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Abstract

Background ContinuousEEG(cEEG)mayallowmonitoring

of patients with aneurysmal subarachnoid hemorrhage (SAH)

for delayed cerebral ischemia (DCI) and seizures, including

non-convulsive seizures (NCSz), and non-convulsive status

epilepticus (NCSE). We aimed to evaluate: (a) the diagnostic

accuracy of cEEG as a confirmatory test, (b) the prognostic

value of EEG patterns suggestive of seizures and DCI, and

(c) the effectiveness of intensified neuromonitoring using cEEG

in terms of improved clinical outcome following SAH.

Methods A systematic review was performed with eligi-

ble studies selected from multiple indexing databases

through June 2014. The methodological quality of these

studies was assessed using the Quality Assessment of

Diagnostic Accuracy Studies-2.

Results Eighteen studies were identified, including cEEG

data from 481 patients with aneurysmal SAH. NCSz were

diagnosed in 7–18 % of patients; NCSE in 3–13 %. NCSE

was associated with increased age (mean age 68 years) and

mortality (82–100 %) compared to the entire patient

population (53.9 years; mortality 13 %; p values <0.05).

DCI was diagnosed in 20–46 % of patients. Quantitative

EEG patterns suggestive of DCI included decreased alpha/

delta ratio, relative alpha variability, and total power. All

studies were subject to a high risk of bias concerning

patient selection and cEEG methodology.

Conclusions cEEG monitoring following SAH detects an

increased number of subclinical seizures andmay predict DCI

many hours in advance. NCSE is associated with high mor-

tality and morbidity, whereas for DCI identified by cEEG this

association is less clear. Prospective randomized controlled

multicenter trials are needed to evaluate the benefits (or risks)

of intensified treatment of seizures and DCI following SAH.

Keywords Aneurysm � Delayed cerebral ischemia �
Epilepsy � Status epilepticus � Quantitative EEG �
Seizures � Spreading depolarizations � Spreading ischemia �
Stroke � Subarachnoid bleeding � Vasospasm

Introduction

Once a ruptured aneurysm has been secured, patients with

subarachnoid hemorrhage (SAH) may develop secondary
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Berlin, Berlin, Germany

C. K. Friberg � M. Fabricius

Department of Clinical Neurophysiology, Rigshospitalet,

Copenhagen University Hospital, Copenhagen, Denmark

C. Reiffurth � J. P. Dreier
Department of Experimental Neurology,
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complications, of which delayed cerebral ischemia (DCI)

is the most devastating [1]. DCI is defined as a new focal

or global neurological deficit and/or a new cerebral

infarction revealed by neuroimaging or autopsy after

other causes such as rebleeding and hydrocephalus have

been excluded [2]. It affects most frequently the cerebral

cortex with or without subcortical white matter involve-

ment [3]. Symptomatic DCI occurs in roughly 35 % of

patients, typically between days 4 and 14 following SAH

[1, 2]. Computed tomography (CT) reveals new cerebral

infarcts in about a third of these patients [4]; however,

approximately 25 % of infarcts on CT are clinically

silent [5]. The pathophysiology of DCI is not fully

understood. Arterial vasospasm probably plays a role, but

additional mechanisms include microembolism, vaso-

spasm of peripheral arteries and arterioles (as opposed to

proximal large vessels), and cortical spreading ischemia

[2, 6, 7, 9–14].

Epileptic seizures, including non-convulsive seizures

(NSCz) and non-convulsive status epilepticus (NCSE), are

also common complications of SAH [15, 16]. In one study

involving 48 comatose SAH patients, intracortical seizures

were seen in 38 % of patients (using electrocorticography)

and 8 % had surface seizures (detected by EEG) [13].

Although it remains unknown whether NCSz may con-

tribute to neuronal damage or merely indicate an

underlying brain injury, NCSE following SAH is associ-

ated with high mortality and morbidity [16].

