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a B s t r a c t
Monitoring brain integrity and neurocognitive function is a new and important target for the management of a patient 
treated with extracorporeal membrane oxygenation (ecMo), in particular because of the increasing awareness of cer-
ebral abnormalities that may potentially occur in this setting. continuous regular monitoring, as well as repeated assess-
ment for cerebral complications has become an essential element of the ecMo patient management. Besides well-known 
FRPSOLFDWLRQV��OLNH�EOHHGLQJ��LVFKHPLF�VWURNH��VHL]XUHV��DQG�EUDLQ�K\SRSHUIXVLRQ��RWKHU�OHVV�GH¿QHG�\HW�UHOHYDQW�LQMXU\�DQG�
clinical manifestations are increasingly reported and impacting on ecMo patient prognosis at short term. Furthermore, 
it is becoming more evident that neurologic complication may not occur only in the early phase. indeed, other potential 
adverse events related to the long-term neurocognitive function have been also recently documented either in children or 
adult ecMo patients. Despite increasing awareness of these aspects, generally accepted protocols and clinical manage-
ment strategies in this respect are still lacking. current means to monitor brain perfusion or detecting ongoing cerebral tis-
sue injury are rather limited, and most techniques provide indirect or post-insult recognition of irreversible tissue injury. 
continuous monitoring of brain perfusion, serial assessment of brain-derived serum biomarkers, timely neuro-imaging, 

Minerva anestesiologica 2017 october;83(10):1061-74
Doi: 10.23736/s0375-9393.17.11911-5

© 2017 eDiZioNi MiNerVa MeDica
online version at http://www.minervamedica.it

                  COPYRIGHT
© 

2017 EDIZIONI MINERVA MEDICA 
T

hi
s 

do
cu

m
en

t i
s 

pr
ot

ec
te

d 
by

 in
te

rn
at

io
na

l c
op

yr
ig

ht
 la

w
s.

N
o 

ad
di

tio
na

l r
ep

ro
du

ct
io

n 
is

 a
ut

ho
riz

ed
.I

t i
s 

pe
rm

itt
ed

 fo
r 

pe
rs

on
al

 u
se

 to
 d

ow
nl

oa
d 

an
d 

sa
ve

 o
nl

y 
on

e 
fil

e 
an

d 
pr

in
t o

nl
y 

on
e 

co
py

 o
f t

hi
s 

A
rt

ic
le

.I
t i

s 
no

t p
er

m
itt

ed
 to

 m
ak

e 
ad

di
tio

na
l c

op
ie

s
(e

ith
er

 s
po

ra
di

ca
lly

 o
r 

sy
st

em
at

ic
al

ly
, e

ith
er

 p
rin

te
d 

or
 e

le
ct

ro
ni

c)
 o

f t
he

 A
rt

ic
le

 fo
r 

an
y 

pu
rp

os
e.

It 
is

 n
ot

 p
er

m
itt

ed
 to

 d
is

tr
ib

ut
e 

th
e 

el
ec

tr
on

ic
 c

op
y 

of
 th

e 
ar

tic
le

 th
ro

ug
h 

on
lin

e 
in

te
rn

et
 a

nd
/o

r 
in

tra
ne

t f
ile

 s
ha

rin
g 

sy
st

em
s,

 e
le

ct
ro

ni
c 

m
ai

lin
g 

or
 a

ny
 o

th
er

m
ea

ns
 w

hi
ch

 m
ay

 a
llo

w
 a

cc
es

s 
to

 th
e 

A
rt

ic
le

.T
he

 u
se

 o
f a

ll 
or

 a
ny

 p
ar

t o
f t

he
 A

rt
ic

le
 fo

r 
an

y 
C

om
m

er
ci

al
 U

se
 is

 n
ot

 p
er

m
itt

ed
.T

he
 c

re
at

io
n 

of
 d

er
iv

at
iv

e 
w

or
ks

 fr
om

 th
e 

A
rt

ic
le

 is
 n

ot
 p

er
m

itt
ed

.T
he

 p
ro

du
ct

io
n 

of
 r

ep
rin

ts
 fo

r 
pe

rs
on

al
 o

r 
co

m
m

er
ci

al
 u

se
 is

no
t p

er
m

itt
ed

.I
t i

s 
no

t p
er

m
itt

ed
 to

 r
em

ov
e,

 c
ov

er
, o

ve
rla

y,
 o

bs
cu

re
, b

lo
ck

, o
r 

ch
an

ge
 a

ny
 c

op
yr

ig
ht

 n
ot

ic
es

 o
r 

te
rm

s 
of

 u
se

 w
hi

ch
 th

e 
P

ub
lis

he
r 

m
ay

 p
os

t o
n 

th
e 

A
rt

ic
le

.I
t i

s 
no

t p
er

m
itt

ed
 to

 fr
am

e 
or

 u
se

 fr
am

in
g 

te
ch

ni
qu

es
 to

 e
nc

lo
se

 a
ny

 tr
ad

em
ar

k,
 lo

go
,

or
 o

th
er

 p
ro

pr
ie

ta
ry

 in
fo

rm
at

io
n 

of
 th

e 
P

ub
lis

he
r.



lorUsso BraiN MoNitoriNg iN aDUlt aND PeDiatric ecMo PatieNts

1062 MiNerVa aNestesiologica october 2017

sional outcome and quality of life of the ecMo 
survivors. the importance of all these “early” 
and “late” neurological and neuropsychological 
aspects are now increasingly becoming a focus 
of more in-depth clinical analyses, thus making 
brain monitoring a key intervention with a dual 
advantage, not only addressing ecMo-related 
hospitalization but also equally focusing on the 
post-discharge patient course and related as-
sessment and appropriate interventions.

adult- and pediatric-based approaches to 
brain monitoring will also be addressed in or-
der to provide a comprehensive overview for 
different populations, also giving some in-
sights about new perspectives and future direc-
tions in this setting.

Neuro-monitoring on ECMO

Despite the ever-increasing use of ecMo for 
refractory cardiorespiratory failure in children 
and adults,6, 12-14 there is still a lack of consensus 
about the most appropriate way to achieve ef-
fective and reliable brain monitoring in patients 
supported on ecMo. several investigators 
have reported single-centre experiences and 
SURWRFROV��ZKLFK�DUH�VPDOO�VWXGLHV�UHÀHFWLQJ�OR-
cal practices, and not powered to provide evi-
dence that can be generalized for universal use. 
there are currently some recommended proce-
dures and assessments, either at an early or later 
stage after ecMo, but general consensus is still 
missing for some of the proposed means.

Adults supported on ECMO 
(early assessment)

Near-infrared spectroscopy

since a few years now, the most common 
tool for brain monitoring, particularly dur-

adverse events during extracorporeal mem-
brane oxygenation (ecMo) are unfortu-

nately common and some have a substantial 
impact on the ultimate patient outcome.1-3 Neu-
rologic injury, undoubtedly, represents one the 
most feared complications on ecMo, and its 
occurrence is due to its complex and invasive 
nature and therefore multifactorial.3-6 Hypoper-
fusion, hypoxemia, intracranial hemorrhage, 
thrombo-emboli, edema, severe impairment of 
cerebral autoregulation, and many other mech-
anisms potentially involved may act individu-
ally or synergistically, jeopardizing brain integ-
rity.2, 6-10 Hence, continual vigilance for the any 
predisposing conditions or the early signs of 
impending brain damage is of paramount im-
portance for either prevention or limitation, and 
for initiating an adequate response to counter-
act ongoing threats that may lead to permanent 
cerebral injury. Furthermore, timely recogni-
tion of a potentially high-risk event may lead 
to institution of neuroprotective measures and 
interventions that favor recovery or mitigation 
of the cerebral insult. ecMo is an invasive and 
unnatural physiological state, which may also 
lead to subtle and not necessarily overt cerebral 
impairment, which usually become clinically 
evident later after ecMo weaning at clinical 
discharge or even beyond. Furthermore, neu-
romonitoring might be helpful and critical in 
guiding ecMo management, e.g. in cardiac 
arrest setting in which ecMo use is increasing 
and brain injury is a relevant issue,11 hopefully 
improving the neurological outcome.

the combination of well-recognized neuro-
psychological impairment linked to prolonged 
icU stay along with a multitude of cerebral in-
sults potentially mediated by ecMo will likely 
LQÀXHQFH�WKH�ORQJ�WHUP�QHXURSV\FKRORJLFDO�DQG�
cognitive status, affecting the social and profes-

and post-discharge counselling for neurocognitive dysfunction, particularly in pediatric patients, are novel pathways 
focusing on neurologic assessment with important implications in daily practice to assess brain function and integrity 
not only during the ecMo-related hospitalization, but also at long-term to re-evaluate the neuropsychological integrity, 
although well designed studies will be necessary to elucidate the cost-effectiveness of these management strategies.
(Cite this article as: lorusso r, taccone Fs, Belliato M, Delnoij t, Zanatta P, cvetkovic M, et al.; euro-elso Working 
group on Neurologic Monitoring and outcome. Brain monitoring in adult and pediatric ecMo patients: the importance of 
early and late assessments. Minerva anestesiol 2017;83:1061-74. Doi: 10.23736/s0375-9393.17.11911-5)
Key words: extracorporeal membrane oxygenation - complications - Neurophysiological monitoring.
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atrophy of the brain tissue as seen in elderly 
patients, the clinician should take into account 
that the depth of the spectrophotometry, usu-
DOO\�EHWZHHQ�����DQG�����FP��PLJKW�EH�LQVXI¿-
cient to reach the brain, and, therefore, limited 
or inadequate information may be generated 
in these circumstances.19, 20 the majority of 
Nirs devices available on the market obtains 
the Nirs values with an algorithm that uses 
proportions of ~70% for the venous and 30% 
for the arterial blood as average of tissue he-
moglobin saturation.21 Nevertheless, biologi-
cal inter-patient variations in cerebral venous/
arterial blood ratio can produce not negligible 
differences between reported and actual rso2 
values.22 Moreover, a confounding element is 
WKH� VLJQL¿FDQW� LQGLYLGXDO� YDULDWLRQ� LQ� KHPR-
globin concentration, especially as a conse-
quence of hemodilution which could produce 
meaningful changes in cerebral rso2 levels.23

Neuroimaging

the use of neuro-imaging has been deferred 
E\�FOLQLFLDQV�GXH�WR�WKH�GLI¿FXOW\�RI�WUDQVSRUW-
ing ecMo patients to a radiology suite, though 
the utility of performing computed tomogra-
phy (ct) scans has been described,24, 25 while 
Mri is not feasible in ecMo patients due to 
hardware incompatibility. in many centers, an 
early neuroimaging analysis of ecMo candi-
dates or receivers has been incorporated into 
the initial work-up routine. this approach has 
often allowed the recognition of pre-existing 
brain lesion incompatible with ecMo runs, 
thereby prompting the attending physicians 
to stop futile procedures, whereas in others it 
served as precious comparison for subsequent 
scanning. the availability of portable ct 
equipment, still not common in daily practice, 
will certainly enhance timely and accuracy of 
brain evaluation, particularly in patients with 
hemodynamic instability, with serial assess-
ments if indicated by clinical suspicion.

