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Abstract
Background: Adverse neurological events during extracorporeal membrane oxygenation (ECMO) are common and 
may be associated with devastating consequences. Close monitoring, early identification and prompt intervention can 
mitigate early and late neurological morbidity. Neuromonitoring and neurocognitive/neurodevelopmental follow-up are 
critically important to optimize outcomes in both adults and children.
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Objective: To assess current practice of neuromonitoring during ECMO and neurocognitive/neurodevelopmental follow-
up after ECMO across Europe and to inform the development of neuromonitoring and follow-up guidelines.
Methods: The EuroELSO Neurological Monitoring and Outcome Working Group conducted an electronic, web-based, 
multi-institutional, multinational survey in Europe.
Results: Of the 211 European ECMO centres (including non-ELSO centres) identified and approached in 23 countries, 133 
(63%) responded. Of these, 43% reported routine neuromonitoring during ECMO for all patients, 35% indicated selective 
use, and 22% practiced bedside clinical examination alone. The reported neuromonitoring modalities were NIRS (n = 
88, 66.2%), electroencephalography (n = 52, 39.1%), transcranial Doppler (n = 38, 28.5%) and brain injury biomarkers 
(n = 33, 24.8%). Paediatric centres (67%) reported using cranial ultrasound, though the frequency of monitoring varied 
widely. Before hospital discharge following ECMO, 50 (37.6%) reported routine neurological assessment and 22 (16.5%) 
routinely performed neuroimaging with more paediatric centres offering neurological assessment (65%) as compared 
to adult centres (20%). Only 15 (11.2%) had a structured longitudinal follow-up pathway (defined followup at regular 
intervals), while 99 (74.4%) had no follow-up programme. The majority (n = 96, 72.2%) agreed that there should be a 
longitudinal structured follow-up for ECMO survivors.
Conclusions: This survey demonstrated significant variability in the use of different neuromonitoring modalities during and 
after ECMO. The perceived importance of neuromonitoring and follow-up was noted to be very high with agreement for 
a longitudinal structured follow-up programme, particularly in paediatric patients. Scientific society endorsed guidelines 
and minimum standards should be developed to inform local protocols.

Keywords
neurological outcomes; neuropsychological; neurocognitive; longitudinal pathway; long-term follow-up; brain function; 
mechanical circulatory support

Background

An increasing number of adults and children with poten-
tially reversible cardiac or pulmonary failure refractory 
to conventional therapies are now being offered extra-
corporeal membrane oxygenation (ECMO), as evi-
denced by the recent SARS-CoV-2 pandemic (https://
www.euroelso.net/covid-19/covid-19-survey).1 Adverse 
neurological events during ECMO are frequently 
reported in children and adults, with a devastating 
impact on patient outcome.2–12 While multiple factors 
can account for such adverse events on ECMO, there are 
few that can be modified. A systematic review of 44 stud-
ies of adults supported on ECMO reported that the 
median frequency of acute neurologic complications was 
13% (range 1–78%), including intracranial haemor-
rhages (5%), ischaemic strokes (5%) and seizures (2%), 
with an associated mortality of 96%, 84% and 40%, 
respectively.2 Furthermore, a higher incidence (83%) of 
hypoxic ischaemic encephalopathy in patients with neu-
rologic complications (vs 42% in those without), leading 
to brain death in over 50% of cases was also reported.2 
Interestingly, no study described daily neurological 
assessments or coagulation monitoring, both of which 
can have an impact on the incidence and severity of these 
neurological events.2 Several reports from the 
Extracorporeal Life Support Organization (ELSO, Ann 
Arbor, MI, USA) Registry have described the incidence 
and survival from neurological complications.1,3,6,13,14 
Polito et  al.3 reported that up to 20% of neonates sup-
ported on ECMO developed neurological complications, 

while a slightly reduced rate (15%) was reported in 
adults.6 Minimizing neurological complications on 
ECMO is crucial as these are associated with high in-
hospital morbidity and mortality as well as long-term 
neurocognitive deficits in adults and children.15,16 
Identifying neurological complications early before clin-
ical signs manifest, can be challenging and is subject to 
institutional variations in neuromonitoring protocols; as 
an example, early routine neuroradiology has been 
reported to identify a higher rate of intracranial haemor-
rhage with substantially improved overall outcome.17 In 
addition, lack of standardization of reporting of neuro-
logical outcomes leads to variability in published litera-
ture.18,19

As the application of extracorporeal cardiopulmo-
nary resuscitation (ECPR) increases worldwide, a higher 
proportion of survivors with significant neurological 
sequelae are likely to need support.20–22 In an ELSO 
Registry study on 695 children supported with ECPR, 
Thiagarajan et  al.14 reported seizures in 11.9%, radio-
logic evidence of infarct or haemorrhage in 11.6%, and 
brain death in 10.6%. Similarly, large non-randomized 
studies in adult ECPR patients demonstrated variable 
neurological outcome both for in-hospital and out-of-
hospital cardiac arrests with significant adverse long-
term neurocognitive sequelae.23–26 While the ELSO 
Registry provides data on the neurological complica-
tions on ECMO in different age groups and indications, 
these are dependent on self-reporting, and influenced 
by variability in definitions of neuro-injury and neu-
romonitoring protocols.18 Furthermore, this valuable 
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dataset does not include data on neurological morbidity 
at follow-up.

Data on neurocognitive outcomes on long-term fol-
low-up of ECMO survivors is limited, particularly in 
adults.27–30 Some studies have reported that 41% adult 
ECMO survivors have impaired neuropsychological 
performance as well as high levels of distress, physical 
aggression, anger and alexithymic traits.28–30 Long-term 
follow-up in children has indicated that a proportion of 
children develop neuropsychological deficits leading to 
learning difficulties at school which in some cases 
become apparent with increasing age.31–33 Ijsselstijn 
et al.31,34 have reported increasing motor and executive 
function impairments later in life in neonatal ECMO 
survivors. Therefore, developing and establishing guide-
lines endorsed by scientific societies to standardize neu-
romonitoring and neuro follow-up of ECMO patients is 
central to optimizing patient outcomes.

The aim of this international survey was to analyse 
the current practice of neurological monitoring during 
ECMO and neurocognitive follow-up after ECMO 
across institutions in Europe with a view to identify the 
requirement for standardizing of neurological monitor-
ing methods during ECMO and propose a framework 
for longitudinal long-term neurodevelopmental out-
come after ECMO.

Methods

Development of the survey

To study the above aim, the EuroELSO Neurological 
Monitoring and Outcome Working Group conducted a 
multi-institutional, multi-national survey and a draft 
endorsed by EuroELSO was piloted at the EuroELSO 
conference in Glasgow in 2016. This led to the develop-
ment of a detailed survey with input from specialists 
from adult and paediatric ECMO units. The list of 
ECMO centres (including non-ELSO centres) in Europe 
was populated from the ELSO Directory as well as from 
individual country representatives who disseminated 
the survey to ECMO centres. As this was a quality 
improvement survey, ethical approval was waived.

Design of the survey

The survey was designed using SurveyMonkey software 
(SurveyMonkey Inc., San Mateo, California, USA) con-
taining 49 questions (Additional File 1, Supplemental 
Digital Content 1, https://www.surveymonkey.co.uk/r/
H9CMWWZ). The survey comprised of four essential 
sections – (1) Basic information about the ECMO centre 
and institution covering demographic data, (2) Routine 
neuromonitoring (could include an intermittent or con-
tinuous modality) during ECMO (in addition to bedside 
neurological assessment) regardless of whether the 

patient has sustained a neurological insult or not, (3) 
Neurological assessment (physician or neurologist) post-
ECMO and/or any neuroimaging done post-ECMO but 
pre-discharge from the ECMO institution and (4) 
Neurodevelopmental/neuropsychological follow-up post 
discharge asking centres to provide details if they had a 
programme and if they did not have a programme, to 
provide their considerations for an ‘ideal’ follow-up pro-
gramme. The survey style included a mixture of multiple 
choice and open-ended (free text) questions with a drop-
down menu of answers. The survey, once designed, was 
sent to an independent expert – Dr Melania Bembea, 
Johns Hopkins Medical Centre, Baltimore, Maryland, 
USA, for critical review. Following feedback, the survey 
underwent revision and further testing by the Working 
Group representatives from different countries within the 
EuroELSO and then accepted for distribution.

Distribution of the survey

In total, 211 ECMO centres were identified in 23 coun-
tries in Europe. The EuroELSO Neurological Monitoring 
and Outcome Survey was electronically sent to the 
Director and the ECMO co-ordinator of each centre. 
Only one response was expected per centre and respon-
dents were advised to put together a consensus response. 
In the event of no response, reminder was sent after 2 
weeks, and after 4 weeks, direct contact was established 
by phone requesting a response.

Data analysis

Data were exported from Survey Monkey software in a 
CSV file format into Microsoft Excel for Mac 
(Washington, USA, Version 16.35). Overall data are 
described in frequency and percentage. Analysis was 
descriptive with data divided into centres that treated 
paediatric, adult or mixed (adult and paediatric) patient 
populations, and into low-volume (<30/year) and high-
volume (>30/year) centres. Correlations between 
responses from centres grouped as per patient popula-
tion and volume were evaluated using Pearson’s Chi 
square and Cramer’s V test.

