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Abstract

Prognostication after moderate-to-severe traumatic brain injury (TBI) remains challenging in the inten-
sive care unit (ICU) despite the existence of well-validated online prognostication tools. Changes in brain
activity related to TBI can be measured using electroencephalography (EEG), making it a potentially
interesting diagnostic tool to refine prognostication. The primary objective of this systematic review was
to evaluate the literature concerning the prognostic value of EEG among patients with TBI in the ICU.
Five databases were searched from inception until August 13, 2024. The search identified 1492 unique
records. Eventually, 27 manuscripts met the inclusion criteria (>18 years old, Glasgow Coma Scale <12,
EEG performed in the ICU). The QUIPS (QUality In Prognostic Studies) and PROBAST (Prediction model
Risk Of Bias ASsessment Tool) tools were used to assess the study quality and bias. Due to high hetero-
geneity in EEG feature and outcome definitions and a lack of correction for confounding factors, all
studies had a moderate-to-high risk of bias. Nonetheless, specific EEG features (identified through visual
and quantitative EEG, EEG reactivity, and machine learning techniques) were found to be predictive of
neurological outcomes up to 1.5 years after TBI. While epileptiform discharges and seizures were not
consistently associated with outcomes, a higher alpha variability, a more continuous EEG, present EEG
reactivity, and present EEG sleep features were predictive of better outcomes. The combination of EEG
features with clinical parameters demonstrated improved predictive performance compared with mod-
els using standard clinical parameters alone. Still, the EEG features described and their potential addi-
tional value in outcome prediction after TBI merit further investigation.
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Introduction

Traumatic brain injury (TBI) is one of the leading causes
of death and disability, with an estimated worldwide
incidence of 50-60 million new cases a year.' Patients
with moderate-to-severe TBI—classified as a Glasgow
Coma Scale (GCS) <12, approximately 10% of all
cases—present with a disorder of consciousness (DoC),
which often requires endotracheal intubation and admis-
sion to the intensive care unit (ICU). These patients have
an estimated 30% risk of death, and survivors of the
disease are often left with severe disabilities that result in
a significant socioeconomic burden.>” Currently, most

patients with severe TBI die from withdrawal of life sup-
port.6 Predicting outcomes in patients with a DoC, espe-
cially in the acute phase after TBI, is significantly limited
by a scarcity of reliable prognostic factors and the gener-
ally low quality of existing studies.”® An accurate and
timely prognosis of outcome after moderate-to-severe
TBI is of great importance to provide reliable expecta-
tions for the patient’s relatives while the patient is in
the ICU and often has a DoC. Furthermore, an accurate
prognosis can inform clinical management decisions,
including considerations about limitations of care or even
early withdrawal of life support, or—vice versa—
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continued life support. Therefore, accurate tools for indi-
vidual prognostication after TBI are desired, especially
during the acute phase in the first days after admission.’
Two well-known and well-validated models for the
prognosis after TBI are the Corticoid Randomisation
After Significant Head Injury (CRASH) and the Interna-
tional Analysis of Clinical Trials (IMPACT), which
include patient characteristics at the time of ICU admis-
sion.'®!'! Despite these models showing good discrimi-
nation between favorable and unfavorable long-term
outcomes, their performance has yet to meet the stand-
ards required for implementation in clinical practice.'?
Hence, there still is a need to identify more accurate
prognostic biomarkers, including biomarkers with infor-
mation extending beyond ICU admission, that could fur-
ther improve early prognostication after TBI.
Electroencephalography (EEG) is a potential biomarker
that has gained interest in TBI research regarding, for
example, ischemia detection, changes in intracranial pres-
sure, recovery of consciousness, and prognostication.13
EEG is an increasingly used modality in ICUs because it is
easily applicable at the bedside, noninvasive, and has low
costs compared with other monitoring modalities."* TBI-

related electrophysiological changes, potentially caused by
both neuronal damage and/or alterations to surviving brain
circuits after TBI, can be measured using EEG."> However,
the predictive value of the electrophysiological changes
measured using EEG is not well established, especially in
the case of prognostication after TBIL.

