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Abstract

Background: We aimed to identify continuous electroencephalogram (cEEG) markers associated with survival and
death in patients with extracorporeal membrane oxygenation (ECMO) support under standardized sedation cessation
protocol.

Methods: Prospectively collected records of adult patients (age > 18 years) who were started on ECMO support in
July 2016 to December 2020 at a single tertiary center were analyzed. cEEGs were performed on patients on the basis
of inclusion and exclusion criteria. Patients receiving sedation that affect cEEG reactivity at the start of cEEG recording,
including propofol, ketamine, or benzodiazepines, were excluded. We allowed fentanyl and dexmedetomidine during
CEEG monitoring. cEEGs were evaluated for frequency, amplitude, variability, reactivity, and state changes.

Results: Of 290 patients, 40 underwent cEEG in the absence of confounding sedation (median age 60 years, 85%
venoarterial-ECMO, 15% venovenous-ECMO). The median length of ECMO support and analyzable cEEG were 143 h
and 24 h, respectively. A total of 27 patients underwent withdrawal of life-sustaining therapies (WOLST) during ECMO
support. Of the 13 who weaned off ECMO, 9 underwent WOLST later in the hospitalization and 4 survived at hospital
discharge. Decisions of WOLST were not influenced by cEEG features'results. Proportions of present EEG reactivity,
present state changes, and fair/good variability were significantly higher in patients who survived compared with
those who died (odds ratios infinity, infinity, and 13.57, respectively; p values <0.001,<0.001, and 0.0299, respectively).
Sensitivity and specificity for survival at discharge were 100% and 91.67% for intact reactivity, 100% and 97.20% for
present state changes, and 75% and 83.3% for fair/good variability.

Conclusions: Although future multicenter studies with larger patient cohorts are certainly warranted, we were able
to validate the feasibility of protocolized sedation cessation and cEEG analyses in the absence of a confounding effect
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from sedating medications. Moreover, we demonstrate some evidence that cEEG features of intact reactivity, present
state changes, and fair/good variability in comatose patients on ECMO may be associated with survival at hospital

discharge.

Keywords: Extracorporeal membrane oxygenation, Coma, Electroencephalography, Neurophysiology,

Prognostication, Survival

Introduction

Venoarterial (VA) and venovenous (VV) extracorporeal
membrane oxygenation (ECMO) are the two most com-
mon methods of cannulation for patients with refractory
cardiac and respiratory failure. Although it is a life-saving
intervention, ECMO carries a significant risk of morbid-
ity and mortality. The use of ECMO has been associ-
ated with various neurological complications, including
ischemic stroke, intracranial hemorrhage, and hypoxic
ischemic brain injury [1, 2]. In patients on ECMO who
develop these neurological complications or have refrac-
tory cardiopulmonary insufficiency, the mortality rates
are significantly higher [1]. In this setting, routine, pro-
tocolized neurologic evaluations of patients on ECMO
are crucial for prognostication. Applied correctly, they
may affect the decision to continue life-supporting meas-
ures or undergo withdrawal of life-sustaining therapies
(WOLST).

Electroencephalograms (EEGs) have commonly been
used for the neurological prognostication of adult
patients with postanoxic coma from cardiac arrest [3—
6]. However, only very few studies have evaluated the
use of EEG in adult patients on ECMO specifically. Our
own pilot study of 13 adult patients on ECMO, which
included a protocol that eliminated sedating medica-
tions, revealed that the absence of reactivity, variability,
and sleep features on continuous EEG (cEEG) monitor-
ing may serve as predictors of poor neurological out-
come at the time of hospital discharge [7, 8]. However,
this study was limited by its small sample size. Other
studies on EEG in the ECMO population also have sig-
nificant limitations, including small sample sizes [9,
10], solely using routine EEGs (rEEGs) [11, 12], solely
using reduced-channel EEG monitoring [13], and per-
haps most importantly, not accounting for confounding
effects of sedating medications [12, 14, 15]. We there-
fore aimed to expand on our prior proof-of-concept
study with a larger cohort of patients and hypothe-
sized that the presence of certain cEEG features, such
as reactivity, variability, and/or state changes, may be
associated with good neurological outcome in patients
on ECMO.