Recent technical advances have made continuous EEG

(cEEG) monitoring feasible for an increasing number of

surgical and non-surgical patients in both general and

neuro-intensive care departments [17]. Quantitative EEG

(qEEG) software programs allow the many hours of raw

EEG data to be condensed into a few screen shots which

can be assessed instantly. Thus, real-time detection of

adverse events is possible, and cEEG is increasingly used

to monitor SAH patients for seizures and DCI. However,

rhythmical and periodic EEG patterns of uncertain signif-

icance are frequently encountered, and it is unknown if and

how rigorously they should be treated [18]. Treating EEG

changes on the ictal-interictal spectrum too aggressively

may induce serious adverse effects such as arterial hypo-

tension, organ toxicity, and prolonged ventilator support. In

addition, whereas EEG patterns of ischemia are well-

described—subtle loss of alpha and beta, followed by

excessive theta and delta and finally, suppression of all

frequencies—there is lack of consensus about which of the

many qEEG parameters are most suitable for the detection

of DCI. It therefore remains unclear whether intensified

monitoring by cEEG, an expensive and labor-intensive

diagnostic tool, translates into better clinical outcome or if

it indeed may lead to overtreatment and potentially harm

the patient.

We aimed to evaluate the diagnostic accuracy of cEEG

as a confirmatory test to detect seizures and DCI following

SAH. Using the PICO approach [19], we phrased the fol-

lowing primary research question: In patients with acute

SAH admitted to an intensive care unit (Population), does

neuromonitoring using cEEG (Intervention) as compared to

conventional clinical monitoring (Comparison) lead to

earlier and more frequent detection of episodes with DCI

and/or seizures (Outcome)? For secondary objectives we

assessed (a) whether EEG patterns suggestive of seizures

and DCI predict clinical outcome in SAH and (b) whether

intensified neuromonitoring using cEEG translates into

better clinical outcome of patients with SAH.

Methods

We performed a systematic review using standardized

methods. The review protocol can be accessed from the

Online supplemental files.

Criteria for Considering Studies for this Review

Types of Studies

We included cross-sectional, longitudinal, retrospective or

prospective observational studies as well as interventional

trials, and, if available, meta-analyses and reviews, com-

paring cEEG with conventional neuromonitoring [clinical

examination, intracranial pressure measurement, routine

EEG, neuroimaging including CT/magnetic resonance

(MR) angiography, and transcranial Doppler (TCD)] in

patients with acute SAH. Single case reports were exclu-

ded. Studies were restricted to those reporting on adults

(age above 16 years) with non-traumatic and aneurysmal

SAH, confirmed by neuroimaging, admitted to neuro-

critical care units, general intensive care units, or specialist

units (e.g. stroke units) and examined by cEEG during the

acute period (days 0–30), irrespective of the severity of the

disease or co-morbidities. Studies including patients

assessed with simultaneous Electrocorticography were

excluded because of the considerable methodological

differences.

Index Test and Reference Standards

The index test was cEEG which comprises both prolonged

measurement of raw EEG data and qEEG. EEG monitoring

can be performed using a standard EEG montage (21

electrodes) or a reduced amount of EEG channels. Many

different qEEG methods are available and are typically

used in combination; these include qEEG based on

amplitude (amplitude-integrated EEG, envelope trends),

Neurocrit Care (2015) 22:450–461 451

123



frequency (spectral arrays, spectrograms), rhythmicity, and

asymmetry of the raw EEG.

With respect to NCSz and NCSE, clinical exam

(including video EEG) and routine EEG were considered

as reference standards. For vasospasm and DCI, clinical

exam and neuroimaging [TCD; CT and MRI, including

CT/MR angiography and perfusion; and digital subtraction

angiography (DSA)] were reference standards.

Search Methods for Identification of Studies

We searched the following databases for relevant English

and non-English literature from January 1, 1980 to June 15,

2014: Cochrane Central Register of Controlled Trials (The

Cochrane Library), Medline (PubMed), EMBASE, Scopus,

and clinicaltrials.gov. The following search terms were

used: ‘‘subarachnoid* hemorrhage’’, ‘‘subarachnoid*

bleeding’’, ‘‘electroencephalography’’, ‘‘EEG’’, ‘‘continu-

ous EEG’’, ‘‘cEEG’’, ‘‘quantitative EEG’’, ‘‘qEEG’’, ‘‘ICU

EEG monitoring’’, and ‘‘neurotelemetry’’. See Online

supplemental files for details. References from relevant

manuscripts were manually searched to identify additional

articles. Further, papers were cross-referenced using the

‘cited by’ function on Scopus and PubMed. The literature

search was supervised by an information specialist from

the Copenhagen University Library Service.