Two prior reviews have addressed the potential of
EEG as a prognostic tool in disorders of consciousness
following TBIL.'®!” However, these reviews were limited
by a narrow focus on specific EEG types, particularly
resting-state EEG and machine learning techniques, and
lacked the ability to capture the full potential of EEG.
Additionally, in the study by Noor et al. (2020), the
inclusion of patients with mild, moderate, and severe
TBI complicated the interpretation of the results for
use in the ICU. Furthermore, neither review addressed
the timing of EEG recordings, while electrophysiolog-
ical changes can occur over different phases after
TBI.'8 Lastly, given the recent surge in interest and
advancements in EEG analysis and prediction models,
an updated and comprehensive review is needed to
provide the latest insights.
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The primary objective of this systematic review was
to evaluate the existing literature concerning the prog-
nostic value of EEG measures in acute phases among
patients with TBI admitted to the ICU. Emphasizing a
broad perspective on EEG monitoring approaches, we
aim to provide a comprehensive overview of prognostic
evidence in this critical timeframe.

Methods

This systematic review was conducted and reported accord-
ing to the recommendations of the Preferred Reporting Items
for Systematic Reviews and Meta-Analyses (PRISMA)
statement and the Cochrane Methods Prognosis.'®*® The
review protocol was registered within the International Pro-
spective Register of Systematic Reviews (PROSPERO
CRD42023402396).

Search strategy

We searched five databases (Medline ALL, Embase, Web
of Science Core Collection, Cochrane Central Register of
Controlled Trials, and Google Scholar) from inception until
August 13, 2024. The review question was formulated
according to the PICOTS format (Table 1).*! Keywords for
the search included “Electroencephalography,” “Traumatic
Brain Injury,” “Prognosis,” and “Intensive Care Unit.” All
searches were limited to articles in the English language,
and an additional filter was used to hide conference
abstracts. Search queries were designed in collaboration
with an experienced medical information specialist from
the Erasmus Medical Center, Rotterdam, the Netherlands.
An elaborate description of the search strategy can be
found in Supplementary Data S1.

Selection criteria

Studies were eligible for inclusion if (1) the article eval-
uated one or more EEG features for any outcome predic-
tion in patients with moderate-to-severe TBI; (2) the
study population suffered from TBI and was admitted to
the ICU, or included a subgroup analysis focusing on
patients with TBI admitted to the ICU; and (3) EEG
recordings were performed while the patients remained
in the ICU. Articles were excluded if (1) full text was not
available; (2) the article was a review, conference
abstract, or letter to the editor; (3) the majority of the
study population was <18 years old; (4) the study popu-
lation was nonhuman; and/or (5) no separate results were
reported for the TBI population and/or EEG measures.
We did not exclude papers based on how the authors
handled and/or reported epileptiform activity observed
on the EEG.

Screening and selection process

All titles and abstracts were screened by two researchers
(M.V. and R.v.d.B.) using the collaborative review appli-
cation Rayyan.22 Articles that seemed eligible based on

Table 1. PICOTS of Interest Used for the Formulation of the
Research Question for the Search Strategy of This Systematic
Review

Population Patients with moderate-to-severe TBI (GCS <12)

Index Prognostic factors and prognostic models based on EEG
Comparator  Not applicable

Outcomes All reported neurological outcome measures
Timing (1) Prediction: during coma in the ICU
(2) Follow-up: no timeframe
Setting Evaluate the potential prognostic value of EEG in patients

with TBI admitted to ICU

Developed according to “A Guide to Systematic Review and Meta-
Analysis of Prediction Model Performance”.

TBI, traumatic brain injury; GCS, Glasgow Coma Scale; EEG, electroen-
cephalography; ICU, intensive care unit.

title and abstract, and those that required further reading,
were screened for eligibility based on full texts. In case
of doubt, consensus was sought through discussion
between both reviewers (M.V. and R.v.d.B.).