Brain injury-related biomarkers

$�SDQHO�RI�SURWHLQV� WKDW�SRWHQWLDOO\�UHÀHFW�
JOLDO� LQMXU\� �JOLDO� ¿EULOODU\� DFLGLF� SURWHLQ�

ing the early days of the ecMo run, is fore-
head near-infra-red spectroscopy (Nirs).10, 15 
Nirs uses an infrared light source to measure 
regional oxyhaemoglobin saturation (rso2) 
or tissue oxygenation index (toi) continu-
ously and non-invasively within 2.5 cm from 
the skull into the cerebral tissue, and has been 
around for nearly two decades now (Figure 
1).16 the actual value of such a method is still 
a matter of debate. the most accepted theory 
relies on following the trend of Nirs values 
rather than the absolute numbers. No agree-
ment exists regarding the minimal threshold 
that is considered as to identify brain ischemia. 
Wong and associates have described about the 
use and actions in patient management based 
on the Nirs assessment and values.17 among 
20 adult patients showing reduced Nirs val-
ues, 16 reacted positively to increased ecMo 
ÀRZ��ZKHUHDV� IRXU�SDWLHQWV�KDG�QR�FKDQJH� LQ�
Nirs values. all patients of the latter group 
had a neurologic complication, whereas the 
“responder’ group had no brain-related ad-
verse event.17 this limited case-series appar-
HQWO\�VWUHQJWKHQV�WKH�VHQVLWLYLW\�DQG�VSHFL¿FLW\�
of Nirs in terms of perfusion-related acute 
neurological events. cerebral and peripheral 
oximetry have been reported to provide a non-
invasive assessment of hemodynamic vari-
ables.18 However, an important limitation of 
Nirs is that the signal depends on the depth 
of resolution into the tissue. indeed, in case of 

Figure 1.—example of near infra-red spectroscopy per-
formed in an ecMo patients showing abnormal value dur-
ing support (lower value).
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diagnostic tool in the ecMo setting. More-
over, the application of tcD has been shown 
to be useful in detecting microemboli arising 
from the ecMo system in real time.7, 31 in-
terestingly, microembolic signals were only 
REVHUYHG� LQ� SDWLHQWV� ZLWK� IXOO� (&02� ÀRZ�
and were related to air embolism.7 the fea-
sibility and applicability of tcD in ecMo 
patients is still limited, but may represent 
a future option based on the ongoing tech-
QRORJLFDO� DGYDQFHPHQWV� DQG� UH¿QHPHQWV�
(miniaturization, user-friendly, continuous 
DVVHVVPHQW��� KRZHYHU�� LI� LGHQWL¿FDWLRQ� RI�
microemboli will affect clinical outcome re-
mains to be determined.

Other neuromonitoring techniques

the optic nerve sheath diameter (oNsD) 
measurement, a very simple, readily learned 
and reproducible technique, is actually used 
at the bedside to detect increased intracranial 
pressure (icP) in adult patients after a trau-
matic brain injury.32 the cut-off threshold of 
���� PP� RI� 216'� LV� VHQVLWLYH� DQG� VSHFL¿F�
in detecting raised icP. However, its role in 
ecMo patients, where increased icP might 
be secondary to intra-cranial bleeding, to large 
ischemic insult, or in the presence of extensive 
post-cardiac arrest brain tissue derangement, 
remains to be determined.

the use of sseP, the cortical potentials gen-
erated by sensory stimuli and which monitor 
the integrity of the somato-sensory pathway 
and in particular the somato-sensory cortex, in 
conjunction with clinical neurological assess-
PHQW�RI�FRQVFLRXVQHVV�DQG�EUDLQ�VWHP�UHÀH[HV�
�OLNH�SXSLOODU\�UHÀH[���PD\�SURYLGH�XVHIXO�LQ-
sights in detection and the prognostication of 
FHUHEUDO�LQVXOWV��SDUWLFXODUO\�LQ�WKH�GLI¿FXOW�VLW-
uation of postcardiac arrest patients. as shown 
by Zanatta et al., middle- and short-latency 
sseP were positive predictors of conscious-
ness recovery, whereas middle-latency sseP 
was a positive predictor of 6-month outcome. 
the prognostic capability of 50 ma middle-
latency-sseP was demonstrated to occur ear-
lier than that of electro-encephalograpy (eeg) 
reactivity.32

[gFaP] and s100b), neuronal injury (neuron-
VSHFL¿F�HQRODVH�>16(@��LQWHUFHOOXODU�DGKHVLRQ�
molecule-5 [icaM-5], and brain-derived 
neurotrophic factor [BDNF]), and neuroin-
ÀDPPDWLRQ� �,&$0��� DQG�PRQRF\WH� FKHPR�
attractant protein 1/chemokine [c-c motif] li-
gand 2 [McP-1/ccl-2]) have been used and 
described in ecMo patients.26-29 Floerchinger 
et al. have addressed the importance of blood 
biomarkers in elucidating severe cerebral 
damage. in their study, seven patients showed 
a high blood levels of Nse (mean 218±155 
µg/l) and six of them (86%) developed severe 
neurologic complications. although four of 
these patients could be weaned from ecMo, 
in-hospital mortality was 86%.28 in adults, 
there is no report about the use of additional 
cerebral-based biomarkers, whereas these 
factors have been studied in children.27, 30 it 
should be mentioned, however, that Nse is 
elevated also in case of hemolysis, a condi-
tion rather frequently encountered in ecMo 
patients. another critical issue is represented 
by the timing of blood markers assessment. 
currently, limited evidences and incomplete 
agreement exist in terms of cut-off values 
for neuronal injury, and, therefore, the serial 
assessment of the biomarkers might provide 
much more relevant clinical information than 
single absolute values.

Until new evidence becomes available, it 
seems advisable to monitor brain-related bio-
markers, particularly in patients at high-risk of 
pre-existing or ongoing cerebral damage, e.g. 
post-cardiopulmonary resuscitation (cPr), 
along with expeditious high-quality neuroim-
aging in case of high serum levels. at the same 
time, additional investigations are certainly 
mandatory to provide more robust data and 
conclusive association between brain-related 
biomarkers and presence as well as extent of 
brain injury.

Transcranial Doppler – somato-sensory evoked 
potentials

the application of transcranial Doppler 
(tcD) or somato-sensory evoked potentials 
(sseP) has also been advocated as a valid 
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swedish ecMo patients had lifetime psychi-
atric disorders prior to ecMo and this new 
trauma might have exacerbated pre-existing 
abnormalities.41 it is however noteworthy that 
psychiatric counseling and periodical exami-
nations appear highly advisable, particularly 
in young patients. obviously, more follow-up 
information and feedback are still needed to 
FRQ¿UP�WKHVH�¿QGLQJV�DQG�SURYLGH�DSSURSULDWH�
solution to improve long-term quality of life 
and professional as well as social recovery of 
ecMo patients.

Children supported on ECMO

increasing number of children with refrac-
tory cardiorespiratory failure are being sup-
ported on ecMo with an improved survival 
ranging from 45% (cardiac) to 58% (pediatric 
respiratory) to 75% (neonatal respiratory) of 
ecMo cases.12 Despite all the advances in the 
management of patients on ecMo, neurologi-
cal complications such as seizures, intracranial 
haemorrhage and infarct remain a major cause 
of death and long-term neurological morbidity 
in survivors.41, 42 the incidence of neurologi-
cal complications on ecMo in neonates and 
children has been reported to be between 10% 
and 20%.36, 38, 42-47 several risk factors such 
as prematurity, lower body weight, carotid 
artery cannulation, congenital heart disease, 
cardiac failure, pre ecMo cardiac arrest and 
coagulopathy, use of bicarbonate and surfac-
tant, hypotension and hypocarbia before and 
during ecMo, severe physiological instabil-
LW\�GXULQJ�(&02��QRQ�SXOVDWLOH�ÀRZ�RQ�9$�
ecMo, mechanical complications and can-
nulation/manipulation of great vessels itself 
have been reported to increase the odds of 
neurologic complications.43, 44, 46-53 Following 
acute neurologic injury on ecMo, 36-38% 
of children survive to hospital discharge,42, 46 
while 9% to 26% experience more minor mo-
WRU�GLI¿FXOWLHV�RU�FRJQLWLYH�GHOD\V�LGHQWL¿HG�RQ�
serial, longitudinal follow-up.45, 54-58 However, 
as more problems occur when children get 
older, it seems that neonatal ecMo survivors 
JURZ� LQWR� WKHLU� GH¿FLWV� DQG� H[SHULHQFH�PRUH�
motor disabilities and problems with academ-