Results

Of the 211 European ECMO centres identified in 23 
countries and approached, 133 (63%) centres responded 
to the survey.

Basic demographics about the ECMO 
centre and institution

Of these 133 respondents, 58 (44%) centres managed 
only adult patients, 40 (30%) managed paediatric 

https://www.surveymonkey.co.uk/r/H9CMWWZ
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patients including neonates, and 35 (26%) treated both 
adults and children. The respondents comprised of 
ECMO programme Director (n = 73), lead ECMO 
Co-ordinator (n = 32) and senior ECMO physicians (n 
= 28). The distribution of the countries within Europe 
appeared well represented among the respondents with 
a lower response rate in Germany (38/74, 53%) and 
France (14/44, 32%). Of the 133 ECMO centres, 89 
(67%) were ELSO Registry members, 33 (25%) were not 
and in 11 (8%) this information was unknown. The 
annual ECMO centre volume ranged from <10 to 
>100/year. The majority, (56, 42%) treated 10–30 
patients/year; 25 (19%) treated 30–50, 22 (17%) treated 
50–100 and 12 (9%) treated <10 patients/year. Eleven 
ECMO centres (8%) treated >100 patients annually, 
and six centres did not report their data. Almost all (126; 
95%) treated both cardiac and respiratory failure, except 
seven that offered ECMO only for cardiac failure; and 
ECPR was provided in 101 (75%) and 74 (56%) had a 
heart and/or lung transplant bridging programme.

Routine neuromonitoring during ECMO

Of the 119 centres who responded to this question, 105 
centres (88%) performed routine neuromonitoring dur-
ing ECMO (57 for all patients and 48 for selected 
patients), whereas 14 responded that they conduct rou-
tine bedside clinical examination to assess the neuro-
logical state. The 48 respondents (43 adult centres) that 
monitored selected patients only identified ECPR (n = 
31), veno-arterial (VA) ECMO (n = 21), acute neuro-
logical event (ANE: for example, seizure, abnormal 
movements, focal neurological deficits, infarct or bleed 
on neuroimaging, n = 27) and manipulations of the cir-
cuit (n = 4) as select indications for neuromonitoring. 
The 14 respondents who selected bedside clinical exam-
ination indicated that they would monitor ECMO 
patients following VA ECMO, ECPR, or ANE.

Mode of routine neuromonitoring on 
ECMO

The most common neuromonitoring modality reported 
was near-infrared spectroscopy (NIRS) used in two 
thirds (n = 88, 66%), followed by intermittent electro-
encephalography (EEG) (n = 52, 39%), transcranial 
Doppler (TCD) (n = 38, 28%), serum biomarkers of 
brain injury (n = 33, 25%), amplitude-integrated elec-
troencephalography (aEEG) (n = 23,17%), evoked 
potentials (n = 20, 15%), continuous EEG (n = 19, 
14%) and carotid Doppler (n = 8, 6%). Of the 58 adult 
centres, 28 used NIRS (48%), followed by EEG (40%) 
and one-third used biomarkers, particularly S-100B and 
Neuron Specific Enolase (NSE). Of the 40 paediatric 
centres, 32 (80%) used NIRS and the majority used it 

throughout the ECMO course, 29 (73%) used cranial 
ultrasound scan (USS) with variable frequency, inter-
mittent EEG by 14 (35%) and aEEG by 48%, whereas 
continuous EEG was used by 10% of the respondents. A 
similar response was noted in the centres that managed 
both adult and paediatric patients: NIRS, cranial USS 
and intermittent EEG were most commonly used 
modalities. Cranial USS was reported to be used in 
48/75 (64%) centres managing children; 19 (25%) 
reported daily, 15 (20%) twice weekly and 13 (17%) 
thrice weekly, and 11 (15%) would perform only if clini-
cal concerns. Only 15 (11%) respondents reported rou-
tine use of brain CT, majority 98 (74%) reported 
undertaking brain CT only if clinical concerns of neuro-
logical problems. Reconstruction of vessels at decannu-
lation was reported by 85 (64%) respondents: routinely 
in all (n = 38), and only in selected patients (n = 47). 
Routine use and timing of the different neuromonitor-
ing modalities are described in Tables 1 and 2. Figure 1 
shows the responses from the different countries in dif-
ferent regions of Europe.

Neurological assessment and/or any 
neuroimaging done post decannulation pre-
hospital discharge

Of the 133 respondents, 50 (38%) performed routine 
neurological assessment (by ECMO physician or spe-
cialist in neurology) and 22 (17%) performed routine 
neuroimaging post-decannulation pre-discharge from 
the ECMO institution. Most centres (70%) did not offer 
any routine neuroimaging. A higher proportion of pae-
diatric centres (n = 26, 65%) offered detailed neurolog-
ical assessment pre-discharge compared to adult centres 
(p = 0.004). Routine neuroimaging was not offered in 
45 (78%) adult centres or in 23 (66%) centres that treated 
both adult and paediatric patients (Table 3). Only 13 
(10%) respondents reported ultrasound of the neck ves-
sels after reconstruction.

Neurodevelopmental/neuropsychological 
out-patient follow-up post-hospital 
discharge

Table 4 shows the responses categorized by paediatric, 
adult and mixed adult and paediatric centres. Of 133 
respondents, 65 (49%) offered routine out-patient fol-
low-up for all or selected ECMO patients. This was 
more often offered by paediatric (73%) as compared to 
adult centres (40%). Of the paediatric centres (n = 40), 
16 organized follow-up between 3 and 12 months, 6 
centres followed this up at 12–15 months, 11 also 
checked at 15–36 months, 3 called for follow-up at 36 
months to 4 years, 9 reviewed at pre-school (4–5 years of 
age), 4 at 6–8 years, 2 at 9–13 years and only 1 continued 
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Table 1.  Neuromonitoring on ECMO.

Response Total  
(n = 133)*

Paediatric centres 
(n = 40)*

Adult centres 
(n = 58)*

Mixed adult + 
paediatric centres 
(n = 35)*

Do you routinely use neuromonitoring in addition to bedside examination
  Yes, in all patients 57 (42.9) 29 (72.5) 9 (15.5) 19 (54.3)
  Yes, only in selected patients 48 (36.1) 9 (22.5) 27 (46.6) 12 (34.3)
  No, only bedside examination 14 (10.5) 1 (2.5) 13 (22.4)   0
  Blank 14 (10.5) 1 (2.5) 9 (15.5) 4 (11.4)
Selected patient groups
  VA ECMO 33 (24.8) 4 (10) 21 (36.2) 8 (22.8)
  ECPR 44 (33.1) 7 (17.5) 26 (44.8) 11 (31.4)
  Post ANE 41 (30.8) 9 (22.5) 19 (32.7) 13 (37.1)
  During circuit manipulations 5 (3.7)   0 3 (5.1) 2 (5.7)
Modality of neuromonitoring
  Intermittent EEG 52 (39) 14 (35) 23 (39.6) 15 (42.8)
  Continuous EEG 19 (14.3) 4 (10) 6 (10.3) 9 (25.7)
  aEEG 23 (17.3) 19 (47.5) 1 (1.7) 3 (8.6)
  Cranial ultrasound 49 (36.8) 29 (72.5) - 20 (57.1)
  Transcranial Doppler 38 (28.6) 11 (27.5) 16 (27.5) 11 (31.4)
  NIRS 88 (66.2) 32 (80) 28 (48.3) 28 (80)
  Evoke potentials 20 (15.0) 3 (7.5) 13 (22.4) 4 (11.4)
  Plasma bio-markers 33 (24.8) 3 (7.5) 19 (32.7) 11 (31.4)
  Carotid Doppler 8 (6.01) 1 (2.5) 4 (6.9) 3 (8.6)
Routine neuroimaging on ECMO
  Yes 72 (54.1) 31 (77.5) 24 (41.7) 17 (48.5)
  No 47 (35.3) 8 (20) 25 (43.1) 14 (40)
  Blank 14 (10.5)   1 9 (1.7) 4 (11.4)

ANE: acute neurological event; ECPR: extracorporeal cardiopulmonary resuscitation; ECMO: extracorporeal membrane oxygenation; EEG: 
electroencephalogram; aEEG: amplitude-integrated electroencephalogram; NIRS: near infrared spectroscopy; VA: Veno-arterial.
*Numbers in brackets represent the calculated percentage of the total.

Table 2.  Details on some of the neuromonitoring modalities on ECMO.

