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with diagnosis and prediction of prognosis:
a scoping review
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Abstract

Background: Stroke is a common medical emergency responsible for significant mortality and disability. Early
identification improves outcomes by promoting access to time-critical treatments such as thrombectomy for large
vessel occlusion (LVO), whilst accurate prognosis could inform many acute management decisions. Surface electroen-
cephalography (EEG) shows promise for stroke identification and outcome prediction, but evaluations have varied in
technology, setting, population and purpose. This scoping review aimed to summarise published literature address-
ing the following questions: 1. Can EEG during acute clinical assessment identify: a) Stroke versus non-stroke mimic
conditions. b) Ischaemic versus haemorrhagic stroke. ¢) Ischaemic stroke due to LVO. 2. Can these states be identified
if EEG is applied <6 h since onset. 3. Does EEG during acute assessment predict clinical recovery following confirmed
stroke.

Methods: We performed a systematic search of five bibliographic databases ending 19/10/2020. Two reviewers
assessed eligibility of articles describing diagnostic and/or prognostic EEG application < 72 h since suspected or con-
firmed stroke.

Results: From 5892 abstracts, 210 full text articles were screened and 39 retained. Studies were small and heteroge-
neous. Amongst 21 reports of diagnostic data, consistent associations were reported between stroke, greater delta
power, reduced alpha/beta power, corresponding ratios and greater brain asymmetry. When reported, the area under
the curve (AUC) was at least good (0.81-1.00). Only one study combined clinical and EEG data (AUC 0.88). There was
little data found describing whether EEG could identify ischaemic versus haemorrhagic stroke. Radiological changes
suggestive of LVO were also associated with increased slow and decreased fast waves. The only study with angio-
graphic proof of LVO reported AUC 0.86 for detection < 24 h since onset. Amongst 26 reports of prognostic data,
increased slow and reduced fast wave EEG changes were associated with future dependency, neurological impair-
ment, mortality and poor cognition, but there was little evidence that EEG enhanced outcome prediction relative

to clinical and/or radiological variables. Only one study focussed solely on patients <6 h since onset for predicting
neurological prognosis post-thrombolysis, with more favourable outcomes associated with greater hemispheric sym-
metry and a greater ratio of fast to slow waves.
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Conclusions: Although studies report important associations with EEG biomarkers, further technological develop-
ment and adequately powered real-world studies are required before recommendations can be made regarding

application during acute stroke assessment.

Keywords: Electroencephalography, Acute stroke, Diagnosis, Prognosis, Large vessel occlusion

Background

Stroke is responsible for a high disability, mortality and
economic burden worldwide. Emergency treatments
can improve outcomes [1, 2], particularly intravenous
thrombolysis and mechanical thrombectomy for selected
patients with ischaemic stroke. These highly time-
sensitive treatments reduce long-term disability when
administered to appropriate patients, but urgent clinical
assessment including brain Computed Tomography (CT)
or Magnetic Resonance Imaging (MRI) must first deter-
mine eligibility. For mechanical thrombectomy, addi-
tional angiography (CTA or MRA) is needed to confirm
the presence of large vessel occlusion (LVO), with subse-
quent transfer of treatable patients if they are not already
at a comprehensive stroke centre [3]. Earlier identifica-
tion of individual patients most likely to benefit from
specific emergency treatments will improve outcomes,
especially if this is possible in the prehospital setting so
that ambulance admissions can be directed to the most
appropriate facility.

Accurate initial identification of stroke patients is com-
plicated by ‘mimic’ conditions that produce the same
symptoms as stroke, such as epileptic seizures, migraine
and infections. A literature review of 79 studies reported
that, despite routine use of symptom checklists like the
Face Arm Speech Test, an average of 27% (range: 4—43%)
prehospital suspected stroke admissions and 10% (range:
1-25%) thrombolysis patients were later re-categorised
as stroke mimics [4]. More complex symptom checklists
have been developed to identify LVO, but these have not
been widely adopted due to the unfavourable balance
between specificity and sensitivity [5, 6]. Point-of-care
tests to distinguish stroke from mimic patients, haem-
orrhagic from ischaemic stroke and/or identify LVO
would allow earlier access to appropriate emergency care.
Although prehospital CT brain imaging in mobile stroke
units has been implemented within highly resourced
healthcare systems [7], there are no other diagnostic
technologies currently available with acceptable accu-
racy [8]. Similarly, portable technologies providing early
information about prognosis could assist clinicians whilst
making a range of acute management decisions, such as
whether treatment of early complications would be likely
to influence recovery or might possibly be futile.

Electroencephalography (EEG) is a non-invasive clini-
cal tool frequently used in hospital-based diagnosis and

management of seizures, but has also been evaluated for
stroke identification and prognostication. An increase in
slow-wave (delta) versus faster (alpha/beta) activity has
long been recognised following a recent stroke, although
the exact mechanism is uncertain [9-11]. Quantitative
EEG (qEEG) has been used as a biomarker to predict out-
comes in ischaemic stroke in acute and sub-acute settings
[12, 13]. Its ability to detect and size lesions [14, 15] sug-
gests that it could be used as a diagnostic tool and a clini-
cal decision aid during treatment decisions. Advances in
qEEG analysis methods and algorithms such as the Brain
Symmetry Index [16], and introduction of portable sys-
tems using a minimal number of electrodes [17, 18], have
increased the practical potential for use in emergency
department (ED) and pre-hospital settings [19]. We
undertook a literature review to describe the use of EEG
during the acute phase of stroke for stratification of unse-
lected patients into important clinical groups, and as an
aid for clinical decision-making through early estimation
of prognosis. A scoping review approach was applied due
to significant heterogeneity in technology and setting in
this emerging field.

Methods

The Preferred Reporting Systems for Systematic Reviews
and Meta-Analyses Extension for Scoping Reviews
(PRISMA-ScR) framework was applied [20].

Aim

The aim was to report evidence describing the capabil-
ity of EEG technologies for stratification (identification
and prognostication) when applied within 72 h of stroke
symptom onset.

Objectives

By classifying and describing clinical studies of EEG
technologies applied soon after stroke symptom onset
(<72 h), we addressed the following questions:

1. Can EEG during acute clinical assessment identify:
a) Stroke versus non-stroke mimic conditions.

b) Ischaemic versus haemorrhagic stroke.
¢) Ischaemic stroke due to LVO.
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2. Can these states be identified if EEG is applied<6 h
of symptom onset.

3. Does EEG during acute assessment predict clinical
recovery following confirmed stroke.

Search strategy

Following exploratory searches, a systematic strategy
combining MeSH/Web of Science categories and key-
words was developed and executed in Ovid (selecting
Medline, Embase and PsycINFO databases), Web of
Science and Scopus databases up until the 19" October
2020 inclusive. Hand searching of reference lists and cita-
tion searches of included studies were undertaken. Only
published peer-reviewed literature was retained, includ-
ing conference abstracts if there was sufficient informa-
tion reported, but case studies were excluded. It was not
necessary to contact the authors of any articles for clarifi-
cation. The search strategies are listed under ‘Supplement
A’ in the Supplementary Material.

Study inclusion criteria

Research studies and review articles, including feasibil-
ity and pilot studies, with abstracts published in Eng-
lish from any country were eligible for inclusion if they
presented original data and appropriate statistical com-
parison describing the application of EEG technology for
stroke identification or prognosis. It was necessary for
the test population to include patients with suspected or
confirmed stroke, where the EEG technique was com-
menced (but not necessarily completed) within 72 h.
Although this time window extended beyond the interval
for delivery of emergency stroke treatments, it enabled
inclusion of information from studies with a range of
onset to EEG times. Studies that focused mainly or solely
on seizures (including prediction of post-stroke epilepsy)
or Transient Ischaemic Attack (TIA) (stroke symptoms
resolved within 24 h) were excluded.

Any EEG-based assessment was permissible, includ-
ing but not limited to: qualitative visual analysis of EEG,
qEEG, continuous EEG monitoring, the Brain Symme-
try Index (BSI) and frequency-specific power measures
such as delta/alpha power ratio (DAR) or (delta+ theta)/
(alpha+beta) power ratio (DTABR). The study setting
could be in hospital or in an ambulance, including situa-
tions where patients were conveyed to a specialist labora-
tory from hospital for EEG recording.

Any diagnostic process was accepted for the stroke
reference standard i.e. MRI/A, CT/A and/or specialist
opinion. Comparisons against mimic conditions and non-
stroke/healthy controls were included when the origin
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of the source data was stated. However, studies were not
included if stroke patient data were being compared only
to standard definitions of ‘healthy/normal’ EEG param-
eters, without description of a reference data source.

Studies examining detection of LVO were included if
there was direct evidence of large artery occlusion (e.g.
CT angiography) or, because not many studies were
expected to use this reference standard, we also consid-
ered studies reporting indirectly associated radiological
features (e.g. large infarct size).

For prognostic studies we included those using any
previously described clinical stroke outcome measure,
or survival/death. For these studies, we reported only the
main outcome of interest as stated by the authors.

Study selection

Duplicate articles were excluded. Two members of the
study team (LSu+ RF) reviewed titles and abstracts and
selected full text articles to confirm inclusion with arbi-
tration by a third reviewer if required (CP and/or LSh).
Templates for review, extraction and quality assessment
can be found under ‘Supplement B’ in the Supplementary
Material.

Data extraction

Data were independently extracted by two reviewers
(LSu and HL), with discrepancies resolved via group
discussion.

A data extraction framework was developed and
piloted by the reviewers before use, which included fields
for: Year of publication, country of origin, study aims,
study design, setting, inclusion/exclusion criteria, EEG
technology, EEG data processing methodology, refer-
ence standard information, outcome measures, blinding,
sample size, time from stroke onset to first EEG meas-
ure, major findings (including statistical significance and
diagnostic accuracy) and whether all patients were repre-
sented in the data with any exclusions explained.

To assess study quality, a simple scoring system (0-5)
was created which reflected the main indicators of
good research design i.e. clear eligibility criteria; clearly
defined technology; clearly defined reference standard
and/or outcome measure; blinding; whether all partici-
pants were accounted for in the results presented. Stud-
ies were not excluded based on quality, but quality and
design were considered during recommendations based
upon strength of evidence.