Neurologic assessment after ECMO weaning 
and hospital discharge

in addition to the neurological morbid-
ity from in-hospital events and abnormalities 
LQYROYLQJ� WKH� QHXURORJLF� SUR¿OH�� UHFHQW� LQ-
vestigations highlight the importance of me-
dium and long-term follow-up post ecMo 
status.33-35 Follow-up assessment of ecMo 
VXUYLYRUV� KDV� UHYHDOHG� VLJQL¿FDQW� DEQRUPDOL-
ties either on physical examination or at neu-
ro-imaging. long-term longitudinal follow-
up in children has shown that a proportion of 
survivors develop neurodevelopmental and 
QHXURSV\FKRORJLFDO� GH¿FLWV� WKDW� DIIHFW� PRWRU�
and cognitive function leading to learning dis-
abilities at school,36, 37 some of which become 
apparent with increasing age.38 several stud-
ies have addressed this issue also in the adult 
SDWLHQWV� ZLWK� LQWHUHVWLQJ� DQG� UHOHYDQW� ¿QG-
ings.34, 39 risnes et al.�ZHUH� WKH� ¿UVW� LQYHVWL-
gators who clearly pointed out the actual rel-
evance of ecMo for post-discharge outcome 
and its impact on neurologic integrity in the 
long term.39 indeed, in 28 adult ecMo pa-
WLHQWV��WKH\�VKRZHG�WKDW��DW�¿YH�\HDUV�IURP�(&-
Mo-related hospitalization, 43% were without 
FOLQLFDO� ¿QGLQJV�� ZKHUHDV� ���� KDG� LPSDLUHG�
neuropsychological performance. regard-
ing the neuro-imaging standpoint, 52% of the 
ecMo subjects had abnormal neuroimaging 
¿QGLQJV�� DQG� ���� KDG� D� SDWKRORJLF� ((*�39 
Neuroimaging abnormalities were correlated 
with cognitive impairment, and this condition 
was more frequent in veno-arterial (Va) than 
veno-venous (VV) ecMo.39 thorough neu-
ropsychological tests showed new psychiatric 
disorders as compared to pre-hospitalization 
state, namely organic mental, obsessive-com-
pulsive, and post-traumatic stress disorders.40 
%HVLGHV� WKHVH� ¿QGLQJV�� WKH\� DOVR� IRXQG� KLJK�
levels of distress, physical aggression, anger, 
and alexithymic traits.40 interestingly, 50% of 
the patients resumed normal working capac-
ity.39�,Q�WKLV�FRQWH[W��LW�LV�FHUWDLQO\�GLI¿FXOW�WR�
differentiate long intensive care (icU) stay-re-
lated neuropsychological disorders from spe-
FL¿F�(&02�UHODWHG�DEQRUPDOLWLHV��0RUHRYHU��
it should be also mentioned that 54% of the 
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hemorrhage.52 early cUs screening has been 
used to identify infants with severe oedema 
on pre-ecMo sonograms, which progressed 
to subsequent major intracranial complica-
tions in 63% of cases.70 ct brain contributed 
additional information in 73% of neonates 
with intracranial abnormalities,52 whilst 6.8% 
of normal cUs were reported with abnormali-
ties.70 cUs with the tcD modality allows, 
through trans-temporal and anterior transfon-
tanellar acoustic windows, the assessment of 
FHUHEUDO�EORRG�ÀRZ�DOWHUDWLRQV�GXULQJ�(&02��
in pediatric patients it is a key issue to verify 
the correct establishment of intracranial path-
ways of compensation after changes in the 
anterior and posterior cerebral circulations 
due to cannulation.71�/HIW�WR�ULJKW�EORRG�ÀRZ�
through the anterior communicating artery 
DQG�UHWURJUDGH�ÀRZ�LQ�WKH�SUR[LPDO�VHJPHQW�
of the right anterior cerebral artery is the 
usual compensation for carotid obstruction.72 
,Q�DGGLWLRQ�WR�WKH�GLUHFWLRQ�RI�ÀRZ��LWV�VSHHG�
provides important information by tcD. 
children who develop cerebral hemorrhage 
KDG�KLJKHU�WKDQ�QRUPDO�FHUHEUDO�ÀRZ�YHORFLW\�
in the day prior to the recognition of bleed-
ing.73 on the contrary, lowest cerebral artery 
ÀRZ�YHORFLW\�KDV�EHHQ�DVVRFLDWHG�WR�RQVHW�RI�
ischemic lesions in the newborns undergoing 
ecMo.74

in older children and adolescents, head ct 
imaging is a central component of the initial 
assessment and management of patients with 
acute brain insult. Portable head ct imaging 
can be carried out on the pediatric intensive 
care unit (PicU) in critically ill children with 
acceptable radiation exposure.75

NIRS

Nirs has been applied to evaluate effects 
of vessel ligation and induction of ecMo on 
cerebral oxygenation in children.9, 51, 76 Nirs 
studies on ecMo patients have focussed on 
relative and absolute changes in Nirs param-
eters during vessel ligation and alterations in 
WKH�(&02�ÀRZV�77 Preliminary results using 
a multichannel Nirs system (12 channels) in-
dicate regional variation in cerebral oxygen-

ic achievement at older age.59-62 Hence there 
is an important need to monitor neurological 
function on ecMo in addition to regular bed-
side clinical examination, the importance of 
which cannot be emphasized enough.

Neuroimaging with cranial ultrasonography 
and computed tomography scan

current neurological monitoring modali-
WLHV�DUH�LQVXI¿FLHQW�WR�SUHGLFW�ZKLFK�FKLOGUHQ�
receiving ecMo therapy will suffer neuro-
logical injury. even after a clinical suspicion 
of neurological injury on ecMo has been 
UDLVHG��GLDJQRVLV�FDQ�EH�GLI¿FXOW��DV�WUDQVSRUW�
of patients on ecMo for ct scan to radiol-
ogy is logistically challenging, and in itself 
can put the patient at risk of clinical deterio-
ration. the reported frequency of abnormal 
neuroimaging has ranged from 17% to 52%, 
depending on neuroimaging techniques and 
PHWKRGV� RI� FODVVL¿FDWLRQ�63, 64 cranial ultra-
sonography (cUs) is the preferred modality 
to image the brain of infants with an open 
fontanelle.65, 66 the advantages of cUs are 
numerous: it can be performed at the bedside, 
it is relatively safe, and can be repeated when 
needed, enabling the evaluation of any evolu-
tion of lesions. However, cUs also has several 
limitations: quality of imaging depends on the 
skills and experience of the ultrasonographer, 
VRPH�DUHDV�RI�WKH�EUDLQ�DUH�GLI¿FXOW�WR�YLVXDO-
ize, and several abnormalities remain beyond 
its scope.66 sensitivity of cUs for detecting 
extra-axial lesions, intraparenchymal hemor-
rhage and/or cerebral ischemia is limited as 
compared to Mri, which is not possible for 
patients on ecMo.67, 68 Khan et al. found that 
daily sonograms are found to be cost effective 
RQO\�GXULQJ�WKH�¿UVW�����GD\V�RQ�(&02�XQ-
less there is a change in neurological status or 
multi-organ failure.69 cerebellar hemorrhag-
HV�FDQ�EH�GLI¿FXOW�WR�LGHQWLI\�E\�F86�YLD�WKH�
anterior fontanelle, and a transmastoid view 
or imaging via the posterior fontanelle may 
improve the sensitivity of identifying these 
hemorrhages.26 Parenchymal hemorrhage is 
WKH� PRVW� FRPPRQ� ¿QGLQJ� ������ LQ� LQIDQWV�
on ecMo, with 27% incidence of cerebellar 
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amplitude integrated eeg (aeeg) using 
biparietal electrodes has been reported as a 
continuous neuromonitoring method during 
neonatal ecMo.89 in a study, aeeg recordings 
ZHUH�XVHG�FRQWLQXRXVO\� IRU� WKH�¿UVW�¿YH�GD\V�
on ecMo showing that 62% were normal, 
whereas 38% were moderately or severely ab-
normal.90 severe abnormalities on aeeg before 
and/or during ecMo predicted death or moder-
ate-to-severe intracranial neuropathology.89, 91

Brain injury-related biomarkers

the potential of using a simple plasma test 
for neuromonitoring in the PicU is highly ap-
pealing, not only for the ecMo population but 
also for other critically ill children at high risk 
for neurologic injury, such as those who suffer 
cardiac arrest or undergo cardiopulmonary by-
pass for repair of congenital heart defects.27, 92 
recently, Bembea et al. have published on bio-
markers for brain injury on ecMo in pediat-
ric population.26, 28 the peak plasma levels of 
four bio-markers (gFaP, Nse, s100b, McP-1/
&&/����ZHUH�VLJQL¿FDQWO\�DVVRFLDWHG�ZLWK�XQ-
favourable outcome and mortality, while Nse 
ZDV� VLJQL¿FDQWO\� DVVRFLDWHG�ZLWK� WKH�SULPDU\�
RXWFRPH��6LJQL¿FDQW�LQFUHDVH�LQ�SODVPD�6���E�
DQG�JOLDO�¿EULOODU\�DFLGLF�SURWHLQ��*)$3��ZDV�
found 1-3 days prior to any signs of neurologic 
injury.30� 6���E�� QHXURQ�VSHFL¿F� HQRODVH�� DQG�
gFaP have been reported to be elevated in 
pediatric and adult ecMo patients with a neu-
URUDGLRORJLFDOO\�FRQ¿UPHG�GLDJQRVLV�27, 29, 93 as 
mentioned for the adult patients, additional evi-
dences are still required to conclusively con-
sider this assessment as a valuable as well as 
reliable assessment of ongoing brain damage.

SSEP

sseP may be used in children supported on 
ecMo to evaluate brain injury.94 the limited 
ability to determine to what degree a patient 
may recover consciousness and brain function 
impairs appropriate decision-making.95 several 
studies have shown that mismatch negativity 
(MMN) is an auditory evoked potentials (aeP) 
ZDYHIRUP�ZLWK�D�KLJK�VSHFL¿FLW\�WR�SUHGLFW�WKH�

DWLRQ� UHVSRQVHV� GXULQJ� (&02� ÀRZ� FKDQJ-
es.78 Wavelet cross-correlation (Wcc) was 
introduced as the cross-correlation between 
FRQWLQXRXV� ZDYHOHW� �&:7�� FRHI¿FLHQWV� RI�
mean arterial blood pressure and oxyhemo-
globin as obtained by Nirs.8, 79 Multichannel 
Nirs in conjunction with Wcc analysis can 
be used to form a non-invasive neuromonitor-
ing system, which has the potential to assess 
regional variations in cerebral oxygenation 
and autoregulation.8 a multicenter, multina-
tional survey of Nirs use in pediatric cardiac 
icUs showed that there was marked variabil-
ity in the use of Nirs with very few centres 
having any protocol to guide intervention.80 
Despite this, Nirs however is being increas-
ingly used in children on mechanical circu-
ODWRU\� VXSSRUW�ZKHUH� LW� LV�EHOLHYHG� WR� UHÀHFW�
the mixed venous oxygen saturation and help 
reduce morbidity.22, 81, 82

EEG

a study of the United states extracorpo-
real life support organization (elso) reg-
istry of 26,529 children that excluded children 
with cardiopulmonary arrest reported clinical 
seizures in 8.4% and electrographic seizures 
in 2.1% of patients. seizures occurred in 9% 
of neonates with respiratory conditions, 8.1% 
of neonates with cardiac conditions and 6% 
of pediatric patients with respiratory condi-
tions.42 seizures may be a risk factor for neu-
rodevelopmental disorders, death or severe 
outcome.42, 83, 84 continuous eeg is not rou-
tinely employed for monitoring on ecMo pa-
tients. intermittent conventional multichannel 
((*�LV�FRPPRQO\�XVHG�DQG�FODVVL¿HG�DV�PLOG-
ly, moderately, or markedly abnormal.85 Fifty 
one to eighty percent of ecMo patients have 
abnormal eeg 85 with the proportion of elec-
trographic seizures at 8-20%.85, 86 continuous 
eeg (ceeg) refers to the simultaneous re-
cording of eeg and clinical behavior (video) 
over extended time periods (hours to weeks) 
in critically ill patients at risk for secondary 
brain injury and neurologic deterioration and 
is being recommended in critically ill children 
including those supported on ecMo.87, 88
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few studies that have explored this combina-
tion of eeg and cUs was highly correlated 
ZLWK� EUDLQ� &7� RU� 05,� ¿QGLQJV� SRVW�(&02�
decannulation.45 Plasma s100b and middle ce-
UHEUDO�DUWHU\�3,�ZHUH�VLJQL¿FDQWO\�KLJKHU�LQ�SD-
tients with neurological injury, and they were 
increased 1-3 days prior to any neurological 
event. an additive effect of the two monitor-
ing modalities was not evaluated.93

Neurological assessment of children after 
ECMO weaning and hospital discharge

early neuroimaging has been shown to help 
categorize the risk for development of neuro-
developmental sequelae, though not predict 
the neurodevelopmental outcome. goodman 
et al. showed in a small series of testable sur-
vivors of neonatal ecMo that eeg record-

return of consciousness in patients with coma 
from different etiologies.96 although the de-
tection of MMN may indicate the likelihood 
for awakening, it currently is unknown which 
characteristics of the MMN (i.e., latency, am-
plitude) would be associated with a complete 
functional recovery. recording of MMN early 
in the course of coma can predict awakening 
and the extended absence of waves iii and V 
in the brainstem aePs suggested poor progno-
sis.96 evidence for usage of MMN and aeP in 
ecMo patients is only based on several case 
reports.97

Combinations of monitoring modalities

0XOWLPRGDO� QHXURPRQLWRULQJ� FRXOG� GH¿-
nitely offer a better chance of identifying neu-
rological abnormalities. However, there are 

Table I.—Modalities for Neuromonitoring in ECMO patients.