Study quality and risk of bias

Different types of prognostic studies can be distin-
guished, which require different types of bias analyses.
Prognostic factor studies aim to identify one or more pre-
dictive variables, whereas prognostic model studies aim
to identify a combination of factors in a multivariable
model that can predict a certain outcome.? The QUality
In Prognostic Studies (QUIPS) tool was used for the
evaluation of studies on prognostic factors.”® Risk of
bias and applicability of the included studies on prognos-
tic models were assessed using the PROBAST (Predic-
tion model Risk Of Bias ASsessment Tool).>*

Data extraction and analyses

Data extraction was performed following the Checklist for
Critical Appraisal and Data Extraction for Systematic
Reviews of Prognostic Studies (CHARMS-PF).?> For all
included studies, we extracted the following characteristics:
type of prognostic study (retrospective or prospective),
number of included patients, inclusion criteria, type of
prognostic study (prognostic factor or prognostic model),
primary outcome measure, and time to follow-up for out-
come prediction. The following factors were extracted
regarding the EEG recordings: EEG evaluation or use (vis-
ual, quantitative, or reactive), time from TBI to first EEG
recording, duration of EEG recording, EEG features stud-
ied, and methods used to extract EEG features. The differ-
ent EEG features were divided into (1) resting-state EEG
features, consisting of epileptiform activity, power spectral
analysis, continuity of the EEG, sleep features, complexity,
and connectivity domains; and (2) EEG reactivity. For
prognostic model studies, the type of model and methods
of model development were extracted. As a primary out-
come, results on the relationship between the studied EEG
features and the neurological outcome were collected from
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all studies. Additionally, the comparison between the prog-
nostic value of EEG features versus clinical parameters
was extracted when this analysis was performed.

Results and significance levels from the included stud-
ies are described using a narrative approach and are pre-
sented as reported in the original manuscripts. We
considered analyzing associations between EEG features
and neurological outcome with random-effects models
when several studies reported homogeneous inclusion cri-
teria, methods, and results. However, due to the heteroge-
neity in studied EEG features, neurological outcome
measures, and reported statistical measures across
included studies, no meta-analyses were conducted.

Results

Study selection

The search strategy yielded 2036 records. After dedupli-
cation, a total of 1492 titles and abstracts were screened,
of which 1275 records were excluded as they did not
meet our inclusion criteria. Ten records could not be
retrieved. Thus, 144 studies were selected for full-text
assessment. Eventually, 27 full-text articles from 24

different studies that fulfilled the inclusion criteria for
further analysis were included (Fig. 1).

Study quality and risk of bias

All included studies had a moderate-to-high risk of bias
(Fig. 2). Using the QUIPS tool, all studies had moderate or
high risk of bias in at least 1 of the 6 domains (Fig. 2A and
Supplementary Data S2). A moderate or high risk of bias
in the domain of factor measurement was usually caused
by a lack of clear definition of the EEG feature studied or
because the definition was not according to the American
Clinical Neurophysiology Society (ACNS) criteria.?® All
studies had a moderate-to-high risk of bias in the confound-
ing domain, mainly due to a lack of correction for sedatives
used. Only four studies used a multivariable model to pre-
dict outcome after TBI and were assessed using the PRO-
BAST tool. These studies all scored a high risk of bias in at
least one domain (Fig. 2B and Supplementary Data S2).