Data Collection, Analysis, and Reporting

Selection of Studies, Data Extraction, and Management

Titles were reviewed first, followed by evaluation of the

abstracts with titles suggesting that a study was of rele-

vance. Eligible studies were then identified on the basis of

their full text. The initial selection was performed by one

author (DK), and then confirmation of eligibility and

quality assessment were performed by two authors (DK,

CF). Following identification of relevant studies, one

author (DK) extracted relevant information from each

study which was validated by a second author (CF).

Assessment of Methodological Quality, Including

Investigations of Heterogeneity

Using the Quality Assessment of Diagnostic Accuracy

Studies-2 (QUADAS-2), a recently modified version of

QUADAS [20], two authors (DK, CF) independently

assessed the methodological quality of each included study.

The QUADAS-2 comprises four domains: (1) participant

selection, (2) index test, (3) reference standard, and (4)

flow of participants through the study and timing of the

index tests and reference standard (flow and timing). Each

domain is assessed for risk of bias, and the first three

domains are also assessed for concerns regarding applica-

bility, using pre-specified signaling questions. These

questions were adjusted according to the purpose of this

review (see Online supplementary files). Risk of bias and

concerns about applicability were judged as ‘‘low’’,

‘‘high’’, or ‘‘unclear’’. Disagreement between the two

reviewing authors was resolved by consensus or an inde-

pendent referee (MF) if required.

Statistical Analysis, Data Synthesis, and Reporting

We aimed to perform a meta-analysis of the available

numerical data reporting on 1) the diagnostic accuracy of

cEEG in detecting NSCz and NCSE, as well as vasospasm

and DCI; 2) the positive and negative predictive values of

cEEG for clinical outcome after SAH in terms of mortality

and morbidity; and 3) potential clinical benefits from

adjustment of therapy in response to intensified neuro-

monitoring using cEEG. However, this aim was subject to

the availability and quality of the studies, study design, and

risk of bias, and we planned only to perform a meta-ana-

lysis of the data when judged clinically meaningful and

feasible. Descriptive statistics were performed, if appro-

priate, including the Student’s test for continuous variables;

p < 0.05 was considered statistically significant. The data

were reported according to the PRISMA criteria (see

Online supplementary files) [21].

Results

Systematic Literature Search and Quality Assessment

The initial literature research yielded 760 citations. Twenty

original publications, reporting on 18 studies, were deemed

eligible for inclusion and meta-analysis (Fig. 1) [14, 16,

22–39]. All studies were single-center case series (includ-

ing one randomized clinical drug trial [29, 30] ), of which 8

(44 %) were retrospective. Using the QUADAS-2, we

found that all studies were affected by a high risk of bias

related to patient selection. In addition, nine studies (50 %)

had a high or unclear risk of bias concerning cEEG

methodology (index test), whereas risk of bias in terms of

the reference standards, patient flow, and timing of inves-

tigations was in general low. In most studies there were no

or only few concerns regarding applicability; thus, the

conduct and interpretation of cEEG in the identified studies

were in line with our review question (Table 1).

Patient Population

Adjusting for patients included in more than one study and

excluding ambiguous data, we identified a total of 2,348

452 Neurocrit Care (2015) 22:450–461
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patients with acute aneurysmal SAH; unambiguous cEEG

monitoring data were available for 481 patients (20.5 %;