Data synthesis

As this was a scoping review, there was no a-priori plan
for data meta-analysis and a narrative description is pro-
vided. Data are presented in tables according to reference
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Fig. 1 Flow diagram summarising the process used to identify studies

standard or outcome measure in ascending order of pub-
lication date.

Results

Databases searches identified 7624 articles, with 20 more
from hand-searching relevant review publications. After
removal of duplicates, 5892 abstracts remained. Of these,
5682 abstracts did not meet the inclusion criteria. The
remaining 210 full text articles were assessed (Fig. 1)
and 171 articles were excluded: 24 did not meet study
design criterion, 70 did not meet the participants crite-
rion, 16 did not address the review question, 59 did not
meet multiple criteria, and 2 were republished as another
included study. After full text review, 39 articles were
included for data extraction and quality assessment: 13
reporting diagnostic data only, 18 reporting prognostic
data only and eight articles reporting both.

Included studies

Study designs were diverse. The majority were cohort
(n=24) or case—control (n=14) studies, although very
few specifically used these terms. Only one study [21] was
considered a true diagnostic accuracy study, as the inves-
tigators performing the EEG were blinded to patients’
clinical status and the reference standard was determined
in advance (clinical specialist opinion).

Population

There was a wide geographic distribution of studies:
Eight in China; seven in Australia; five in USA; three each
in Belgium and Cuba; two each in Portugal and Israel and
one each in Germany, Indonesia, Ukraine, Italy, Brazil,
Finland, France and Hungary. Nationality was unclear for
one conference abstract. Apart from one study where the
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setting was unclear, most were conducted in acute care
settings in hospital (two in Emergency Departments; four
in an Intensive Care Unit; seven in a neurology depart-
ment; 10 in a stroke unit and 15 in hospital with no clear
department). No studies were conducted in an ambu-
lance or in the pre-hospital setting.

The median number of patients across the 39 articles
was 33 (range=11-199). Inclusion and exclusion crite-
ria were extremely variable, with some studies requiring
extensive lists of exclusions and others giving limited or
no information beyond a diagnosis of “stroke” Two diag-
nostic studies [22, 23] included TIA as part of the stroke
patient sample, whereas others excluded TIA. Inclusion/
exclusion criteria that appeared frequently are listed in
Supplement C (Table S1) in the Supplementary Material.

Median time from stroke onset to EEG application was
48 h (range =4.5-72 h) when this information was avail-
able. There was only one study where all patients were
within six hours of symptoms onset, which was examin-
ing EEG indicators for recovery of neurological impair-
ment after thrombolysis [24].

EEG techniques

Most studies used quantitative EEG measures as their
stroke biomarkers (7 =230). A smaller number used either
topographic EEG mapping (n=4) or qualitative analysis
of abnormal EEG patterns such as epileptiform activity
based on expert assessment (n=13). Eight studies used
multiple EEG markers. A single study made use of a deep
learning neural network to select optimal diagnostic EEG
conditions [23]. All studies that reported electrode loca-
tions used the international 10/20 system (n=36). Char-
acteristics of EEG techniques commonly specified by
included studies are listed in Supplement C (Table S2) in
the Supplementary Material.

Reference standards and outcome measures

Amongst 21 articles reporting diagnostic information,
the most common reference standard was “specialist
opinion including imaging” (n=11). Five articles used
‘specialist opinion” without providing further detail. Five
articles used CT or MRI, one study used CT and one
study used MRI alone. In 12 studies the reference stand-
ard assessment was performed within 72 h or during the
inpatient stay. In three more, it was additionally recorded
over a longer time-window (up to 118 h), and in six there
was no time reported.

Amongst 26 studies reporting prognostic infor-
mation, the most frequent outcome measure was an
assessment of dependency (n=12) including modi-
fied Rankin Score (mRS), Glasgow Outcome Scale
(GOS), and Barthel Index (BI). Eight studies assessed
neurological outcome using the National Institutes of
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Health Stroke Scale (NIHSS). Smaller numbers of arti-
cles assessed cognitive impairment via the Montreal
Cognitive Assessment (MoCA) or a dementia diagno-
sis (n=4), and survival/mortality (n=2). Most studies
assessed the outcome measure after discharge or more
than 72 h after stroke, at a time point ranging from
seven days to seven years.

Quality of studies

Only two articles showed evidence of a sample size cal-
culation [25, 26]. One other article included a post-hoc
power calculation and ascertained that only some of their
EEG parameters/sub-analyses had adequate statistical
power [15].

Sixteen articles had some evidence of outcome blind-
ing. It was stated that the EEG assessor was blinded to
clinical data in the reference standard for three diagnos-
tic articles, but there was no explicit indication that the
clinician assessing the reference standard was blinded to
EEG data. Eight articles with a prognostic aim reported a
variety of blinding methods: EEG and outcome assessors
blinded (n=5), only EEG assessor blinded (n=3), only
outcome assessor blinded (n=1) and patients blinded
(n=1). For three articles that had both diagnostic and
prognostic aims and any form of blinding, there was evi-
dence that the EEG assessor (or secondary EEG assessor)
or outcome assessor was blinded to clinical data.

There were five articles where it was not possible to
account for all the participants due to unclear text, fig-
ures, or presentation of data representing only individual
patients.

Of the 21 articles with a diagnostic aim, 15 had evi-
dence of a predetermined reference standard including
specialist opinion. Of the 26 articles with a prognos-
tic aim, the outcome measure was clearly defined for
five studies but the majority were unclear as to whether
a measure had been selected before commencing
recruitment.

Study data

1a) Identification of stroke versus non-stroke

Seventeen articles considered whether EEG could distin-
guish stroke from non-stroke; two of which specifically
aimed to distinguish between stroke and TIA. Studies are
summarised in Table 1, grouped by year of publication
and reference standard.

Fifteen articles examined differences between stroke
from healthy controls, or an identified healthy control
dataset, and two compared stroke with stroke mimic
conditions [22, 23]. Median article quality score was
3 (range 2-5), but even higher quality reports included
only modest numbers of patients (e.g. ischaemic stroke
cases ranged from 6-65 patients).
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Twelve articles used absolute or relative power ratio
computation as a qEEG biomarker. Greater delta power
alone could differentiate between stroke and con-
trol in 11 articles [12, 21, 25, 27, 29-33, 36, 37]. Less
alpha power was associated with stroke in six articles
[21, 23, 29, 30, 32, 33]. Less beta activity was associated
with stroke versus non stroke in three articles [21, 29,
33]. In one article [23], stroke was associated with less
high-beta (20.5-28 Hz) but greater low-beta frequen-
cies (12.5-16 Hz). Increased theta power could identify
stroke in three articles [32, 33, 37] but this was in the
reverse direction for two others [21, 25].

Stroke was associated with a greater Delta:Alpha
Ratio (DAR) in six articles [25, 29-31, 33, 35] greater
Delta: Theta Ratio (DTR) in one article [25], and greater
Delta:Theta:Alpha:Beta Ratio (DTABR) in three arti-
cles [30, 31, 33] but two articles reported that none of
these EEG indices were useful [22, 26]. One article [29]
showed that stroke was associated with greater Power
Ratio Index (PRI) than control patients, indicating a rel-
ative increase in ‘slow’ (delta + theta) activity compared
with ‘fast’ (alpha + beta) activity. Five articles used indi-
ces of brainwave symmetry between hemispheres, such
as the Brain Symmetry Index (BSI) [26, 28, 30, 31, 34].
In all but one [30], greater asymmetry was shown for
stroke vs control.

Amongst eight articles that calculated any summary
indicator of diagnostic accuracy, performance was
generally good or high [21, 23, 28, 31, 33, 35-37]. Two
articles in particular displayed very high accuracy for
individual EEG frequency bands but were not in com-
plete agreement [21, 33]. Within 24 h of symptom onset,
Finnigan (2016) [33] reported ischaemic stroke (n=18)
could be detected by greater delta (AUC 0.99) and theta
(AUC 0.81) activity, but less alpha (AUC 0.97) and beta
(AUC 0.90) compared with control patients (n=28).
However, although Rogers (2019) [21] also reported
accurate prediction by greater delta activity (AUC 0.87)
within 72 h onset, there was no difference between
stroke (n=10) and controls (n=10) for alpha and beta,
and controls had greater theta activity (AUC 0.93).
Finnigan (2016) [33] also reported very high AUC from
higher DAR (AUC 1.0) and DTABR (AUC 0.99). Subse-
quent analysis confirmed that the DAR result could be
replicated by using just two frontal electrodes (AUC
0.99) [35]. A more recent article used deep learning net-
work-based modelling of clinical information and EEG
data from electrode pairs selected by lasso regression
within 24 h of symptom onset, and showed the AUC was
higher (0.88) than could be achieved by standard analy-
sis of clinical and/or EEG data [23], with slower frequen-
cies in stroke (n=>50) and TIA patients (n=13) versus
control (n=237).

Page 14 of 30

For two articles also aiming to distinguish stroke from
TIA, median quality score was 4 (range 3-5), with small
numbers of participants. One article [21] distinguished
between stroke and TIA (as well as control) with high
diagnostic accuracy using evoked potentials and spec-
tral power across all bands, with greater delta, less alpha
and less beta in stroke versus TIA. The other [26] distin-
guished stroke from TIA using a modified BSI but did
not find any difference in slow:fast wave ratios.

1b) Identification of ischaemic versus haemorrhagic stroke
Only two studies considered differences between ischae-
mic and haemorrhagic stroke aetiologies, with differ-
ing methodologies and results. Studies are summarised
in Table 2, grouped by year of publication and reference
standard.

Both studies were of medium quality (median score
3.5, range 3—4). One was an examination of post-stroke
seizures during EEG monitoring and found a higher inci-
dence of these was predictive of haemorrhagic stroke
[38]; extrapolated specificity was high but sensitivity
low. The other used relative spectral power methods and
found differences in global frequencies (i.e. a more abrupt
decrease of higher frequencies in haemorrhage), but did
not find any useful diagnostic value in ratios such as PRI
or DAR [29].

1¢) Identification of ischaemic stroke due to anterior large
vessel occlusion

Five studies reported whether EEG data was associated
with direct (angiographic; n=1) or indirect (infarct vol-
ume; n=4) radiological evidence that LVO was likely to
be responsible for ischaemic stroke. Studies are summa-
rised in Table 3, grouped by year of publication and refer-
ence standard.