Response Total  
(n = 133)*

Paediatric centres  
(n = 40)*

Adult centres  
(n = 58)*

Mixed adult +  
paediatric centres  
(n = 35)*

Routine use of EEG on ECMO (standard refers to the usual 30 minutes to 1-hour EEG)
Standard EEG – daily 2 (1.5) 1 (2.5) 1 (1.7) 0
Interval EEG – once/twice/three times/week 8 (6.0) 2 (5.0) 1 (1.7) 5 (14.3)
EEG if suspicion of a seizure 56 (42.1) 21 (52.5) 23 (39.7) 12 (34.3)
EEG if cardiac arrest with/without ECPR 30 (22.6) 6 (15) 15 (25.9) 9 (25.7)
EEG if inability to evaluate subclinical seizures 32 (24.1) 15 (37.5) 8 (13.8) 9 (25.7)
We rarely/do not use 43 (32.3) 9 (22.5) 23 (39.7) 11 (31.4)
Continuous EEG
 � Selected patient groups 8 (6.0) 6 (15) 1 (1.7) 3 (8.6)
 � Clinical suspicion of seizure/SE 21 (15.8) 10 (25) 4 (6.9) 7 (20)
 � Post CA with or without ECPR 11 (8.2) 5 (12.5) 2 (3.4) 4 (11.4)
 � NM blockade/subclinical 8 (6.0) 1 (2.5) 3 (5.2) 4 (11.4)
 � We rarely/do not use 85 (64) 23 (57.5) 44 (75.9) 20 (57.1)
NIRS
 � NIRS throughout ECMO run as standard monitoring 66 (49.6) 27 (67.5) 16 (27.6) 23 (65.7)
 � NIRS during cannulation and circuit manipulations 4 (3.0) 1 (2.5) 2 (3.4) 3 (8.6)
 � NIRS if clinical concern of neurological problems 15 (11.2) 4 (10) 7 (12.1) 4 (11.4)

(Continued)
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Response Total  
(n = 133)*

Paediatric centres  
(n = 40)*

Adult centres  
(n = 58)*

Mixed adult +  
paediatric centres  
(n = 35)*

 � NIRS if ANE 22 (16.5) 3 (7.5) 18 (31.0) 3 (8.6)
 � We rarely use NIRS 10 (7.5) 3 (7.5) 6 (10.3) 3 (8.6)
 � We do not routinely use NIRS 26 (19.5) 5 (12.5) 18 (31.0) 3 (8.6)
Plasma biomarkers of brain injury
 � Pre-, post-cannulation, post decannulation 8 (6.0) 2 (5.0) 4 (6.9) 2 (5.7)
 � If clinical concern of neurological problems 23 (17.3) 4 (10) 13 (22.4) 6 (17.1)
 � Rarely 24 (18.0) 8 (20) 10 (17.2) 6 (17.1)
 � Plasma S-100B 23 (17.3) 9 (22.5) 9 (15.5) 5 (14.3)
 � NSE 50 (37.6) 9 (22.5) 29 (50) 12 (34.3)
 � We do not test 66 (49.6) 28 (70) 20 (34.5) 18 (51.4)
Evoke potentials
 � Evoked potentials if clinical concern of neurological 

problems
34 (25.6) 11 (27.5) 17 (29.3) 6 (17.1)

 � We do not routinely use 72 (54.1) 24 (60) 29 (50) 19 (54.3)
Transcranial Doppler
 � Intermittent TCD 13 (9.8) 9 (22.5) 1 (1.7) 3 (8.6)
 �� TCD during ECMO cannulation and circuit manipula-

tions
  0   0   0   0

 � TCD if clinical concern of neurological problems 34 (25.6) 8 (20) 17 (29.3) 9 (25.7)
 � We do not routinely use TCD 58 (43.6) 18 (45) 26 (62.1) 14 (40)
Neuroimaging – cranial ultrasound if fontanelle open
 � Yes 48 (36.1) 32 (80) 16 (45.7)
 � If clinical concerns 16 (12) 2 (5.0) 5 (8.6) 9 (25.7)
 � Daily cranial USS 20 (15) 14 (35) 1 (1.7) 5 (14.3)
 � Thrice weekly cranial USS 13 (9.8) 12 (30) 3 (8.6)
 � Twice weekly cranial USS 15 (36.1) 8 (20) 7 (20)
 � Cranial USS within the first 24 hours/clinical suspicion 8 (6.0) 3 (7.5) 1 (1.7) 4 (11.4)
Neuroimaging – CT scan brain
CT Brain 47 (35.3) 9 (22.5) 24 (41.4) 14 (40)
Only if clinical concern of neurological problem 98 (73.7) 37 (92.5) 36 (62.1) 25 (71.4)
Routinely done on ECMO 15 (11.2)   0 11 (19) 3 (8.6)
No routinely neuroimaging 43 (32.3) 7 (17.5) 25 (43.1) 11 (31.4)
Reconstruction of vessels at decannulation
 � Yes, always 38 (28.6) 22 (55) 7 (12.1) 10 (28.6)
 � Yes, in selected cases 47 (35.3) 12 (30) 19 (32.8) 16 (45.7)
 � No 34 (25.6) 5 (15) 23 (39.7) 5 (14.3)
 � Blanks 14 (10.5) 1 (2.5) 9 (15.2) 4 (11.4)

CA: cardiac arrest; CT: computed tomography; EEG: electroencephalogram; aEEG: amplitude-integrated electroencephalogram; ECMO: 
extracorporeal membrane oxygenation; ECPR: extracorporeal cardiopulmonary resuscitation; NM: neuromuscular; NIRS: near infrared 
spectroscopy; NSE; neuron-specific enolase; SE: status epilepticus; TCD: transcranial Doppler; USS: ultrasound scan.
*Numbers in brackets represent the calculated percentage of the total.

Table 2. (Continued)

until adolescence. Only 15 (11%) had a structured lon-
gitudinal follow-up pathway (defined follow-up at regu-
lar intervals) versus 99 (74%) who reported no structured 
follow-up.

Figure 1 summarizes the distribution of responses 
with regard to routine neuromonitoring during ECMO 
and structured ECMO follow-up in ECMO centres in 
different parts of Europe. Figure 2 shows the distribution 
of paediatric, adult and mixed ECMO centres in the use 
of neuromonitoring (Figure 2(a)), type of neuromoni-
toring modality (Figure 2(b)), post hospital discharge 

out-patient follow-up (Figure 2(c)) and structured neu-
rological or neuropsychological follow-up programme 
for ECMO patients post discharge (Figure 2(d)).

Future development of structured 
longitudinal neurodevelopmental/
neuropsychological follow-up

The majority of centres (n = 96, 72%) supported a lon-
gitudinal structured follow-up programme for all 
patients supported with ECMO. Paediatric centres 
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showed a higher interest for this (93%) compared to 34 
(59%) adult centres, and that follow-up should not be 
restricted to only those who had ANE, experienced 
ECPR or belonged to certain diagnostic categories like 
congenital diaphragmatic hernia or heart disease. Some 
comments reflected the lack of detailed information on 
the occurrence and severity of neurological impairment 
in adults and children over time. Most paediatric cen-
tres selected the Bayley Scales of Infant and Toddler 
Development, Wechsler Intelligence Scale for Children 
and Ages and Stages Questionnaire as neurodevelop-
mental/neuropsychological tests that are easily and rou-
tinely available. Other tests selected included Achenbach 
System of Empirically Based Assessment (ASEBA) 
Questionnaire including Adult Self-Report and Adult 
Behaviour Checklist (adult patient and carer versions) 
along with Quality of life (QoL). Furthermore, 94/133 
(71%) agreed that there should be a minimum dataset 
for neurodevelopmental/neuropsychological follow-up 

of ECMO survivors, with 55/133 (42%) reporting that 
QoL questionnaire for adults and children should be 
included in this minimum dataset.

Submission of data to the ELSO Registry

Importantly, 93/133 (70%) expressed willingness to sub-
mit follow-up data to the ELSO Registry to enhance ser-
vice development and provision. Centres that declined 
(n = 14) provided the following reasons: lack of clarity 
on the specifics of follow-up (n = 6), not being ELSO 
members/funding (n = 5), logistics – manpower (n = 
2), and consent (n = 1) as barriers to submission of data.

Centre volume

There were no differences noted in this survey 
between annual ECMO case volume category (low 

Figure 1.  Map of Europe demonstrating differences in routine neuromonitoring during ECMO and post discharge follow-up. This 
is a graphical representation of ECMO centres within Europe (aggregated in different geographical parts of Europe). The circles 
within the individual boxes represent centre distribution with regard to type of patients supported, annual ECMO volume, use of 
routine neuromonitoring and structured follow-up post discharge.
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Table 3.  Routine neurological assessment and imaging post ECMO pre-discharge.

