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Abstract

Objective: Determine seizure frequency and association with neurologic outcomes in infants 

undergoing extracorporeal membrane oxygenation (ECMO). Identify patient or clinical factors 

associated with seizures or brain injury on imaging.

Methods: Retrospective, single-center study including infants less than 1 year of age, who 

underwent ECMO between 2012–2017.

Results: A total of 104 infants met study criteria including 45 patients with continuous EEG 

monitoring during their ECMO run and 59 infants without EEG. Seizures (electrographic-only or 

electro-clinical) were identified in 18 of the 45 (40%). Among the 18 infants with seizures, 14 

(78%) had moderate to severe brain injury, while only 44% of those without seizures (12 of 27) on 

EEG had moderate to severe brain injury (p=0.03). Cardiopulmonary resuscitation prior to ECMO 

(ECPR), mode of ECMO, length of stay, survival to discharge, and congenital heart disease (CHD) 

were not associated with seizures. One of 10 patients with cyanotic CHD due to HLHS had 

seizures compared to 7 of 10 patients with non-HLHS lesions (p=0.02). Seizures were associated 

with moderate to severe brain injury, after adjusting for ECPR and CHD (p = 0.04).

Conclusions: Electrographic seizures were common in patients undergoing ECMO and higher 

than previously reported. Seizures were associated with moderate to severe abnormalities on 

imaging, after adjusting for ECPR and CHD. This study adds to recent literature describing the 

risk of seizures in patients on ECMO and highlights the presence of brain injuries which may be 

identified by routine EEG surveillance.
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INTRODUCTION

Extracorporeal membrane oxygenation (ECMO) is a rescue modality for life-threatening 

cardiac or respiratory failure in neonatal and pediatric populations. Neonates compose the 

highest proportion (60%) of the pediatric ECMO population, with diverse etiologies 

including congenital heart disease (CHD).1 ECMO is also associated with an increased risk 

of seizures and neurologic injury.2–4 Mode of ECMO is associated with brain injury, with 

venous-arterial (VA) access having increased rates of brain injury as compared to venous-

venous (VV) support.5,6 The need for ECMO in the infant population has been associated 

with worsening developmental outcomes; for example, infants with congenital 

diaphragmatic hernia who required ECMO due to severe pulmonary hypoplasia and 

pulmonary hypertension have been shown to have worse cognitive and motor outcomes than 

those who did not require ECMO.7

During ECMO, head ultrasound is used as a routine neuroimaging for infants with open 

fontanelle to identify new and evolving brain injury.8 Younger infants and those with cardiac 

indications for ECMO are more likely to have intracranial hemorrhage compared to older 

patients and non-cardiac indications.9 Similarly, infants have a higher rate of seizures and 

neurologic injury than older critically ill children, which may impact neurologic outcomes.
10–12 CHD and the need for ECMO are known risk factors for seizures in critically ill 

pediatric patients.13 Specifically, infants with HLHS (hypoplastic left heart syndrome) and 

variants have a higher risk of seizures in the post-operative period compared to other CHD 

lesions.14 A majority of these seizures are electrographic and associated with higher 

mortality rates.15 Seizures may also be more common in infants with CHD with low cardiac 

output.16 Infants with CHD and those who undergo reparative surgery also have a risk of 

neurologic injury, including stroke.17,18

Recently, several studies have demonstrated the ability of neuromonitoring with continuous 

EEG (cEEG) to identify seizures in the pediatric ECMO population.16,19,20 However, there 

remains uncertainty about the importance of EEG-identified seizures on more immediate 

outcomes, as the presence of seizures has not consistently shown an association with 

increased mortality or morbidity in the pediatric ECMO population.16,20,21

In this study, we sought to quantify the rate of neurological complications, including 

electrographic seizures, brain injury, and short-term outcomes, in infants who underwent 

ECMO. In this population, we anticipated a subset of our patients would have seizures on 

EEG, and this would be associated with an increased proportion of brain injury in the 

congenital heart disease population, highlighting the importance of EEG as a screening tool 

for neurologic injury in this population. We chose to study the infant and neonatal 

population specifically because of the known increased risk of seizures in critically ill 

infants and the higher proportion of underlying cardiac disease.

