed using the Egger
regression test. P<0.05 was considered to indicate a statistically
significant difference. The analysis was performed using STATA
version 14.0 (StataCorp LP, College Station, TX).

RESULTS
Study selection and quality assessment
Figure 1 shows the selection process following the PRISMA
principle. A total of 778 articles were identified, of which 648
articles remained after duplication removal. Based on our criteria,
566 articles were excluded, leaving 82 articles eligible for full-text
screening. A total of 14 articles remained for quantitative meta-
analysis®?'315722_ All 14 studies were retrospective cohort studies.
Majority of the studies were single center studies (10/14, 71%).
Three studies analyzed solely neonatal patients and the remaining
11 studies analyzed neonatal and pediatric patients. Table 1
summarizes the basic characteristics of the included studies.
Table 2 presents the results of quality assessment for all studies
using NOS. All studies were judged to be of high quality and low
risk of bias with a median NOS score of 6.

768 records identified
through database searching

10 additional records
identified through other
sources

566 articles excluded:

648 records after duplication
removal

* Not relevant to meta-analysis
* Not original research

82 full-text articles assessed
for eligibility

* Not in English language

68 articles excluded:

14 studies included in
quantitative meta-analysis

[ Included J [ Eligibility } [ Screening } [Identification}

Fig. 1

¢ No outcome of interest (n = 49)

* Case reports or series with less than 5
patients (n = 6)

« Patient population overlap (n = 5)

* Abstracts/posters (n = 4)

¢ Adult patients (n = 2)

* Editorials (n=2)

The selection process was performed following the Preferred Reporting Items for Systematic Reviews and Meta-analysis (PRISMA)

principles. Preferred reporting items for systematic review and meta-analysis (PRISMA) flow diagram for articles identification and inclusion.
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Study

ID

Streletz 1992
Zwischenberger 1993
Hervery-Jumper 2011*
Polito 2013

Lin 2017

LaRovere 2017
Okochi 2018

Trivedi 2019

Yuliati 2020

Cook 2020
Hassumani 2021
Huang 2021

Overall (/2 = 95.9%, p = 0.000)

L1
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%

ES(95%Cl)  Weight

0.08 (0.04, 0.13) 10.51
0.14 (0.13, 0.14) 14.23
0.08 (0.07, 0.09) 14.26
0.07 (0.0, 0.07) 14.29
0.18 (0.11, 0.26) 7.00
0.22 (0.12, 0.32) 5.09
0.23 (0.13, 0.33) 5.19
0.16 (0.09, 0.23) 7.97

e

— 0.18 (0.08, 0.27) 5.42
- 0.22 (0.13, 0.31) 5.98
A 0.19 (0.12, 0.27) 7.02
— % 0.40(0.26, 0.54) 3.03
<E> 0.15 (0.12, 0.17) 100.00

T
0

T
0.5

Fig. 2 Forest plot of the prevalence of seizures among children undergoing extracorporeal membrane oxygenation. The incidence of
seizures was calculated using a random-effects model. *Only pediatric patients were included for analysis for the study “Hervery-Jumper 2011"
since the neonatal patients largely overlapped with study “Zwischenberger 1993” and “Polito 2013" Cl confidence interval, ES estimate.

Incidence of seizures in children undergoing ECMO and
subgroup analysis

Twelve studies®®~1"1315-1820-22 \ithy 3 total of 21,930 patients
were included for estimation of the incidence of seizures among
children undergoing ECMO. In meta-analysis, the pooled incidence
of seizures was 15% (95% confidence interval [CI]: 12-17%,
I> =95.9%, P < 0.001; Fig. 2).

In all 12 studies, we compared seizure incidences between
studies that applied electroencephalography (EEG) for the
diagnosis of seizures and those using electro-clinical criteria. The
pooled incidence of seizures for studies using EEG was 19% (95 Cl:
14-24%; Fig. 3A), which was significantly higher (P =0.034) than
that of studies using electro-clinical criteria with 9% (95 Cl: 5-13%;
Fig. 3A).

In 6 studies with a total of 440 patients, the proportion
of subclinical nonconvulsive seizures was reported. In meta-
analysis, the pooled proportion of subclinical seizures was 75%
(95%: 63-76%; Fig. 3B).

In 9 studies” > 172" with a total of 8268 patients, the
incidence of seizures was reported for cardiac, respiratory, and
extracorporeal cardiopulmonary resuscitation (ECPR) indications.
The pooled incidence of seizures for children receiving ECMO with
cardiac, respiratory, and ECPR indications was 15% (95% Cl:
11-20%; Fig. 3C), 12% (95% Cl: 7-17%; Fig. 3C), and 30% (95% Cl:
22-39%; Fig. 3Q), respectively. Children with ECPR indication had a
higher incidence of seizures compared with children with
respiratory indication (30% vs. 12%, P=0.002) and children with
cardiac indication (30% vs. 15%, P=0.008). There was no
significant difference of seizure incidence between children with
cardiac and respiratory indications (15% vs. 12%, P =0.33).