Table 2). Mean age of patients examined by cEEG was

55.8 years (an approximation based on data from 8 stud-

ies), 71 % were female (6 studies). Patients with NCSE had

a mean age of 68 years (range 32–82; 2 studies) which was

significantly older than that of the entire population

(p < 0.05). In 12 studies the majority of patients had

sustained severe SAH (Hunt and Hess grade 4–5, Fisher

grade 3–4, and/or GCS B8; n = 305 patients). SAH was of

moderate degree (Hunt and Hess grade 1–3, Fisher grade

1–2, and/or GCS C9) in most patients from 4 studies

(n = 60). In 2 studies the severity of SAH was not speci-

fied. Mortality data were available from 5 studies; at the

time of hospital discharge there were 26 deaths among 200

patients (13 %).

cEEG Methodology and Reference Standards

A full EEG montage was used in 9 studies (50 %),

whereas the remaining publications did not specify the

number of EEG electrodes or involved a reduced number

(median 8 EEG channels, range 2–16). cEEG monitoring

was performed on average for 5 days (range 1–60 days;

based on data from 12 studies) (Table 2). Only 6 studies

(33 %) provided qEEG data. A large variety of qEEG

methods were employed. Claassen et al., for instance,

assessed 12 different qEEG parameters, including

parameters related to absolute and relative power,

coherence and average frequency [25]. The indication for

cEEG was monitoring for NCSz and NCSE in 15 studies

(83 %), whereas in 8 studies (44 %) cEEG was per-

formed for the detection of DCI and vasospasm. Only 5

Studies identified through 
database search (n=760)

Studies retrieved 
for evaluation (n=51)

Full text articles included for
for evaluation (n=20) including

18 studies 

Excluded (duplicates and 
papers not meeting inclusion 

criteria (n=709)

Full text articles assessed 
for eligibility (n=24)

Excluded (n=4) publications
including intracortical EEG, 

technical reports, 
publications with n=1

Excluded ongoing trials 
(n=1) and conference 

abstracts (n=26)
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Fig. 1 Schematic overview of

the literature research. See

‘‘Methods’’ and ‘‘Results’’ for

details and Online supplemental

files for search strategies and

excluded references
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studies (28 %) used cEEG for simultaneous assessment

of ischemia and seizures.

The reference standards for DCI and vasospasm inclu-

ded CT, DSA, and TCD in most but not all studies, and

thresholds for increased mean middle cerebral artery flow

velocities varied from 120 to 140 cm/min. However, in 4

studies DCI was based on a clinical diagnosis, and the

presence of radiological vasospasm or increased TCD flow

velocities was considered supportive but not mandatory.

Similarly, definitions of electrographic seizures varied

significantly between studies: We counted 8 different def-

initions in 12 studies, excluding 3 studies without clearly

specified seizure criteria (Table 3). In 4 papers, seizures

were defined according to the American Clinical Neuro-

physiology Society’s (ACNS) Standardized Critical Care

EEG Terminology; 3 studies referred to the 2005 version, 1

to the 2012 version. Table 2 lists the available data on the

incidence of DCI, NSCz, and NCSE, respectively. Due to

the large heterogeneity of the present studies, we consid-

ered a more detailed meta-analysis inappropriate.

DCI and Seizures

Changing trends on qEEG correlated with DCI. In a study

including 11 SAH patients, the most sensitive qEEG

parameter was a change in total power (91 %) [22]. In

another study, decreased relative alpha variability was

found to precede TCD- or DSA-verified vasospasm by

more than 2 days in 10 out of 19 patients, resulting in

positive and negative predictive values of 76 % and 100 %,

respectively [23]. In a third study, post-stimulation alpha/

delta ratio (alpha power/delta power; ADR) had the

strongest association with DCI [25]. Any single measure-

ment with a >50 % ADR decrease had a sensitivity of

89 % and a specificity of 84 %. The finding of six con-

secutive recordings with a >10 % decrease in ADR from

baseline had an even greater sensitivity (100 %), although

specificity was lower (76 %) [25]. In yet another study,

cEEG was predictive greater than 24 h prior to clinical

change in 3 of 12 patients, and monitoring daily mean

alpha power accurately identified recurrence of DCI, as

well as poor responders to spasmolytic therapy [33]. Pro-

gressive electrographic deterioration (enhanced delta

pattern) was associated with an increased risk of in-hospital

death by almost 24 % compared to patients without

worsening of EEG patterns [31]. However, DCI did not

remain predictive of poor outcome in the largest of all

studies involving 116 patients, perhaps because of the

higher than expected DCI prevalence [25]. NCSE, periodic

epileptic discharges, and lack of sleep architecture were

associated with poor outcome, but the numbers were too

small for meaningful statistic evaluation [14].