Response Total  
(n = 133)*

Paediatric centres  
(n = 40)*

Adult centres  
(n = 58)*

Mixed adult +  
paediatric centres  
(n = 35)*

Neurological assessment post ECMO pre-discharge
  Yes 50 (37.6) 26 (65) 12 (20.7) 12 (34.3)
  No 63 (47.4) 13 (32.5) 33 (56.9) 17 (48.6)
  Blank 20 (15) 1 (2.5) 13 (22.4) 6 (17.1)
Routine neuroimaging post ECMO pre-discharge
  Yes 22 (16.5) 13 (32.5) 3 (5.2) 6 (17.1)
  No 93 (70) 25 (62.5) 45 (77.6) 23 (65.7)
  Blank 18 (13.5) 2 (5) 10 (17.2) 6 (17.1)
Type of routine neuroimaging post ECMO pre-discharge
  Cranial USS 17 (12.7) 12 (30) – 5 (14.3)
  CT Brain 12 (9) 1 (2.5) 6 (10.3) 5 (14.3)
  MRI Brain 17 (12.7) 12 (30) 1 (1.7) 4 (11.4)
 � USS of neck vessels if recon-

structed
13 (9.8) 6 (15) 2 (3.4) 5 (14.3)

Timing of routine neuroimaging post ECMO pre-discharge
 � Immediately after ECMO 

decannulation
9 (6.7) 4 (10) 4 (6.9) 1 (2.8)

 � In the first week after ECMO 
decannulation

17 (12.8) 8 (20) 4 (6.9) 5 (14.2)

 � Pre discharge from facility 
whichever is earlier

17 (12.8) 14 (35)   0 3 (8.5)

Hearing assessment at discharge
  Yes 20 (15.0) 16 (40) 1 (1.7) 3 (8.6)
  No 90 (67.7) 21 (52.5) 46 (79.3) 23 (65.7)
  Don’t know/blank 23 (17.3) 3 (7.5) 11 (19) 9 (25.7)

ECMO: extracorporeal membrane oxygenation; CT: computed tomography; MRI: magnetic resonance imaging; USS: ultrasound scan.
*Numbers in brackets represent the calculated percentage of the total.

Table 4.  Routine neurological assessment and imaging post hospital discharge as out-patient follow-up.

Response Total  
(n = 133)*

Paediatric centres  
(n = 40)*

Adult centres  
(n = 58)*

Mixed adult +  
paediatric centres  
(n = 35)*

Post hospital discharge out-patient follow-up
 � Yes, for all ECMO patients 31 (23.3) 16 (40) 12 (20.7) 3 (8.6)
 � Yes, for selected patient populations 34 (25.6) 13 (32.5) 11 (19) 10 (28.6)
 � No 48 (36.1) 8 (20) 25 (43.1) 15 (42.9)
 � Blank 20 (15.0) 3 (7.5) 10 (17.2) 7 (20)
Timing of the first post hospital discharge out-patient follow-up targeted at neurology/neurodevelopment
 � Within first 4 weeks of discharge 14 (10.5) 4 (10) 4 (6.9) 6 (17.1)
 � 2–3 months after discharge 22 (16.5) 11 (27.5) 7 (12.0) 4 (11.4)
 � 4–6 months after discharge 7 (5.2) 3 (7.5) 4 (6.9) 0
 � 6–12 months after discharge 5 (3.8) 1 (2.5) 4 (6.9) 0
 � 1 after discharge 4 (3.0) 1 (2.5) 3 (5.1) 0
 � 2 years after discharge   0   0   0 0
 � Other (specify)/blanks 10 (7.5) 8 (20) 1 (1.7) 1 (2.8)
 � Blank 17 (12.8) 2 (5) 9 (15.5) 6 (17.1)
Structured neurological or neuropsychological follow-up programme for ECMO patients post discharge (a pathway where multi-
disciplinary follow-up and regular intervals are in place) within the ECMO institution
 � Yes 15 (11.2) 10 (25) 3 (5.1) 2 (5.7)
 � No 99 (74.4) 27 (67.5) 45 (77.5) 27 (77.1)
 � Blank 19 (14.2) 3 (7.5) 10 (17.2) 6 (17.1)

(Continued)
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Response Total  
(n = 133)*

Paediatric centres  
(n = 40)*

Adult centres  
(n = 58)*

Mixed adult +  
paediatric centres  
(n = 35)*

Should there be longitudinal structured follow-up programme?
 � Yes 96 (72.2) 37 (92.5) 34 (58.6) 25 (71.4)
 � No 8 (6.0)   0 7 (12.1) 1 (2.8)
 � Don’t know/unsure 12 (9.0) 1 (2.5) 8 (13.8) 3 (8.6)
 � Blank 17 (12.8) 2 (5) 9 (15.5) 6 (17.2)
What should an ideal follow-up programme?
 � Yes, should be longitudinal for ALL irrespective of 

diagnosis, age, or ANE
96 (72.2) 36 (90) 33 (56.9) 26 (74.3)

 � Yes, should be targeted to those who have had 
neurological issues on ECMO

13 (9.8) 1 (2.5) 10 (17.2) 1 (2.9)

 � Yes, should be targeted to certain diagnosis (for 
example: CDH)

4 (3.0)   0 3 (5.2)   0

 � Yes, should be targeted to ECPR or if they have 
had cardiac arrest peri-ECMO

11 (8.2)   0 9 (15.5) 1 (2.8)

 � Other than above 6 (4.5) 1 (2.5) 3 (5.2) 1 (2.8)
Should there be a minimum dataset of neurodevelopmental/neuropsychological follow-up of ECMO survivors
 � Yes 94 (70.7) 34 (85) 36 (62) 24 (68.6)
 � No/don’t know/other 22 (16.5) 4 (10) 13 (22.4) 5 (14.3)
 � Blank 17 (12.8) 2 (5) 9 (15.6) 6 (17.1)
Would your institution be willing to submit follow-up data to ELSO to enhance service development and provision?
 � Yes 93 (70) 31 (77.5) 37 (63.8) 25 (71.4)
 � No 9 (6.8)   0 7 (12.1) 2 (5.7)
 � Other 14 (10.5) 7 (17.5) 5 (8.6) 2 (5.7)
 � Blank 17 (12.8) 2 (5) 9 (15.6) 6 (17.1)

ANE: acute neurological event; ECMO: extracorporeal membrane oxygenation; CDH: congenital diaphragmatic hernia; CT: computed tomography; 
MRI: magnetic resonance imaging; USS: ultrasound scan.
*Numbers in brackets represent the calculated percentage of the total.

Table 4. (Continued)

volume <30 cases/year and high volume >30 cases/
year), see Table 1, Supplemental Digital Content 2 
(Additional File 2).

Discussion

This study, conducted under the EuroELSO 
Neurological Monitoring and Outcome Working 
Group, is the first cross-sectional, multi-institutional, 
international survey on neurological monitoring on 
ECMO and neurocognitive outcome follow-up of 
ECMO survivors. This descriptive work reports 
responses from a large group of ECMO centres provid-
ing care for children and adults, both cardiac and respi-
ratory ECMO, including ECPR and bridging to 
transplant services. Approximately 44% of the partici-
pants represented high volume (>30 ECMO cases/
year) centres. Given the diversity of countries and orga-
nizational networks within each country, a response 
rate of 63% (133/211), particularly with a mix of ELSO 
and non-ELSO centres, is representative of ECMO pro-
vision in Europe, and is higher than previously pub-
lished surveys on ECMO.35,36 We captured a significant 

proportion of the ECMO centres, notwithstanding the 
logistical barriers including language and lack of a 
comprehensive directory of all ECMO providers in 
Europe. The neuromonitoring modalities were inten-
tionally kept broad as it is well acknowledged that no 
single modality can reliably provide the necessary 
information and that variability between centres is 
wide.18 Intermittent and continuous modalities were 
included knowing that some are highly resource-
dependent and not easily available, and questions were 
directed towards monitoring of specific sub-groups.

Important findings from the survey and 
how we can use them?

Neuromonitoring, neuroimaging and follow-up.  The 
approach to neuromonitoring, neuroimaging modali-
ties and neurological follow-up varied within the par-
ticipating centres and within adult, paediatric and 
mixed centres across Europe. The majority (79%) 
reported regular neuromonitoring in addition to bed-
side neurological examination. Less than half (43%) 
routinely monitored all patients regardless of neuro-
logical risk factors while 36% only monitored selected 
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patients. NIRS was the most selected neuromonitoring 
modality, despite the fact that monitoring protocols and 
thresholds for intervention are not universally available 
nor accepted in children37 or in adults. NIRS being a 
non-invasive, bedside, continuous tool with easy appli-
cation of sensors and readable display, makes it highly 
favourable in ECMO patients.38–40 Reliability and repro-
ducibility remain a concern during ECMO, particularly 
signal pathlength and haemoglobin concentration in 
the setting of haemodilution.41 While the NIRS values 
may change rapidly with changes in patient condition 
and ECMO flows, a change in trend is of greater value 
than the absolute number.42,43 Routine intermittent 
EEG was used in children more often than in adults, but 
both paediatric and adult centres reported clinical con-
cerns as the significant driver for requesting an EEG. 
Very few centres overall performed aEEG, evoked 
potentials, continuous EEG or carotid Doppler, but 
some centres, predominantly adult centres, reported 
using serum brain injury biomarkers. Although the 
yield is better on prolonged or continuous EEG as 
reported in paediatric ECMO, it is restricted by avail-
ability of resources.44–46 Seizures – clinical or subclinical 

remain a concern on ECMO6,44 and use of neuromuscu-
lar blockade may mask identification of seizures, thus 
having some form of intermittent or continuous EEG 
monitoring is desirable. Furthermore, abnormal back-
ground electrical activity and organization can indicate 
an encephalopathic process as reported by Sinnah 
et al.47 on adult patients supported on VA ECMO who 
also described lack of sleep transients in continuous 
EEG as a marker of poor neurologic prognosis.