Study characteristics
Twenty-one studies included only adult participants,
whereas six studies also included a small subset of

~\

,
Records identified from:
c Database§ (n =2036)
-3 ) y;%“ne (Arl1_l__(rl10=93)54) Records removed before
S WebaosfeScie;ce Core L] screening:
:'5 Collection (n = 338) - Pnugllgglﬁ records removed
5 - Cochrane Central Register of -
k] - Controlled Trials (n = 54)
- Google Scholar (n = 100)
Records screened , Records excluded based on title
(n = 1492) and abstract (n = 1275)
o v
=
5 Reports sought for retrieval Reports not retrieved
o (n = 154) (n =10)
1%}
: !
Reports assessed for eligibility Reports exluded (n = 117):
(n = 144) > With reasons
- Conference abstract (n = 28)
¢ - Wrong population (n = 22)
- No specific TBI results
(n =18)
- Foreign language (n = 17)
5 Studies included in review - No specific EEG results
-] (n = 24) (n=14)
% Reports of studies included - EEG not linked to outcome
c (n=27) (n=11)
- - Other (n =7)
FIG. 1. PRISMA 2020 flow diagram of the study selection process. Twenty-four different TBI populations
were studied, with 27 manuscripts published. “Wrong population” includes all studies that did not focus
on patients with moderate-to-severe TBl who were >18 years of age or older, and admitted to the ICU.
PRISMA, Preferred Reporting Items for Systematic Reviews and Meta-Analyses; EEG, electroencephalogra-
phy; TBI, traumatic brain injury; ICU, intensive care unit.
. 7
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FIG. 2. Summary of risk of bias analyses performed. (A) QUIPS (QUality In Prognostic Studies) analysis
to assess the risk of bias of all included prognostic factor studies (n = 23), based on six different
domains. (B) PROBAST (Prediction model Risk Of Bias ASsessment Tool) analysis to assess the risk of bias
of all included prognostic model studies (n = 4), based on five different domains.
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participants under the age of 18 years. Approximately half
of the studies (n = 12) included patients with moderate-to-
severe TBI, while the remaining studies (n = 15) focused
exclusively on patients with severe TBI (GCS <8). The
number of patients included ranged from 10 to 228. Sample
size calculations were not performed for any of the studies.
Exclusion criteria used in the included studies were gener-
ally aimed at excluding patients with pre-existing brain dis-
orders. Among the studies included in our systematic
review, we observed various approaches regarding epilepti-
form EEG activity. Some studies excluded patients with
seizures or epileptiform activity on their EEGs (n = 4),
while others specifically examined this epileptiform activity
as a potential prognostic factor (n = 6). Some studies
applied additional exclusion criteria, such as overwhelming
concurrent hepatic or metabolic encephalopathy (n = 3),
burst suppression (n = 3), or high-dose sedation (n = 2).
Full details on inclusion and exclusion criteria and addi-
tional study characteristics are provided in Table 2.

Outcome measures

Neurological outcomes were assessed using a variety of
measures (Supplementary Data S3). The most frequently
used outcome measures were the Glasgow Outcome
Scale (GOS, n = 10) and its extended version (GOSe,
n = 11). Other outcome measures were the Cerebral Per-
formance Category (n = 2), the modified Ranking Score
(mRS, n = 1), the Rapid Disability Rating Scale (n=1),
the Repeatable Battery for the Assessment of Neuropsy-
chological Status (n = 1), and consciousness level (n =
2). The dichotomization of favorable and unfavorable

outcomes varied between studies. Time to follow-up also
differed, ranging from the moment of discharge from the
ICU to 18 months after the initial TBI (discharge: n = 6;
<3 months: n=7; 6 months: n=11; =1 year: n=7).

Prognostic value of EEG

The prognostic value of EEG for the neurological outcome
after TBI was studied for a variety of different EEG fea-
tures. Seventeen studies focused on specific EEG features
to predict outcome based on resting-state EEG (visually
assessed [n = 9], quantitatively assessed [n = 10]), as sum-
marized in Table 3. Additionally, seven studies performed
EEG reactivity analysis (Table 4). Four studies developed
a prognostic machine learning model (Table 5). Finally,
five studies directly compared the prognostic value of EEG
features to that of established clinical predictors, such as
age, GCS, and CT findings (Table 6). Across the studies
that assessed the same EEG features (e.g., epileptiform
activity), there was variability in how these measures were
defined. For example, some authors did not adhere to the
ACNS criteria for epileptiform activity. The precise defini-
tions employed by each study are summarized in Supple-
mentary Data S4.