Bauer Huang et al. Page 2

J Child Neurol. Author manuscript; available in PMC 2021 April 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



METHODS

Design

This was a single center retrospective study of infants (aged less than 1 year) who underwent 

ECMO in the Neonatal, Cardiac and Pediatric Intensive Care Units at St. Louis Children’s 

Hospital, from January of 2012 through September 2017. Across this cohort, we investigated 

cEEG during ECMO course, neuroimaging, and clinical and patient factors associated with 

the risk of seizure and neurologic injury. This retrospective study was approved by the 

Washington University School of Medicine Institutional Review Board.

Clinical Data

We identified infants (aged birth to 1 year of age) who underwent ECMO during the study 

dates using an internal ECMO patient registry. Data was extracted from the ECMO registry 

and the electronic medical record (EMR), including age, sex, ICU location, diagnosis, 

congenital heart lesion including type, survival, length of stay, and discharge disposition. 

ECMO data collected included: indication (e.g., cardiac [CHD and non-CHD etiologies], 

pulmonary, infection, meconium aspiration syndrome, pulmonary hypertension, and 

congenital diaphragmatic hernia), ECMO mode, run number, time of cannulation, 

decannulation time, and need for cardiopulmonary resuscitation prior to ECMO (ECPR). 

ECMO mode, or type, indicates the cannulation sites used for the procedure. For this study, 

this was simplified to either venous-arterial (VA) or venous-venous (VV). The VA cohort 

included infants converted from VV to VA (or vice versa). We reviewed EEG and imaging 

reports, including those from head ultrasound (HUS), computed tomography (CT), and 

magnetic resonance imaging (MRI) studies, either during (HUS/CT) or after (CT/MRI) the 

ECMO run. Inclusion criteria included Infants less than 1 year of age at time of ECMO 

cannulation, without EEG studies during the hospital course, and those with EEG while on 

ECMO. To minimize potential confounding due to non-ECMO related seizures, infants with 

EEG studies during the admission (either prior to or after their ECMO course, but not during 

ECMO were excluded from the analysis22 (Figure 1).

Cyanotic vs. acyanotic CHD determination

We determined the cardiac lesion for patients with CHD based on documentation in the 

EMR (Supplementary Table 1). A cardiac intensivist (AS) designated complex lesions as 

“cyanotic” or “acyanotic”. A cyanotic cardiac lesion describes defects where the blood 

pumped to the body has less oxygen than normal. Acyanotic lesions, while still representing 

abnormalities in the morphology of the heart, do not result in deoxygenated blood flow to 

the body.

EEG monitoring

EEG studies were not routinely performed on all patients on ECMO during the study period. 

Indications (based on the report) included: ECMO, paralysis, spell evaluation, or clinical 

concern increasing risk for seizure (including encephalopathy, history of clinical seizure, 

meningitis, cardiac arrest, intracranial bleed, infarction, hypoperfusion event, post 

transplant). Studies were performed using Nihon Kohden digital EEG systems (Nihon 
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Kohden, Tokyo, Japan) with an extended international 10–20 electrode placement with 

minor modifications when necessary due to head positioning. The EEG reports provided 

information regarding duration of EEG monitoring, background elements, seizure presence, 

and time of seizure onset.

Imaging data

Two authors (SLBH and RMG) assigned an injury severity score (normal, mild, moderate, or 

severe) for each patient based upon collective clinical imaging data (e.g., head ultrasound, 

head CT, brain MRI). Normal, mild, moderate, or severe assignments by diagnosis are 

provided in Supplementary Table 2. The mild designation was assigned in cases with low 

volume of injury (e.g., punctate hemorrhages), unrelated structural findings designated by 

the radiologist (hypomyelination, delayed sulcation, ventriculomegaly, etc.), or likely normal 

variants. Moderate or severe designations involved larger injury volume, injuries requiring 

neurosurgical intervention (thrombosis or progressive ventriculomegaly), and two or more 

mild category injuries. SLBH initially reviewed imaging reports with scores independently 

confirmed by RMG. Disagreement regarding injury severity was reconciled by review of 

neuroimaging by both authors together for consensus. MRI or CT findings superseded the 

imaging grade of earlier HUS studies if both study types were available. Due to the inability 

for patients to be acutely evaluated by MRI after ECMO, MRI findings may represent 

subacute and/or chronic evolution of injury.

Analysis

Statistical analyses were performed using Prism 8 (La Jolla, California) and SAS 9.4 (Cary, 

North Carolina). Descriptive data are presented as means, medians or proportions. We used 

Chi-Square analysis or Fisher Exact test for categorical variables and Mann-Whitney U test 

(Wilcoxin Rank Sum) for continuous variables. A multivariable logistic regression model 

was used to examine the relative influence of seizures versus ECPR or CHD on the 

dependent variables of imaging and outcome.