Methods

Study Design

Adult patients (age > 18 years) who were started on VA-
ECMO or VV-ECMO support between July 2016 and
December 2020 were enrolled in a prospective observa-
tional study consisting of multimodal monitoring includ-
ing cEEG during ECMO to evaluate their neurological
state and overall prognosis at a single tertiary care center
(Table 1). VA-ECMO was used primarily for postcar-
diotomy shock, cardiogenic shock, and cardiac arrest,
whereas VV-ECMO was exclusively used for patients
with refractory hypoxic respiratory failure. This cohort
included and expanded on the patients who were ana-
lyzed in our prior studies [7, 8]. Per protocol, sedating
medications were weaned off as tolerated for each patient
and cEEGs were performed. If both of these feats were
achieved for a patient, relevant data were collected for
analysis.

Patients who continued to receive sedating medications
that significantly affect the EEG pattern, including propo-
fol [16, 17], ketamine [18, 19], or benzodiazepines [20,
21], at the start of cEEG recording were excluded from
analysis. Administration of dexmedetomidine [21-23]
and fentanyl [24, 25] were allowed because they appear
to have less of confounding effects on EEG recording,
especially considering that they are not used for achiev-
ing burst suppression or seizure management. For the
remaining patients, if sedating medications was required
later during the cEEG recording (e.g., because of con-
cerns for seizures or respiratory dysfunction while intu-
bated), only the data up until the moment of sedation
administration were analyzed.

This study was approved by the Johns Hopkins Medi-
cine Institutional Review Board and adhered to the ethics
statement of the International Society for Heart and Lung
Transplantation. Informed consent was obtained from
the legally authorized representatives of all participants
included in the study.

Study Protocol
All patients were followed by a neurocritical care con-
sult team from day 1 of ECMO cannulation until hospital
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Table 1 Demographics and outcome of comatose patients on extracorporeal membrane oxygenation with concurrent
continuous electroencephalography without sedating medications

Parameter Data

Demographics
Age at ECMO initiation, median (Q1-Q3) (y)
Male sex, n (%)
ECMO cannulation type, n (%)
VA-ECMO
Peripheral cannulation
Central cannulation
VW-ECMO
ECMO indication, n (%)
Postcardiotomy shock
Cardiac arrest
Hypoxic respiratory failure
Cardiogenic shock
Hospitalization course
Duration of ECMO, median (Q1-Q3) (h)
Reason for discontinuing ECMO, n (%)
WOLST during ECMO
Tolerated weaning of ECMO
Time from ECMO cannulation to cEEG initiation, median (Q1-Q3) (h)

Duration of cEEG with sedation cessation while on ECMO support, median (Q1-Q3) (h)

Patients given sedation?® during cEEG recording, n

Duration of analyzable cEEG data, limited by sedation administration during recording, median (Q1-Q3) (h)

Patients given dexmedetomidine or fentanyl during cEEG recording, n
Dexmedetomidine gtt doses, n (ug/kg/h)
Fentanyl gtt doses, n (ug/h)
Fentanyl bolus PRN doses, n (ug)

Seizures, n (%)

Death at time of hospital discharge, n (%)
Time from ECMO initiation until death, median (Q1-Q3) (d)
WOLST during ECMO, n (%)
WOLST after weaning off ECMO support, n (%)

Alive at time of hospital discharge, n (%)

Discharged home, n (%)

Discharged to rehabilitation facility, n (%)

60 (46-66.5)
18 (45)

34 (85)
17 (42.5)
17 (42.5)
6(15)

19 (47.5)
10 (25)
7(17.5)
4(10)

143 (81-254)

27 (67.5)

13 (32.5)

57.5(32.8-118.8)
25(21-45.3)

9

24 (17-34.8)

