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Abstract

Purpose of Review—Acute brain injury (ABI) is a broad category of pathologies, including 

traumatic brain injury, and is commonly complicated by seizures. Electroencephalogram (EEG) 

studies are used to detect seizures or other epileptiform patterns. This review seeks to clarify 

EEG findings relevant to ABI, explore practical barriers limiting EEG implementation, discuss 

strategies to leverage EEG monitoring in various clinical settings, and suggest an approach to 

utilize EEG for triage.

Recent Findings—Current literature suggests there is an increased morbidity and mortality risk 

associated with seizures or patterns on the ictal-interictal continuum (IIC) due to ABI. Further, 

increased use of EEG is associated with better clinical outcomes. However, there are many 

logistical barriers to successful EEG implementation that prohibit its ubiquitous use.

Summary—Solutions to these limitations include the use of rapid EEG systems, non-expert EEG 

analysis, machine learning algorithms, and the incorporation of EEG data into prognostic models.
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Introduction

Acute brain injury (ABI) is a broad category of pathologies that includes traumatic brain 

injury, spontaneous intracerebral hemorrhage, ischemic stroke, subarachnoid hemorrhage, 

and hypoxic ischemic brain injury. ABI is seen across a variety of clinical settings 

from emergency departments in community hospitals to neuroscience intensive care units 

in tertiary care centers. Injuries range from mild to severe with coma or brain death. 

Commonly used indices to judge severity and prognosis of ABI typically use clinical 

features (Glasgow Coma Scale, NIH Stroke Scale), imaging (ASPECT), or a combination of 

both (IMPACT, CRASH). Few prognostic scales incorporate electrographic features found 

on the electroencephalogram (EEG), such as the presence of seizures and epileptiform 

discharges, which have important clinical and prognostic implications. In this review, we 

discuss (1) important EEG findings relevant to ABI, (2) use and practical barriers of EEG 

in ABI patients, (3) strategies to leverage EEG monitoring in clinical settings where EEG or 

clinical neurophysiologists are not readily available, and (4) a suggested clinical approach 

for the use of EEG to quickly triage and manage patients with ABI.

Clinical Significance

The development of seizures is associated with poor prognosis in patients with acute 

brain injury [1–6]. Seizures occur in 1.5–3.1% of patients with acute ischemic strokes 

[1, 7], 9.7–38% of patients with subarachnoid hemorrhage [2, 4, 7], and 13.3–31% of 

those with intracerebral hemorrhage (Fig. 1a) [5, 7]. Seizures are associated with decreased 

oxygenation of brain tissue, metabolic crises, elevation of intracranial pressure (ICP), and 

delayed increase in regional cerebral blood flow, all of which affect brain tissue recovery 

[8•, 9]. Prolonged seizures (particularly those lasting longer than 30 min) are associated with 

neuronal cell death and increased seizure burden is independently associated with worse 

neurological outcomes in both adults and children[2, 10–12]. While the risk-benefit balance 

of aggressive treatment of all seizures associated with ABI remains unclear, accurate and 

timely diagnosis is important for patient-specific management decisions and prognostication.

Seizures with a clinical correlate, such as focal motor or generalized tonic-clonic 

movements, are more readily identified compared with seizures without overt physical 

manifestations, termed nonconvulsive seizures (NCSZ). NCSZ, in their most severe form, 

manifest as prolonged seizures termed non-convulsive status epilepticus (NCSE). Diagnosis 

of NCSZ is difficult in patients with ABI, as they often already have altered mental 

status, which limits the neurological exam. Diagnosis of NCSZ and NCSE relies upon 

clinical suspicion and EEG monitoring. NCSZ and NCSE have likely been previously 

underdiagnosed since recent increased use of continuous EEG (cEEG) monitoring has led to 

higher detection rates for both [13–19]. Early diagnosis of NCSE is particularly important as 

the longer the duration, the more difficult it becomes to manage [20].