The quality of these studies was mixed, with a median
score of 3 (range 2—4). Four reported that relative spec-
tral power detected large infarct volume (more common
in LVO), either by identifying areas of increased slower-
waves (delta [12, 22] and theta [23]) and/or decreased
fast-waves (beta [22, 39] and alpha [23]). Epileptiform
activity (including slowing of frequencies) differenti-
ated between territorial infarcts more typical of LVO
and sub-cortical infarcts more likely to result from small
vessel ischaemia [40]. Two studies comparing activity
between hemispheres showed a general trend towards
increased slow waves in the affected hemisphere but also
a reduction in faster waves in the contralesional hemi-
sphere when infarct size was greater [22, 40]. The only
study with direct angiographic evidence of LVO [23]
used deep learning models combining clinical and EEG
data, showing that the combination could achieve a high
level of accuracy to detect 7 cases of LVO amongst 100



Page 15 of 30

(2022) 22:29

Sutcliffe et al. BMC Emergency Medicine

K131y [e1ga13D 3|PPIN YOW ‘©beyiiowseH piouydelegns Hys ‘Aydesbowo] paindwod [ ‘|eAla1u| 92uUspyuod) [ ‘oley SPPO YO ‘Xapu| oliey Jamod j4d ‘oney eyd|y:elaa yva

(UsnIb

SD1351381S OU—A|UO
12eSqY) (ZH 8€'6 <)
e1ag-eydie ul
asealdap 1uedyiubls
pue zH Gz'9>sad
-uanbauy ur aseasnul
1uedyIubIs paugIyxa
syuaied diwseyds|
pue zH 65'8 < s3I
-uanbayy ul
95e3109p JURdYIUDIS
e pa1gIyxa syuaned
oibeyliowaeH ‘exep
SAIIBWIOU SNSISA
sadAigns

930115 Uamiaq
21enuaJRyIp 10U

PIP 4va Pue |4d

1ng (abeyliowaery
ul asealdap 1dnige
2J0W '131|Jed) abuel
e1aq-eydie ayy ul
palayip Apuedyiubis
23011s dibeyuowsey

(xopul
onel jamod ‘Yyg
‘spueq ||e) Jomod

(YDW |[e) sxuaned
yons d1beylio

-WwaeH G| ‘syusned uojuido l67]

S pue djuwaeyds| [es109ds aA11R[RY pa1ioday 10N paloday 10N L > pPa110day JON %0415 DIW2eYDS| 67 1sijeads/1D Z10Z zanblLpoy
(senjea
9AI1BHIU pue 9L
-1sod as|ey pue anJy
woyj parejodenxa
Adoeindoe disoubelp)
(abeyliowaey Joy
%56 =A1DYnads (pasijesauab
'969'8C = ANAINISUDS Jo duaydsiway
'190=DNV '[e20j) uonedyisse|d
$000>d 59 01 'L pue uons9ieop
12956 '£°S HO) (%9) 2Inz|ss (poLlasw
syuaned ojuwseyds| Uo[1219p 2INZI9s
SA (968°/7) $2INZI19S puaii Jlamod [0} syuaned
oiydeibonds|e aiow 10 M3IASI JUBUWBSS ons d1beylio
PaUQIYxXD Syusired 033) dul|o o (ye1s HVS ‘Ainfur ureiq -waeH €9 ‘syusned uoiuido
% oibeyuowseH  AlAnoe wioyds)idy [eudsoy) auluQ apIspag 7> /PeaYDheWwnell  9Y0IIS dIULeYDS| Ot 1sijenads/1D [8€] €00 edsap
C)}

2100s Ayjend

Hnsay

19j4ewolq 533 Buissadoud H33

Jasuo Jajje awnn

ainpacoud 33 MeysnjJisil{  suoisnpdxa Aay syuedpiyied plepuels 3duUd1jeYy ERITEIEYEN

20135 216LYIIOWSBY SNSISA DIUISRYDS| AJIUDP| 03 JUSWISSISSE [ed]ul|d 23nde bulnp D33 T ajqel



Page 16 of 30

(2022) 22:29

Sutcliffe et al. BMC Emergency Medicine

(ljoqwia pue
Jeunde| snsian)
S1D4RjUI [PLIOLIIS)
19616 Yum pare
-posse (€100 =0d)
BuImols 533 2204

(sienuazod
wJopdayida Jo
Buimoys [ex0y 1o

pue (z00'0=4d) pasijelauab) Al paynuapl suuaned ax0.s
14 D37 [PwWOUQY  -Alde wioydaidy  ssnijewlouge H33 w1sAs 07-01 8y > 2INzI9S JIURRYDS| 69 1YW Aluo [0¥] 91L0T JIoMm
ZH 0S-¢ uopesipaw
144'ZH 005 10 (oS snojasid
puydwes ‘sypods ‘6'9) UoIIPUOD
(S00>d S {7 '[eAOwal |es1bojoinau bul
‘79°0=o0UyJ) DQe 10BjI1Je DlRWOINe -punojuod ‘9xons
13YB1Y yum 'ZH 0¥ -C0 sueds [B211J03-UOU ‘HD)| (¥21¥Dd “¥IW)
pa3eDosse az|s (D@e) Jamod S1o8j11Ie 'ZH 001 |9 U9aM1aq 'S2INZI3s ‘sl syuaied axo0is YEFYSL [c1]
€ 10iejulisbie  |es1dads anneaY -10" 431y SUIUO 'S9P0.1D33 9 6> -eydanus Iane4 JIwSeYds| || (1Mma) 1YW Ajluo 00 uebiuuiy
alaydsiway
[BUOIS3|RIIUOD
sy Ul (Y00 =4d)
£19Q JOMO| puUe
(SLO0=0) ¥gv1q
1218216 (S00°0
-9000'0=5d) sjuaned
saraydsiway DIWIA 94015 01
410q Ul yyq pue sysoda ‘syualjed 93015
(8€0°0-+000="54) S | '[eAOwl DlWaeyds| 101Ul
ey9p Jaybiy yum 10BjI1Ie SIsAjeue 9|bue 2a1bap |erioyuaesdns
Po1eID0SSe UM (¥gv1a "dva 1usuodwod Jud 0€ 18 pag Yam abue| G ‘suaied
S10uejul 9buR) 1Iamod |eqo|b -puadapul 491y 9zeb paxy ‘oyeme V|1 € ‘siusned
‘sdnoib Jaylo  ‘spueq ||y) Jomod ZH G >19pI0  ‘pPapN|IX3 79 1Nq 0NS OIS dIWIRYDS
% ||le 01 pasedwiod  |es1dads aARRY  YIXIS Aluo U0 S9P0JID3I2 957 SEp> oibeyliowaeH 10JBJUI [[BWS O 14 10/pue 1D [77] 610Z 9A31YS
ons
wa)suleiq ‘siapio
-SIp Sunwwioine
‘snjeydadolpAy
‘syooda s ¢ ‘siijeydasua
(Lo00>d ‘leAOWal 10eyi1ie Jnowny ‘Ainful
188880 — =") 9503 pue [ensia uleiq dlrewnes (s9z1s
Jamod e1aq Jamoj 19ndwiod ‘zH 05 'SI9pIOSIP DLl UoIs3| SNOLIBA)
YlM pa1eposse  (Ajuo e1aq) Jomod -G'0 J9ayy aulyo -1y2Asd quawi syuaned ax01s
¢ ozis1dIejuiabie]  |endadsanneRy  ‘zH 0S¢ bulduies S9p0Id3I2 9| oL>  -ledwi aaubod JIWaeYds| QL L 14 10/pue 1> [6€] 10T Buem
)
195U0 Jd)je dwi} piepues
a10ds f)jend }nsay  Jpewolqnig  buissedoud n3z a/npa>oid D33 1els D33 15414 suoisnpxa Aoy sjuediied ERIIEIETEN ] ERIIEIETEN ]

(OAT) UoISN|220 [95S9A 9bJe| YHM pa1eIdosse sabueyd [ed1B0|01pel AJIuapl 01 JUSWISSISSe [eDIulD 91nde buunp 933 € ajqeL



Page 17 of 30

26ey1I0WSRH |BIQRIDDRIIU| HD/ “YDRIIY dIWSeYDS| Judisuel] Y| ‘AISHY ProJeD) [euIdlu| ) ‘AIUY [e1ga13D) J01S1SOd VDd ‘A1911y |e1qa19D) 3|PPIN YO ‘Buibew| pa1ybiap
uolsnyig M@ ‘Buibew] adueuosay di3aubep Y ‘Aydeibowo] paindwo) | ‘9]edS 30115 Yi[eaH JO 3INNIsU| [RUOIRN SSHIN ‘Xapu| abuey) eyaq amnde [HEp ‘oley eyag:eyd|y:eayl:e3aq ¥gv.Ld ‘oney eyd|y:eyad ¥va

(2022) 22:29

Sutcliffe et al. BMC Emergency Medicine

ONTYIM
pajenosse (eydie)
sapusnbaly ybiy
19MO] pue (e1943)
saipuanbaly Mo|
J19103.0) 'suaned
V|L/2%041S 19410
[[e yim pasedwod
‘S|]9pow e1ep
(%08 = A1dy1dads
959 = AUAISUSS
‘080=D0NV)
|ed1ul|> o

(908" = Awdyioads
‘% L =AuAnISuSs
'69°0=DNY) (sired
9poadse 7) 533
[enpialpul pue
(9508 = Audyidads
96/ = AIARISUSS
‘8/°0=DNY) e1ep
(shied 9p0I1d33 7)
533 pue [esulp
pauIqUIOD uey}
A]2184nd2R 2JOW

OAT Yum aons

|9pow eiep |ed
-1u1> pue (sired
9P0I1D3|9 Pa1I3I3S

(Ybiy pue
MO| 03Ul J|ds e13q

abejuow Jejodig
10} BudUIBI-3I
pue (jeAowal 108}

punsal ‘'uado
S9AS 'WASAS opoly

syuaned

VIL €1 ‘sauaned
oS dibeyl
-lowseH / (OAT

(An

0sse|7) D33 ‘spueq |je) Jamod  -lpie pue buuljy) -d39 AIp ‘s|geniod /) Siuaned 9x0llS  -|epow Jeajpun)
¥ Bujules|daag  |es10ads aAne|RY sisAjeue aullyO 'S9P /| > payioday 10N Jlwseyds| ¢ Aydeiboibuy [€7] 0Z0T 1uesg
(W
195U0 Jd)je dwi} piepuels
a10ds fijend }nsay  Jpewolqnig  buissedoud n3g ainpadoid 33 1e1s D3j 1s414 suoisndxa A3y syuedpied ERITEIETEN| ERTEIETEN|

(PanunUOd) € 3jqey



Sutcliffe et al. BMC Emergency Medicine (2022) 22:29

cases of suspected stroke (AUC 0.86, sensitivity =76%,
specificity = 80%).