18

7 (max0.8,1.4,1.5)

11 (max 25, 50, 100, 200, 550)
11 (max 12.5, 25, 50)

0(0)

36 (90)

8(3.5-13.5)

27 (67.5)

9(22.5)

4(10)
2(5)
2(5)

CEEG, continuous electroencephalogram, ECMO, extracorporeal membrane oxygenation, gtt, continuous infusion, max, maximum, PRN, as needed, Q1, first quartile,
Q3, third quartile, VA, venoarterial, VV, venovenous, WOLST, withdrawal of life-sustaining therapies

2 Infusions or bolus doses of propofol, ketamine, or benzodiazepines

discharge or death. On day 1, patients were evaluated for
their baseline neurological examination and their calcu-
lated Acute Physiology and Chronic Health Evaluation
IT and Sepsis-related Organ Failure Assessment scores.
Per institutional sedation protocol, patients were rou-
tinely given sedation holidays by day 3 to 5 of ECMO
support, and attempts to wean off sedating medications
were made on a daily basis. To address the high rates
of WOLST in comatose patients, our study protocol

included the continuation of ECMO for as long as the
patients’ next of kin or other legal guardian agreed.
Inclusion criteria for performing cEEGs during ECMO
consisted of patients with Glasgow Coma Scale (GCS) <8
when assessed off-sedation by day 3-5, yet remained
clinically stable at 24 h off-sedation; as soon as possible
for patients with cardiac arrest, no later than 72 h since
ECMO support, and therefore typically on day 1; or as
clinically indicated in patients with concern for seizures
[8]. Exclusion criteria for performing cEEGs included



239

GCS>8 and extremely short ECMO support, such as
only during the intraoperative setting. When cEEG was
performed, it was monitored preferably for 24 h or longer
if clinically indicated. A full standard bipolar montage
was preferentially used for cEEGs, whereas a reduced
(double distance) montage was used if access to the head
was limited. The entirety of all cEEGs were initially evalu-
ated by one of three neurologists (JH, JB, or SMC) inde-
pendently, the results of which were then reviewed and
confirmed by one neurophysiology specialist (EKR) who
analyzed every single cEEG. When disagreements on the
EEG interpretation arose, we ultimately reached consen-
sus on group discussions. Persyst continuous monitoring
software (Persyst Inc, Prescott, AZ) was used to reduce
artifact signals, such as those from the ECMO device and
environment of the intensive care unit, and to analyze
trends and patterns.

cEEG features used for analysis included frequency,
amplitude, variability, reactivity, and state change.
We also noted the presence of seizures or discharges
on the ictal-interictal continuum. The predominant
background frequency was categorized as suppres-
sion, burst suppression, discontinuous, delta, delta-
theta, theta-delta, theta, or theta-alpha [26-28].
Overall amplitude was categorized as very low, low,
medium, or high, relative to a normal matched adult
[26-28]. Variability was categorized as absent, poor,
fair, or good, on the basis of spontaneous changes in
the power spectrum composition during cEEG in the
absence of any stimuli [26, 29]. For assessing reactiv-
ity, a standardized approach was used, which con-
sisted of sequentially administered verbal stimulation,
noxious stimulation of fingertips or toes, and nostril
simulation, with a 30-60-s interval between each
stimulus to allow the EEG signals to return to baseline
prior to restimulation [26, 28, 30]. Sternal stimulus
and forced eye opening were avoided, given that many
patients had undergone open-chest procedures and/
or presented with scleral edema, respectively. Reac-
tivity was categorized as absent or present (Fig. 1).
Any responsiveness in the cEEG tracing, except for
the sole increase in muscle activity, was categorized
as present reactivity. State change was categorized as
absent or present, defined as at least two sustained
types of background EEG pattern associated with dif-
ferent levels of alertness, such as rest or some form of
alertness following stimulation [28]. The presence or
absence of stage II sleep transients was also examined,
and if present, the patient was categorized as having

a sleep state. Primary outcome of interest was the
patients’ status at the time of discharge, categorized as
alive or deceased.