RESULTS

During the study period, 118 infants underwent ECMO cannulation (Figure 1). Fourteen 

patients were excluded due to EEG occurring outside of the ECMO course as seizures and 

injury in this population may precede or be remote to the ECMO course. Of the 104 patients 

remaining, the median (IQR) age at cannulation was 8 days of life (3, 103). CHD was the 

most common primary diagnosis, occurring in 45 (43%) infants. Of the 45 CHD lesions, 33 

were cyanotic lesions, of which 14 had hypoplastic left heart syndrome (HLHS). Other 

indications included cardiac (non-CHD) or pulmonary etiologies, congenital diaphragmatic 

hernia, meconium aspiration syndrome complicated by pulmonary hypertension, and 

infection (Table 1, Supplementary Table 3). The most common mode of ECMO included VA 

cannulation, seen in 93 of the 104 patients (89%), either peripherally via right neck vessels 

or centrally via median sternotomy. ECPR occurred in 19 (18%) of the patients.

Forty-five of the 104 patients (43%) underwent clinically indicated continuous EEG 

monitoring (cEEG) during ECMO. There was an overall increase in cEEG monitoring 
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during ECMO throughout the study period, increasing from 16% to 78% during the study 

period. The percentage of EEG with electrographic seizures ranged between 25% (in 2016) 

to 57% (in 2017) during this time, but no clear trend was seen over time (Supplementary 

Figure 1). Patients undergoing cEEG were more likely to be female (p=0.005), located in the 

CICU (p=0.003), and have undergone ECPR (p=0.02). Only 26 of the 45 patients (58%) 

with CHD underwent EEG during ECMO; 13 of these (50%) underwent ECPR at time of 

ECMO initiation. The distribution of cyanotic versus acyanotic CHD lesions (p=0.73) and 

HLHS versus non-HLHS cyanotic lesions (p=0.31) did not differ between patients with or 

without cEEG monitoring (Table 1). Those patients who did not undergo EEG during 

ECMO were more likely to survive to discharge (p=0.02).

Among the 45 patients undergoing cEEG, electrographic seizures occurred in 18 (40%). 

Patients with CHD did not have increased seizures and those with HLHS had less seizures, 

with only one of the 10 infants with HLHS and EEG monitoring having a seizure (Table 2, 

Figure 2). In these patients with cEEG, the frequency of ECPR (p=0.74) and VA or VV 

mode of ECMO (p>0.99) was similar between those with and those without electrographic 

seizures (Table 2).

Neuroimaging data (HUS, CT, or MRI) were available in 103 of the 104 patients, of whom 

68 (66%) underwent either CT or MRI. Moderate to severe brain injury occurred in 41 

(40%) infants. Of the 45 patients who underwent EEG monitoring, 35 (77%) underwent CT 

or MRI during or after ECMO (Supplementary Table 2). Among those with EEG data 

available, infants with electrographic seizures had a higher frequency of moderate to severe 

brain injury (p=0.03, Table 3, Figure 2). In a multivariable logistic regression including 

ECPR and CHD in the model, seizures still remained a significant predictor of moderate to 

severe neuroimaging (OR 4.3, 95% CI 1.1, 16.6).

Electrographic seizures did not correlate with mortality (p=0.76) or length of hospital stay 

(p=0.26, Table 3). Seizures remained unassociated with mortality in multivariate analysis 

after adjusting for ECPR (OR 1.2 95% CI 0.3, 4.1).

DISCUSSION

In our infant ECMO population, electrographic seizures occurred in 40% of patients who 

underwent EEG monitoring. This is higher than in other studies of pediatric patients 

undergoing ECMO.16,20 This difference is likely due to a combination of factors, including 

this being an exclusively infant cohort as other studies include older pediatric populations 

with differing etiologies of cardiorespiratory failure. Previous studies have also shown that 

younger pediatric patients have higher rates of seizures than older children in the pediatric 