Resting-state EEG features

The reporting on electrographic epileptiform activity fol-
lowing TBI was inconsistent, with only 6 out of 28 stud-
ies reporting its prognostic value.’3?:40434446 Mixed
associations between epileptiform activity on the EEG
and neurological outcome were observed. Some studies
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showed that seizures and abnormal periodic or rhythmic
patterns were linked with worse cognition,32 increased
mortality, or discharge to skilled nursing facilities.**
However, other studies found no significant differences
between seizure and non-seizure groups based on dicho-
tomized outcome measures like the GOSe* or mRS.*!
Furthermore, one study reported that there was no associ-
ation between epileptiform activity and neurological out-
come in a study cohort including TBI, hemorrhagic
stroke, ischemic stroke, and post-cardiac arrest, but did
not report on this for the TBI subgroup only.*® Finally,
two studies included EEG features describing epilepti-
form activity in their analyses but did not report individ-
ual results of the association between these features and
outcome.***?

Power spectral analysis, also known as frequency
domain analysis, is a method to quantify the distribution
of frequencies that are present in the EEG signal. This
type of analysis was performed in several studies and was
in most cases defined as frequency bands: delta (0-4 Hz),
theta (4-8 Hz), alpha (8-12 Hz), and beta (>12 Hz). A
strong association between EEG frequencies and neuro-
logical outcome was found for the alpha frequency band.
In four studies, the absence/presence of a (posterior) alpha
rhythm was associated with an unfavorable/favorable neu-
rological outcome, respectively,’****® although one
study could not reproduce this finding.*> Additionally, a
higher variability of this alpha rhythm was associated with
a better neurological outcome in four studies.*®**°%>! Pre-
dominant delta activity was associated with unfavorable
neurological outcome in two studies.”** A final frequency
feature associated with favorable outcome was the variabil-
ity of the power in the theta frequency band.*®

The continuity of the EEG was frequently studied as
well 3475253 Highly significant relationships between
the EEG silence ratio (ESR), defined as periods of >240
ms during which the EEG voltage does not exceed 5 pV,
and an unfavorable neurological outcome were found.*’
Additionally, >10% suppression within the first 72 h of
EEG recording was associated with a poor neurological
outcome.*® Moreover, two studies analyzed EEG conti-
nuity using amplitude-integrated EEG (aEEG).”*>?

In both studies, aEEG patterns were first visually cate-
gorized into five distinct groups and then grouped into
two broader categories for analysis: (1) continuous or
discontinuous patterns, defined as aEEG with alternating
amplitudes consistently above 5 pV; and (2) suppressed
patterns, which included burst suppression (alternating
amplitudes with periods <5 pV), low-voltage, and iso-
electric backgrounds. Both studies found that patients
with continuous or discontinuous EEG patterns (category
1) had more favorable outcomes after TBI compared
with those with suppressed patterns (category 2)3%53

Four studies on sleep EEG were performed. These
studies showed that a well-structured sleep pattern and
the presence of sleep features, especially sleep spindles,
were indegl’)zeglgdﬁngy associated with a favorable outcome
after TBL."~"""

In addition to features based on frequency, continuity,
and sleep, features from more complex domains (com-
plexity and connectivity domains) were investigated in a
limited number of studies. One study showed a relation-
ship between a lower spectral entropy (a less complex
EEG signal) and unfavorable neurological outcome.*® A
second study showed a higher phase lag index (connec-
tivity) between the left frontal and right parietal electro-
des in patients with a favorable neurological outcome.*®
However, a third study added features from these
domains to their analyses but found no association with
neurological outcome after TBL*!