Other EEG findings that are highly associated with seizures but do not qualify as definitive 

seizures by strict criteria are considered to lie on the ictal-interictal continuum (IIC). These 

findings, which encompass periodic and rhythmic patterns, are common in ABI patients 

and may lead to secondary brain injury, thus warranting treatment [21•, 22, 23] or at least 
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a diagnostic treatment trial while undergoing EEG monitoring. These patterns often have 

seizure-like features, causing clinical symptoms or potential neuronal injury, but fail to meet 

traditional electrographic criteria for seizures. At other times, these patterns may persist 

even in the setting of clinical improvement. An example of a highly epileptiform pattern is 

periodic discharges (PDs) [24]. PDs have been associated with altered consciousness and 

worse clinical outcomes. Bilateral independent periodic discharges (BIPDS) in particular are 

highly predictive of mortality and are commonly found in ABIs such as stroke and anoxic 

brain injury [21•].

PDs in ABI patients have been linked to disruption of metabolic processes and brain 

tissue homeostasis [8•, 25]. Witsch et al. (2017) found that in subarachnoid hemorrhage, 

the metabolic demand required by PDs, particularly higher frequency PDs (> 2.0 Hz), is 

inadequately compensated by a rise in cerebral blood flow, a finding that may lead to brain 

tissue hypoxia and further injury [8•]. These associations are summarized in Table 1. While 

no guidelines based on validated algorithms exist on when and how to treat PDs, recognition 

of PDs on EEG may help guide management.

Use of EEG monitoring

EEG provides a noninvasive means of monitoring neurologic function in critically ill 

patients and is the gold standard for identifying NCSZ and epileptiform patterns. Ney et 

al. (2013) found that prolonged monitoring with cEEG was associated with higher inpatient 

survival in mechanically ventilated patients as opposed to a cohort with equal severity 

of illness monitored with shorter routine EEG [26••] (Fig. 1b). This result held even 

in patients without a primary neurologic diagnosis and when patients with epilepsy and 

convulsions were excluded from the analysis, suggesting that cEEG monitoring may help 

guide management even when seizures are not the primary concern.

Expanded use of cEEG monitoring has been associated with lower in-hospital mortality 

for critically ill patients [27]. In a database review of over 7 million ventilated patients, 

investigators found a 10-fold increase in cEEG use from 2004 to 2013; although cEEG 

monitoring was more likely to be utilized in clinically sicker patients, its use was associated 

with lower odds of in-hospital mortality.

Given the number of patients likely to benefit from cEEG and limited capacity of cEEG 

monitoring at most hospitals, risk stratification of patients into seizure probability groups 

can be useful for allocating resources and initiating earlier interventions. One recently 

developed score is the 2HELPS2B, a clinical risk score based on identification of EEG 

patterns associated with seizure risk [28]. The score ranges from 0 to 7 and is based on 

variables such as prior seizure, sporadic epileptiform discharges, and lateralized periodic 

discharges, among others. This score was recently validated in a multicenter retrospective 

medical record review, which demonstrated that in patients without prior clinical seizures, a 

low 2HELPS2B score (0 or 1) calculated from a 1-h screening EEG was sufficient to place 

patients into a low-risk seizure group, whereas a higher 2HELPS2B score (> 1) required at 

least 24 h of subsequent EEG recording to exclude nonconvulsive seizures with reasonable 

certainty [29••].
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Barriers

In the 2015 Consensus Statement on continuous EEG in Critically Ill Adults and Children, 

the American Clinical Neurophysiology Society (ACNS) made recommendations for an 

“idealized” system that requires trained clinical neurophysiologists and technologists. In 

practice, there are often significant financial and logistical barriers to implementing such a 

system.

Logistical Barriers

The logistical barriers of EEG include the technical application of cEEG equipment, 

insufficient availability of trained physicians for interpretation and diagnosis, and the 

processing of high volumes of data.