Cranial USS was the most common (67%) neuroim-
aging modality in the centres treating children with vari-
ability in frequency of cranial USS. Very few centres 
(mainly adult centres) routinely performed brain CT 
scans, the main impetus remained a new clinical neuro-
logical concern. Fifty percent of all respondents perform 
routine neurological assessment after decannulation 
before discharge, and neuroimaging (cranial USS, CT 
brain and MRI brain) as part of this evaluation was 
included in 22% of the centres. Paediatric centres 
approached post-decannulation neurological assess-
ments differently to adult centres: two-thirds (65%) 
offered neuro-assessment compared to one in five (21%) 
adult centres, perhaps explained by the long-term studies 

Figure 2.  Distribution of ECMO centres in the use of neuromonitoring, neuromonitoring modalities used, and post ECMO 
follow-up. Distribution of paediatric, adult and mixed (looking after both adult and paediatric patients) ECMO centres in the use 
of neuromonitoring (a), type of neuromonitoring modality (b), post hospital discharge out-patient follow-up (c) and structured 
neurological or neuropsychological follow-up programme for ECMO patients post discharge (d).
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on neonatal ECMO survivors showing early and late 
deficits in neuropsychological outcomes.31–33 A single 
centre adult ECMO survivors (n = 28) study reported 
impaired neuropsychological performance (41%), neu-
roradiological findings (52%), and pathologic EEG 
(41%) at an average of 5 years after ECMO, and further 
that cognitive function correlated to neuroimaging  
findings.29 Despite the awareness that both paediatric 
and adult ECMO survivors have significant neurodevel-
opmental/neuropsychological needs, interestingly, in 
our survey, only 11% centres had structured neurological 
or neuropsychological multidisciplinary follow-up pro-
gramme.

Optimal targets for neuromonitoring and 
correlation with long-term outcomes in 
ECMO survivors

There are currently no widely accepted neuromonitoring 
targets that correlate with long-term outcomes in either 
adults or children. Reductions in NIRS measurements 
have been associated with unfavourable outcomes in 
children48 and adults.39,49,50 TCD permits the assessment 
of abnormal cerebral flow patterns on ECMO that may 
be associated with neurological complications,51–53 and 
may be useful in detecting micro-emboli in real time, 
however the clinical utility remains uncertain.54 
Monitoring of elevated brain injury bio-markers has 
been described in ECMO patients, but the routine use is 
yet to be justified.55–57 A recent publication reported that 
in post-CPR adults on ECMO, NSE levels measured at 24 
hours can be used to assess the neurologic outcome with 
improved specificity if measured serially.58 Correlation 
between neuroimaging and outcome are well-described 
in both paediatric and adult patients; while routine CT 
scanning remains resource intensive, when clinically 
indicated has a high yield and permits modification of 
anticoagulation which, in turn, may change out-
come.17,59,60 It is important to bear in mind that even 
multimodal neuromonitoring strategies may limit the 
ability to detect neuro-injury in real-time. Once detected, 
clinicians are able to target haemodynamic and antico-
agulation management so as to minimize any secondary 
neurological injury. Anticipatory monitoring in certain 
high-risk situations such as femoral V-A ECMO cannu-
lation to detect regional differences (NIRS), monitoring 
and treating seizures (continuous EEG), and lightening 
of sedation to permit better clinical assessment of neuro-
logical state. While neuromonitoring may not always 
translate into better outcomes, it offers an opportunity to 
individualize care, prevent progression, and support tak-
ing important decisions like re-direction of care in the 
event of devastating neurological injury.

While many aspects of mitigating neurological injury 
on ECMO are not necessarily modifiable, one must 

ensure that modifiable factors such as avoiding rapid 
shifts of CO2 at initiation of ECMO, rigorous manage-
ment of anticoagulation and inspection of the circuit for 
any potential thromboembolic material should be pro-
tocolized and strictly followed.61,62 Tools to identify 
thrombo-embolic material accumulating on the inter-
nal surfaces of the ECMO circuit and oxygenator are not 
reliably available, however vigilance for increased mem-
brane pressures should be maintained and treated 
promptly.62

The question of follow-up – who, when, 
how?

The high level of consensus amongst the respondents 
for structured follow-up supports the need for early and 
late long-term follow-up for children and adults sup-
ported on ECMO. The EOLIA Trial did not report a 
higher incidence of neurological events in the ECMO 
supported adults,63 nor did the CESAR (Conventional 
ventilation or ECMO for Severe Adult Respiratory 
Failure) trial demonstrate a difference in severe disabil-
ity of any measure of health care quality between patients 
randomized to ECMO versus controls 6 months after 
randomization.64 However, recent literature has identi-
fied that ECMO survivors frequently experienced phys-
ical complications, functional limitations, anxiety, 
depression and post-traumatic stress symptoms with 
worse outcomes in those supported on VA ECMO and 
better long-term QoL in those supported on veno-
venous (VV) ECMO and improvements noted over 
time.30,65,66 Sequential longitudinal follow-up from the 
Netherlands neonatal ECMO follow-up programme at 
5, 8 and 17 years have reported significant impairment 
in specific neuropsychologic skills in adolescence (atten-
tion, memory, executive functioning, visual-spatial 
functions, social-emotional functioning and behav-
iour), all with potential impact on learning and aca-
demic performance.31–33,67 Some of the adult ECMO 
survivors have been described to develop psychiatric 
disorders such as organic mental, obsessive-compulsive 
including post-traumatic stress disorders.29,30,68

This survey may provide key information for a fol-
low-up protocol. The majority of respondents (96, 72%) 
agreed that such a programme should be longitudinal 
and should include all ECMO survivors irrespective of 
diagnosis, age or neurological events. The availability of 
neurodevelopmental/neuropsychological testing was 
variable between countries. This highlights the need for 
different follow-up models organized as regionalized 
follow-up accounting for local and regional factors. 
Furthermore, 70% agreed that there should be a mini-
mum dataset for neurodevelopmental/neuropsycholog-
ical follow-up: 41% proposed a QoL questionnaire, 
whereas a third reported unfamiliarity with tests. 
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Measurement of QoL appears to be well established and 
used in several paediatric69–72 and adult65,68 follow-up 
studies. Early intervention by identification and man-
agement of physical and mental health problems may 
improve the QoL outcomes. As increasingly recognized 
from studies on neonatal ECMO survivors, intelligence 
tests alone do not identify those at risk for academic 
problems.71,72 Thus, a follow-up programme focussed 
on long-term, problem-oriented neurocognitive assess-
ment with a universally accepted minimal dataset and 
provision for local and regional variations, may help the 
adult and paediatric ECMO survivors.

Should neuroimaging be part of the follow-
up?

There is not enough evidence that neuroimaging alone, 
on ECMO or after ECMO, can be used to predict out-
come. Neuroimaging abnormalities are more frequent 
in VA than in VV ECMO and are associated with cogni-
tive impairment.3,6,8,30,38,66,73–75 Early studies in neonates 
have shown that neuroimaging scores were significantly 
worse in survivors with delayed development, and that 
survivors with non-haemorrhagic abnormalities had a 
higher risk of delayed development than those with iso-
lated haemorrhagic abnormalities (39% vs 21%). The 
value of MRI post ECMO is not fully elucidated. In pae-
diatric survivors, MRI identified significantly more 
abnormalities compared to routine cranial USS.76,77 
Rollins et al.76 found that neither MRI nor cranial USS 
correlated with neurodevelopmental outcome using 
Bayley scales and the best predictor of neurologic 
impairment was feeding ability at discharge. However, 
the role of early neuroimaging would be to assign risk 
categories for neurocognitive outcome.77,78

Adult studies correlating findings on brain MRI early 
after decannulation and outcome are limited.79 A long-
term follow-up study (median 9 years after discharge) 
showed cerebrovascular lesions on MRI scans in 37% 
(14/38 patients) and seen most commonly in the group 
treated with VA ECMO (7/11, 64%) and correlated with 
poor memory and executive function.27 Uniformity on 
interpretation and reporting neuroradiological findings 
are an important primary first step that influences our 
understanding of how findings correlate with outcome.