ICU.12,10 In addition, the acuity of critical illness may have contributed to the number of 

seizures. Because our cohort had a lower proportion of patients monitored on EEG 

compared to other studies, we may have over-representation of critically ill patients. For 

example, in patients with CHD undergoing cardiac surgery with routine post-operative EEG 

surveillance, seizures were identified in 18% of patients,23 while in more acutely ill neonates 

undergoing therapeutic hypothermia, at high risk for hypoxic ischemic injury, the incidence 

of seizures was higher at 34–65%.24–26
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In the present study, electrographic seizures were associated with imaging findings of 

moderate to severe brain injury on MRI and CT. These findings were variable, including: 

ventriculomegaly, hemorrhagic and ischemic infarctions, edema, hemorrhage, subdural 

hematoma, thrombus, and global atrophy. This is consistent with previous work that 

illustrated an association between seizures and abnormalities on neuroimaging in older 

children.27 Specifically, pediatric patients with ischemic stroke, intraparenchymal 

hemorrhage, or venous thrombosis are at particularly high risk for seizures, ranging from 

19–44%.13 Patients on ECMO are also at high risk for these neurologic injuries, including, 

ischemic, hemorrhagic, or venous infarction,4,28,29 with head ultrasound identified as an 

insufficient screening tool for infarction.28 Lin and colleagues also showed 71% of patients 

with electrographic seizures in their ECMO cohort had acute imaging findings.16 Thus by 

screening for seizures (a common indication for patients on ECMO), EEG may also be a 

reasonable, non-invasive, serial monitor for neurologic injury, particularly in young patients 

with congenital heart disease.30,31

Patients with CHD represented the largest group within our cohort. While we did not find 

increased seizures in our CHD population overall, our HLHS population was less likely to 

have seizures. This is counter to prior studies, which have found an increased risk of brain 

injury and seizures in CHD patients, including those with HLHS.16,32–35 This difference 

may be related to multiple factors, including an evolution in the management of patients 

with HLHS over time or intrinsic characteristics of brain oxygenation physiology and a 

tolerance to hypoxemia in this population. Further studies with prospective and routine EEG 

are necessary to explore these hypotheses.

We did not find a difference in mortality or length of stay in patients with seizures. Prior 

studies that include older patients have shown a relationship between seizures and increased 

mortality.16 It is possible that excluding older pediatric patients with different indications for 

ECMO may have impacted the risk for death in our cohort and/or seizures may herald more 

significant injury or illness in older patients. Consideration of length of stay in neonatal 

populations may also be confounded by postnatal discharge requirements, in addition to the 

clinical course.

Our study does not address the impact of seizure burden or seizure treatment on clinical 

outcomes. The Boston Circulatory Arrest Study group showed that postoperative seizures 

are associated with worse developmental outcomes at 1 and 2½ years of age,35 although 

another study has suggested the opposite with post-operative seizures associated with 

favorable outcomes and no recurrent seizures in patients with CHD.36 In critically ill 

children, in general, status epilepticus and high seizure burden are associated with worse 

short and long-term outcomes.37–39 Specifically, in neonates, seizure burden has been 

associated with worse outcomes in neonatal hypoxic ischemic encephalopathy24,40 and with 

lower IQ and increased rates of cerebral palsy and speech delay in the neonatal ECMO 

population.41 Conversely, the consequence of post-operative seizures on neurodevelopment 

in the CHD population is less clear.42 Our study had only a small proportion undergo both 

EEG monitoring and developmental testing (4 of 45), from which we could not draw 

definitive conclusions.
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Limitations of our study include the retrospective nature and EEG monitoring being 

performed for clinical concerns. Even if 100% of patients in this study who did not undergo 

EEG monitoring had no seizures, the frequency of seizures seen in our cohort would still be 

17% (18 of 104 patients), which would be similar to prior studies.16,20 Our EEGs were 

performed based on clinical concerns, which may have selected for a higher risk population. 

It is more likely that the lower number of EEGs performed during the early portion of the 

study period may have underestimated the number of seizures instead of overestimating 

them. Our institutional practice has since evolved to standardized cEEG monitoring of all 

ECMO patients. Another limitation is the reliance on non-uniform neuroimaging studies 

(CT, MRI or HUS) and radiology interpretations that were not blinded to the clinical risk for 

injury. Finally, we did not have sufficient follow-up data to make any conclusions about the 

role of seizures on patient neurodevelopmental outcomes. With the development of 

standardized post-ICU follow-up clinics including the ECMO and CHD patients, future 

studies will be able to further characterize the neurodevelopmental outcomes of ECMO 

patients.