Method Quality of information
grading of evidence studies in adults (references) studies in pediatrics 

(references)
in-hospital

recommendations Follow-up comments

Nirs Partial – grade iii Yes 12, 16, 17, 20, 21 Yes 10, 11, 48, 74, 76 Yes
ecMo initiation
circuit manipulations
continuous is discretionary

Na  – trend more important than absolute values.
 – thresholds and targets, and protocols for intervention are not 

universally accepted.

eeg – intermittent continuous aeeg Partial – grade iii Yes 32 Yes 77, 78, 81, 84-86, 95, 96 Yes
Pre-ecMo
repeated assessments (assessing 

evolution)

Post-ecMo if previously 
abnormal but not 
predictive

 – serial eegs important
 – continuous eeg (probably better)
 – Particularly important in high-risk patients (i.e., ecPr, 

neonates with asphyxia)
sseP, visual and auditory eP Partial – grade iii Yes 32 Yes 89 Yes

(comatose patients)
Post-ecMo if previously 

abnormal
 – good for prognostication in ecPr and aNe on ecMo

transcranial Doppler Partial – grade iii Yes 9, 33 Yes 67 Yes, if expertise available Na  – &HUHEUDO�EORRG�ÀRZ�YHORFLW\�DQG�HPEROL�GHWHFWLRQ
 – currently limited by device availability and expertise
 – intermittent assessment, not always available at point-of-care

ct scan Partial – grade iii Yes 23 Yes 23, 49, 61 Yes
- ecPr
- aNe

Yes
ct or Mri (preferred) 

recommended

 – at hospital admission (particularly in case of ecPr) and low 
threshold if suspicion of an aNe on ecMo.

cranial Ultrasound (in children)  
and carotid Doppler (in adults)

Partial – grade iii Yes
carotid Doppler 26

Yes
cranial 

Ultrasound 49, 62, 64, 66, 78, 98

Yes
Pre-ecMo, serial scans for 

assessing evolution

Post ecMo cranial scan 
if previously abnormal 
but ct/Mri better yield

 – &DURWLG�'RSSOHU�PD\�EH�XVHG�WR�XQGHUVWDQG�EORRG�ÀRZ�
patterns in cannulated vessels

 – also useful to assess patency of reconstruction vessels if 
performed post decannulation

Brain injury blood biomarkers Partial – grade iii
(Nse, s-100, gFaP, icaM-5, 

McP-1/ccl-2, BDNt)

Yes 27, 29 Yes 28, 30, 31, 88 Yes, if available Na  – expensive
 – Not easily available
 – only measured in the blood
 – Battery better than a single biomarker

Neuro-developmental and 
neuropsychological follow-up

Partial – grade iii Yes 25, 34, 35, 39 Yes 36, 38, 57 Baseline assessments in icU and 
before discharge

structured 
multidisciplinary 
approach and follow-up 
at regular intervals

 – +LJKO\�UHFRPPHQGHG�IRU�HDUO\�LGHQWL¿FDWLRQ�DQG�SURYLGLQJ�
support and intervention.

 – Neurocognitive and quality of life tests
 – Highly relevant for future comparisons

aeeg: augmented electro-encephalography; aNe: acute neurological event; ct: computed tomography; ecMo: extracorporeal membrane 
R[\JHQDWLRQ�� (&35�� H[WUDFRUSRUHDO� FDUGLRSXOPRQDU\� UHVXVFLWDWLRQ�� ((*�� HOHFWUR�HQFHSKDORJUDSK\��*)$3�� JOLDO� ¿EULOODU\� DFLGLF� SURWHLQ��
icaM-5: intercellular adhesion molecule-5; icU: intensive care unit; Na: not applicable; Nirs: near-infrared spectroscopy; Nse: Neuron 
6SHFL¿F�(QRODVH��0&3���&&/����PRQRF\WH�FKHPRDWWUDFWDQW�SURWHLQ���FKHPRNLQH�OLJDQG����%'17��EUDLQ�GHULYHG�QHXURWURSKLF�IDFWRU��66(3��
somato-sensory evoked potentials; tcD: transcranial Doppler.
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and cUs may predict normal ct/Mri but ab-
QRUPDOLWLHV�PD\�EH�LGHQWL¿HG�LQ�ODWHU�&7�05,�
not seen on earlier cUs scans. rollins et al. in 
a study of 50 neonates with post ecMo Mri 
VFDQ�UHSRUWHG�WKDW�05,�LGHQWL¿HG�VLJQL¿FDQWO\�
more abnormalities compared to routine cUs, 
however neither Mri nor cUs correlated with 
neurodevelopmental outcome using Bayley 
scales. they found that the best predictor of 
neurologic impairment was feeding ability at 
discharge.101 recently, schiller et al. reported 
white matter alterations in the left hemisphere 
and lower hippocampal volumes that correlat-
ed with worse verbal memory performance in 
school-aged neonatal ecMo survivors.102 ad-
vanced neuroimaging techniques such as dif-
fusion tensor imaging may contribute to better 
ULVN� VWUDWL¿FDWLRQ� DQG� HDUO\� LGHQWL¿FDWLRQ� RI�
impaired neuropsychological outcome.

ings obtained during the neonatal course of 
neonates treated with ecMo do not predict 
cognitive and academic achievement test re-
sults in survivors at early school age.98 thus, 
eeg alone is not helpful in identifying infants 
at risk of subsequent abnormal neurodevelop-
mental outcome.98, 99 serial eeg may improve 
predictive value for poor neurocognitive def-
LFLW�� F86�PD\� EH� D� VHQVLWLYH� EXW� QRW� VSHFL¿F�
marker of structural brain injury. in a study of 
183 survivors, Bulas et al. devised a mean neu-
roimaging score based on the early neuroim-
aging studies (ct scan and cUs) and showed 
that it was worse in those survivors who had 
abnormal neurodevelopment.100 they found 
that survivors with non-hemorrhagic abnor-
malities had a higher risk of delayed devel-
opment than those with isolated hemorrhagic 
abnormalities (39% vs. 21%). a normal eeg 

Table I.—Modalities for Neuromonitoring in ECMO patients.

Method Quality of information
grading of evidence studies in adults (references) studies in pediatrics 

(references)
in-hospital

recommendations Follow-up comments

Nirs Partial – grade iii Yes 12, 16, 17, 20, 21 Yes 10, 11, 48, 74, 76 Yes
ecMo initiation
circuit manipulations
continuous is discretionary

Na  – trend more important than absolute values.
 – thresholds and targets, and protocols for intervention are not 

universally accepted.

eeg – intermittent continuous aeeg Partial – grade iii Yes 32 Yes 77, 78, 81, 84-86, 95, 96 Yes
Pre-ecMo
repeated assessments (assessing 

evolution)

Post-ecMo if previously 
abnormal but not 
predictive

 – serial eegs important
 – continuous eeg (probably better)
 – Particularly important in high-risk patients (i.e., ecPr, 

neonates with asphyxia)
sseP, visual and auditory eP Partial – grade iii Yes 32 Yes 89 Yes

(comatose patients)
Post-ecMo if previously 

abnormal
 – good for prognostication in ecPr and aNe on ecMo

transcranial Doppler Partial – grade iii Yes 9, 33 Yes 67 Yes, if expertise available Na  – &HUHEUDO�EORRG�ÀRZ�YHORFLW\�DQG�HPEROL�GHWHFWLRQ
 – currently limited by device availability and expertise
 – intermittent assessment, not always available at point-of-care

ct scan Partial – grade iii Yes 23 Yes 23, 49, 61 Yes
- ecPr
- aNe

Yes
ct or Mri (preferred) 

recommended

 – at hospital admission (particularly in case of ecPr) and low 
threshold if suspicion of an aNe on ecMo.

cranial Ultrasound (in children)  
and carotid Doppler (in adults)

Partial – grade iii Yes
carotid Doppler 26

Yes
cranial 

Ultrasound 49, 62, 64, 66, 78, 98

Yes
Pre-ecMo, serial scans for 

assessing evolution

Post ecMo cranial scan 
if previously abnormal 
but ct/Mri better yield

 – &DURWLG�'RSSOHU�PD\�EH�XVHG�WR�XQGHUVWDQG�EORRG�ÀRZ�
patterns in cannulated vessels

 – also useful to assess patency of reconstruction vessels if 
performed post decannulation

Brain injury blood biomarkers Partial – grade iii
(Nse, s-100, gFaP, icaM-5, 

McP-1/ccl-2, BDNt)

Yes 27, 29 Yes 28, 30, 31, 88 Yes, if available Na  – expensive
 – Not easily available
 – only measured in the blood
 – Battery better than a single biomarker

Neuro-developmental and 
neuropsychological follow-up

Partial – grade iii Yes 25, 34, 35, 39 Yes 36, 38, 57 Baseline assessments in icU and 
before discharge

structured 
multidisciplinary 
approach and follow-up 
at regular intervals

 – +LJKO\�UHFRPPHQGHG�IRU�HDUO\�LGHQWL¿FDWLRQ�DQG�SURYLGLQJ�
support and intervention.