A pragmatic approach to neuromonitoring 
and neurological follow-up

Whilst it is ideal that all on ECMO should receive full 
continuous monitoring, it may not be logistically feasi-
ble, and aiming for ‘good/optimum’ rather than ‘perfect’ 
may be a pragmatic solution. Individual institutions 
need to develop guidelines as per local availability and 
resources: however, some principles remain. These prin-

ciples include identifying children or adults at risk (sig-
nificant hypoxaemia or hypotension or shock or acidosis, 
cardiac arrest pre-ECMO, ANE on ECMO), avoiding 
rapid fluctuations in PaCO2 on initiation of ECMO, daily 
regular bedside assessments, minimizing sedation and 
promoting awake ECMO to help with early detection, a 
low threshold for investigations if any neurological con-
cerns. It is important to keep in mind that each neuro-
monitoring modality has caveats and pitfalls which need 
to be understood.38 A neurological assessment pre-dis-
charge from ECMO centre should be a minimum stan-
dard. Neuroimaging – preferably MRI of the brain – should 
be considered in those who are in the high-risk category 
(as above), who have had an ANE on ECMO,7,15 VA 
ECMO,2,5,80 ECPR20,22 and any major complication on 
ECMO with an aim to identify any unrecognized injury 
and aid categorizing follow-up pathways.

Neurological follow-up will vary for children and 
adults in different countries, heavily influenced by local, 
regional and national policies and funding structure. 
Respondents favoured a minimum dataset and chose 
QoL measure. Health related QoL measures have been 
described in ECMO survivors.4,19,65,68,81 It is beyond the 
scope of the current work to determine the best protocol 
to adopt. Nonetheless, neurological examinations such 
as modified Rankin scale or similar assessments could 
be considered. Commonly used instrument in children 
is the Paediatric Quality of Life – Peds QL.70,82–84 
Furthermore, bleeding and thrombotic events during 
ECMO were associated with worse outcomes assessed 
by the Paediatric Overall Performance Category, and the 
Paediatric Cerebral Performance Category. The inci-
dence rates per 100 ECMO days of bleeding and throm-
botic complications may be alterable with standardized 
and rational management of anticoagulation, ECMO 
circuitry and patient care practices.85 Investing in long-
term follow-up programme can be an important com-
ponent of the patient’s journey to improved health,72 
and multidisciplinary follow-up can be particularly 
helpful for rehabilitation86 particularly in ECPR survi-
vors. Limited long-term neurologic and neurodevelop-
mental outcome after ECPR data are available from 
several single institution series; however, data on the 
long-term follow-up of adult ECMO survivors is cur-
rently not available. The high level of agreement to sub-
mit objective follow-up data to the ELSO Registry, if 
clearly defined, was very encouraging; and will inform 
the future projects of consensus development within the 
EuroELSO Working Group.

Limitations

A potential bias may be introduced as respondents may 
be different from those who chose not to respond. It was 
difficult to identify all European ECMO centres and 
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there is a chance that some centres have not been invited 
to participate in survey. Despite that, the centres that 
participated included major low-, medium- and high-
volume programmes and additional centres from their 
networks representing the majority of ECMO cases per-
formed in each country, with the exception of Greece 
and Poland, where no ECMO centre participated. There 
might be variations in neuromonitoring modalities in 
different centres and countries due to non-clinical fac-
tors, including financial, historical and local expertise. 
However, exploring these were beyond the scope of this 
survey. Furthermore, neurological/neurodevelopmental 
follow-up is highly dependent on funding streams 
within each country.

Conclusions

This international survey suggests that while neuro-
monitoring is routinely undertaken in many centres, the 
practice as to who should be monitored, when and what 
modality should be used are unclear. A standardized 
monitoring set and threshold will benefit clinicians to 
compare approaches and outcomes in a homogenous 
manner and help progress our understanding and pre-
vention/mitigation of complications. The respondents 
strongly supported follow-up, and the development of a 
standardized set of outcome measures and what to ask 
survivors, will be of significant benefit. There is an 
important need for more follow-up neuroimaging cor-
related with neurological, cognitive and psychiatric out-
comes. The survey demonstrates wide variability in 
practices largely influenced by institutional preferences, 
resource availability and the international, national and 
local variations in the configuration of primary, second-
ary and tertiary healthcare services that provide follow-
up. Hence, guidelines advocating a standard may be of 
benefit. International consensus on neuromonitoring 
modalities and guidelines for long-term longitudinal 
follow-up endorsed by the EuroELSO may support indi-
vidual institutional practices. Our survey findings 
would inform such a consensus development.

Ethics approval and consent to participate
As this was a service delivery quality improvement project. 
Ethical approval was waived. All data generated and/or anal-
ysed during this current study are included in this published 
article and supplementary information files.

Availability of supporting data
Data available on request from the authors

Acknowledgements
We would like to acknowledge EuroELSO and ELSO for 
the administrative help with Centre Directory, Dr Melania 
Bembea, Associate Professor of Anaesthesiology and Critical 

Care, Johns Hopkins, Baltimore, USA as an independent 
expert for her help in the critique of the survey, and all the 
respondents for their participation in the survey and the 
support from the NIHR Great Ormond Street Hospital 
Biomedical Research Centre, Great Ormond Street Institute 
of Child Health, Great Ormond Street Hospital NHS Trust, 
University College London, London, WC1N 3JH.
All authors contributed, read and approved the final 
manuscript.

Declaration of conflicting interests
The author(s) declared no potential conflicts of interest with 
respect to the research, authorship, and/or publication of this 
article.

Funding
The author(s) received no financial support for the research, 
authorship, and/or publication of this article.

ORCID iDs
Giovanni Chiarini  https://orcid.org/0000-0003-4933-897X
Lars Mikael Broman  https://orcid.org/0000-0003-4124-4581
Matteo Di Nardo  https://orcid.org/0000-0003-0051-8080
Nicholas A Barrett  https://orcid.org/0000-0002-4641-8192
Roberto Lorusso  https://orcid.org/0000-0002-1777-2045

References
	 1.	 Barbaro RP, Paden ML, Guner YS, et al. Pediatric extra-

corporeal life support organization registry international 
report 2016. ASAIO J 2017; 63: 456–463.

	 2.	 Sutter R, Tisljar K, Marsch S. Acute neurologic compli-
cations during extracorporeal membrane oxygenation: a 
systematic review. Crit Care Med 2018; 46: 1506–1513.

	 3.	 Polito A, Barrett CS, Wypij D, et al. Neurologic compli-
cations in neonates supported with extracorporeal mem-
brane oxygenation. An analysis of ELSO registry data. 
Intensive Care Med 2013; 39: 1594–1601.

	 4.	 Bembea MM, Felling RJ, Caprarola SD, et al. Neurologic 
outcomes in a two-center cohort of neonatal and pediat-
ric patients supported on extracorporeal membrane oxy-
genation. ASAIO J 2020; 66: 79–88.

	 5.	 Sadhwani A, Cheng H, Stopp C, et al. Early neurodevelop-
mental outcomes in children supported with ECMO for 
cardiac indications. Pediatr Cardiol 2019; 40: 1072–1083.

	 6.	 Lorusso R, Barili F, Mauro MD, et al. In-hospital neuro-
logic complications in adult patients undergoing venoar-
terial extracorporeal membrane oxygenation: results 
from the Extracorporeal Life Support Organization 
Registry. Crit Care Med 2016; 44: e964–e972.

	 7.	 Nasr DM, Rabinstein AA. Neurologic complications of 
extracorporeal membrane oxygenation. J Clin Neurol 
2015; 11: 383–389.

	 8.	 Ijsselstijn H, van Heijst AF. Long-term outcome of chil-
dren treated with neonatal extracorporeal membrane 
oxygenation: increasing problems with increasing age. 
Semin Perinatol 2014; 38: 114–121.

	 9.	 Aubron C, Cheng AC, Pilcher D, et al. Factors associated 
with outcomes of patients on extracorporeal membrane 

https://orcid.org/0000-0003-4933-897X
https://orcid.org/0000-0003-4124-4581
https://orcid.org/0000-0003-0051-8080
https://orcid.org/0000-0002-4641-8192
https://orcid.org/0000-0002-1777-2045


14	 Perfusion 00(0)

oxygenation support: a 5-year cohort study. Crit Care 
2013; 17: R73.

	10.	 Le Guennec L, Cholet C, Huang F, et  al. Ischemic and 
hemorrhagic brain injury during venoarterial-extracor-
poreal membrane oxygenation. Ann Intensive Care 2018; 
8: 129.

	11.	 Luyt CE, Bréchot N, Demondion P, et  al. Brain injury 
during venovenous extracorporeal membrane oxygena-
tion. Intensive Care Med 2016; 42: 897–907.

	12.	 Fletcher-Sandersjöö A, Bartek J Jr, Thelin EP, et  al. 
Predictors of intracranial hemorrhage in adult patients 
on extracorporeal membrane oxygenation: an observa-
tional cohort study. J Intensive Care 2017; 5: 27.

	13.	 Werho DK, Pasquali SK, Yu S, et al; Extracorporeal Life 
Support Organization Member C. Hemorrhagic compli-
cations in pediatric cardiac patients on extracorporeal 
membrane oxygenation. Pediatr Crit Care Med 2015; 16: 
276–288.

	14.	 Thiagarajan RR, Laussen PC, Rycus PT, et  al. 
Extracorporeal membrane oxygenation to aid cardiopul-
monary resuscitation in infants and children: an analysis 
of the Extracorporeal Life Support Organization Registry. 
Circulation 2007; 116: 1693–1700.