2) Diagnostic accuracy within 6 h of symptom onset

No diagnostic studies were found which consisted purely
of patients within six hours of symptom onset. For iden-
tification of stroke versus non-stroke, only one small
study included patients who were all within nine hours
of onset [12], showing significantly greater mean delta
power for stroke versus control. Studies which consid-
ered ischaemic versus haemorrhagic stroke only included
patients within 24 [38] and 72 [29] hours of onset, and
no conclusion can be drawn about early EEG application
for this purpose. For detection of LVO, two out of five
studies involved participants who were potentially within
time windows for thrombectomy treatment; within nine
[12] and ten [39] hours. These studies did not have high
quality scores, but both showed associations with large
volume infarction (loss of beta power and higher aDCI
respectively) which may indicate that early changes asso-
ciated with LVO are detectable.

3) Prediction of outcome following confirmed stroke
Twenty-six articles investigated the use of EEG biomark-
ers in predicting clinical recovery following confirmation
of a stroke diagnosis within the previous 72 h. Studies are
summarised in Table 4 grouped by year of publication
and outcome of interest. Prognostic articles had a median
quality score of 4, reflecting a range of scores from poor
to excellent (2-5).

Twelve articles assessed outcome at various time points
by dependency scales such as the modified Rankin Scale
(mRS), Barthel Index/modified Barthel Index (BI/mBI),
Glasgow Outcome Scale (GOS) or disability via “neu-
rological examination” Of these, six found associations
between post-stroke dependency and generalised abnor-
mal EEG patterns such as asymmetry, slowing and epi-
leptiform activity [41, 42, 45-47, 49]. One study found
no association between EEG-recorded seizures and GOS
[38]. Another eight found associations between spectral
power (alpha, theta and delta) and/or spectral power
ratios and poor outcome, including: more delta activity
[41, 44, 49, 50], less alpha activity [41, 44, 49, 50], greater
theta activity [41, 44, 50, 51] but also less theta activity
[49], greater DTABR [15, 49] and higher Brain Symme-
try Index score (denoting greater asymmetry) [48]. One
study stated that qEEG frequencies predicted outcome
but did not provide further detail [43]. Prognostic accu-
racy was variable amongst 10 articles with accuracy indi-
ces [15, 42-47, 50, 51, 58], and boosted by inclusion of
clinical and radiological predictors [47, 49].

Seven articles assessed later neurological impairment
using the NIHSS. Of three studies seeking associations
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with abnormal EEG patterns, one found an association
with epileptiform activity [38] and one generalised EEG
slowing [40]. One study [54] did not report an association
between epileptiform activity and the NIHSS, finding this
was only useful in predicting seizure incidence. Three
studies found associations between poor outcome and
relative band power or ratios using various biomarkers
such as less relative alpha power and greater DAR [53],
greater interhemispheric alpha peak frequency asym-
metry [52] and greater aDCI [12]. One study showed
associations between a more favourable NIHSS after
thrombolysis for ischaemic stroke and early decreases
in BSI, DAR and DTABR [24]; this was the only study to
focus solely on patients within six hours of symptoms
onset. None of these studies calculated summary statis-
tics to reflect accuracy.

Four studies assessed outcome by cognitive function
(MoCA or diagnosis of dementia). Three found associa-
tions between spectral power and poorer cognitive out-
come: lower theta, higher delta, greater DTR and DAR
[25], lower beta [39], and greater theta with high back-
ground rhythm frequency [56]. One older study simply
associated “abnormal EEG’, such as abnormal foci and
background slowing, with risk of developing dementia
[55]. Prognostic accuracy was low for any ‘abnormal EEG’
recording [55] but high (sensitivity 92.3%) if low beta
activity was present [39].

Four studies considered prediction of mortality at vari-
ous time intervals after stroke. At hospital discharge,
greater contralateral theta power [57] and greater asym-
metry measured by the Bilateral Brain Symmetry Index
(BBSI) [28] were associated with poorer outcome. Higher
DAR at day 90 [30], greater contralateral theta power
at 6 months [57], and epileptiform activity, background
slowing and overall asymmetry at 12 months [47] were
associated with poorer outcome. Prognostic accuracy
was moderate, but with poor sensitivity, in two studies
[47, 57] and appeared high for two other studies [28, 30].

Discussion
In this review, we have summarised published litera-
ture on the use of EEG in the diagnosis and prognosis of
stroke when applied within 72 h of onset. Due to variabil-
ity in study design and EEG technology, we did not plan
to directly compare clinical utility of EEG biomarkers
or perform a meta-analysis. Despite limitations in study
quality, such as unclear inclusion criteria and reference
standards, reports generally support further development
and evaluation of EEG techniques to examine their ability
to facilitate accurate clinical stratification of patients with
stroke symptoms.

There is evidence to support potentially valuable diag-
nostic accuracy of EEG approaches for differentiating



Page 19 of 30

29

(2022) 22

Sutcliffe et al. BMC Emergency Medicine

$D0d ulouing (Lo0=d
‘9£8°0 = A2RINJ2R ‘880 =DNYV)
SOV Ul (7= <1035 SYw)
SUWODINO 9|geinoABIUN

S paiipaid Ygy1d 1a1ealn
Y 8p-1C UIYUM (€80 =1
'9%8"££ = AJBINDDY) E19L] pUR
(/801'760=1"%688=~Ade
-n2dYy) e13p Js1ealb pue
(€8:0=1'08 £ =AoRINDDY)
©19q pue (/60 =1"%6'88 = Adel
-nddy) eydie ssaj Aq paidipaid
SYIuoW ¢ 12 9W02IN0 121004

U uiyum semod (5g0=1
‘%978 = AeINddy) eljop pue
(76'0=1"'9%E 76 =AdRIN2DY)
121 Ja1ealb pue (9/°0=1
'9%7'69=AdeINDDY) B13q puR
(56:0=19%€ 76 =AdrINIDY)
eyde ssa'Aq pa1oipaid (Syw)
$ 9bieydsIp 1 SWOdINO 13100d

(£00=0d) SNED 33 Uyl Janaq
abJeydsip 1e 9WOdIN0 PAIP

-a1d 9330 "(66'0 =) AoRINDDE
%001 Yum sa|qenen AB1aua
91N|0SgR HIF JO JUBWISSASSe

Aq pa1d1paid (SYw) awodIno

4 yuow-¢ pue ableydsiq

(sanfea aAnebau

pue aAisod as|e) pue aniy
wioy) parejodenxa Adeindde
snsouboid) (952€6 =Aul
-oy10ads ‘98'0¢ = AlIARISUSS
‘790=2NY'€00=0)

SA31d Yum paieidosse

¢ (€ =/<SyuW) aWODINO 3SIOA
(Sco0=d)eydje

[euolsayisdi ssa| pue ‘eyap
(S20'0=d) |pUOISa|RIUOD pUE
(520 =d) [euoisa|isdi ua1ea1b
(6800°0=0d) Sanijewiouge
punoibyoeq YlIm palenosse
2WOodIN0 Aep-/ 121004
‘(KlpAnoadsal szo'o=d pue
5000 =d) eydie [eaddd0 pue
dlpue|ol [euolsa|isdi ss| pue
(S00°0=5d) “eyep [eudidd0 pue
Dipue|ol |euolsayisdi Ja1ealdb
‘SalHjewIoude (66000 =d)
B304 pue (910000 =d)
punoibyoeq YlIM palenosse

¥ 3UI0DINO UOISSIWPE J3100d

58 (4av1Q) Jomod
|enoads aAne|aYy

(ABiaug 21njosqy
spueq ||e) Jlamod
[e32ads a1njosqy

(ABi1aua
a1njosge) Jamod
[e112ads 21njosqy

Jadoid sg3d
pue snid sg31d

Buimols punoib
-{2eq pue (P20}
‘(spueq ||e) Jamod
[e2ads aAnefay

144 'syooda

S 87| ‘[eAOWSI 1DB)1IE [enuRW
‘ZH0g=/>"ZH €0 <slaNY
‘Bupuaizjel-al sbeiuow suljuQ

syooda s 957
‘leAOWIS) 1DBJILIE [ENUBW ‘ZH 09
4210U 'ZH 0€-€°0 SI21|Y sUljuO

syooda s 957
‘[eAOWIS) 1DBJILIE [ENUBW ‘ZH 09
210U ‘ZH 0E-€°0 SIAY dUUO

SUON

ZH 001 Buidwies ‘s €0 1ues
-Uod 3w ‘zH O€ < ‘Ajuo auluO

1i3[2/2)eME ‘D3SO
943 'S9P0IIIBIP 6|

paj01u0d
ainjesadwal ‘bul
-Ul[231 'pasop pue
uado saka ‘axeme
'S9p0oI1d3|3 6|

paj|013U0d
alnesadwa) ‘bul
-Ul[231 'pasop pue
uado saka ‘axeme
'S9p0oI1d3I3 6|

S9POIIRR 9|

SsaU|NyYem Joj bul
28D Yum pasold
S943 'S9pO1d9IR 9|

elwardA|b1adAy
/0dAy (s)aunzias sjualjed [sl]LLoT
7/ >150W HD| ‘UOIS3| SSBN  9XOAS DIWIeYDS| 09 syw £ Akeg Kepuedefeioays
(Kior1ie1
VOW) sauaned Ssyjuow aaiyy ur e ¥]
w> obeyiowseH  9%0AS JIWReYdS| 87 pue abieydsip 1e syw £00Z epauidsn)
(K10111191
VD) siualied syjuow 331y uiyy e lEV]
w> obeyiiowseH 90115 JIWRRYDS| 87 pue abieydsip je syw €00z epauidsn)
SOAIEPIS
‘9duapuadap
jos-aid Jodued SIVETIE|

v > ‘sISOUIID ‘Asdl syw 06 Aeq

3 9%0AS dIWeYDS| /1 [¢v] 000Z ulreyd

sjuaned
8y > VIL  40ASdlWeyds| gL

Kungesip

Kep-/ pue uoissiwpy [1¥] €861 olutes

a103s Ayjend nsay

Jyjsewolg 533

Buissadoid D33

aInpasoid 33

(w)
195U0 193je dWN}

1els 53315414 suoisn|dx3 A3y syuedpiied ainseaw awodinQ ERTEYETEN]