Statistical Analysis

Demographic and clinical variables were reported as the
number of counts with percentage or the median with
interquartile range (IQR). Computing environment R
(Foundation for Statistical Computing, Vienna, Austria)
was used for statistical analysis. Fisher’s exact test was
used for comparing proportions between two groups,
given the relatively small sample size of our patient
cohort. p values less than 0.05 were considered statisti-
cally significant. Odds ratios and their associated 95%
confidence intervals, sensitivities, specificities, positive
predictive values, and negative predictive values of the
variables were calculated.

Results
A total of 290 adult patients on ECMO were initially col-
lected. Of these, 222 patients were excluded based on
inclusion and exclusion criteria. rEEGs (20 min) were per-
formed on 27 patients, and cEEGs were performed on 68
patients (Fig. 2). However, of the 68 patients with cEEG
recordings, 28 were further excluded because they received
sedating medications at the start of cEEG recording. The
cEEG data of the 40 remaining patients were then analyzed.
Forty patients (median age 60 years, IQR 46-66.5 years,
22 women, 18 men) who underwent cEEG after cessation
of confounding sedating medications during ECMO were
identified (Table 1). The median time length of ECMO
support was 143 h (IQR 81-254 h). Seventeen patients
(42.5%) underwent VA-ECMO central cannulation, 17
(42.5%) underwent VA-ECMO peripheral cannulation, and
six (15%) underwent VV-ECMO cannulation (Fig. 3). The
median time from ECMO cannulation to cEEG initiation
was 57.5 h (IQR 32.8-118.8 h). The median length of cEEG
recording during ECMO was 25 h (IQR 21-45.3 h). How-
ever, nine patients required readministration of confound-
ing sedating medications during their cEEG recording as
clinically indicated, which led to the early termination of
their cEEG analysis for the purposes of this study (Fig. 2,
Table 1). This led to a slight reduction in the overall median
time length of analyzable cEEG data in the absence of any
confounding sedating medications to 24 h (IQR 17-34.8 h).
Twenty-seven patients (67.5%) could not be weaned
off ECMO and underwent WOLST, with a median of
5.9 days (IQR 2.9-9.0) of ECMO support. Among the 13
patients (32.5%) who were weaned off ECMO, 9 underwent
WOLST later during the same hospitalization, whereas 4
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Fig. 1 Electroencephalography reactivity. a Present reactivity. b Absent reactivity

survived and were discharged to a rehabilitation center or The proportions of intact reactivity, present state
home. Importantly, decisions of WOLST were not influ- changes, and fair/good variability were significantly
enced by the results of the analyzed cEEG variables. higher in patients who survived at hospital discharge
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290 ECMO

patients

195 without
any EEG
during ECMO

27 with
only rEEG
during ECMO

during ECMO

68 with
cEEG

28 with continuation of

confounding sedation?
at start of cEEG

40 with cessation of

confounding sedation?
at start of cEEG

31 without
confounding sedation?
during cEEG?

9 with administration of
confounding sedation?
during cEEG¢

(median 22 h, interquartile range 9.5-25.5 h)

Fig. 2 Patient selection. cEEG, continuous electroencephalogram, ECMO, extracorporeal membrane oxygenation, EEG, electroencephalogram,
rEEG, routine electroencephalogram. 2Infusions or bolus doses of propofol, ketamine, or benzodiazepines. PLength of total cEEG recording = length
of analyzable cEEG data (median 24 h, IQR 21-41 h). “Length of total cEEG recording (median 32 h, IQR 17-47 h) = length of analyzable cEEG data