	15.	 Kakat S, O’Callaghan M, Smith L, et al. The 1-year fol-
low-up clinic for neonates and children after respira-
tory extracorporeal membrane oxygenation support: a 
10-year single institution experience. Pediatr Crit Care 
Med 2017; 18: 1047–1054.

	16.	 Bennett CC, Johnson A, Field DJ. A comparison of clini-
cal variables that predict adverse outcome in term infants 
with severe respiratory failure randomised to a policy 
of extracorporeal membrane oxygenation or to conven-
tional neonatal intensive care. J Perinat Med 2002; 30: 
225–230.

	17.	 Lockie CJA, Gillon SA, Barrett NA, et al. Severe respiratory 
failure, extracorporeal membrane oxygenation, and intrac-
ranial hemorrhage. Crit Care Med 2017; 45: 1642–1649.

	18.	 Bembea MM, Felling R, Anton B, et al. Neuromonitoring 
during extracorporeal membrane oxygenation: a system-
atic review of the literature. Pediatr Crit Care Med 2015; 
16: 558–564.

	19.	 Boyle K, Felling R, Yiu A, et  al. Neurologic outcomes 
after extracorporeal membrane oxygenation: a system-
atic review. Pediatr Crit Care Med 2018; 19: 760–766.

	20.	 Beyea MM, Tillmann BW, Iansavichene AE, et  al. 
Neurologic outcomes after extracorporeal membrane 
oxygenation assisted CPR for resuscitation of out-of-
hospital cardiac arrest patients: a systematic review. 
Resuscitation 2018; 130: 146–158.

	21.	 Meert KL, Guerguerian AM, Barbaro R, et  al. 
Extracorporeal cardiopulmonary resuscitation: one-year 
survival and neurobehavioral outcome among infants 
and children with in-hospital cardiac arrest. Crit Care 
Med 2019; 47: 393–402.

	22.	 Garcia Guerra G, Zorzela L, Robertson CM, et al. Survival 
and neurocognitive outcomes in pediatric extracorpor-
eal-cardiopulmonary resuscitation. Resuscitation 2015; 
96: 208–213.

	23.	 Chen YS, Lin JW, Yu HY, et al. Cardiopulmonary resus-
citation with assisted extracorporeal life-support versus 

conventional cardiopulmonary resuscitation in adults 
with in-hospital cardiac arrest: an observational study 
and propensity analysis. Lancet 2008; 372: 554–561.

	24.	 Shin TG, Jo IJ, Sim MS, et al. Two-year survival and neu-
rological outcome of in-hospital cardiac arrest patients 
rescued by extracorporeal cardiopulmonary resuscita-
tion. Int J Cardiol 2013; 168: 3424–3430.

	25.	 Lunz D, Calabrò L, Belliato M, et  al. Extracorporeal 
membrane oxygenation for refractory cardiac arrest: a 
retrospective multicenter study. Intensive Care Med 2020; 
46: 973–982.

	26.	 Choi DS, Kim T, Ro YS, et  al. Extracorporeal life sup-
port and survival after out-of-hospital cardiac arrest in 
a nationwide registry: a propensity score-matched analy-
sis. Resuscitation 2016; 99: 26–32.

	27.	 von Bahr V, Kalzén H, Hultman J, et al. Long-term cogni-
tive outcome and brain imaging in adults after extracor-
poreal membrane oxygenation. Crit Care Med 2018; 46: 
e351–e358.

	28.	 Risnes I, Heldal A, Wagner K, et  al. Psychiatric out-
come after severe cardio-respiratory failure treated with 
extracorporeal membrane oxygenation: a case-series. 
Psychosomatics 2013; 54: 418–427.

	29.	 Risnes I, Wagner K, Nome T, et  al. Cerebral outcome 
in adult patients treated with extracorporeal membrane 
oxygenation. Ann Thorac Surg 2006; 81: 1401–1406.

	30.	 Khan IR, Saulle M, Oldham MA, et  al. Cognitive, psy-
chiatric, and quality of life outcomes in adult survivors 
of extracorporeal membrane oxygenation therapy: a 
scoping review of the literature. Crit Care Med 2020; 48: 
e959–e970.

	31.	 Madderom MJ, Schiller RM, Gischler SJ, et al. Growing 
up after critical illness: verbal, visual-spatial, and work-
ing memory problems in neonatal extracorporeal mem-
brane oxygenation survivors. Crit Care Med 2016; 44: 
1182–1190.

	32.	 Madderom MJ, Reuser JJCM, Utens EMWJ, et  al. 
Neurodevelopmental, educational and behavioral out-
come at 8 years after neonatal ECMO: a nationwide mul-
ticenter study. Intensive Care Med 2013; 39: 1584–1593.

	33.	 Madderom MJ, Gischler SJ, Duivenvoorden H, et  al. 
Neonatal extracorporeal membrane oxygenation: 
impaired health at 5 years of age. Pediatr Crit Care Med 
2013; 14: 183–193.

	34.	 IJsselstijn H, Hunfeld M, Schiller RM, et  al. Improving 
long-term outcomes after extracorporeal membrane oxy-
genation: from observational follow-up programs toward 
risk stratification. Front Pediatr 2018; 6: 177.

	35.	 Kuo KW, Barbaro RP, Gadepalli SK, et al. Should extra-
corporeal membrane oxygenation be offered? An inter-
national survey. J Pediatr 2017; 182: 107–113.

	36.	 Fleming GM, Askenazi DJ, Bridges BC, et  al. A multi-
center international survey of renal supportive ther-
apy during ECMO: the Kidney Intervention During 
Extracorporeal Membrane Oxygenation (KIDMO) 
group. ASAIO J 2012; 58: 407–414.

	37.	 Hoskote AU, Tume LN, Trieschmann U, et al. A cross-sec-
tional survey of near-infrared spectroscopy use in pediat-
ric cardiac ICUs in the United Kingdom, Ireland, Italy, and 
Germany. Pediatr Crit Care Med 2016; 17: 36–44.



Cvetkovic et al.	 15

	38.	 Lorusso R, Taccone FS, Belliato M, et al. Brain monitor-
ing in adult and pediatric ECMO patients: the impor-
tance of early and late assessments. Minerva Anestesiol 
2017; 83: 1061–1074.

	39.	 Pozzebon S, Blandino Ortiz A, Franchi F, et al. Cerebral 
near-infrared spectroscopy in adult patients undergoing 
veno-arterial extracorporeal membrane oxygenation. 
Neurocrit Care 2018; 29: 94–104.

	40.	 Wong JK, Smith TN, Pitcher HT, et al. Cerebral and lower 
limb near-infrared spectroscopy in adults on extracorporeal 
membrane oxygenation. Artif Organs 2012; 36: 659–667.

	41.	 Yoshitani K, Kawaguchi M, Okuno T, et al. Measurements 
of optical pathlength using phase-resolved spectroscopy 
in patients undergoing cardiopulmonary bypass. Anesth 
Analg 2007; 104: 341–346.

	42.	 Papademetriou MD, Tachtsidis I, Leung TS, et  al. 
Cerebral and peripheral tissue oxygenation in children 
supported on ECMO for cardio-respiratory failure. Adv 
Exp Med Biol 2010; 662: 447–453.

	43.	 Patton-Rivera K, Beck J, Fung K, et al. Using near-infra-
red reflectance spectroscopy (NIRS) to assess distal-limb 
perfusion on venoarterial (V-A) extracorporeal mem-
brane oxygenation (ECMO) patients with femoral can-
nulation. Perfusion 2018; 33: 618–623.

	44.	 Lin JJ, Banwell BL, Berg RA, et al. Electrographic seizures 
in children and neonates undergoing extracorporeal 
membrane oxygenation. Pediatr Crit Care Med 2017; 18: 
249–257.

	45.	 Herman ST, Abend NS, Bleck TP, et al. Consensus state-
ment on continuous EEG in critically ill adults and chil-
dren, part I: indications. J Clin Neurophysiol 2015; 32: 
87–95.

	46.	 Herman ST, Abend NS, Bleck TP, et al. Consensus state-
ment on continuous EEG in critically ill adults and chil-
dren, part II: personnel, technical specifications, and 
clinical practice. J Clin Neurophysiol 2015; 32: 96–108.

	47.	 Sinnah F, Dalloz MA, Magalhaes E, et al. Early electro-
encephalography findings in cardiogenic shock patients 
treated by venoarterial extracorporeal membrane oxy-
genation. Crit Care Med 2018; 46: e389–e394.

	48.	 Tsou PY, Garcia AV, Yiu A, et al. Association of cerebral 
oximetry with outcomes after extracorporeal membrane 
oxygenation. Neurocrit Care 2020; 33: 429–437.

	49.	 Muellenbach RM, Kilgenstein C, Kranke P, et al. Effects 
of venovenous extracorporeal membrane oxygenation on 
cerebral oxygenation in hypercapnic ARDS. Perfusion 
2014; 29: 139–141.

	50.	 Khan I, Rehan M, Parikh G, et al. Regional cerebral oxime-
try as an indicator of acute brain injury in adults undergo-
ing veno-arterial extracorporeal membrane oxygenation-a 
prospective pilot study. Front Neurol 2018; 9: 993.