 – Neurocognitive and quality of life tests
 – Highly relevant for future comparisons

aeeg: augmented electro-encephalography; aNe: acute neurological event; ct: computed tomography; ecMo: extracorporeal membrane 
R[\JHQDWLRQ�� (&35�� H[WUDFRUSRUHDO� FDUGLRSXOPRQDU\� UHVXVFLWDWLRQ�� ((*�� HOHFWUR�HQFHSKDORJUDSK\��*)$3�� JOLDO� ¿EULOODU\� DFLGLF� SURWHLQ��
icaM-5: intercellular adhesion molecule-5; icU: intensive care unit; Na: not applicable; Nirs: near-infrared spectroscopy; Nse: Neuron 
6SHFL¿F�(QRODVH��0&3���&&/����PRQRF\WH�FKHPRDWWUDFWDQW�SURWHLQ���FKHPRNLQH�OLJDQG����%'17��EUDLQ�GHULYHG�QHXURWURSKLF�IDFWRU��66(3��
somato-sensory evoked potentials; tcD: transcranial Doppler.
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in view of the heterogeneous nature of in-
jury during ecMo (hypoxic ischemic injury, 
embolic/ischemic infarction, or spontaneous 
intraparenchymal or extra-axial hemorrhage), 
LW� LV� OLNHO\� WKDW� RQO\� ZHOO�GH¿QHG� FRPELQD-
tions of neuromonitoring modalities are likely 
to be successful in the early detection of in-
jury that would allow the institution of neu-
roprotective interventions and/or in guiding 
physician as to individually tailor the degree 
RI�H[WUDFRUSRUHDO�VXSSRUW�D�VSHFL¿F�SDWLHQW�UH-
TXLUHV�WR�RSWLPL]H�VSHFL¿F�YDULDEOHV��e.g., cer-
ebral oximetry) in order to ultimately improve 
outcomes.

a novel clinical management strategy of 
ecMo patients should focus on potential neu-
ro-psychological sequalae and prevent or limit 
early or late neurocognitive derangements. in 
this sense, it is highly advisable to integrate 
multimodal neuromonitoring into clinical 
management and beyond to assure optimal 
outcome, particularly in pediatric patients. 
additional relevant aspects of contemporary 
ecMo patient management are early awaken-
ing and mobilization, detection and relief of 
pain and delirium, and postdischarge psycho-
logical support, which all deserve particular at-
tention in order to realize long-term well-being 
including return to work and active social life. 

structured, longitudinal long-term follow-
up of ecMo survivors is crucial as it is now 
becoming apparent that some of the ecMo 
survivors may have late manifestation of 
neurodevelopmental and neuropsychologi-
cal issues late up to adolescence.36, 38 Bilat-
eral sensorineural hearing loss has been com-
monly reported in survivors 103, 104 which may 
EH� LGHQWL¿HG� XS� XQWLO� ���PRQWKV� RI� DJH� GH-
spite normal initial or repeat clinical auditory 
brainstem responses before neonatal icU dis-
charge.105 thus, there is a need for early, rou-
tine, audiological assessment for all ecMo 
graduates.

Conclusions

Neurologic injury, either clinically evi-
dent or only manifest as subtle changes of 
neuropsychological and cognitive functions, 
are frequent in ecMo patients. therefore, 
clinical or technical modalities for adequate 
in-hospital and post-discharge assessment of 
cerebral function, including neurocognitive 
integrity, are of paramount importance in this 
setting (table i). Neurologic monitoring of 
adequate brain perfusion, concise and effec-
tive clinical neurological assessment as daily 
routine, neuroimaging upon initiation, serial 
blood biomarkers assessment, particularly in 
the presence of high suspicion of impending 
brain damage, and pre- as well as post-dis-
charge neuro-psychological counseling, rep-
resent a novel integrative bundle of diagnostic 
modalities that should improve contemporary 
ecMo patient management (Figure 2). How-
ever, a review of neuromonitoring modalities 
during ecMo currently used revealed a large 
YDULDELOLW\�LQ�WKH�WLPLQJ�DQG�GH¿QLWLRQ�RI�DE-
normal tests and outcome measures. Most 
studies were conducted in pediatric patients, 
in single centres, and suffered from inade-
quate power due to small sample sizes.106 Fur-
thermore, the proposed tools and approaches 
to check neuro-psychological integrity have 
several inherent limitations and may provide 
only partial or even incorrect information 
about ongoing changes and insults of struc-
tures and function.

Figure 2.—summary of early and late neurologic monitor-
ing techniques in patients undergoing or previously submit-
ted to extracorporeal membrane oxygenation.
tcD: transcranial Doppler; rso2: regional oxygen satura-
tion; ct: computed tomography; cUs: cranial ultrasound; 
eeg: electroencephalography; ssePs: somato-sensory 
evoked potentials; oNsD: optic nerve sheath diameter.
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these outcome measures should guide optimal 
clinical ecMo support with special attention 
to minimize neurological and neurocognitive 
abnormalities, being increasingly recognized 
as important determinants of quality-of-life re-
lated outcome in ecMo survivors.

Finally, additional research to gain further 
mechanistic insights into this complex matter 
and study complementary neurologic monitor-
ing methods, with the goals of assisting clini-
cians in stratifying patients into risk categories 
for brain injury, determining response to neu-
roprotective interventions, providing accurate 
prognostication of long-term outcomes, and 
establishing interventions to reintegrate indi-
viduals into a normal social life. all these as-
pects could potentially aid as entry criteria for 
future studies and randomized controlled tri-
als. similarly, new tools addressing adequacy 
of perfusion, tissue integrity and function, and 
ad hoc outpatient neurocognitive assessments, 
are under development or investigation, and 
will hopefully provide new insights.

Key messages

 — incidence of neurologic complica-
tions during extracorporeal life support is 
frequent. Physiopathological mechanisms 
are not fully understood, however, a high 
level of suspicion and alertness is, there-
fore, mandatory in such patients.

 — although several diagnostic as well 
as monitoring modalities are still contro-
versial or under investigation, a multimodal 
approach is highly advisable by continuous 
evaluation of adequacy of brain perfusion, 
or assessment of brain-injury markers, par-
ticularly not delaying advanced neuroim-
aging.

 — Neurologic complications usually 
occur during or immediately after extracor-
poreal life support, but it is now evident, ei-
ther in children or in adults, that long-last-
ing neurocognitive impairment may persist 
and, therefore, should represent another as-
pect to be evaluated during postdischarge 
follow-up.

                  COPYRIGHT
© 

2017 EDIZIONI MINERVA MEDICA 
T

hi
s 

do
cu

m
en

t i
s 

pr
ot

ec
te

d 
by

 in
te

rn
at

io
na

l c
op

yr
ig

ht
 la

w
s.

N
o 

ad
di

tio
na

l r
ep

ro
du

ct
io

n 
is

 a
ut

ho
riz

ed
.I

t i
s 

pe
rm

itt
ed

 fo
r 

pe
rs

on
al

 u
se

 to
 d

ow
nl

oa
d 

an
d 

sa
ve

 o
nl

y 
on

e 
fil

e 
an

d 
pr

in
t o

nl
y 

on
e 

co
py

 o
f t

hi
s 

A
rt

ic
le

.I
t i

s 
no

t p
er

m
itt

ed
 to

 m
ak

e 
ad

di
tio

na
l c

op
ie

s
(e

ith
er

 s
po

ra
di

ca
lly

 o
r 

sy
st

em
at

ic
al

ly
, e

ith
er

 p
rin

te
d 

or
 e

le
ct

ro
ni

c)
 o

f t
he

 A
rt

ic
le

 fo
r 

an
y 

pu
rp

os
e.

It 
is

 n
ot

 p
er

m
itt

ed
 to

 d
is

tr
ib

ut
e 

th
e 

el
ec

tr
on

ic
 c

op
y 

of
 th

e 
ar

tic
le

 th
ro

ug
h 

on
lin

e 
in

te
rn

et
 a

nd
/o

r 
in

tra
ne

t f
ile

 s
ha

rin
g 

sy
st

em
s,

 e
le

ct
ro

ni
c 

m
ai

lin
g 

or
 a

ny
 o

th
er

m
ea

ns
 w

hi
ch

 m
ay

 a
llo

w
 a

cc
es

s 
to

 th
e 

A
rt

ic
le

.T
he

 u
se

 o
f a

ll 
or

 a
ny

 p
ar

t o
f t

he
 A

rt
ic

le
 fo

r 
an

y 
C

om
m

er
ci

al
 U

se
 is

 n
ot

 p
er

m
itt

ed
.T

he
 c

re
at

io
n 

of
 d

er
iv

at
iv

e 
w

or
ks

 fr
om

 th
e 

A
rt

ic
le

 is
 n

ot
 p

er
m

itt
ed

.T
he

 p
ro

du
ct

io
n 

of
 r

ep
rin

ts
 fo

r 
pe

rs
on

al
 o

r 
co

m
m

er
ci

al
 u

se
 is

no
t p

er
m

itt
ed

.I
t i

s 
no

t p
er

m
itt

ed
 to

 r
em

ov
e,

 c
ov

er
, o

ve
rla

y,
 o

bs
cu

re
, b

lo
ck

, o
r 

ch
an

ge
 a

ny
 c

op
yr

ig
ht

 n
ot

ic
es

 o
r 

te
rm

s 
of

 u
se

 w
hi

ch
 th

e 
P

ub
lis

he
r 

m
ay

 p
os

t o
n 

th
e 

A
rt

ic
le

.I
t i

s 
no

t p
er

m
itt

ed
 to

 fr
am

e 
or

 u
se

 fr
am

in
g 

te
ch

ni
qu

es
 to

 e
nc

lo
se

 a
ny

 tr
ad

em
ar

k,
 lo

go
,

or
 o

th
er

 p
ro

pr
ie

ta
ry

 in
fo

rm
at

io
n 

of
 th

e 
P

ub
lis

he
r.



lorUsso BraiN MoNitoriNg iN aDUlt aND PeDiatric ecMo PatieNts

1072 MiNerVa aNestesiologica october 2017

potentials: a potential new tool to improve the prog-
nostic prediction of coma after cardiac arrest. crit care 
2015;19:403.

 34. rastan aJ, Dege a, Mohr M, Doll N, Falk V, Walther t, 
et al. early and late outcomes of 517 consecutive adult 
patients treated with extracorporeal membrane oxygena-
tion for refractory postcardiotomy cardiogenic shock. J 
thorac cardiovasc surg 2010;139:302-11.

 35. Mateen FJ, Muralidharan r, shinohara rt, Parisi Je, 
schears gJ, Wijdicks eF. Neurological injury in adults 
treated with extracorporeal membrane oxygenation. 
arch Neurol 2011;68:1543-9.

 36. aubron c, cheng ac, Pilcher D, leong t, Magrin g, 
cooper DJ, et al. Factors associated with outcomes of 
patients on extracorporeal membrane oxygenation sup-
port: a 5-year cohort study. crit care 2013;17:r73.

 37. Madderom MJ, schiller rM, gischler sJ, van Heijst 
aF, tibboel D, aarsen FK, et al. growing up after criti-
cal illness: verbal, visual-spatial, and working memory 
problems in neonatal extracorporeal membrane oxygen-
ation survivors. crit care Med 2016;44:1182-90.

 38. Madderom MJ, reuser JJ, Utens eM, van rosmalen J, 
raets M, govaert P, et al. Neurodevelopmental, educa-
tional and behavioral outcome at 8 years after neonatal 
ecMo: a nationwide multicenter study. intensive care 
Med 2013;39:1584-93.

 39. 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;38:114-21.

 40. risnes i, Wagner K, Nome t, sundet K, Jensen J, Hynas 
ia, et al. cerebral outcome in adult patients treated with 
extracorporeal membrane oxygenation. ann thorac 
surg 2006;81:1401-6

 41. risnes i, Heldal a, Wagner K, Boye B, Haraldsen i, 
leganger s, et al. Psychiatric outcome after severe 
cardio-respiratory failure treated with extracorporeal 
membrane oxygenation: a case-series. Psychosomatics 
2013;54:418-27.