20135 PULILUOD J914R S2UI0INO0 1D1paid 01 JUSWSSasse 21nde buunp D37 ¢ ajqel



Page 20 of 30

29

(2022) 22

Sutcliffe et al. BMC Emergency Medicine

(sanjea aanebau

pue aAnisod 3s|ej pue ani
wioy) parejodenxa Adeindde
onsouboud) (9569 = A1dynads
'9€1G = AUABISUDS ‘090 = DNV
(L00=d"€1'7=40) PapN|>xa
$3INZISS U3YM 10U INg
(L000=0d '¥6'7=40) LInoe
wioynda|ida yum paledosse

(dd pue @3n

ejwaed
-A|biadAy/0dAy
‘s19pJosIp [ed160[01

(59INZI9S UM
61) siuaned xois

¥ (€=/<SYwW)aWo2no 3siop)  AllAnde wioynds|idy SUON S9PONIIP 6| GSh> 'S2INZI3S SNOIAIJ JIWReYIS| /G| SYW Yjuow-aa1y | (o] ZLOZ Wi
(%t L6 =/AdeINJR ‘%968 = A1
-oyads ‘67 / = AIADISUDS
Y00=d 190 =reddey) a1ei
-noe 1sow buipeib payipoyy
"dwod1no Jood bundipaid
ul AUARISUSS 9%0% >1nq Al
-2y123ds 9508 < Pey siew
13410 ||V "(9%€ 61 = Adyads
‘%% / = AIAIISUSs 1ood 1nq ewod
‘80 =Y0O) AUANDRAI YUM elayi/eydie ‘uot Ssau
eyd|e 1ueUIWOP pue SWO02INO -sa1ddns |esauab -sNoIDSU0D bundaye
poob pue (9658 = Adynads pue 1sinq ‘AA0e 51010B} SNOSURIIXS
"%/ € = AIAISUDS '/H7 =HO) wiojnds|ids !S3A1IEPSS 'BWODINO
AOMYY PUB (F<SHW)  ‘GOMVY AAideal uonenwns bunoaye ssau (10seju1 YD DbuE|)
SWODINO ISIOM USIMIST  INOULUM/YUM SABM SUI £°0 JURISUOD Kloypne pue 1US1INUOD ‘92U syuaned ayons
¥ SUOIIRIDOSSE JUBDYIUDIS  MO|S/1SB) JUBUIWOQ W 'ZH 0£-5°0 493y dUIUO uled s9poid9fe 8 7/>  -puadap ayons-ald JIWReYIS| 791 SYW Yjuow-aa1y | [s¥] €LOZ NS
(u)
135U0 J33ye SwWI}
21035 Ayjijend }nsay J9)jiewolg 533 Buissadoid D33 ainpadoid D33 Heis D33 isai4 suoisnpx3 Aoy sjueddijied alnseaw awodnQ DUBIRBY

(PanuNUOd) ¥ 3jqey



Page 21 of 30

29

(2022) 22

Sutcliffe et al. BMC Emergency Medicine

uole|os! ul

(%196 =A12y1Dads % |97 = Ay
-AIISUSS | 9'0 =DNY) uoissaid
-dns pue (95001 =AudYDads
%0 =AUANISUSS 'H9'0=DNV)
$2INZI3S 31NJe (%86 =AUl
-o410ads ‘05777 = AIAISUSS
'180=DNYV) e1ep [e21ul]> pue
(900 L = AUdY123ds ‘960t = A
-AIISUSS ‘78'0 = DY) Sainzlas
a1nde snjd exep [ed1uld ueyl
J10121paid Ja11aq e alam

(%2 66 =A10y103ds ‘98" € = Al
-AIISUSS 48 0= UD<V uols
-saiddns 933 sn|d si01o1paid
[ea1bojolpes/jediuld (6100 =d
'8/ =40) uoissaiddns 533
pue (S100=4d'sSy=40)
$2INZ19s dl1ewoldwAs a3nde
933 Y1m paieidosse Alljeriow
YIuOW-Z | “Uol1e|os| ul
(9%¢'€6="A1y1ads 9%/ 5z = Al
-AIISUSS '65°0 = DNY) Sa.nZIas
1sed pue (9568 = A1dyIdads
‘0671 = AIAISUSS
'180=DNY) AaWwwAse
"(96¢°€/ = Awdypads

‘05€° 0/ = AUAISUSS
‘780="D20NV) [edIP

"(965°£ £ = Kwdypads

%17/ = AUADISUSS

‘€80 =DNY) S2inz|as 1sed
sn|d eep [ed1ul> ueyl [apowl
191197 B sem (96/'88 = A1l
-oy0ads ‘0411 8 = A1IADISUDS
'L6'0=DNY) Al12wwAse
punoibyeq snid sioipaid
|ed160jo1pe) pue [edjulD
(2000=d"L'yL =YO) sabreyd
-sip 21pouad pue (1000 <d
‘€177 =40) Aidwwifse

pue (Lo0'0>d 0571 =HO)
buimols punoibyoeq Aq
pa1oipaid 4k | 1B SW02IN0
9SIOM (£200=0d"'6£0L =4O)
sabieydsip dipouad pue
(1000>d"16'L L =40) Anaw
-WwAse ‘buimols (zo00=d
'S§'S=40) punoibxdeq 533
Yum pajeidosse abieydsip 1e
(€ =/<SyuW) aWODINO 3SIOM

sabieydsip

oipouad AiAioe
wiioynda)ids ‘sanem
-MOJS 820} ‘Uolssald
-dng ‘AnawwAsy

uonenwi
ohoyd pue uone|n

-uanladAy ‘bunsas

‘paso|> pue usado

pauoday 10N S3A3 's9p0oiId3|e 19

>

Asdajida

Jo A101s1y ‘snjeydad
-0upAy ‘K1abins

1o Ainfuy ujeiq
dlewinels) ‘edus
-puadap ay0l1s31d

‘D)) sausned axons

aeak |
yam pue abaeydsip je

e [£¥] £L10T s93ug

a100s fyjend

nsay

1jewolg 533

Buissadoid D33 aInpasoid D33

(C)}

195U0 J3)ye dWN
Meys 5333841

suoisnpx3 Aoy

2inseaw awodInQ 9dUd19)9Y

(panunuod) ¢ ajqey



Page 22 of 30

29

(2022) 22

Sutcliffe et al. BMC Emergency Medicine

(L000<d |[®) (%8 LL~y 9 =A
-dY1ads '969°9/-1'0L =AU
-AISUSS Y6/ 0-89/°0="5DNV)
sio1dlpaid poob asem eyd|e
pue ygv1d £q pemoyjoy ‘erep
|eD1UID P1.|OS| (%68, = AU
-oy10ads ‘9/°G/ = AUARISUSS
'7680=DYV) eyde pue
(%97, =A1PYads %6, =A)
-AISUSS '658'0=DNY)

¥gvLa (%€ /8= Audyidads
‘04t78/ = AIAIISUSS
'998'0=DNYV) Bumols
punoibdeq ‘(9,88 =~A1
-oyads ‘04|18 = A1IADISUDS
'68°0="DNY) Al12WwAse
punoibydeq Yim si01dipaid
|ed160[01pRI/[ED1UID PAUIGUUOD
S|9POW YIuow-7 | 159q ay |
(9609 =£112y1>ads ‘%e 78 = Al
-AISUSS '/8/°0=DY) Buimols
punoibyoeq pue 9%z 9y =~
-o4103ds ‘046°98 = AIANISUSS
'95£:0=DNYV) Jamod eydje
(909 =A1Yy1>ads ‘%5 /8= Al
-AISUSS /280 =DNV) ¥av1d
‘(989 =/A1DY1Dads %¢ g = A1
-AISUSS LEG0=DNY)
AllawwAse punoibyoeq yim
si0101paid |ea160jo1pel/|ed1uld
pauIqUIOD s|apow ab.ieydsip
1590 3Y| “(2uedLIUbIS 10U B19YL
11000<d |[) ]omod (870=HO
'678'0=DNV stpuow |
‘820=4Y0 '€080=DNY
abieydsip) e19q pue (910 =4O
'7680=DNV stpuow |
1ZC0=Y0 ¥180=DNV¥
m@mguﬂ.g m:Q,m SS9| pue
(899'L =Y0 '658'0=DNV
SUIIOW 71 702"t =HO
'£280="DNYV 3b1esIp) ¥gv1d
pue’(§67L =40 '9¢80=DNV
Syuow 71 'S¢L =40

144
'sy20da s GO'Z ‘[eAOWI JDRjIIR

uone|nwins
onoyd pue uonen

Asdayida
Jo Aioasiy ‘snjeydad
-0IpAY ‘A1abins

‘718'0=D2nY 9b1eydsip) 159 (49v1a "dva DIIPWOINE PUB [BNUBW ‘ZH 0S5 -UdAISdAY 'Bunisal 1o Ainfur ureiq (Th— SSHIN'YDI)
e1jap J21ealb YlMm palenosse ‘Sspueq ||e) Jamod  Y210U ‘ZH 0/ <'ZH S0 =/>SIa1 ‘paso|> pue uado Jilewnel) ‘asus syuaned ayons 1eak auo
¥ (€=/<SYW) SUWODINO ISIOM [e12ads a1njosqy [yauPO  S9AS 'sopondse 19 > -puadap ay0l1591d JluseYdS| |G pueabieydsipiesyw  , [67] 8LOT S21udg
AKoueubaid
'95835Ip SNOLIaS,
(€€00=d syooda s Q| ‘[eAowas Inowny ‘Ainfuy
‘9577 SYW ‘6¥00=4d '0£0°C- 10BJ11JE WIOJSURI) 19|9ABM PpUR Joud shep ¢ ulelq dnewnel
|g) UoIssiwpe 1e |Sg-1 Jay [ensiA ‘ON3 ‘D3 'O03 ZH 001 PaNUIIUODSIP SIALY ‘SI9PIOSIP JeIND
YHM Pa3eIDOSSe (SYw Jaybiy buldwes zH 05 <'zH £5°0> 5131 -epas ‘|eaw Jaye -SeAOIPIED '3Y01S sjuaijed
€ PUe|gJaMO|) SWODINO ISIOM 159-1 -y 'BUIYO puR BUIUO Y €>'59pONd3fe 9| o> snoinaid ‘HOI 'VIL - SMONS dlWdeyds| 6¢ skep Lz 1e sywy/Ig [8v] L1OZ WIX
(u)
135U0 J33ye SwWI}
21035 Ayjijend }nsay J9)jiewolg 533 Buissadoid D33 ainpadoid D33 Heis D33 isai4 suoisnpx3 Aoy sjueddijied alnseaw awodnQ DUBIRBY