40 ECMO patients
without confounding
sedating medications?
at start of cEEG

34 VA-ECMO

23 unable to

11 successfully

wean off ECMO,
underwent w%agfgg ff
WOLST

8 underwent 3 survived,
discharged to

rehab or home

WOLST prior
to discharge

propofol, ketamine, or benzodiazepines

6 VV-ECMO

4 unable to
wean off ECMO,

2 successfully
weaned off

underwent ECMO

WOLST

1 survived,
discharged to
rehab

1 underwent
WOLST prior
to discharge

Fig. 3 Outcome of comatose patients on ECMO. cEEG, continuous electroencephalogram, ECMO, extracorporeal membrane oxygenation, rehab,
rehabilitation center, s/p, status post, WOLST, withdrawal of life-sustaining therapies, VA, venoarterial, VV, venovenous. Infusions or bolus doses of

compared with those who had deceased (odds ratios
infinity, infinity, and 13.57 respectively; p val-
ues<0.001,<0.001, and 0.03, respectively) (Table 2).
Sensitivity and specificity associated with survival

for present reactivity were 100% and 91.67% respec-
tively, for present state changes were 100% and 97.20%,
respectively, and for fair/good variability were 75% and
83.33%, respectively. For the four patients who survived
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Table 2 Association between intact continuous electroencephalography variables and survival at time of hospital dis-
charge

95% Cl PPV (%) NPV (%)

p value®

Sensitivity (%) Specificity (%)

State change + 00 (834 to+00) <0.001 100 97.22 80 100
Reactivity + 00 (4.44 to + 00) <0.001 100 91.67 57.14 100
Variability 13.57 (0.92 t0 807.54) 0.0299 75 8333 3333 96.77
Amplitude 1.55 (0.10to 23.75) >0.99 50 61.11 12.50 91.67
Frequency 202 (0.03t031.99) 0.49 25 86.11 16.67 91.18

+ o0, positive infinity, cEEG continuous electroencephalogram, C/ confidence interval, OR odds ratio, NPV negative predictive value, PPV positive predictive value

? Interpreted as the odds of survival at time of hospital discharge in the group with present and at least fair quality of cEEG variables divided by the odds of survival at
time of hospital discharge in the group with absent or poor cEEG variables

b Based on Fisher’s exact tests examining the association between the present and at least fair quality of the cEEG variable and survival at time of hospital discharge

at hospital discharge, at least state changes and reactiv-
ity were present. In contrast, among the 36 patients who
did not survive at hospital discharge, 28 (77.78%) had
absent or poor findings in all three categories, whereas
34 (94.44%) had absent or poor findings in at least two
categories. In particular, among the nine patients who
were weaned off ECMO but underwent WOLST later
during the hospitalization, eight (88.9%) had at absent or
poor findings of at least two variables, seven (77.8%) had
absent reactivity, nine (100%) had absent state changes,
and seven (77.8%) had absent/poor variability.

None of the 40 patients had electrographic discharges
or seizures. However, three patients had poorly formed
discharges on the ictal-interictal continuum in the form
of triphasic waves (m=1) or generalized periodic dis-
charges (n=2). Four patients had burst suppression, and
four patients had suppressed backgrounds without peri-
odic discharges, all of whom had no reactivity and ulti-
mately died.

Discussion

The results of this study suggest that intact reactivity,
present state changes, and fair/good variability on cEEG
recordings during ECMO (when monitored because
of coma) are associated with patient survival at hospi-
tal discharge. In fact, if all three features were present
concomitantly, patients had a 100% chance of survival.
On the other hand, absent reactivity and/or absent state
changes (alone or in combination) were associated with
ultimate death in all patients. Thirty (96.8%) out of 31
patients with absent/poor variability also died. How-
ever, poor variability with present reactivity and discern-
ible state change was seen in one patient who survived.
Taken together, this suggests that the collective pres-
ence of reactivity and state changes is 100% sensitive for
survival, whereas the absence of reactivity and/or state
changes is 100% sensitive for death. Importantly, the EEG
analyses were performed in the absence of confounding

sedating medications. These results confirm our previ-
ously reported findings on the poor prognosis of coma-
tose patients on ECMO in the absence of reactivity, state
changes, and variability, with higher statistical power
because of the increased number of patients analyzed [7,
8]. In addition, our findings suggest that the presence of
all three features is an important marker of a good out-
come. Our study, therefore, highlights the importance of
cEEG, as EEG markers may predict good outcome in the
ECMO population.