EEG reactivity

EEG reactivity refers to changes in EEG background
activity in response to an external stimulation, either
observed through visual assessment of the EEG or power
spectral analyses. Seven studies evaluated the use of
EEG reactivity in TBI, using various types of external
stimulation,?”1-32:4042:4551.53 y7arations included shout-
ing the patient’s name, various words and/or sentences,
clapping, and pain stimuli (Table 4). Six out of seven
studies showed that EEG reactivity in response to audi-
tory, tactile, and/or pain stimuli was associated with
favorable neurological outcome after TBIL.

Prognostic machine learning models

Three different machine learning models were developed
(Table 5). One of these was able to predict an unfavora-
ble outcome after TBI with an area under the curve
(AUC) of 0.82 for EEG alone.>**” The most important
EEG features of the model included the brain symmetry
index, alpha variability, and relative alpha power. A sec-
ond model predicted a favorable outcome with an AUC
of 0.72. The most important features of this model were
rhythmic or periodic patterns in the EEG, followed by
background symmetry, EEG reactivity, and continuity.*°
The last model, based on resting-state EEG, predicted
recovery of consciousness with an AUC of 0.69. A more
complex EEG signal with varying frequencies and
amplitudes was associated with a higher level of
consciousness.

Comparison with clinical parameters

The added value of EEG compared with clinical parame-
ters was evaluated in five studies (Table 6). All studies
consistently showed a better performance or added value
of EEG features compared with clinical parameters like
age, sex, GCS on admission, and other variables from
the CRASH and IMPACT models. The average
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improvement in model performance of clinical variables
versus EEG and clinical parameters was 9.5% (standard
deviation 7.3%) on the AUC.?32%37-3% Iy the remaining
studies, the prognostic value of EEG features was also
examined in relation to patient outcomes, but no direct
comparisons were made with the prognostic performance
of established clinical parameters. This makes it impossi-
ble to establish the independent or additional prognostic
value of these EEG features beyond currently used clini-
cal predictors.

Discussion

In this systematic review, we explored the prognostic
value of EEG in critically ill patients with TBI based on
27 studies. We identified four groups of prognostic EEG
features that stood out: alpha power and variability, EEG
reactivity, EEG continuity, and EEG features related to
sleep. Furthermore, five studies compared the prognostic
value of EEG with clinical parameters, demonstrating
that the addition of EEG to clinical parameters yielded
better results,28-6-37-40:41.50

Several studies reported an association between (rela-
tive) alpha power and outcome, where a more prominent
alpha rhythm was associated with a better outcome. One
aspect of the alpha rhythm often studied is its variability
over a longer period.30’39’41’48 Low alpha variability has
previously been associated with unfavorable outcome
after coma,”* although consensus is lacking.55 All studies
included in this review demonstrated a significant corre-
lation between lower alpha variability values and unfav-
orable outcomes after TBI.*48:3031 Ope hypothesis on
the origin of alpha oscillations is that they are generated
by the synchronous firing of thalamic neurons. In this
theory, alpha activity and variability are a sign of intact
thalamo-cortical loops essential in consciousness, >’
meaning that patients with higher variability in alpha
activity are more likely to recover. This was indeed
shown in all included studies investigating this EEG
feature.

The presence of EEG reactivity had a high sensitivity
but rather low specificity for the prediction of a favorable
neurological outcome. EEG reactivity is suggested to
reflect the intactness of cortical and subcortical struc-
tures, which are often damaged as a result of TBI.>*° In
the included studies, patients with a disordered con-
sciousness and present EEG reactivity often regained
consciousness, which is also reported for other etiolo-
gies.®” To be able to reproduce these results, standardiza-
tion of the type of stimulus and the interpretation method
is required.

The degree of continuity of the EEG was an important
prognostic factor. A less continuous EEG pattern is gen-
erally associated with less favorable neurological out-
comes.*7>1:52 However, the introduction of sedatives

that induce a discontinuous burst-suppression pattern
may bias this assessment, complicating the interpretation
of the patient’s neurological status. Careful consideration
of sedative use is therefore essential when assessing this
EEG feature.