(PanuNUOd) ¥ 3jqey



Page 23 of 30

29

(2022) 22

Sutcliffe et al. BMC Emergency Medicine

(S00=9)

U ¢/ >SSHIN 03 buipiodoe
Ajuesyiubis pasagip inq

(ST0=0) 5~ SOD Yam uonen

f  -OSSe OU PaMmoys sainzias 933

(20'0>d) 4dv duaydsiwayul

Ul 3DUI3YIP ZH 50 < Yum
pajeposse Ajuedyiubis 9%01s

3 150d (SSHIN) 2WOIN0 SSIOM

SSHIN ueuy
kouu_Dm:Q 21eJNdde aJ0W Ou e
sem samod e1ay1 933 (600=d
%S /8= AUdY1Dads ‘%G 79 = A1
-AISUSS ‘G0 =DNY) SYW
Aep-0610u1ng (500=d
‘98 18 = A1dy10ads ‘908 = Al
SUSS ‘780 ="DNVY) 19w
Aep-06 pue (L00>d %06 = A1l
-oy10ads ‘9" e8 = AUANISUDS
'060="DNV) 19w ‘(r00=d
'966'88 = AUdy1Dads ‘9L L =Kl
~AISUSS ‘180 =DNY) SYu
Kep-Qg 10} GZ'0= <San[eA
1941 Jaybiy Yim pa1eiposse
(1=/>Syw ‘56 =/<|gu)
9%0115-150d SWODINO Ja1ag
(S7°0=1Aep-06 ‘090=1
Aep-0¢) Igw yum AjeAisod

pue (€50-=1Aep-06 ¥50-=
Aep-0€) SYW Yum paiefa1i0d
Kjanrebau Ajpueoyiubis
¥ Jamod e1ay1 aAnefal AluQ

SIIPWOI] J3Yl0
10§ sdUBIRYIP 1ULDYIUBIS ON
(6£00°0>d 9% 0/ =Awdypads
'966'09 = AUAIISUSS ‘990 = DNV
‘Z0v00=0d"L00=40)

990°0-> pueq eydie Jo VyH|

pue (1000'0>d %00, =Au
‘uc_uwo_m \o\ov.uo = \C_ 1ISUSS
Y/0=DNV %2e00=4d
'L0'67=40) 9900- <213yds

-lway _mr_o,mw:mu_ ul

pueq eydje Jo OYO4 4amo|
'(10000>d 9%/ /8 =Awdypads
'9%0'/8 = AUALISUSS Y60 = DNV
$0000=0d"LE'L =4O)

%81 <24aydsiuay [euolsa
-[RJIUOD Ul puUBq B[P JO dYSY
13yB1y Yum pa1e1nosse (Syw)

¢ wxo:.m.umog 2WODINO0 3SIOM

Auninoe wioyndajidy

4dv
‘(p19q "eydie) Jomod
[e10ads 21njosqy

(4gvLd ¥1a

‘Yva ‘spueq |e)
Jamod [endads aAn
-B|2J pUe 21N|0SqY

(V4HI 'OHO4

‘dySY 'spueq [|v)
Jamod [endads aAn
-B|2J pUe 21N|0SqY

(pasijesauab so dusyds

-lWwiay '[ed0J) uonedyIsse|d pue
U012313p 2INZISS (puail Jamod
|B10) JO M3IARI JUBWHRS ©IT)
aUIlo Jo (ye1s [endsoy) auljuO

parowal
S12Bj11e ‘SYD0da S 08 pue S
'0€ <'€0=/>SIY dUlUO

144 ‘syooda s ¢ ‘|erowas
10Bjl1Je dljewoine pue jenuew
'ZH 0€-5°0 421y IO uon
-eoyidwe pue buijdwes suluQ

144 ‘syooda s 09
‘leAOWR) 10BJI11IE SIsAjeue Juau
-odwod Juspuadspul sulyO

RElelolibETERA] ve>
S9P0I1D3[2 9| 8y >
pasop
5949144 0201 1@
9p0.123|3 3|buIs w>
S9POII3P 61 w>

0I1S Wislsulelg
'HDI"HYS ‘2beys
-Jlowleey dpewnel|

2y0l1s [eidlellg

SI9PIOSIP Dl1eIYD
-Asd/|ea160j0inaN

(s)21nz1as 1sed
“Inowiny ‘HDJ ‘Aunful
uleiq dl1ewNes] 'sisap
-10sIp dLelydAsd

10 JejndseAolpIeD)

(28 SSHIN)
syuaiied axons
oibeyowaeH €9
‘syuaned axyons
Jlwiaeyds| o

syuaned
901G DIWaRYDS| Ot

syuaijed

23015 d1beys
-lowaeH { ‘syuaned
401G DIWeyds| 7|

(jeroluaieidns)
syuaned ayons
SlldeYds| €01

abieydsip

18 SOD pue SSHIN Y zL> [8€] €007 edsap

Yuow |

18 SSHIN P3yipoN [¢S) £661 zseynr

lgu

pue syw Aea-06 pue o€ [16] 020z s1a60y

[os]

sywAep-1z  8L0Z Aosidluzny|

21035 Ayjijend }nsay

Jy|1ewolg 033

Buissad0.d D33

(W)
195U0 J19)4e dWN}

21npa30id 33 Mels 93338414

suoisnpx3 A3y

syuedpiied

{insesw dwodIno VUIBYRY

(PanuNUOd) ¥ 3jqey



Page 24 of 30

29

(2022) 22

Sutcliffe et al. BMC Emergency Medicine

(Lo00>d

1 68:0="2nsne1s eddey)

J1amod 13 pue s2102s YIOW
U93M19Q 9DUBPIODUOD POOD)
‘uoniubod |ewou bundipaid

10} 9€°€6 pue JusULIedwl
Bunoipaid 10 9%€Z6 AUAUSUSS
(L0'0> d) 9215 104eyul JabJIE| pUB
Juawredwi aAIIUBOD Yyim

€ Jamod e1aq Jamoj Apuedyiubis

(san[eA aAnebaU pue Al
od as|e) pue an1) WOl pae|
-odeunxa Adeindde onsouboud)
(%21 =A10Y0ads %t c9 =A
-AISUSS ‘80 = DNV '€000=d

‘97 =40) D33 [PwWiouge yum
p31e0sse (enuawap JO JusW

€ -dojaAap) aWO21IN0 3SI0AN

(papiroud sonsnels
OU—AJUO 1DB115CR) 3DUSPIDUl
a1nz1as Hunoipaid Joj nyasn

AJUO ‘BW0D1INO L)IM PI1RIDOSSe
4 10U A1ADe wiodaydy
(loo>d

1109) (Y #7) HgvLa pue (Y4 7)

¥va ‘(Y ) 159 Ut osea1ap Ajies
Yim paiedosse Apuesyiubis
(lewiou 03 uIn1as Jo syujod

8 Aq SSHIN Ul 3583103p) SISA
-loquioiyi-isod siusned Jo

14 Juswanoidwy [ed1bojoinaN
(€000=4d) bumos 933
pasi|essusb yum parerdosse
(ab1eydsip sA uoissiwpe syuiod

€ <SSHIN Jo uoneioua1ap)

4 9%0135-150d SWI02INO ISIOM

1950NS [UURYd-6|
© Ul PIAIISTO OS[e 21aMm
SUOINe[2110D 353y (100 >d
'78°0-=1) Jamod eyd|e annejai

$59| pUR (100°0>d '160=1)

Yy 4918216 Yum paieidosse

€ SeM (SSHIN) 2WO02IN0 3SIOAN

(L00>d'080=04J)
[D@e 1218316 Yum pa1eosse
€ (SSHIN J2yb1y) 9W0o2INO SSIOM

(Ajuo e13q) Jamod
|endads anne|ay

Buimols punoib
-{oeq ‘1Doj ‘sutened
933 [ewlouqgy

(sd31d

‘INZI9S ‘SOABM
-axy1ds ‘sayids)
Auninoe wioyndayidy

159 '(4gvLd
"4vQ) somod
|enoads anne|ay

buimols |edoy ‘A1l
-Anoe wioynds|idy

Yvqa(e19q reydye
‘e1341 ‘e)2p) Jamod
|enoads anne|aYy

(ID@e) samod
|e110ads aAne|RY

‘sy>oda

S  '[eAOWIRI 1DBj11IE DO pUR
|ensiA 193ndwod ‘zH 05-5'0
131y BUIyo ZH 05z Bujduwes

payioday 10N

palioday 10N

144 ZH 05T
Buijdwes 'zH 0£-91" 421y dUlUO

payioday 10N

ZH06-5 144

‘ZH 005 buldwes ‘sy>oda s 17
‘leAOWR) 12B)114e DOF 'ZH 07 -2'0
SIOBJIIE ZH 00 L-LO" 48} Y SUIIUO

ZH 05-S" 144 ZH 00S

Buiduwes ‘sysoda s ¢ ‘[erowas
10}1Ie DJNRWOINE ‘ZH O -7'0
SIOBJIIE ZH 00 L- L0 42}y SUIjUO