Table 1 Systematic evaluation of 20 original publications on cEEG in SAH using the QUADAS-2, a revised tool for the Quality Assessment of

Diagnostic Accuracy Studies [20]

Risk of bias Applicability concerns

Patient

selection

Index test Reference

standard

Flow and

timing

Patient

selection

Index

test

Reference

standard

Labar [22] High High Low Low Low Low Low

Vespa [23] High UNCLEAR Low Low Low Low Low

Dennis [24] High Low UNCLEAR UNCLEAR Low Low Low

Claassen [16] High Low Low Low Low Low Low

Claassen [25, 26] High Low Low Low Low Low Low

Claassen [14] High Low Low Low Low Low Low

Little [27] High High UNCLEAR High Low Low Low

Amantini [28] High High High High Low High UNCLEAR

Szaflarski [29]/Steinbaugh [30] High Low Low Low Low Low Low

Bosco [31] High High Low Low UNCLEAR Low Low

Park [32] High Low Low Low Low Low Low

Rathakrishnan [33] High Low Low Low Low Low Low

Lindgren [34] High High UNCLEAR UNCLEAR Low Low UNCLEAR

Ong [35] High Low Low Low Low Low Low

Crepeau [36] High Low UNCLEAR UNCLEAR Low Low High

Gaspard [37] High UNCLEAR UNCLEAR UNCLEAR UNCLEAR High UNCLEAR

O’Connor [39] High UNCLEAR Low Low Low Low Low

Claassen [38] High UNCLEAR Low Low Low Low Low

cEEG continuous EEG, QUADAS-2 quality assessment of diagnostic accuracy studies 2, SAH subarachnoid hemorrhage
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Seizures in SAH patients were common. In one study,

19 % of 108 patients with SAH had seizures recorded on

cEEG. Most seizures were non-convulsive (95 %) and the

majority of patients with NCSz had NCSE (70 %) [16].

Epileptiform discharges and NCSE were often associated

with poor prognosis following SAH. In one study, 26

patients with SAH and decreased consciousness underwent

cEEG monitoring and 8 were diagnosed as having NCSE

(31 %). Despite successful termination of NCSE in 5, all 8

patients subsequently died [24]. In another study involving

11 SAH patients with NCSE, 9 died (82 %); the remaining

2 patients lived independently following rehabilitation

[27]. However, one study reported a rather low incidence

of NCSz (2/28 patients; 7 %) and NCSE (1/28 patients;

4 %) [34], and, in yet another study, rhythmical and peri-

odic EEG patterns were very common but did not predict

short-term outcome in critically ill patients with SAH [36].

The first NCSz was registered after a median of 8.5 days

(median interquartile range 4.8–17) following SAH in one

study [38], and, in another study, the first seizure detection

occurred a median of 5.4 days (IQR 4.8–17) post-bleeding

and 1.6 days (IQR 0.7–2.9) following the onset of cEEG

monitoring [39].

Discussion

Continuous EEG allows uninterrupted, prolonged, and non-

invasive real-time detection of adverse events in comatose

patients, in whom neurological examination is typically

unreliable. Patients with aneurysmal SAH are at risk for

subclinical seizures and DCI, and thus, an obvious target

group for cEEG monitoring [17].

As to the detection of DCI, physiological parameters

(e.g. cerebral perfusion pressure), levels of sedation,

medications, as well as artifacts, severely influence qEEG

results [17, 22, 25]. In order to enhance sensitivity for

changes related to DCI, investigators have used relative

instead of absolute qEEG parameters [23, 25], analyzed

exclusively artifact-free EEG [23], and restricted the

evaluation to EEG clips following an alerting stimulus

[25]. Quantitative EEG parameters should always be

evaluated together with the raw EEG and in light of the

clinical situation. Having implemented these principles,

Claassen et al. diagnosed DCI in 46 % of patients with

poor-grade SAH. They found post-stimulation ADR to be

the most suitable qEEG parameter for predicting DCI for

up to 24 h or even more prior to clinical deterioration [25].