	51.	 O’Brien NF, Hall MW. Extracorporeal membrane oxy-
genation and cerebral blood flow velocity in children. 
Pediatr Crit Care Med 2013; 14: e126–e134.

	52.	 Fukuda S, Aoyama M, Yamada Y, et  al. Comparison of 
venoarterial versus venovenous access in the cerebral cir-
culation of newborns undergoing extracorporeal mem-
brane oxygenation. Pediatr Surg Int 1999; 15: 78–84.

	53.	 Di Nardo M, Stoppa F, David P, et al. Reversed differential 
cyanosis during veno-arterial extracorporeal membrane 

oxygenation in infants: the reevaluation of an old phe-
nomenon. Eur J Heart Fail 2017; 19: 117–119.

	54.	 Marinoni M, Migliaccio ML, Trapani S, et  al. Cerebral 
microemboli detected by transcranial Doppler in patients 
treated with extracorporeal membrane oxygenation. Acta 
Anaesthesiol Scand 2016; 60: 934–944.

	55.	 Nguyen DN, Huyghens L, Wellens F, et al. Serum S100B 
protein could help to detect cerebral complications 
associated with extracorporeal membrane oxygenation 
(ECMO). Neurocrit Care 2014; 20: 367–374.

	56.	 Bembea MM, Rizkalla N, Freedy J, et al. Plasma biomark-
ers of brain injury as diagnostic tools and outcome pre-
dictors after extracorporeal membrane oxygenation. Crit 
Care Med 2015; 43: 2202–2211.

	57.	 Fletcher-Sandersjöö A, Lindblad C, Thelin EP, et al. Serial 
s100b sampling detects intracranial lesion development 
in patients on extracorporeal membrane oxygenation. 
Front Neurol 2019; 10: 512.

	58.	 Schrage B, Rübsamen N, Becher PM, et  al. Neuron-
specific-enolase as a predictor of the neurologic out-
come after cardiopulmonary resuscitation in patients on 
ECMO. Resuscitation 2019; 136: 14–20.

	59.	 Richmond KM, Warburton KG, Finney SJ, et al. Routine 
CT scanning of patients retrieved to a tertiary centre on 
veno-venous extracorporeal membrane oxygenation: a 
retrospective risk benefit analysis. Perfusion 2018; 33: 
438–444.

	60.	 Lidegran MK, Mosskin M, Ringertz HG, et  al. Cranial 
CT for diagnosis of intracranial complications in adult 
and pediatric patients during ECMO: clinical benefits in 
diagnosis and treatment. Acad Radiol 2007; 14: 62–71.

	61.	 Cavayas YA, Munshi L, Del Sorbo L, et al. The early change 
in PaCO2 after extracorporeal membrane oxygenation 
initiation is associated with neurological complications. 
Am J Respir Crit Care Med 2020; 201: 1525–1535.

	62.	 Dalton HJ, Reeder R, Garcia-Filion P, et al. Factors asso-
ciated with bleeding and thrombosis in children receiv-
ing extracorporeal membrane oxygenation. Am J Respir 
Crit Care Med 2017; 196: 762–771.

	63.	 Combes A, Hajage D, Capellier G, et al. Extracorporeal 
membrane oxygenation for severe acute respiratory dis-
tress syndrome. N Engl J Med 2018; 378: 1965–1975.

	64.	 Peek GJ, Mugford M, Tiruvoipati R, et  al. Efficacy and 
economic assessment of conventional ventilatory sup-
port versus extracorporeal membrane oxygenation for 
severe adult respiratory failure (CESAR): a multicentre 
randomised controlled trial. Lancet 2009; 374: 1351–
1363.

	65.	 Knudson KA, Gustafson CM, Sadler LS, et al. Long-term 
health-related quality of life of adult patients treated with 
extracorporeal membrane oxygenation (ECMO): an inte-
grative review. Heart Lung 2019; 48: 538–552.

	66.	 Lorusso R, Gelsomino S, Parise O, et  al. Neurologic 
injury in adults supported with veno-venous extracor-
poreal membrane oxygenation for respiratory failure: 
findings from the extracorporeal life support organiza-
tion database. Crit Care Med 2017; 45: 1389–1397.

	67.	 Schiller RM, van den Bosch GE, Muetzel RL, et  al. 
Neonatal critical illness and development: white mat-
ter and hippocampus alterations in school-age neonatal 



16	 Perfusion 00(0)

extracorporeal membrane oxygenation survivors. Dev 
Med Child Neurol 2017; 59: 304–310.

	68.	 Hodgson CL, Hayes K, Everard T, et  al. Long-term 
quality of life in patients with acute respiratory distress 
syndrome requiring extracorporeal membrane oxy-
genation for refractory hypoxaemia. Crit Care 2012; 
16: R202.

	69.	 Elias MD, Achuff BJ, Ittenbach RF, et al. Long-term out-
comes of pediatric cardiac patients supported by extra-
corporeal membrane oxygenation. Pediatr Crit Care Med 
2017; 18: 787–794.

	70.	 Friedland-Little JM, Uzark K, Yu S, et  al. Functional 
status and quality of life in survivors of extracorporeal 
membrane oxygenation after the norwood operation. 
Ann Thorac Surg 2017; 103: 1950–1955.

	71.	 Engle WA, West KW, Hocutt GA, et al. Adult outcomes 
after newborn respiratory failure treated with extracor-
poreal membrane oxygenation. Pediatr Crit Care Med 
2017; 18: 73–79.

	72.	 Schiller RM, Madderom MJ, Reuser JJ, et  al. 
Neuropsychological follow-up after neonatal ECMO. 
Pediatrics 2016; 138: e20161313.

	73.	 Raets MM, Dudink J, Ijsselstijn H, et  al. Brain injury 
associated with neonatal extracorporeal membrane oxy-
genation in the Netherlands: a nationwide evaluation 
spanning two decades. Pediatr Crit Care Med 2013; 14: 
884–892.

	74.	 van Heijst AF, de Mol AC, Ijsselstijn H. ECMO in neo-
nates: neuroimaging findings and outcome. Semin 
Perinatol 2014; 38: 104–113.

	75.	 Vaucher YE, Dudell GG, Bejar R, et al. Predictors of early 
childhood outcome in candidates for extracorporeal 
membrane oxygenation. J Pediatr 1996; 128: 109–117.

	76.	 Rollins MD, Yoder BA, Moore KR, et al. Utility of neuro-
radiographic imaging in predicting outcomes after neo-
natal extracorporeal membrane oxygenation. J Pediatr 
Surg 2012; 47: 76–80.

	77.	 Bulas D, Glass P. Neonatal ECMO: neuroimaging and 
neurodevelopmental outcome. Semin Perinatol 2005; 29: 
58–65.

	78.	 Bulas DI, Glass P, O’Donnell RM, et al. Neonates treated 
with ECMO: predictive value of early CT and US neu-
roimaging findings on short-term neurodevelopmental 
outcome. Radiology 1995; 195: 407–412.

	79.	 Le Guennec L, Bertrand A, Laurent C, et al. Diffuse cer-
ebral microbleeds after extracorporeal membrane oxy-
genation support. Am J Respir Crit Care Med 2015; 191: 
594–596.

	80.	 Cheng R, Hachamovitch R, Kittleson M, et  al. 
Complications of extracorporeal membrane oxygenation 
for treatment of cardiogenic shock and cardiac arrest: a 
meta-analysis of 1,866 adult patients. Ann Thorac Surg 
2014; 97: 610–616.

	81.	 Topjian AA, de Caen A, Wainwright MS, et al. Pediatric 
post-cardiac arrest care: a scientific statement from the 
American heart association. Circulation 2019; 140: e194–
e233.

	82.	 Toussaint LC, van der Cammen-van Zijp MH, Janssen 
AJ, et al. Perceived motor competence differs from actual 
performance in 8-year-old neonatal ECMO survivors. 
Pediatrics 2016; 137: e20152724–e20152729.

	83.	 Chandler HK, Teppa B, Johnson KA, et al. Determining 
comorbidities and quality of life among pediatric survi-
vors of extracorporeal life support. J Crit Care 2015; 30: 
1085–1089.

	84.	 Garcia Guerra G, Robertson CMT, Alton GY, et  al. 
Health-related quality of life in pediatric cardiac extra-
corporeal life support survivors. Pediatr Crit Care Med 
2014; 15: 720–727.

	85.	 Dalton HJ, Reeder R, Garcia-Filion P, et  al.; Eunice 
Kennedy Shriver National Institute of Child Health and 
Human Development Collaborative Pediatric Critical 
Care Research Network. Factors associated with bleed-
ing and thrombosis in children receiving extracorporeal 
membrane oxygenation. Am J Respir Crit Care Med 2017; 
196: 762–771.

	86.	 Martucci G, Lo Re V, Arcadipane A. Neurological inju-
ries and extracorporeal membrane oxygenation: the 
challenge of the new ECMO era. Neurol Sci 2016; 37: 
1133–1136.