This study has highlighted the importance of cEEG as part of a multifaceted approach to 

neuromonitoring for brain injury in this at-risk population and has shown that seizures 

during ECMO are associated with brain injury. Future studies with prospective cEEG will 

continue to explore the seizure and CNS injury differences in the ECMO CHD population, 

evaluate the significance of other EEG electrographic elements (e.g. EEG background) in 

predicting outcomes, as well as further characterize the neurodevelopmental outcomes of 

these patients.

CONCLUSIONS

Electrographic seizures occur frequently among infants who undergo ECMO and are 

associated with moderate to severe brain injuries on neuroimaging.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: 
Patient identification
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Figure 2a: 
In patients with CHD, electrographic seizures are more likely to be associated with cyanotic 

non-HLHS lesions. 2b: Electrographic seizures are associated with moderate to severe brain 

imaging findings.

CHD: congenital heart disease

HLHS: Hypoplastic left heart syndrome
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Table 1:

Patient demographics

Patient cohort n = 104 EEG during ECMO n = 45 
(%)

No EEG during ECMO n = 
59 (%)

p-value

Age of cannulation in days; median 

(IQR)*
8 days (3, 103) 14 days (4, 89) 7 days (3, 107.5) 0.53

Female 43 (41%) 26 (58%) 17 (29%) 0.005

Location 0.003

Neonatal ICU 34 (33 %) 7 (16%) 27 (46%)

Pediatric ICU 14 (13 %) 6 (13%) 8 (13%)

Cardiac ICU 56 (54 %) 32 (71%) 24 (41%)

Reason for ECMO 0.01

Congenital Heart Disease (CHD) 45 (43%) 26 (58%) 19 (32%)

Other than CHD 59(57%) 19 (42%) 40 (68%)

Congenital Heart Disease 0.73

Cyanotic (n, % of CHD) 33 (73%) 20 (77%) 13 (68%)

Acyanotic (n, % of CHD) 12 (27%) 6 (23%) 6 (32%)

Cyanotic heart disease 0.31

Hypoplastic left heart syndrome (n, % 
of Cyanotic)

14 (42%) 10 (50%) 4 (31%)

Non- Hypoplastic left heart syndrome 
(n, % of Cyanotic)

19 (58%) 10 (50%) 9 (69%)

ECMO Mode 0.11

VA 93 (89%) 43 (96%) 50 (85%)

VV 11 (11%) 2 (4%) 9 (15%)

ECPR 19 (18%) 13 (29%) 6 (10%) 0.02

Outcomes

Survival to discharge 58 (56%) 19 (42%) 39 (66%) 0.02

ECMO: Extracorporeal membrane oxygenation

ECPR: Cardiopulmonary resuscitation prior to ECMO

BSID: Bayley Scales of Infant Development

VA: venous-arterial; VV: venous-venous

*
excluding cases with ECMO cannulation at OSH, or operative report not consistent with ECMO dataset

Statistics: Chi-square (Location), Fisher exact test (CHD, gender, etiology, HLHS, mode, ECPR, Survival), Mann-Whitney (Age of cannulation)
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Table 2:

Electrographic seizure in patients with EEG data (n=45)

Seizure (n=18) No seizure (n=27) p-value

Patient factors

CHD

Cyanotic (% of CHD) 8 (73 %) 12 (80 %) >0.99

Acyanotic (% of CHD) 3 (27 %) 3 (20 %)

Cyanotic

non-HLHS (% of cyanotic) 7 (88 %) 3 (25 %) 0.02

HLHS (% of cyanotic) 1 (12 %) 9 (75 %)

ECMO factors

ECPR 6 (33%) 7 (26%) 0.74

VA 17 (94%) 26 (96 %) >0.99

HLHS: Hypoplastic left heart syndrome

ECPR: Cardiopulmonary resuscitation prior to ECMO

Statistics: Fisher’s exact (CHD, Cyanotic, ECPR, VA)
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Table 3:

Outcomes in patients with EEG data (n=45)

Seizure (n=18) No seizure (n=27) p-value

Normal neuroimaging 0 4 (9%) 0.14

Moderate to Severe Brain injury on neuroimaging 14 (78%) 12 (44%) 0.03

Death during hospital stay 11 (61%) 15 (56%) 0.76

LOS (median days, IQR) 41 (9,67) 41 (27, 84) 0.26

LOS: Length of stay including patients with death during hospital stay

Statistics: Fisher’s exact (Normal neuroimaging, moderate to severe brain injury),Mann-Whitney (LOS)
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