Reduced values for total power, relative alpha variability,

and the composite alpha index (CAI) were similarly pre-

dictive of ischemia hours to days in advance [22, 23, 33]. It

must be noticed, though, that in the latter studies, the

severity of SAH was moderate in most patients asT
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Table 3 Electrographic definitions of seizures in studies on cEEG in SAH

Source Seizure definition

Dennis [24] ‘‘Paroxysmal EEG patterns with a discrete onset, offset, and evolution […]; periodic lateralized or generalized

epileptiform discharges alone were not considered to represent ictal patterns. NCSE was diagnosed when cEEG

monitoring documented repetitive electrographic seizures for more than 60 min in the absence of obvious tonic or

clonic activity of the extremities, whether or not subtle movements (e.g., facial twitching, tonic eye deviation, or

nystagmus) were observed […]. Cessation of NCSE was defined as the time when the last documented

electrographic seizure occurred.’’

Claassen [16] No clear definition provided: ‘‘We recorded if the electroencephalographer identified seizures (electrographic seizures

were defined as seizures with no detectable clinical correlate), non-convulsive status epilepticus, other repetitive

epileptiform discharges, new onset slowing, or attenuation of fast activity in the EEG reading.’’

Claassen [25, 26] ’’Rhythmic discharge or spike-and-wave pattern with definite evolution in frequency, location, or morphology lasting

at least 10 s; evolution in amplitude alone did not qualify.’’

Claassen [14] See above

Little [27] ACNS Standardized Critical Care EEG Terminology (2005)

Amantini [28] No definition provided

Szaflarski [29]/

Steinbaugh [30]

ACNS Standardized Critical Care EEG Terminology (2005)

Park [32] According to Chong and Hirsch (2005): ‘‘Any pattern lasting at least 10 s satisfying any one of the following 3

primary criteria:

Primary Criteria:

1. Repetitive generalized or focal spikes, sharp waves, spike-and-wave, or sharp-and-slow wave complexes at C3/s

2. Repetitive generalized or focal spikes, sharp waves, spike-and-wave, or sharp-and-slow wave complexes at <3/s,

and the secondary criterion.

3. Sequential rhythmic, periodic, or quasi-periodic waves at C1/s and unequivocal evolution in frequency (gradually

increasing or decreasing by at least 1/s, e.g. from 2 to 3/s), morphology, or location (gradual spread into or out of a

region involving at least 2 electrodes). Evolution in amplitude alone is not sufficient. Change in sharpness without

other change in morphology is not adequate to satisfy evolution in morphology.

Secondary criterion:

Significant improvement in clinical state or appearance of previously-absent normal EEG patterns (such as a posterior

dominant rhythm) temporally coupled to acute administration of a rapidly-acting AED. Resolution of the

‘‘epileptiform’’ discharges leaving diffuse slowing without clinical improvement and without appearance of

previously-absent normal EEG patterns would not satisfy the secondary criterion.’’

Bosco [31] ‘‘We used an EEG classification of coma based on a modification of the method set forth by Synek et al. A single

expert electroencephalographer reviewed and classified all the recordings as follows: IA = delta/theta >50 %

reactivity; IB = delta/theta >50 % without reactivity; II = triphasic waves; IIIA = burst suppression with

epileptiform activity; IIIB = burst suppression without epileptiform activity; IV = alpha/theta/spindle coma

nonreactive; VA = epileptiform activity, generalized; VB = epileptiform activity, focal or multifocal,

VIA = suppression <20 lV, but >10 lV; and VIB = suppression <10 lV.’’

Lindgren [34] ‘‘The patient’s cEEG record should present one or more of the following features: (1) Uni- or bilateral rhythmic

activity distinguishable from the background activity, and with or without high frequency components, eventually

occurring with a crescendo-shaped appearance and short time for cessation/abolition, and eventually preceded by a

sudden and temporary drop in EEG amplitude; (2) Pseudo-rhythmic spikes or spike-wave activity; (3) Repetitive

‘‘broad sharp’’ complexes.’’