It is encouraging that patients with preserved reac-
tivity, state changes, and overall at least fair variabil-
ity ultimately survived, even though all patients were
comatose during cEEG monitoring. Notably, there were
nine patients who were successfully weaned offt ECMO
but later underwent WOLST during that hospitaliza-
tion. These patients had poor reactivity, state changes,
and/or variability on their cEEG while still on ECMO
support. Their cEEG findings were therefore predic-
tive of their ultimately poor outcome. This suggests that
cEEG data obtained during ECMO may provide useful
information for predicting the patients’ outcome, even
beyond the period of ECMO support. This finding has
not been reported in any other published studies to our
knowledge.

In the cardiac arrest literature, prognostic EEG crite-
ria for poor neurological outcome have been established.
Studies have shown that “highly malignant” EEG patterns
had 31-84% sensitivity and 91-100% specificity for pre-
dicting poor neurological outcome with a prevalence of
22-55% [3, 31-33]. These “highly malignant” patterns are
defined as a suppressed background without discharges,
suppressed background with continuous periodic dis-
charges, or burst-suppression background, whereas
“poor neurological outcome” is defined as severely disa-
bled, comatose, or deceased, corresponding to cerebral
performance category scores of 3-5. In our cohort, the
prevalence of “highly malignant” patterns was only 20%,
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with four patients having burst suppression and four
patients having suppressed backgrounds without peri-
odic discharges. These eight patients also had absent
reactivity, absent state changes, and poor/absent variabil-
ity, and were deceased at the time of hospital discharge.
The presence of highly malignant EEG patterns as a pre-
dictor of poor outcome for our ECMO cohort therefore
had a very low sensitivity of 19.44%, with a specificity of
100%. By contrast, the absence of reactivity and absence
of state changes as predictors of poor outcome had a
sensitivity of 91.67% and 97.22% respectively and speci-
ficity of 100%. For the ECMO population, evaluating the
cEEG for reactivity, state changes, and variability there-
fore appears to be a better approach than relying on the
presence of “highly malignant” patterns for neurological
prognostication, which may be due to different patterns
of brain injury in patients on ECMO and patients with
cardiac arrest. Furthermore, studies of patients with car-
diac arrest report the presence of epileptiform discharges
with a prevalence of 21-54.5%, although their prognostic
value appears to be uncertain [3, 4, 6, 34]. Interestingly,
none of our patients on ECMO had any epileptiform
discharges or seizures. This may point to differences in
mechanism and patterns of brain injury between these
patient populations.

One major strength of this study is that all EEG
analyses were carried out after medications known
to have major effects on EEG had been weaned off.
Prior studies have also reported unreactive EEGs to be
associated with poor neurological outcome in coma-
tose patients on ECMO [11, 12, 14], which has been
challenging to interpret as sedating medications can
often suppress the EEG signals, and more critically
ill patients may receive heavier sedation, further con-
founding the association between EEG findings and
patient outcome. Therefore, the findings from our
study are important in that cEEG data were only evalu-
ated when sedating medications were weaned off prior
to cEEG monitoring.

Another strength of our paper is the carefully planned
use of prolonged cEEG monitoring during ECMO sup-
port. Although other studies using rEEGs in patients on
ECMO also revealed unreactive EEGs and suppressed
backgrounds to be associated with poor neurologi-
cal outcome, they did not account for the fact that EEG
patterns often change significantly in the first few days
of ECMO [15]. This may be the reason why others were
only able to predict poor but not favorable outcomes.
Furthermore, state changes and variability are more dif-
ficult to capture on rEEGs, which are much briefer than
cEEGs. Thus, we propose that a full day (>24 h) of cEEG
and absence of significantly confounding sedating medi-
cations in patients on ECMO allow for more reliable

prognostication based on EEG features, even after wean-
ing offt ECMO.