 42. Polito a, Barrett cs, Peter rt, Netto r, cogo Pe, 
thiagarajan rr. acute neurologic injury in neonates 
supported with extracorporeal membrane oxygenation: 
an analysis of elso registry data. intensive care Med 
2012;38:s57.

 43. Hervey-Jumper sl, annich gM, Yancon ar, garton 
HJ, Muraszko KM, Maher co. Neurological complica-
tions of extracorporeal membrane oxygenation in chil-
dren. J Neurosurg Pediatr 2011;7:338-44.

 44. cengiz P, seidel K, rycus Pt, Brogan tV, roberts Js. 
central nervous system complications during pediatric 
extracorporeal life support: incidence and risk factors. 
crit care Med 2005;33:2817-24.

 45. Barrett cs, Bratton sl, salvin JW, laussen Pc, rycus 
Pt, thiagarajan rr. Neurological injury after extra-
corporeal membrane oxygenation use to aid pediatric 
cardiopulmonary resuscitation. Pediatr crit care Med 
2009;10:445-51.

 46. Hanekamp MN, Mazer P, van der cammen-van Zijp 
MH, van Kessel-Feddema BJ, Nijhuis-van der sanden 
MV, Knuijt s, et al. Follow-up of newborns treated with 
extracorporeal membrane oxygenation: a nationwide 
evaluation at 5 years of age. crit care 2006;10:r127.

 47. Polito a, Barrett cs, Wypij D, rycus Pt, Netto r, 
cogo Pe, et al. Neurologic complications in neonates 
supported with extracorporeal membrane oxygenation. 
an analysis of elso registry data. intensive care Med 
2013;39:1594-601.

 48. Hardart ge, Fackler Jc. Predictors of intracranial hem-
orrhage during neonatal extracorporeal membrane oxy-
genation. J Pediatr 1999;134:156-9.

 49. short Bl. the effect of extracorporeal life support 

 18. ostadal P, Kruger a, Vondrakova D, Janotka M, Psotova 
H, Neuzil P. Noninvasive assessment of hemodynamic 
variables using near-infrared spectroscopy in patients 
experiencing cardiogenic shock and individuals under-
going venoarterial extracorporeal membrane oxygena-
tion. J crit care 2014;29:690.

 19. Zanatta P, Forti a. effectiveness of Nirs to sample the 
frontal brain cortex in all cardiac surgery patients. Min-
erva anestesiol 2011;77:1124-5.

 20. Yoshitani K, Kawaguchi M, Miura N, okuno t, Kan-
oda t, ohnishi Y, et al. Measurements of optical path-
length using phase-resolved spectroscopy in patients 
undergoing cardiopulmonary bypass. anesth analg 
2007;104:341-6.

 21. Mccormick PW, stewart M, goetting Mg, Balakrishnan 
g. regional cerebrovascular oxygen saturation measured 
by optical spectroscopy in humans. stroke 1991;22:596-
602.

 22. Watzman HM, Kurth cD, Montenegro lM, rome J, 
steven JM, Nicolson sc. arterial and venous contribu-
tions to near-infrared cerebral oximetry. anesthesiology 
2000;93:947-53.

 23. Yoshitani K, Kawaguchi M, iwata M, sasaoka N, inoue 
s, Kurumatani N, et al. comparison of changes in jugu-
lar venous bulb oxygen saturation and cerebral oxygen 
saturation during variations of haemoglobin concentra-
WLRQ� XQGHU� SURSRIRO� DQG� VHYRÀXUDQH� DQDHVWKHVLD�� %U� -�
anaesth 2005;94:341-6.

 24. lidegran MK, Mosskin M, ringertz Hg, Frenckner 
BP, linden VB. cranial ct for diagnosis of intracra-
nial complications in adult and pediatric patients during 
(&02�� &OLQLFDO� EHQH¿WV� LQ� GLDJQRVLV� DQG� WUHDWPHQW��
acad radiol 2007;14:62-71.

 25. lidegran MK, ringertz Hg, Frenckner BP, linden VB. 
chest and abdominal ct during extracorporeal mem-
EUDQH� R[\JHQDWLRQ�� &OLQLFDO� EHQH¿WV� LQ� GLDJQRVLV� DQG�
treatment. acad radiol 2005;12:276-85.

 26. Nguyen DN, Huyghens l, Wellens F, schiettecatte J, 
smitz J, Vincent Jl. serum s100B protein could help to 
detect cerebral complications associated with extracor-
poreal membrane oxygenation (ecMo). Neurocrit care 
2014;20:367-74.

 27. Bembea MM, rizkalla N, Freedy J, Barasch N, Vaidya 
D, Pronovost PJ, et al. Plasma biomarkers of brain in-
jury as diagnostic tools and outcome predictors after 
extracorporeal membrane oxygenation. crit care Med 
2015;43:2202-11.

 28. Floerchinger B, Philipp a, Foltan M, Keyser a, cam-
boni D, lubnow M, et al.�1HXURQ�VSHFL¿F�HQRODVH�VHUXP�
levels predict severe neuronal injury after extracorporeal 
life support in resuscitation. eur J cardiothorac surg 
2014;45:496-501.

 29. gazzolo D, abella r, Marinoni e, di iorio r, li Volti g, 
galvano F, et al. New markers of neonatal neurology. J 
Matern Fetal Neonatal Med 2009;22(suppl 3):57-61.

 30. Bembea MM, savage W, strouse JJ, schwartz JM, gra-
ham e, thompson cB, et al.�*OLDO�¿EULOODU\�DFLGLF�SUR-
tein as a brain injury biomarker in children undergoing 
extracorporeal membrane oxygenation. Pediatric crit 
care Med 2011;12:572-9.

 31. Marinoni M, Migliaccio Ml, trapani s, Bonizzoli M, 
gucci l, cianchi g, et al. cerebral microemboli de-
tected by transcranial doppler in patients treated with 
extracorporeal membrane oxygenation. acta anaesthe-
siologic scand 2016;60:934-44.

� ���� 5DI¿]� 0��$EGXOODK� -0�� 2SWLF� QHUYH� VKHDWK� GLDPHWHU�
measurement: a means of detecting raised intracranial 
pressure in adult traumatic and non-traumatic neurosur-
gical patients. am J emerg Med 2017;35:150-3.

 33. Zanatta P, linassi F, Mazzarolo aP, arico’ M, Bosco e, 
Bendini M, et al. Pain-related somatosensory evoked 

                  COPYRIGHT
© 

2017 EDIZIONI MINERVA MEDICA 
T

hi
s 

do
cu

m
en

t i
s 

pr
ot

ec
te

d 
by

 in
te

rn
at

io
na

l c
op

yr
ig

ht
 la

w
s.

N
o 

ad
di

tio
na

l r
ep

ro
du

ct
io

n 
is

 a
ut

ho
riz

ed
.I

t i
s 

pe
rm

itt
ed

 fo
r 

pe
rs

on
al

 u
se

 to
 d

ow
nl

oa
d 

an
d 

sa
ve

 o
nl

y 
on

e 
fil

e 
an

d 
pr

in
t o

nl
y 

on
e 

co
py

 o
f t

hi
s 

A
rt

ic
le

.I
t i

s 
no

t p
er

m
itt

ed
 to

 m
ak

e 
ad

di
tio

na
l c

op
ie

s
(e

ith
er

 s
po

ra
di

ca
lly

 o
r 

sy
st

em
at

ic
al

ly
, e

ith
er

 p
rin

te
d 

or
 e

le
ct

ro
ni

c)
 o

f t
he

 A
rt

ic
le

 fo
r 

an
y 

pu
rp

os
e.

It 
is

 n
ot

 p
er

m
itt

ed
 to

 d
is

tr
ib

ut
e 

th
e 

el
ec

tr
on

ic
 c

op
y 

of
 th

e 
ar

tic
le

 th
ro

ug
h 

on
lin

e 
in

te
rn

et
 a

nd
/o

r 
in

tra
ne

t f
ile

 s
ha

rin
g 

sy
st

em
s,

 e
le

ct
ro

ni
c 

m
ai

lin
g 

or
 a

ny
 o

th
er

m
ea

ns
 w

hi
ch

 m
ay

 a
llo

w
 a

cc
es

s 
to

 th
e 

A
rt

ic
le

.T
he

 u
se

 o
f a

ll 
or

 a
ny

 p
ar

t o
f t

he
 A

rt
ic

le
 fo

r 
an

y 
C

om
m

er
ci

al
 U

se
 is

 n
ot

 p
er

m
itt

ed
.T

he
 c

re
at

io
n 

of
 d

er
iv

at
iv

e 
w

or
ks

 fr
om

 th
e 

A
rt

ic
le

 is
 n

ot
 p

er
m

itt
ed

.T
he

 p
ro

du
ct

io
n 

of
 r

ep
rin

ts
 fo

r 
pe

rs
on

al
 o

r 
co

m
m

er
ci

al
 u

se
 is

no
t p

er
m

itt
ed

.I
t i

s 
no

t p
er

m
itt

ed
 to

 r
em

ov
e,

 c
ov

er
, o

ve
rla

y,
 o

bs
cu

re
, b

lo
ck

, o
r 

ch
an

ge
 a

ny
 c

op
yr

ig
ht

 n
ot

ic
es

 o
r 

te
rm

s 
of

 u
se

 w
hi

ch
 th

e 
P

ub
lis

he
r 

m
ay

 p
os

t o
n 

th
e 

A
rt

ic
le

.I
t i

s 
no

t p
er

m
itt

ed
 to

 fr
am

e 
or

 u
se

 fr
am

in
g 

te
ch

ni
qu

es
 to

 e
nc

lo
se

 a
ny

 tr
ad

em
ar

k,
 lo

go
,

or
 o

th
er

 p
ro

pr
ie

ta
ry

 in
fo

rm
at

io
n 

of
 th

e 
P

ub
lis

he
r.



BraiN MoNitoriNg iN aDUlt aND PeDiatric ecMo PatieNts lorUsso

Vol. 83 - No. 10 MiNerVa aNestesiologica 1073

Netherlands: a nationwide evaluation spanning two dec-
ades. Pediatr crit care Med 2013;14:884-92.

 66. van Wezel-Meijler g, steggerda sJ, leijser lM. cranial 
ultrasonography in neonates: role and limitations. semin 
Perinatol 2010;34:28-38.

 67. groenendaal F, de Vries ls. Fifty years of brain imaging 
in neonatal encephalopathy following perinatal asphyx-
ia. Pediatr res 2017;81:150-55

 68. Bembea MM. Neuromonitoring of neonatal extracorpor-
eal membrane oxygenation patients using serial cranial 
ultrasounds. Pediatr crit care Med 2013;14:903-4.

 69. Khan aM, shabarek FM, Zwischenberger JB, Warner 
BW, cheu HW, Jaksic t, et al. Utility of daily head ul-
trasonography for infants on extracorporeal membrane 
oxygenation. J Pediatr surg 1998;33:1229-32.