Ong [35] No definition provided

Crepeau [36] ACNS Standardized Critical Care EEG Terminology (2005)

Gaspard [37] ACNS Standardized Critical Care EEG Terminology (2012)

O’Connor [39] According to Chong and Hirsch (2005) (see above)

Claassen [38] ’’Seizures were defined as any spikes, sharp waves, or sharp-and-slow wave complexes lasting for C10 s at either a

frequency of at least 3 per second or a frequency of at least 1 per second with clear evolution in frequency,

morphology, or location.’’

ACNS American Clinical Neurophysiology Society, AED antiepileptic drug, cEEG continuous EEG, NCSE non-convulsive status epilepticus,

SAH subarachnoid hemorrhage, lV micro-volt
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compared to the poor-grade SAH population from Claassen

et al.

A most significant confounding factor is the large vari-

ety of DCI definitions in clinical trials and observational

studies on SAH, including the controversial equation of

angiographic vasospasm with DCI, which makes compar-

ison between studies challenging [2]. In most studies, a

clear definition of DCI was lacking or DCI was diagnosed

by combining radiographic or ultrasound evidence of

vasospasm with clinical symptoms of cerebral ischemia

[22, 23, 27, 31, 32]. This neither takes into account that

delayed neurological deficits are subject to many other

factors in addition to DCI and that clinical examination in

the intensive care unit may be unreliable, nor the increasing

evidence that a simple cause-effect relationship between

angiographic vasospasm and DCI does not exist (Fig. 2) [8,

9]. Therefore, an international expert panel recently sug-

gested a more reliable definition of DCI excluding any

assumptions about pathogenesis [2]. The panel concluded

that in observational studies and clinical trials aiming to

investigate strategies to prevent DCI, the two main out-

come measures should consist of (1) cerebral infarction,

identified by CT or MRI or confirmed at autopsy (not

including infarctions due to complications following sur-

gery or endovascular treatment), and (2) functional

outcome. Delayed neurological deficits or vasospasms

detected by angiography or TCD may be used as secondary

outcome measures, but must be assessed together with

serial neuroimaging studies and functional outcome [2].

In the future, investigators will need to use standardized

DCI definitions as outlined above, and systematically

evaluate the effects on qEEG parameters by external fac-

tors (including medication, artifacts, and sedation),

physiological data (such as intracranial pressure and met-

abolic abnormalities), and disease-related complications

(e.g., intraventricular hemorrhage, obstructive hydroceph-

alus, rebleeding). Correlating, spreading depolarizations

identified by Electrocorticography with changes in the

scalp qEEG is crucial in this regard (Fig. 2) [13]. None-

theless, it remains to be proven that treatment based on

DCI detection by cEEG indeed improves outcome and does

not lead to increased morbidity due to potentially risky

procedures such as catheter-based angiography.

As to the detection of seizures, NCSz were diagnosed in

7–18 % of patients with SAH; NCSE was seen in 3–13 %.

[16, 26, 27, 34] Thus, it appears that most patients with

subclinical seizures are indeed having NCSE. However, the

available studies were very heterogeneous with respect to

electrographic seizure criteria. Excluding 3 studies without

any clearly stated definition, we identified 8 different sei-

zure definitions (Table 3). Only one study referred to the

latest version of the ACNS Standardized Critical Care EEG

Terminology [37]. This reflects the controversy about

certain EEG patterns on the ictal-interictal continuum,

which affects the diagnosis of epileptic seizures, including

NCSz and NCSE. The incidence of incorrect cEEG inter-

pretation remains unknown [18]. Only a minority of papers

stated explicitly that board-certified electroencephalogra-

phers experienced with neuro-critical care were involved in

EEG reading [32]. Continuous EEG monitoring obviously

allows for detection of a larger amount of seizures (and

closer monitoring of antiepileptic drug effects) in a given

patient than spot EEG. Thus, the proportion of SAH

patients with seizures identified by cEEG in the present

studies was higher than in previous reports (5–11 %) [40].