It is important to keep in mind that decisions about
WOLST for comatose patients were made in setting of
severe cardiopulmonary illness, often with concurrent
multiorgan failure and inability to wean offt ECMO. Given
the controversial nature of WOLST and self-fulfilling
prophecy [35-37], these decisions to implement WOLST
were never guided by the results of the cEEG features
analyzed. This was true for patients who underwent
WOLST at the time of ECMO support and those who
had successfully weaned off ECMO but were still hospi-
talized. Based on the results of this study, the presence of
reactivity, state changes, and/or variability on cEEG dur-
ing ECMO support may potentially encourage providers
and patients’ next of kin or other court-appointed guard-
ian to continue with treatment and to delay WOLST that
may have otherwise occurred too soon.

Lastly, cEEG recording during ECMO support while
minimizing potentially confounding sedating medica-
tions appears to be a promising mode of prognostication
of patients on ECMO. No prior study has evaluated data
matching these criteria before. The reproducibility of
this protocol is further supported by our rigorous com-
pliance in previously published studies [7, 8, 38]. The
cEEG’s predictive ability may be bolstered further when
used in conjunction with other tools as part of a mul-
timodal monitoring protocol for prognostication. For
example, short-latency somatosensory evoked potentials
[7, 8, 39], transcranial dopplers [7, 40], pupillometry [40],
and near-infrared spectroscopy [39] are all noninvasive
modalities that are used collectively to improve the prog-
nostic value in patients with cardiac arrest, which can
readily be adopted for use in patients on ECMO. Future
studies of cEEG in patients on ECMO may consist of
including those with GCS=>8, those who continue to
receive other sedating medications during cEEG record-
ing for comparison, and/or those who were successfully
weaned off ECMO and subsequently underwent a sec-
ond cEEG monitoring during the same hospitalization.
Doing so would not only increase the number of patient
samples, but also help evaluate the neurologic evolution
of patients on ECMO. Additionally, further comparison
studies involving the cardiac arrest and ECMO popula-
tions may allow a deeper understanding of their mecha-
nistic differences related to neurological recovery and the
comatose state associated with cardiac injury.

This study has limitations. First, the sample size of
patients is still small, which prevents subgroup analyses
for each specific indication for ECMO in setting of the
heterogeneity of the ECMO patient population. Second,
decisions for WOLST made by the patients’ next of kin
or other court-appointed guardian curtailed further data
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collection related to the patients’ natural clinical course
and cEEG monitoring. Third, we allowed dexmedetomi-
dine and fentanyl during EEG monitoring as these medi-
cations have much less confounding effect on EEG, but
nevertheless may still unintentionally affect EEG param-
eters, such as state changes. Fourth, the effects of sedat-
ing medications may linger beyond their typical half-lives
in patients on ECMO because of various metabolic
derangements in setting of multisystem organ failure
and/or targeted temperature management, which may
have some confounding effects. Fifth, the timing of per-
forming cEEG was not precisely consistent for all patients
on ECMO because of their individual abilities to tolerate
cessation of sedating medications and differing medical
indications for ECMO support. The optimal timing for
performing cEEG on patients on ECMO for neurological
prognostication remains to be further studied.

Conclusions

We demonstrated that cEEG monitoring in comatose
patients on ECMO with standardized sedation cessation
protocol may have the potential for neurological prog-
nostication. Although future multicenter studies with
larger patient cohorts are certainly warranted, we were
able to validate the feasibility of protocolized sedation
cessation and cEEG analyses in the absence of confound-
ing effect from sedating medications. Specifically, we
further expanded on our prior studies with higher statis-
tical power, suggesting that intact reactivity, present state
changes, and fair/good variability on cEEG recordings of
patients on ECMO are associated with survival at hospi-
tal discharge. Therefore, the cEEG data obtained during
ECMO may remain useful for predicting the patients’
neurological outcome even after weaning off ECMO
support.
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