In 7 studies®'%12131617.21 ith a total of 4145 patients, the
incidence of seizures was reported for VA ECMO and VV ECMO.
The pooled incidence of seizures for VA ECMO was 22% (95% Cl:
15-29%, Fig. 3D), which was more frequent (P = 0.03) than that of
VV ECMO with 4% (95% Cl: 0-15%, Fig. 3D).

In 7 studies®'®1>7172922 with a total of 21,475 patients, the
incidence of seizures was available for neonatal and pediatric
populations. The pooled incidence of seizures was 11% (95% Cl:

9-12,17,21

Pediatric Research

6-16%; Supplementary materials, Fig S1) and 8% (95% Cl: 4-13%;
Supplementary materials, Fig. S1) for neonatal and pediatric
populations, respectively. There was no statistical difference
between neonatal and pediatric populations in terms of the
incidence of seizures (P = 0.14).

In summary, the pooled incidence of seizures in children
undergoing ECMO was 15% (Fig. 2). Studies using EEG reported a
higher incidence of seizures compared with studies using electro-
clinical criteria (19% vs. 9%, P=0.034; Fig. 3A). The pooled
proportion of subclinical seizures was 75% (Fig. 3B). Children with
ECPR indications had a higher incidence of seizures compared to
those with cardiac (30% vs. 15%, P = 0.008; Fig. 3C) and respiratory
(30% vs. 12%, P = 0.002; Fig. 3C) indications. Children receiving VA
ECMO had a higher incidence of seizures compared to those
receiving VV ECMO (22% vs. 4%, P = 0.03; Fig. 3D). There was no
significant difference regarding the incidence of seizures between
neonatal and pediatric patients (11% vs. 8%, P = 0.14; Fig S1).

Odds ratio of mortality for children who develop seizures
during ECMO

In 9 studies®'""13157171921 with a total of 8918 patients, mortality
was reported separately for children with seizures and without
seizures. In meta-analysis, the pooled odds ratio of mortality for
children who developed seizures during ECMO was 2.58 (95% Cl:
2.25-2.95, I’ =0, P=0.55; Fig. 4).

Publication bias

The Egger regression test revealed no publication bias for both
overall seizure incidences (P=0.10) and odds ratio of mortality
(P=0.76).

DISCUSSION

The use of ECMO has increased over the last decade®, and this has
also been recommend for pediatric COVID-19 patients with acute
respiratory distress syndrome and/or cardiac failure®. Seizure is
one of the common neurological complications in children
receiving ECMO?*. The present meta-analysis revealed that

SPRINGER NATURE
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Fig. 3 Meta-analysis of specific subgroups. A Forest plot of the incidence of seizures in studies that applied EEG for seizure diagnosis versus
studies using electro-clinical criteria. B Forest plot of the proportion of subclinical non-convulsive seizure. C Forest plot of the incidence of
seizures in patients with cardiac, respiratory, and ECPR indications, respectively. D Forest plot of the incidence of seizures in patients with
venoarterial ECMO versus patients with venovenous ECMO. The incidence of seizures and proportion of subclinical seizures were calculated
using a random-effects model. Cl confidence interval, ECPR extracorporeal cardiopulmonary resuscitation, ECMO extracorporeal membrane

oxygenation, EEG electroencephalography, ES estimate.

seizures occurred in 15% of children receiving ECMO. A recent
systematic review estimated the incidence of seizures to be ~20%
based on several single studies®®. Reported seizure incidences
among children receiving ECMO vary substantially in literature,
ranging between 7 and 40%. The wide range of seizures incidence
may be due to the use of different criteria for seizure detection
and the emphasis of different ECMO indications. Studies using EEG
monitoring reported a higher incidence of seizures than those
using electro-clinical criteria. Majority (75%) of the seizures were
nonconvulsive. Therefore, studies may underestimate the inci-
dence of seizures if continuous EEG is not applied'”**. Children
requiring ECPR had the highest incidence of seizures, which was
markedly higher than that of patients with respiratory and cardiac
indications. In a previous ELSO report, neonatal patients with ECPR
indication had a higher chance of developing neurological injury
(39%) compared with those with respiratory (22%) and cardiac
(28%) indications®. Cardiac arrest is a known risk factor for hypoxic

SPRINGER NATURE

ischemic injury related to seizures®. It may explain the high
incidence of seizures in this type of patients.