Once EEG monitoring is indicated, it may take several hours for electrodes to be placed 

and recording to begin depending on the clinical setting [30]. This is often due to EEG tech 

availability and transit time, as well as the labor of placing EEG electrodes, particularly in 

more challenging cases with thick hair, hair extensions, or recent neurosurgical procedures. 

Once placed, the EEG electrodes may be removed by patients with altered mental status, 

requiring technologists to return for reapplication.

More substantial delays can be seen during off-hours when technologist availability is 

more sparse or nonexistent, requiring staff to commute from home. The estimated time 

from approval of EEG order to preliminary interpretation of results can range from one to 

24 h [31–33]. These logistical problems have provided challenges for critical care cEEG 

monitoring in intensive care units.

The detection and definitive interpretation of cerebral activity patterns also currently 

requires the expertise of a trained electroencephalographer [32, 34]. The availability of 

expert physicians to review real-time continuous EEG is limited. Typically, cEEG recordings 

are only reviewed twice per day by electroencephalographers, even in high resource settings 

[2, 32]. Given these relatively limited review times, there can be delays in seizure detection 

and subsequent treatment. Some of this can be mitigated by use of off-site EEG review 

(a.k.a., “tele-EEG”) but may be limited by data storage, networking capabilities, and the cost 

of personnel [32]. However, with advances in server and network technology, these barriers 

are more easily overcome.

The initiation of EEG in certain environments is also challenging and can limit its 

availability. For instance, in a busy emergency department with limited staffing, small 

rooms, and extensive electrical noise, the use of cEEG may be difficult. More controlled and 

secure environments, such as the ICU, lend themselves to an increased ability to perform 

high quality EEG recordings. However, even with private rooms and increased staffing to 

monitor patients and prevent electrode removal, the ICU setting frequently contains signal 

contamination from nearby machines [35••].
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Financial Barriers

Given the amount of resources needed to implement cEEG monitoring, it is unsurprising that 

such monitoring comes at a significant cost. The costs of EEG originate from the purchase 

and maintenance of the machines, staffing technicians to place and remove electrodes, 

and physicians for time spent analyzing cEEG. These costs increase significantly during 

each additional hour of monitoring [36]. According to Medicare.org, the average cost for 

a routine EEG is between $200.00 and $700.00, with similar costs for cEEG [26, 27]. 

However, studies demonstrate the total cost of continuous EEG for neurointensive care unit 

patients accounted for only 1 to 5% of the cost of their hospital stay [26]. The benefits of 

early detection and treatment of NCSZ and NCSE suggest that cEEG use and impact on 

patient care may outweigh its cost.

Geographic Barriers

With the stated logistical and financial barriers, initiation of cEEG monitoring, the frequency 

of review, and communication of results are all determined by local resources that, in 

practice, vary considerably between institutions. The “ideal” system put forth by ACNS 

has best been implemented at tertiary care centers with the resources to afford both the 

physicians and technologists needed for its implementation. Specifically, its implementation 

has been best achieved within neuroscience intensive care units (Neuro ICU), which have 

the ability to integrate EEG monitoring into daily care.

While the presence of Neuro ICUs is growing, access to a Neuro ICU remains varied. A 

2012 study cited that only 67.3% of the US population has access to a Neuro ICU within 

90 min via air ambulance [37]. While the northeast has the highest rate of access, and the 

South the lowest, variability within regions is high. A large proportion of patients in these 

low-access areas must rely on community hospitals and smaller centers for their first line of 

care. With acute brain injury, the first several hours are crucial [38•], making early access to 

cEEG monitoring more vital.