Lastly, the presence of sleep features (sleep spindles,
K-complexes, and slow-wave sleep) on the EEG was
associated with a good neurological outcome,?*%#+49
However, their absence was not consistently associated
with a poor outcome.

In current clinical TBI management, the EEG is often
used for the detection and/or exclusion of epilepsy. How-
ever, epileptiform activity on the EEG itself was often not
studied as a prognostic feature. Among the seven studies
that explored the relationship between epileptiform activ-
ity and outcome, only two showed that the presence of
epileptiform activity on the EEG was predictive of poor
neurological outcomes.*>** Interpretation of these results
is complicated by confounding factors such as the treat-
ment of potential epileptiform activity observed on EEG.
The absence of physician blinding in these studies often
led to seizure treatment, thereby hindering robust evalua-
tion of its prognostic value. An additional limitation to
establishing electrographic seizures as a prognostic fea-
ture for outcome is that most studies did not clearly distin-
guish between early post-traumatic seizures (within
7 days post-injury) and late post-traumatic seizures (after
7 days). Early clinical seizures are associated with a poor
outcome,’®! even though treatment does not seem to affect
the clinical course.®”> However, the prognostic value of
electrographic seizures and epileptiform activity on the
EEG without clinical correlate remains uncertain. Further
research is necessary to determine whether seizure moni-
toring in patients with TBI leads to measurable clinical
benefits, as the prognostic value of this approach remains
speculative even in more thoroughly studied populations
like postanoxic encephalopathy.63

The timing of EEG recordings varied widely. Patho-
physiological changes after TBI, possibly indicating the
severity of injury and outcome, occur over varying time
periods.®* Therefore, changes in the EEG may occur
over time, and trends of feature values reflecting these
changes may be of additional value in outcome predic-
tion. Although in postanoxic encephalopathy early EEG
(within 24 h after cardiac arrest) is known to be the most
sensitive, this might not be the case for TBI. Indeed, sev-
eral included studies showed that EEG at 72 h after TBI
had the highest prognostic value.3637-%

Review strengths and limitations

This study has several strengths. We used standardized
frameworks like the PRISMA statement, the CHARMS-PF
checklist, a mobile app (Rayyan), and a quality and risk of
bias analysis, which allowed for structured and reproducible
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screening and accurate and contextual interpretation of the
results. Furthermore, we were the first to systematically
review all existing literature on EEG prognosis after
moderate-to-severe TBI and compare the prognostic value
of EEG to that of clinical parameters in the CRASH and
IMPACT models. Previous reviews have typically focused
on specific aspects, such as resting-state EEG, or focused
on patients ranging from mild to severe TBI, complicating
the clinical applicability.'®!'” We have demonstrated that
other aspects such as EEG reactivity also hold significant
prognostic value and that EEG has added value compared
with clinical parameters alone.

The lack of a quantitative analysis of the results, that
is, a meta-analysis, could be considered a limitation.
However, it is recommended to only perform this type of
analysis when multiple studies are available on the same
prognostic factor with the same outcome measure, or
when at least 5 external validation studies on a prognos-
tic model are performed.20 Neither was the case in this
review, and due to unreported results in several included
studies, a meta-analysis could be strongly influenced by
publication bias.

The risk of bias analysis revealed that all studies had at
least moderate bias, primarily due to a lack of correction for
confounding factors such as age, blood pressure, conscious-
ness level, and sedative use during EEG recordings, which
are all associated with TBI outcomes.®>®’ Additionally,
self-fulfilling prophecy bias often influences prognostic
studies, particularly in ICU settings where physicians may
be influenced by EEG results when making life-sustaining
treatment decisions.®® Furthermore, many studies lacked sta-
tistical validation, focusing on correlations between EEG
features and outcomes without providing key metrics like
sensitivity, specificity, or AUC, limiting insight into the
clinical relevance of identified prognostic EEG features.®
Lastly, none of the included studies reported a sample size
calculation, making it difficult to assess whether nonsignifi-
cant findings were due to a true lack of association or insuf-
ficient statistical power. As a result, studies reporting
negative results may have lacked the ability to detect mean-
ingful differences in outcome based on EEG features due to
sample size limitations.