S3pOIBR 9|

RETIRETEE T

palioday 10N

S9P0I13J2 0T

WasAs 0z-01

Asmoup 10
1i3|e 'S9poNd3|e 79

Asmoup 10 13je
'S8p01123I3 (79)¥9

oL>

8>

>

S¥>

8y >

5>

6>

asn brup aAn
->eoydAsd ‘aseasip
DIWS1SAS 104RUl
-lnw “uondajul
‘Inowiny ‘AInfuy ureiq
Dl1ewnes) 'sIspIosIp
ou3elydAsd qusw
-Jledw aAniUbHOD

yons snolraid

"HDI'VIL usw
-Jiedw] aARIUBOD)

panoday 10N

Koueubaid ‘siapio
-SIp JejndseAolpieD)

sainzias onda)|idy

uonesipaw
10 (54015 snoinaid
*6'3) UOIIPUOD [BD
-1bojoinau buipunoy
-U0d 'HD)| 'saInzZIads
1leydadus ans4

uonedIPaW Jo
(9vos snoiaid 6:3)
uonIpuod [ed160[01
-nau Buipunojuod
‘350115 [edNJ0d-UouU
‘HDI 'saInzIas ‘s
-lleydadus Jons

SIETECEEN NS
SJwReYds| 0L |

siuaiied axons
Jlwiseyds| 661

syusijed

axons d1beys
-JOWakH ¢ ‘syualied
0NS JIWSeYdS| 67

(re-v
SSHIN) siuaied
9)01S dIWaeyds| 98

sjuained
0S DIWSRYIS| 69

syuaned
0NS dIWeyds| €1

syuaned
0NS DIWseYds| | |

sieak g

pue s)2am om1 3e yIoW [6€] €10Z Buem

sieak z 1oy
syjuow 9 K1aAs paypayd

‘sisoubelp enuawaqg [5Gl ¥661 AND

SSHIN £ Ae@  [75]8LOZ IPI2H 2@

SSHIN Aeq 06 8 7L ‘£ [¥7] £10T Buey
SSHIN

ab1eydsip pue uoissiwpy [0v1 910 JIoM

SSHIN Ae@ o€ [€5] £00T uebiuuy

SSHIN Aeg o€ [1] #00Z uebiuuly

21035 Ayjijend }nsay

Jy|1ewolg 033

Buissad0.d D33

aInpasoid 33

(W)
195U0 J19)4e dWN}

Mes 53z asily

suoisnpx3 A3y

syuedpiied

{insesw dwodIno VUIBYRY

(PanuNUOd) ¥ 3jqey



Page 25 of 30

29

(2022) 22

Sutcliffe et al. BMC Emergency Medicine

KjoAnadsai syusied gz pue |G| JO S1I0YOD ||eJ9A0 awies a1 wol) eyep 1uasayip buniodai Aj91esedss aq 01 seadde ‘([ ‘si7] £00T Pue €00 epauldsn) ‘(61 ‘/#] 810Z PuUe £ 10T s91uag) siaded jo siied om|

K191y [eIg219D) 3IPPIN YOW ‘A191y prioJed) [euldiul 7] 52BNy dIWwaeyds| Jualsuel] /) ‘@beyiiowaseH piou
-yoeleqns Hys ‘obeyliowsey [eigaIadeiiu| HDJ ‘0415 UOLIRINdI) J013IS0d SIOJ ‘940415 Jeunde SOy ‘weiboipiedo3ds)3 D7 ‘welbojnd004323|3 DOF ‘weiboAwoiida|3 D7 ‘D33 aAnemuend o33 “9jddoq jeluesdsuel
D1 ‘9]83S 3X0431S YHedH JO SINHISU| [RUOIIBN SSHIN ‘YUSWISSISSY dAINUBOD [831IUO YIOW ‘9835 awodInQ Mobse|n 50D ‘3|eds [e3160j0IN3aN uelpeue) SNDD ‘X3pu| [Syieg payIpoy [guw ‘Xapu| [3yieg [g ‘103G upjuey
P3YIPO SHW ‘DAIND sonsualdeIeyYd Jojesado BUIAIDIRI BY) JSpUN B3Iy DY ‘OleY piezeH YH ‘O1leY SPPO YO ‘Suidlied dIPoUdd dd ‘@bieydsiq wuoynda|idy [e3ouaiul g3y ‘sabieydsiq wioynda|idy [esaie dipouad sgild
uaipesn wyAyy 1endiddQ-1uoi4 DYO ‘eH2d INOYIA UORENUIY [euoiBaY JOMYY ‘WIOSUBI| 191IN0H Ised |44 ‘AiawwAsy wyiAyy dHaydsiwayiaiu] YyH/ ‘xapu| AISWWAS uleig pasinsy [Sg-4 ‘xapu| A13awwAS ulelg
[e133e]1g [Sgg ‘XapU| ANBWWAS Ulelg [Sg Uamod WYYy [e1d3ds aAne[RY J4SY ‘xpul abuey) eyaq aindy 1py ‘Kousnbaig yead eydy 44V ‘oney elegieyd|y:elay:eyad ggviq ‘oley e1ay:e)aqd 41d ‘oney eyd|y:eyad gva

|opoul ayy
01 painqguiuod Apuedyiubis sis
S}BuIOIq J3Y10 ON "(%/ 76 =All
-oy123ds ‘97 G = AUARISUDS
‘04t,9 = Adeindde ‘9700 =d
YIUOW-9 ‘(9/°99 = A1dyads
'9%7'69 = AIANISUSS ‘9689 = Adel
-nooe ‘geQ =d abieydsip)

€567 =/<J1amod e1ay1 apon

-D3|2 [eJ21e|elIU0D J31eaIb Yim
pa1e120sse 2x011s-150d syiuow

1 XIS pue abieydsip 1e AleLop

67610 = [9POW (4¥Q)D3TO
-ADLI0} DNV (8000=0d '90€°S

4O) Y@ J2YB1y yum paje

¥ -1D0Sse sem 06 Ae( 1e AJleLIO

99¢°98 J0 AorINDDE LB YUM Al

¢ -leuow pa1dipaid 800 <1599
(coo=d

'/170-=1) 1amod eyap aAnejal

pue (100=d"/50-=4)¥1d
"(€00=0d"570-=1) ¥vQ Jamo|
(loo=d 05 0=1) Jamod 121
SA1B[2I J3YDIY YIM Pale|a1iod

¥ A|91eJ9pPOW BUWODINO I9119g

(c000=d

(8'2'7'1) S=yH) 1omod e18y)
uelpaw 121316 10 (1000 > d
(17 '8°€) ¥1 =YH) Aouanbayy
wiypAyl punoibyoeq yobiy yim

159 '(4gvLd
‘spueq ||y) Jamod
|enoads aAne|ay

158 '(4gv.Ld "gva
‘eyd|e ‘exap samod
|enoads anne|ay

1599

(410 "gvq) Jomod
|enoads anne|ay

(spueq ||e) Jamod

144
“UOIID3[31 10.J11IB [eNSIA SUIHO
puUe ZH 0E-G'0 SI9YY BUIUO

144 ‘PaAOWaI S1DejLIR
ZH 0€ =/>"€0 < SIBNY BUIPO
144 'syooda

S 0L 421y [euBIp Aq pamojioy
|PAOWIDI 12BJ11IE [BNSIA SUIYO

144 'syo0da s 1 ‘|erowas 1oej1e
[enuew 'ZH 0€-5'0 A3y dUUO

144 '|erowal
108j11e DOT 'sydoda s ¢

S9PO.I3R 9|

auidns
'9YeME pUB P3SO[D
S9A3 's9poId?IP 9|

Bunsai ‘pasop
5943 's9poI1dRI2 9|

Paso|d sas ‘| d4
18 3pond3|e 3|buIS

Ssau|Nyaxem Joj bul
SP3YD Yum pasopd

Asdayda ‘sn

-lleydadua Jnowiny
‘abey.iowsey

‘sbnip buiiayje
$59USNOIISUOD ‘DU

w> -puadap axosald

|
-eydadus/uondayul
Inowny ‘Ainfur ureiq

/peay dnewnely
‘uoliewlojew

65> JendseA ‘wsAinauy

> panoday 10N

015 snoinaid
‘SISPIOSIp dLelyd
> -Asd/|ea1bojoinaN

asn bnup anin
-deoYdAsd ‘aseas|p
2IWR15AS 12uejUl
-NW ‘'uondajul
‘Inowny ‘Ainfur ureiq
Jhewinel 'sispiosip
ouieIydAsd ‘Juaw

sjusned syjuow xis

240115 DIWIRYIS| 85 pue abaeydsip e Ayjeriop [£5] 610T Buelr

syuaned ayons

o1beYLIOWeH /1 06 Aeq 1e Ayjerion [0£] 810Z UsYD

siuaned ayons zg Aujeyiow [82] LLOZ UBA
syuaned
ons dibeyl
-JowaeH ¢ ‘sxusned
OAS dlwLeYds| G| VDOoWAeq o6  [57] £10Z Aoulwy

SJUaNed 90NS sieak /—syjuow ||

% P21RDOSSe SWODINO 3SI0AN |ei30ads aAneRY QUIPO 'ZH 0G-G'0 42|y 2UIUO  $9A3 'S9poNd3L 9| o> -Jieduwi aAIUBoD DIWaRYIS| SO (uoisian b [95] §10Z Buos
(u)
195U0 J3)ye dWN
2103s Ayjend )nsay Jjieworg o33 Buissadoid D33 aInpasoid D33 Mels 933 sy suoisn|dx3 a3y sjuedpied aJnsesaw awodnQ ESTEYETEN]

(panunuod) ¢ ajqey



Sutcliffe et al. BMC Emergency Medicine (2022) 22:29

stroke from non-stroke states due to statistical asso-
ciations between a diagnosis of stroke, increased slow-
wave EEG activity (delta in particular) and decreased
fast-wave activity (alpha and beta). Although theta
activity was often increased for stroke relative to con-
trol subjects, this was not a consistent finding and it
appears to be the least useful frequency for diagno-
sis in this context, probably due to its intermediate
speed between alpha (fast) and delta (slow). Two stud-
ies found greater asymmetry and slow-wave activity
in stroke versus TIA, but it should be noted that both
recruited patients within 72 h of symptom onset, dur-
ing which TIA symptoms would have resolved, and so
the results would have little value in discriminating
stroke versus TIA or in assisting with therapeutic deci-
sion making. However, EEG may have value in differ-
entiating TIA and stroke mimic patients which could
have implications for future secondary prevention.
Despite these promising early studies, it is important to
recognise that most were small and included selected
patients who were beyond six hours since symptom
onset, so there is relatively little evidence that the
potential EEG biomarkers identified would be present
in the very early stages of stroke when the impact for
emergency care decisions would be greatest e.g. to ini-
tiate direct ambulance transfer to a stroke centre rather
than a general hospital without specialist care.