 70. von allmen D, Babcock D, Matsumoto J, Flake a, 
Warmer BW, stevenson rJ, et al. the predictive value 
of head ultrasound in the ecMo candidate. J Pediatr 
surg 1992;27:36-9.

 71. graziani lJ, gringlas M, Baungart s. cerebrovascular 
complications and neurodeelopmental sequelae of neo-
natal ecMo. clin Perinatol 1997;24:655-75

 72. Mitchell Dg, Merton Da, graziani lJ, Desai HJ, De-
sai sa, Wolfson PJ, et al. right carotid artery ligation 
LQ�QHRQDWHV��FODVVL¿FDWLRQ�RI�FROODWHUDO�ÀRZ�ZLWK�FRORU�
Doppler imaging. radiology 1990;175:117-23

 73. o’Brien NF, Hall MW. extracorporeal membrane oxy-
JHQDWLRQ� DQG� FHUHEUDO� EORRG� ÀRZ� YHORFLW\� LQ� FKLOGUHQ��
Pediatric crit care Med 2013;14:e126-e34.

 74. Fukuda s, aoyama M, Yamada Y, saitoh N, Honjoh t, 
Hasegawa t, et al. comparison of venoarterial versus 
venovenous access in the cerebral circulation of new-
born undergoing extracorporeal membrane oxygenation. 
Pediatr surg int 1999;2:78-84

 75. larovere Kl, Brett Ms, tasker rc, strauss KJ, Burns 
JP. Head computed tomography scanning during pediat-
ric neurocritical care: diagnostic yield and the utility of 
portable studies. Neurocrit care 2012;16:251-7.

 76. ejike Jc, schenkman Ka, seidel K, ramamoorthy c, 
roberts Js. cerebral oxygenation in neonatal and pedi-
atric patients during veno-arterial extracorporeal life 
support. Pediatr crit care Med 2006;7:154-8.

 77. Papademetriou MD, tachtsidis i, leung ts, elliott MJ, 
Hoskote a, elwell ce. cerebral and peripheral tissue 
oxygenation in children supported on ecMo for cardio-
respiratory failure. adv exp Med Biol 2010;662:447-53.

 78. Papademetriou MD, tachtsidis i, Banaji M, elliott MJ, 
Hoskote a, elwell ce. regional cerebral oxygenation 
measured by multichannel near-infrared spectroscopy 
(optical topography) in an infant supported on venoar-
terial extracorporeal membrane oxygenation. J thorac 
cardiovasc surg 2011;141:e31-3.

 79. rowley aB, Payne sJ, tachtsidis i, ebden MJ, Whitley 
JP, gavaghan DJ, et al. synchronization between arterial 
blood pressure and cerebral oxyhaemoglobin concentra-
tion investigated by wavelet cross-correlation. Physiol 
Meas 2007;28:161-73.

 80. Hoskote aU, tume lN, trieschmann U, Menzel c, 
cogo P, Brown Kl, et al. a cross-sectional survey of 
Near-infrared spectroscopy Use in Pediatric cardiac 
icUs in the United Kingdom, ireland, italy, and ger-
many. Pediatr crit care Med 2016;17:36-44.

 81. rais-Bahrami K, rivera o, short Bl. Validation of a 
noninvasive neonatal optical cerebral oximeter in veno-
venous ecMo patients with a cephalad catheter. J Peri-
natol 2006;26:628-35.

 82. Maldonado Y, singh s, taylor Ma. cerebral near-
infrared spectroscopy in perioperative management of 
left ventricular assist device and extracorporeal mem-
brane oxygenation patients. curr opin anaesthesiol 
2014;27:81-8.

on the brain: a focus on ecMo. semin Perinatol 
2005;29:45-50.

 50. rollins MD, Hubbard a, Zabrocki l, Barnhart Dc, Brat-
ton sl. extracorporeal membrane oxygenation cannula-
tion trends for pediatric respiratory failure and central 
nervous system injury. J Pediatr surg 2012;47:68-75.

 51. graziani lJ, gringlas M, Baumgart s. cerebrovascular 
complications and neurodevelopmental sequelae of neo-
natal ecMo. clin Perinatol 1997;24:655-75.

 52. Van Heijst a, liem D, Hopman J, Van Der staak F, 
sengers r. oxygenation and hemodynamics in left and 
right cerebral hemispheres during induction of veno-
arterial extracorporeal membrane oxygenation. J Pediatr 
2004;144:223-8.

 53. Bulas Di, taylor ga, o’Donnell rM, short Bl, Fitz 
cr, Vezina g. intracranial abnormalities in infants 
treated with extracorporeal membrane oxygenation: up-
GDWH�RQ�VRQRJUDSKLF�DQG�&7�¿QGLQJV��$P�-�1HXURUDGLRO�
1996;17:287-94.

 54. graziani lJ, Baumgart s, Desai s, stanley c, gring-
las M, spitzer ar. clinical antecedents of neurologic 
and audiologic abnormalities in survivors of neonatal 
extracorporeal membrane oxygenation. J child Neurol 
1997;12:415-22.

 55. Nijhuis-van der sanden MW, van der cammen-van Zijp 
MH, Janssen aJ, reuser JJ, Mazer P, van Heijst aF, et 
al.� 0RWRU� SHUIRUPDQFH� LQ� ¿YH�\HDU�ROG� H[WUDFRUSRUHDO�
membrane oxygenation survivors: a population-based 
study. crit care 2009;13:r47.

 56. toussaint lc, van der cammen-van Zijp MH, Janssen 
aJ, tibboel D, van Heijst aF, H iJ. Perceived motor 
competence differs from actual performance in 8-year-
old neonatal ecMo survivors. Pediatrics 2016;137:1-9.

 57. Bulas Di, taylor ga, Fitz cr, revenis Me, glass P, 
ingram JD. Posterior fossa intracranial hemorrhage 
in infants treated with extracorporeal membrane oxy-
JHQDWLRQ�� VRQRJUDSKLF� ¿QGLQJV�� $P� -� 5RHQWJHQRO�
1991;156:571-5.

 58. iguchi a, ridout Da, galan s, Bodlani c, squire K, 
o’callaghan M, et al. long-term survival outcomes and 
causes of late death in neonates, infants, and children 
treated with extracorporeal life support. Pediatr crit 
care Med 2013;14:580-6.

 59. Brown Kl, Maclaren g, Marino Bs. looking be-
yond survival rates: neurological outcomes after ex-
tracorporeal life support. intensive care Med 2013; 
39:1870-2.

 60. van der cammen-van Zijn MHM, Janssen aJWM, raets 
MMa, van rosmalen J, govaert P, steiner K, et al. Mo-
tor performance after neonatal ecMo: a longitudinal 
evaluation. Pediatrics 2014;134:427-35

 61. Madderon MJ, reuser JJ, Utens eM, van rosmalen J, 
raets M, govaert P, et al. Neurodevelopmental, educa-
tional and behavioral outcome at 8 years from neonatal 
ecMo: a nationwide multicentre study. intensive care 
Med 2013;39:1584-93

 62. Madderon MJ, schiller rM, gischler sM, van Heijlst 
aF, tibboel D, aaarsen FK, et al. growing up after criti-
cal illness: verbal, visual-spatial, and working memory 
problems in neonatal ecMo survivors. crit care Med 
2016;44:1182-90

 63. schiller rM, Madderom MJ, reuser JJcM, stein-
er K, gischler sJ, tibboel D, et al. Neuropsycho-
logical follow-up after neonatal ecMo. Pediatrics 
2016;138:e20161313.

 64. Bulas D, glass P. Neonatal ecMo: neuroimaging 
and neurodevelopmental outcome. semin Perinatol 
2005;29:58-65.

 65. raets MM, Dudink J, ijsselstijn H, van Heijlst aF, le-
quin MH, Houmes rJ, et al. Brain injury associated with 
neonatal extracorporeal membrane oxygenation in the 

                  COPYRIGHT
© 

2017 EDIZIONI MINERVA MEDICA 
T

hi
s 

do
cu

m
en

t i
s 

pr
ot

ec
te

d 
by

 in
te

rn
at

io
na

l c
op

yr
ig

ht
 la

w
s.

N
o 

ad
di

tio
na

l r
ep

ro
du

ct
io

n 
is

 a
ut

ho
riz

ed
.I

t i
s 

pe
rm

itt
ed

 fo
r 

pe
rs

on
al

 u
se

 to
 d

ow
nl

oa
d 

an
d 

sa
ve

 o
nl

y 
on

e 
fil

e 
an

d 
pr

in
t o

nl
y 

on
e 

co
py

 o
f t

hi
s 

A
rt

ic
le

.I
t i

s 
no

t p
er

m
itt

ed
 to

 m
ak

e 
ad

di
tio

na
l c

op
ie

s
(e

ith
er

 s
po

ra
di

ca
lly

 o
r 

sy
st

em
at

ic
al

ly
, e

ith
er

 p
rin

te
d 

or
 e

le
ct

ro
ni

c)
 o

f t
he

 A
rt

ic
le

 fo
r 

an
y 

pu
rp

os
e.

It 
is

 n
ot

 p
er

m
itt

ed
 to

 d
is

tr
ib

ut
e 

th
e 

el
ec

tr
on

ic
 c

op
y 

of
 th

e 
ar

tic
le

 th
ro

ug
h 

on
lin

e 
in

te
rn

et
 a

nd
/o

r 
in

tra
ne

t f
ile

 s
ha

rin
g 

sy
st

em
s,

 e
le

ct
ro

ni
c 

m
ai

lin
g 

or
 a

ny
 o

th
er

m
ea

ns
 w

hi
ch

 m
ay

 a
llo

w
 a

cc
es

s 
to

 th
e 

A
rt

ic
le

.T
he

 u
se

 o
f a

ll 
or

 a
ny

 p
ar

t o
f t

he
 A

rt
ic

le
 fo

r 
an

y 
C

om
m

er
ci

al
 U

se
 is

 n
ot

 p
er

m
itt

ed
.T

he
 c

re
at

io
n 

of
 d

er
iv

at
iv

e 
w

or
ks

 fr
om

 th
e 

A
rt

ic
le

 is
 n

ot
 p

er
m

itt
ed

.T
he

 p
ro

du
ct

io
n 

of
 r

ep
rin

ts
 fo

r 
pe

rs
on

al
 o

r 
co

m
m

er
ci

al
 u

se
 is

no
t p

er
m

itt
ed

.I
t i

s 
no

t p
er

m
itt

ed
 to

 r
em

ov
e,

 c
ov

er
, o

ve
rla

y,
 o

bs
cu

re
, b

lo
ck

, o
r 

ch
an

ge
 a

ny
 c

op
yr

ig
ht

 n
ot

ic
es

 o
r 

te
rm

s 
of

 u
se

 w
hi

ch
 th

e 
P

ub
lis

he
r 

m
ay

 p
os

t o
n 

th
e 

A
rt

ic
le

.I
t i

s 
no

t p
er

m
itt

ed
 to

 fr
am

e 
or

 u
se

 fr
am

in
g 

te
ch

ni
qu

es
 to

 e
nc

lo
se

 a
ny

 tr
ad

em
ar

k,
 lo

go
,

or
 o

th
er

 p
ro

pr
ie

ta
ry

 in
fo

rm
at

io
n 

of
 th

e 
P

ub
lis

he
r.



lorUsso BraiN MoNitoriNg iN aDUlt aND PeDiatric ecMo PatieNts

1074 MiNerVa aNestesiologica october 2017

 94. carter Bg, Butt WW. Median nerve somatosensory 
evoked potentials in children receiving ecMo. Pediatr 
Neurol 1995;12:42-6.