Clinical implications and future research

This review identified several prognostic EEG features
that could have added value to the current prognostic
CRASH and IMPACT models. Future research should
focus on the combination of EEG features, clinical
parameters, and other neuro-monitoring modalities, pos-
sibly using artificial intelligence, to provide optimal
prognostication for critically ill patients with TBI. Such
models would preferably be developed in multicenter
studies to ensure a large enough sample size for reliable
predictions and the opportunity for validation of the

results. Additionally, the identified EEG features, and
especially their course over time, could possibly be used
to identify patients that would benefit from certain diag-
nostic work-up or treatments after TBI.

To improve the accuracy of TBI outcome predictions,
standardization of definitions and outcome measures is
essential.” Varying cutoffs affect the prognostic value of
EEG. Adopting consistent measures and developing
models predicting specific scores instead of dichotom-
ized ones improves comparability and accounts for cul-
tural and subjective variations.”® Additionally, the use of
standardized EEG terminology such as proposed by the
ACNS and the adoption of Common Data Elements for
EEG in TBI research are strongly recommended to facili-
tate comparability across studies.?®”!

EEG recordings of critically ill patients with TBI
could be used for other purposes besides traditional sei-
zure detection and potential prognostication alone. The
reviewed studies showed correlations with GCS,29’3’3’41
size of brain injury,*® mesocircuit recovery,’® the pres-
ence of multiple subcortical lesions,*® and the general
clinical picture of patients with TBL*! Additionally, it
was suggested that the EEG could be used to monitor
increased intracranial pressure, which is a common com-
plication after TBI.”*> Furthermore, EEG could play a
vital role in clinical management of patients with TBI by
detection of secondary brain injury, for example, due to
hemorrhage, vasospasms, and ischemia, allowing for
timely interventions.'? Future studies could thus expand
their focus to the general application of EEG in critically
ill patients with TBIL.

Conclusion

In this systematic review, we assessed the prognostic
value of several EEG features in critically ill patients
with TBI that have not previously been reported in a sys-
tematic manner. We found that spectral alpha power
(variability), a continuous EEG, present EEG reactivity,
and several sleep features indicated better prognosis. The
combination of EEG features with clinical parameters
demonstrated improved predictive performance com-
pared with models using standard clinical parameters
alone. However, implementation is hindered by high het-
erogeneity in feature and outcome definition, the explor-
ative nature of most of the included studies, and the high
risk of bias in most studies. Standardization of EEG
recording and analysis methods, along with larger multi-
center studies, could facilitate better integration of EEG
into multimodality neuro-prognostication. These findings
argue for the potential added value both in prognosis,
diagnosis, and management of TBI and substantiate the
basis for further clinical EEG studies.
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Transparency, Rigor, and Reproducibility
Statement

This systematic review was preregistered with the inter-
national prospective register of systematic reviews
(PROSPERO CRD42023402396, https://www.crd.york
.ac.uk/prospero/). The search strategy was designed in
collaboration with a Medical Information specialist from
the Erasmus Medical Center, Rotterdam, the Nether-
lands. Screening of titles and abstracts was performed
using an online collaborative screening tool called
Rayyan. Two authors were blinded to the assessment of
the other author until completion of the screening pro-
cess based on title and abstract, and disagreements were
resolved through discussion. To ensure reproducibility,
this systematic review was conducted and reported based
on the Preferred Reporting Items for Systematic Reviews
and Meta-Analyses (PRISMA) statement and the Cochrane
Methods Prognosis. Data were extracted using the Check-
list for Critical Appraisal and Data Extraction for System-
atic Review of Prognostic Studies (CHARMS-PF). The
quality of all included studies was assessed using the
QUIPS and PROBAST tools. Additional data from this
systematic review will be made available upon request
from qualified researchers.
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