Evaluation of the ability of EEG to distinguish between
haemorrhagic and ischaemic stroke was limited to two
studies, which again were not focussed upon the early
hours when this information would be of greatest clini-
cal value e.g. for administration of thrombolytic ther-
apy within 4.5 h of symptom onset [38]. Because stroke
due to haemorrhage typically exhibits greater symptom
severity at presentation [59] and as neither study adjusted
for patient characteristics, it is also unknown whether the
observed EEG differences are attributable to the under-
lying stroke type. Currently it appears unlikely that EEG
has a role to play in the differentiation between ischae-
mic and haemorrhagic stroke that would change patient
management.

On the basis that indirect radiological evidence is a
reliable indicator of LVO, a small number of studies sup-
port the further development of EEG biomarkers for this
purpose, although only two studies focused on a sus-
pected stroke population during the standard time inter-
val of maximal clinical value for thrombectomy [12, 39].
For all studies, it was unclear whether participants were
fully representative of an unselected suspected stroke
population, and it remains uncertain whether it will be
possible to accurately transfer suitable patients directly
to thrombectomy centres. Only one study used angiogra-
phy as the reference standard and reported that the most
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promising AUC (0.86) was achieved by combining clini-
cal and EEG (lower alpha and greater theta) data with
a deep learning algorithm [23]. In addition, a prospec-
tive study published since completion of our search has
also confirmed that amongst 109 patients within 24 h of
symptom onset (25 angiography-proven LVO, 38 non-
LVO ischemic, 14 haemorrhages, and 32 stroke mimics)
an AUC of 0.88 was achieved using a portable LVO-
detection device which combined EEG and somatosen-
sory-evoked potentials [60].

When used to provide an early estimate of prognosis,
EEG biomarkers recorded within 72 h of stroke onset
had associations with later clinical outcomes which
could be useful to inform acute management decisions
including future dependency, neurological impairment,
cognitive function and mortality. In particular, greater
delta and theta activity, less alpha and beta activity,
greater interhemispheric asymmetry and greater DAR
and DTABR ratios appear to be moderate predictors
for both long-, and short-term neurological function
and dependency. Such associations are not unexpected
as EEG changes reflect the volume of cerebral tissue
injury, which itself directly correlates with dependency
and survival [61]. Only one cohort was identified where
EEG information improved upon the accuracy of predic-
tions for dependency and mortality made using simple
clinical assessments and/or brain imaging to confirm the
number and location of vascular lesions [47, 49]. There
are, however, validated clinical scores already available
to estimate various aspects of physical stroke recov-
ery (e.g. arm function [62]; independent walking abil-
ity [63]) which are not widely used in practice because
of concerns that they could restrict access to finite, but
potentially beneficial, care resources [64]. Therefore, in
parallel with further research focussed upon whether
surface EEG can refine early clinical prediction of future
survival and dependency, it is necessary to understand
whether using such technology as a decision support aid
is an acceptable concept and how the results would be
communicated to patients and their families. Likewise,
although clinical models to predict cognitive impair-
ment after stroke have been created, currently there is
insufficient evidence of validity and/or accuracy for rou-
tine use [65]. Neuroimaging variables such as white mat-
ter lesions have separately been found to be risk factors
for dementia after stroke [66] and so it is feasible that
EEG biomarkers will be helpful in identifying patients
with a subclinical risk. However, studies identified by
our search did not combine EEG data with neuroimag-
ing variables, or compare to age matched controls, and
it will be necessary to undertake additional longitudi-
nal studies of well described cohorts before it is clearer
whether EEG has a role to play as a clinical decision aid
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by providing prognostic estimates during acute stroke
care.

According to the basic scoring system we employed,
most studies were not high quality, usually due to a lack
of clarity about populations, reference standards and
adjudication. Few studies produced power calculations
or seemed to be adequately powered given required
case:variable ratios. Many studies did not calculate
prognostic or diagnostic accuracy or provide infor-
mation that would be important to determine clinical
utility, such as the number of patients who could not
tolerate the procedure and the time required to obtain
an EEG recording. Techniques using large numbers of
electrodes are unlikely to be deployed during emer-
gency assessment of suspected stroke if application
requires additional training and significantly delays rou-
tine care, but it is encouraging that diagnostic value was
reported by studies using six electrodes or fewer [21, 34,
35]. Clinical feasibility will be further facilitated by eas-
ily applicable dry (sans electroconductive gel) electrode
systems, and ongoing development of machine learning
approaches to automatically select electrode pairs and
rapidly identify multi-wave activity patterns predictive
of a stroke diagnosis or LVO [23, 60]. Rapid applica-
tion is less essential for collecting information to inform
prognosis and could be done after hospital arrival, but it
is still important to consider that some patients may not
be able to tolerate a lengthy EEG procedure and efficient
portable systems will minimise disruption of acute clini-
cal care.

As well as high accuracy and rapid electrode appli-
cation, other characteristics have been described that
would make diagnostic technology more suitable for
prehospital use including: a user-friendly interface with
an easily interpretable output that enables operation by
ambulance practitioners with relatively low exposure
to stroke, a rugged compact design enabling storage in
ambulances, and a cost which is affordable relative to the
impact upon patient care and outcomes [67]. For prehos-
pital EEG deployment, it would also be important that
ambulance practitioners receive clear instruction about
which suspected stroke patients should have a reading
taken. For instance, Bayesian modelling has shown that
because ischaemic stroke patients with low NIHSS scores
are unlikely to have LVO whilst those with high scores are
very likely to have LVO, a diagnostic would have great-
est population level impact when used for patients with
intermediate symptom severity e.g. (Additional file 1)
NIHSS scores of 5 to 10 points [68]. Other considerations
influencing the utility of diagnostic technology during
prehospital assessment are how often patients develop
acute complications (including seizures), the prevalence
of pre-existing co-morbidities that limit emergency
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treatment options, and the location of the incident rela-
tive to the nearest stroke centre.

Limitations

Finally, our review has some limitations which should be
acknowledged. It was not possible to include studies writ-
ten in a non-English language, which may have excluded
relevant reports that did not already have an English
translation available. There was a wide variation in EEG
technique (e.g. filters and electrode placement) and out-
come measures which prevented data meta-analysis and
hinders recommendation of a specific technical approach
for diagnosis or prognosis. Additionally, these cohorts
were specifically selected for research and most studies
had strict inclusion criteria to minimise interference with
the EEG signal, limiting the generalisability of findings to
the wider suspected stroke population, especially in the
prehospital setting. In many studies it was unclear which
diagnostic reference standards were used and even when
these were described, a lack of standardisation limited
interpretation of the results. Lastly, as none of these stud-
ies were conducted in a prehospital setting, the findings
cannot be directly extrapolated to the more challenging
ambulance environment, where useful diagnostic tech-
nology should be able to detect very early changes of
brain tissue amongst a heterogeneous population.

Future directions

There have been recent advances in commercial EEG
technology for use in stroke diagnosis, notably for early
identification of LVO [18], but our review was limited to
published studies. Based on results to date, it is important
to continue to evaluate these devices in real world popula-
tions to determine which combination of EEG data might
assist with early triage of suspected stroke. An ideal diag-
nostic accuracy study design would prospectively collect
blinded EEG readings during prehospital clinical assess-
ment and compare the performance of a predetermined
data algorithm to an independently adjudicated reference
standard which is appropriate for the intended purpose
e.g. in a study to identify LVO, the reference standard
would require all ischaemic stroke participants to undergo
angiography to confirm or exclude occlusions in pre-spec-
ified locations of the cerebral vasculature. The sample size
should be justified in advance by a calculation describing
a clinically meaningful minimum level of performance,
and the participant inclusion criteria should reflect a rel-
evant clinical population e.g. if the purpose is to facili-
tate thrombolysis, a maximum of 4.5 h should be allowed
between symptom onset and EEG reading. Important
operational information must be reported to assess fea-
sibility such as technical failures and the time taken to



Sutcliffe et al. BMC Emergency Medicine (2022) 22:29

apply electrodes. If satisfactory EEG diagnostic accuracy
is demonstrated and the technology appears to be accept-
able for clinical deployment, further trials should evaluate
the real-world impact upon the efficiency of stroke care
pathways, including its overall cost-effectiveness during
delivery of emergency therapies. Other portable technolo-
gies are also in development for emergency detection of
stroke and LVO, including blood assays and non-ionising
imaging [8], and the future clinical value of surface EEG
should be considered alongside alternative biomarkers
used separately and in combination.

Conclusion

Reports identified during this review show that surface
EEG techniques have promise for assisting with stroke
diagnosis and prognosis during the acute phase. However
due to the small size of studies and variations in tech-
nology, populations and settings, it is not yet possible to
make recommendations regarding EEG use to guide early
diagnostic and prognostic management decisions. Further
research is required to determine which combinations of
electrodes, waveforms, clinical data and neuroimaging
variables can accurately stratify unselected populations
into clinically important subgroups, and to confirm that
EEG application for this purpose is both acceptable and
feasible within the first few hours after symptom onset.
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Vessel Occlusion; mBI: Modified Barthel Index; MCA: Middle Cerebral Artery;
MoCA: Montreal Cognitive Assessment; MRI/A: Magnetic Resonance Imaging/
Angiography; mRS: Modified Rankin Scale; NIHSS: National Institutes of Health
Stroke Scale; OR: Odds Ratio; PCA: Posterior Cerebral Artery; pdBSI: Pairwise
derived Brain Symmetry Index; PLEDs: Periodic Lateral Epileptiform Discharges;
POCS: Posterior Circulation Stroke; PP: Periodic Patterns; PRI: Power Ratio Index;
PRISMA: Preferred Reporting Systems for Systematic Reviews and Meta-
Analyses; RAP: Relative Alpha Power; RAWOD: Regional Attenuation Without
Delta; RDP: Relative Delta Power; RDTP: Relative Delta and Theta Power; RSRP:
Relative Spectral Rhythm Power; r-BSI: Revised Brain Symmetry Index; SAH:
Subarachnoid Haemorrhage; TIA: Transient Ischaemic Attack; TCD: Transcranial
Doppler ultrasonography; QEEG: Quantitative EEG.
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