Seizures were more frequent in patients receiving VA ECMO than
in patients receiving VV ECMO. A recent meta-analysis of the adult
population reported that patients receiving VA ECMO had higher
rates of acute brain injury than patients receiving VW ECMO?>.
However, no meta-analysis has looked specifically at children. The
reasons for the high incidence of seizures in children with VA ECMO
are complex. Disruption of cerebral autoregulation has been
demonstrated in animal models due to alteration of cerebral
perfusion and microcirculatory impairment caused by loss of
pulsatile blood flow in VA ECMO?**’. Decreased regional cerebral
oxygen saturation in patients with VA ECMO is related to secondary
neurologic injury®®. Furthermore, VA ECMO is associated with
Harlequin syndrome, a rare condition causing by the antegrade
deoxygenated blood from the left ventricle®. It can result in hypoxia
of the upper body and brain, which increases the risk of seizures.

Pediatric Research



Study
ID

Streletz 1992

G. Lin et al.

%

OR (95% ClI) Weight

1.46 (0.29, 7.28) 0.94

Zwischenberger 1993 b d 2.58 (2.24,2.98) 84.10

Lin 2017 —E—O——- 3.98 (1.29, 12.24) 1.38

Okochi 2018 —E—o— 3.67 (1.15,11.72) 1.20
1

Morell 2019 —1—0-— 3.28 (1.68, 6.40) 4.64
:

Yuliati 2020 ' * 5.06 (0.99, 25.78) 0.66

Cook 2020 1.05(0.38,2.90) 3.08

Hassumani 2021
Huang 2021

Overall (/? = 0.0%, p = 0.545)

2.46 (0.92, 6.61) 2.02
1.26 (0.37, 4.23) 1.99

2.58 (2.25,2.95) 100.00

I
0.1

30.0

Fig. 4 Forest plot of the pooled OR of short-term mortality among children undergoing extracorporeal membrane oxygenation who
developed seizures. The OR of short-term mortality was calculated using a random-effects model. Cl confidence interval, OR odds ratio.

In meta-analysis, seizures were associated with higher short-term
mortality. Seizures have been demonstrated to increase both
cerebral metabolism and intracranial pressure®®, which may
potentially increase morbidity and mortality in patients with a
hypo-perfused brain. Additionally, a previous study also reported
that children requiring ECMO who developed seizures had an
increased risk of long-term cognitive impairment and cerebral
palsy’. Therefore, it is important for prompt recognition of seizures
to identify children who are at risk of brain injury and worse clinical
outcomes. The American Clinical Neurophysiology Society Con-
sensus Statement recommends the use of continuous EEG in
critically ill children receiving ECMO for at least 24 hours®2
Moreover, even when seizures are absent, the detection of EEG
background abnormalities, such as asymmetry and state change, is
associated with neuroimaging abnormalities'**** (e.g., brain
edema, intracranial hemorrhage and cerebral ischemia) and
unfavorable neurological outcomes®>*¢, However, practical guide-
lines for neurocritical care of ECMO patients are still lacking®’. The
present meta-analysis could provide evidence to strengthen the
recommendation of EEG application in children undergoing ECMO.

The strength of this systematic review and meta-analysis was
the inclusion of a large number of cohorts. We included all studies
without population overlap reporting seizure incidences regard-
less of criteria for seizure diagnosis, indication for ECMO and
cannulation methods of ECMO, which helped us to identify risk
factors for seizure development in this patient population.
However, there were several limitations. First, a number of the
included studies did not perform continuous EEG for all the
consecutive patients, which might under-represent the prevalence
of seizures in children receiving ECMO. Therefore, the pooled
estimate of seizure incidence of our study may under-estimate the
real incidence of seizure in this population. Future prospective
studies with continuous EEG to monitor seizure occurrence are
required. Second, since information regarding the timing of
seizure occurrence was limited, it was infeasible to comment for
the best timing to start EEG monitoring. The optimal timing for
EEG in children undergoing ECMO remains a field to be explored.
Third, analysis of the association between burden of seizures and
short-term mortality was not available due to the limited
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information. Finally, the studies included in this meta-analysis
spanned from 1973 to 2010, where ECMO technology and ECMO
practice have undergone substantial changes. This may be a cause
of heterogeneity. Given the high heterogeneity, all estimates were
generated using a random-effect model.

CONCLUSION

The incidence of seizures in children receiving ECMO was ~15%,
and seizures were commonly subclinical. Seizures were more
frequent in patients receiving ECMO for ECPR indications than in
patients receiving ECMO for respiratory and cardiac indications.
Seizures were more frequent in patients receiving VA ECMO than
in patients receiving VW ECMO. The presence of seizures was
associated with increased short-term mortality. Further studies to
explore the optimal protocol for EEG monitoring are required.
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