However, the significance of subclinical seizures diagnosed

with cEEG remains unclear. NCSE was associated with

high mortality, but it is still unknown whether subclinical

seizures have a deleterious effect on the brain or if they are

merely a marker of the underlying disease. No study

evaluated whether treatment of NCSz detected by cEEG

translates into better clinical outcome of SAH patients in

terms of reduced mortality and morbidity.

Using a quality assessment tool designed specifically for

diagnostic accuracy studies, the QUADAS-2, we found that

the literature on cEEG monitoring of SAH patients is subject

to a high risk of bias. This was mainly related to the selection

of patients and cEEG methodology. All available studies

were single-center case series, roughly half of these were

retrospective, many excluding a significant proportion of

patients (e.g. due to logistic reasons), and patient numbers

were in general low. Nearly, every second study involved a

reduced number of EEG channels, qEEG data were available

from only six studies, and very few investigators used cEEG

for simultaneous assessment of ischemic and epileptic events.

In conclusion, our primary research question can be

answered in the affirmative: cEEGmonitoring of patientswith

SAH leads to detection of an increased number of subclinical

seizures and may predict clinically symptomatic episodes of

DCI many hours in advance. NCSE is associated with high

mortality andmorbidity,whereas for DCI identified by cEEG,

this association is less evident. However, it remains unknown

whether more aggressive treatment as a consequence of

intensified neuromonitoring indeed leads to improved clinical

outcome. In addition, the literature on cEEG in SAH is subject

to a high risk of bias related to the selection of patients and

cEEG methodology. Considering the lack of randomized or

case–control studies, as well as the heterogeneity of the

available data, no meta-analysis of extracted data was per-

formed. Large scale systematic studies, including prospective

randomized controlled multicenter trials and comparative

effectiveness research, are clearly needed in order to evaluate

the benefits (or risks) of early and aggressive treatment of

seizures andDCI following SAH. Such studies should employ

cEEGnomenclature and seizure criteria according to the latest

version of the ACNS Standardized Critical Care EEG
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Fig. 2 Schematic overview of the pathophysiology of DCI following

SAH. Erythrocytes metabolites in the subarachnoid space lead to

increased efficacy of vasoconstrictory agents while inhibiting vaso-

dilators, and are the likely cause of DCI (inset A). They induce (1)

delayed, prolonged vasospasm of large proximal cerebral vessels

(which may be detected using CT- or MRI-based angiography, DSA

or TCD) and (2) microvascular delayed chronic vasospasm (typically

undetected by these techniques). In addition, (3) erythrocytes products

promote the occurrence of spreading depolarizations (SDs) and (4)

reverse the neurovascular coupling between SDs and cerebral blood

flow [12]. SDs represent a near-complete breakdown of the cortical

ion homeostasis. In the presence of erythrocytes metabolites, SDs

typically lead to severe and acute microarterial spasm and spreading

ischemia by inverse neurovascular coupling [12]. This microarterial

vasospasm is superimposed on the prolonged vasospasm of larger

vessels. Prolonged vasospasms and spreading ischemia prevent

recovery from SDs, and neurons may eventually die. Using direct

current (DC)/alternating current (AC) subdural Electrocorticography

recordings (inset B), SDs are observed as slow potential changes

(a) which are accompanied by depression of spontaneous neuronal

activity (b). This depression can be quantified using the integral of

power (c) [11]. Similarly, correlates of SDs in the scalp EEG are slow

potential changes (a) and depressions of spontaneous activity (b and

c), serving as potential biomarkers for DCI in cEEG recordings [13].

Pathomorphologically, SDs are associated with cytotoxic edema of

cortical neurons and astrocytes, as well as acute intense spasms of

cortical resistance arteries and arterioles. Microarterial spasms

propagate in the tissue together with the neuronal depolarization

wave at a speed of approximately 3 mm per minute (spreading

ischemia; inset C) [12]
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Terminology, standardized DCI criteria based on cerebral

infarctions and functional outcome, board-specified electro-

encephalographers experienced with neuro-critical care, and

preferably, full EEG montage.
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