 95. Friberg H, cronberg t. Prognostication after cardiac ar-
rest. Best Pract res clin anaesthesiol 2013;27:359-72.

 96. Daltrozzo J, Wioland N, Mutschler V, Kotchoubey B. 
Predicting coma and other low responsive patients out-
come using event-related brain potentials: a meta-analy-
sis. clin Neurophysiol 2007;118:606-14.

 97. rodriguez ra, shamy M, Dowlatshahi D, Nathan HJ. 
can Mismatch Negativity reduce Uncertainty in the 
Prediction of awakening From coma During extracor-
poreal Membrane oxygenation? J cardiothorac Vasc 
anesth 2015;29:1627-31.

 98. goodman M, gringlas M, Baumgart s, stanley c, De-
sai sa, turner M, et al. Neonatal electroencephalogram 
does not predict cognitive and academic achievement 
scores at early school age in survivors of neonatal ex-
tracorporeal membrane oxygenation. J child Neurol 
2001;16:745-50.

 99. Kumar P, gupta r, shankaran s, Bedard MP, Delaney-
Black V. eeg abnormalities in survivors of neonatal 
ecMo: its role as a predictor of neurodevelopmental 
outcome. am J Perinatol 1999;16:245-50.

100. Bulas Di, glass P, o’Donnell rM, taylor ga, short 
Bl, Vezina gl. Neonates treated with ecMo: predic-
WLYH� YDOXH� RI� HDUO\�&7� DQG�86� QHXURLPDJLQJ� ¿QGLQJV�
on short-term neurodevelopmental outcome. radiology 
1995;195:407-12.

101. rollins MD, Yoder Ba, Moore Kr, Barnhart Dc, Jones 
c, Null DM, et al. Utility of neuroradiographic imag-
ing in predicting outcomes after neonatal extracorporeal 
membrane oxygenation. J Pediatr surg 2012;47:76-80.

102. the collaborative UK ecMo (extracorporeal Mem-
brane oxygenation) trial: follow-up to 1 year of age. 
Pediatrics 1998;101:e1.

103. schiller rM, van de Bosch gM, Muetzel Ml, smits M, 
Dudink J, tibboel D, et al. Neonatal critical illness and 
development: whote matter and hippocampus altera-
tions in school-age neonatal ecMo survivors. Dev Med 
child Neurol 2017;59:304-10.

104. cheung PY, Haluschak MM, Finer NN, robertson cM. 
sensorineural hearing loss in survivors of neonatal ex-
tracorporeal membrane oxygenation. early Hum Dev 
1996;44:225-33.

105. Fligor BJ, Neault MW, Mullen cH, Feldman Ha, Jones 
Dt. Factors associated with sensorineural hearing loss 
among survivors of extracorporeal membrane oxygena-
tion therapy. Pediatrics 2005;115:1519-28.

106. Bembea MM, Felling r, anton B, salorio cF, Johnston 
MV. Neuromonitoring during extracorporeal membrane 
oxygenation: a systematic review of the literature. Pedi-
atr crit care Med 2015;16:558-564

 83. Bennett cc, Johnson a, Field DJ. a comparison of 
clinical variables that predict adverse outcome in term 
infants with severe respiratory failure randomised to a 
policy of extracorporeal membrane oxygenation or to 
conventional neonatal intensive care. J Perinatal Med 
2002;30:225-30.

 84. topjian aa, sanchez sM, shults J, Berg ra, Dlugos 
DJ, abend Ns. early electroencephalographic Back-
ground Features Predict outcomes in children resus-
citated From cardiac arrest. Pediatr crit care Med 
2016;17:547-57.

 85. streletz lJ, Bej MD, graziani lJ, Desai HJ, Beacham 
sg, cullen J, et al. Utility of serial eegs in neonates 
during extracorporeal membrane oxygenation. Pediatr 
Neurol 1992;8:190-6.

 86. gannon cM, Kornhauser Ms, gross gW, Wiswell te, 
Baumgart s, streletz iJ, et al. When combined, early 
bedside head ultrasound and electroencephalography 
predict abnormal computerized tomography or mag-
netic resonance brain images obtained after extracor-
poreal membrane oxygenation treatment. J Perinatol 
2001;21:451-5.

 87. Herman st, abend Ns, Bleck tP, chapman Ke, Dris-
lane FW, emerson rg, et al. consensus statement on 
continuous eeg in critically ill adults and children, part 
i: indications. J clin Neurophysiol 2015;32:87-95.

 88. Herman st, abend Ns, Bleck tP, chapman Ke, Dris-
lane FW, emerson rg, et al. consensus statement on 
continuous eeg in critically ill adults and children, part 
,,��SHUVRQQHO��WHFKQLFDO�VSHFL¿FDWLRQV��DQG�FOLQLFDO�SUDF-
tice. J clin Neurophysiol 2015;32:96-108.

 89. Pappas a, shankaran s, stockmann Pt, Bara r. chang-
es in amplitude-integrated electroencephalography in 
neonates treated with extracorporeal membrane oxy-
genation: a pilot study. J Pediatr 2006;148:125-7.

 90. Horan M, azzopardi D, edwards aD, Firmin rK, Field 
'��/DFN�RI�LQÀXHQFH�RI�PLOG�K\SRWKHUPLD�RQ�DPSOLWXGH�
integrated-electroencephalography in neonates receiv-
ing extracorporeal membrane oxygenation. early Hum 
Dev 2007;83:69-75.

 91. Pappas a, shankaran s, stockmann P. Predictive value 
of amplitude-integrated electroencephalography on out-
come in neonatal extracorporeal membrane oxygena-
tion. Pediatrics 2008;121:s140-s.

 92. gazzolo D, abella r, Marinoni e, Di iorio r, li Volti 
g, galvano F, et al. circulating biochemical markers of 
brain damage in infants complicated by ischemia reper-
fusion injury. cardiovasc Hematolog agents Med chem 
2009;7:108-26.

 93. gazzolo D, Masetti P, Meli M, grutzfeld D, Michetti F. el-
evated s100B protein as an early indicator of intracranial 
haemorrhage in infants subjected to extracorporeal mem-
brane oxygenation. acta Paediatrica 2002;91:218-21.

Acknowledgments.—We acknowledge the support of the “associazione cUore e ricerca”.
&RQÀLFWV�RI�LQWHUHVW�²7KH�DXWKRUV�FHUWLI\�WKDW�WKHUH�LV�QR�FRQÀLFW�RI�LQWHUHVW�ZLWK�DQ\�¿QDQFLDO�RUJDQL]DWLRQ�UHJDUGLQJ�WKH�PDWHULDO�
discussed in the manuscript.
$UWLFOH�¿UVW�SXEOLVKHG�RQOLQH��-XQH�������������0DQXVFULSW�DFFHSWHG��-XQH�������������0DQXVFULSW�UHYLVHG��0D\�������������0DQXVFULSW�
received: January 3, 2017.

                  COPYRIGHT
© 

2017 EDIZIONI MINERVA MEDICA 
T

hi
s 

do
cu

m
en

t i
s 

pr
ot

ec
te

d 
by

 in
te

rn
at

io
na

l c
op

yr
ig

ht
 la

w
s.

N
o 

ad
di

tio
na

l r
ep

ro
du

ct
io

n 
is

 a
ut

ho
riz

ed
.I

t i
s 

pe
rm

itt
ed

 fo
r 

pe
rs

on
al

 u
se

 to
 d

ow
nl

oa
d 

an
d 

sa
ve

 o
nl

y 
on

e 
fil

e 
an

d 
pr

in
t o

nl
y 

on
e 

co
py

 o
f t

hi
s 

A
rt

ic
le

.I
t i

s 
no

t p
er

m
itt

ed
 to

 m
ak

e 
ad

di
tio

na
l c

op
ie

s
(e

ith
er

 s
po

ra
di

ca
lly

 o
r 

sy
st

em
at

ic
al

ly
, e

ith
er

 p
rin

te
d 

or
 e

le
ct

ro
ni

c)
 o

f t
he

 A
rt

ic
le

 fo
r 

an
y 

pu
rp

os
e.

It 
is

 n
ot

 p
er

m
itt

ed
 to

 d
is

tr
ib

ut
e 

th
e 

el
ec

tr
on

ic
 c

op
y 

of
 th

e 
ar

tic
le

 th
ro

ug
h 

on
lin

e 
in

te
rn

et
 a

nd
/o

r 
in

tra
ne

t f
ile

 s
ha

rin
g 

sy
st

em
s,

 e
le

ct
ro

ni
c 

m
ai

lin
g 

or
 a

ny
 o

th
er

m
ea

ns
 w

hi
ch

 m
ay

 a
llo

w
 a

cc
es

s 
to

 th
e 

A
rt

ic
le

.T
he

 u
se

 o
f a

ll 
or

 a
ny

 p
ar

t o
f t

he
 A

rt
ic

le
 fo

r 
an

y 
C

om
m

er
ci

al
 U

se
 is

 n
ot

 p
er

m
itt

ed
.T

he
 c

re
at

io
n 

of
 d

er
iv

at
iv

e 
w

or
ks

 fr
om

 th
e 

A
rt

ic
le

 is
 n

ot
 p

er
m

itt
ed

.T
he

 p
ro

du
ct

io
n 

of
 r

ep
rin

ts
 fo

r 
pe

rs
on

al
 o

r 
co

m
m

er
ci

al
 u

se
 is

no
t p

er
m

itt
ed

.I
t i

s 
no

t p
er

m
itt

ed
 to

 r
em

ov
e,

 c
ov

er
, o

ve
rla

y,
 o

bs
cu

re
, b

lo
ck

, o
r 

ch
an

ge
 a

ny
 c

op
yr

ig
ht

 n
ot

ic
es

 o
r 

te
rm

s 
of

 u
se

 w
hi

ch
 th

e 
P

ub
lis

he
r 

m
ay

 p
os

t o
n 

th
e 

A
rt

ic
le

.I
t i

s 
no

t p
er

m
itt

ed
 to

 fr
am

e 
or

 u
se

 fr
am

in
g 

te
ch

ni
qu

es
 to

 e
nc

lo
se

 a
ny

 tr
ad

em
ar

k,
 lo

go
,

or
 o

th
er

 p
ro

pr
ie

ta
ry

 in
fo

rm
at

io
n 

of
 th

e 
P

ub
lis

he
r.