In 2018, one community hospital group implemented a continuous video EEG program 

using bedside providers instead of EEG technologists for lead placement [39••]. After 

3 years, a total of 92 studies were performed with increasing utilization of cEEG each 

year. Of the 92 patients studied, 25 had seizures on video EEG, and 18 of those were 

successfully treated at the community hospital [39••]. This program was implemented with 

the smallest possible financial and logistical cost to limit the burden on hospital and staff 

members. Nontechnologists were able to initiate monitoring with the use of disposable, MRI 

compatible, and electrode templates. Data storage and interpretation of cEEGs merged with 

the existing hospital system, and the cEEG monitoring machine utilized was borrowed from 

a larger partner hospital. However, not all community hospitals would be able to adopt such 

a program without the support of a larger institution. Thus, despite evidence of the benefit 

of cEEG monitoring in patients with ABI, adoption has been slow outside of tertiary centers 

due to the aforementioned logistical and financial barriers.

There have been several recent technological developments aiming to improve the ease 

of cEEG deployment, both in the prehospital, emergency room, and inpatient settings. 

Singla et al. Page 5

Curr Neurol Neurosci Rep. Author manuscript; available in PMC 2022 August 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://Medicare.org


These products, discussed later are easier and faster to apply to the patient and have novel 

functionalities that improve the rate of seizure detection and treatment.

Rapid EEG Systems

Recent EEG products have worked to lower some of these barriers and broaden the use 

of EEG to a wider number of clinical environments. Portable, easy to apply systems may 

extend EEG monitoring into the prehospital setting. Devices such as a quick-application cap 

and wireless computer transmission was developed and specifically applied to prehospital 

environments such as ambulances [40]. An accelerometer was included in the headcap 

to record patient movement due to ambulance motion, allowing clinicians to distinguish 

physiologic signals from motion artifact. Further development and validation of the device is 

needed, though it shows promise in advancing prehospital electroencephalography.

In the hospital setting, new EEG acquisition products have increased the feasibility of 

initiating EEG monitoring. A recently developed portable EEG system, consisting of a 

portable EEG monitoring recorder and 10-lead headband, requires little training to set 

up and can be applied in < 10 min. A 19-channel, dry-electrode EEG system has been 

developed that similarly reduces application time and is wireless, utilizing Wi-Fi to upload 

EEG data in real-time to cloud-accessible servers [41]. Other systems incorporate a “peel 

and stick” design that allows for the quick application of a disposable, 18-lead headband 

by nonexpert staff [42]. Compact, portable, and easy to apply EEG devices may not only 

increase EEG accessibility in ICU settings but also in emergency departments where space 

or staffing may be a limitation to initiating a conventional EEG. These systems decrease 

the amount of time necessary to obtain an EEG recording without significantly decreasing 

its diagnostic utility [35]. In clinical settings with limited access to cEEG or 24-h EEG 

technicians, where seizures are suspected, these systems can be placed by house-staff, 

nurses, or other clinical staff to quickly assess for NCSZ or NCSE.

Reduced montage configurations can miss certain types of focal seizures, mainly those in 

the parasagittal region. Nevertheless, a recent study suggests that the majority of clinically 

significant EEG patterns in critical care and emergency settings can be detected with fewer 

electrodes that are included in the conventional 10–20 EEG system [38].

Rapid EEG systems, such as those described above, may provide a simplified way to bridge 

the gap between the demand for EEG and the logistical constraints of traditional systems.

Advancements in Nonexpert EEG Analysis

The gold standard for interpreting cEEG data is visual inspectionby a trained clinical 

neurophysiologist. However, analysis of cEEG data spanning hours to days is time intensive. 

In many settings, particularly community hospitals where a neurophysiologist is not readily 

available, this is not feasible. More resource and time efficient methods to analyze and 

interpret the data are needed. Strategies to address this include the use of quantitative 

(qEEG), training nonexperts to identify simple cEEG or qEEG patterns relevant to ABI, and 

the use of automated seizure detection algorithms.
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QEEG consists of a simplified, time compressed view of cEEG data displaying values 

such as frequency, power/amplitude, entropy, functional connectivity, rhythmicity, and brain 

asymmetry [43]. Such compressed views allow for faster interpretation and shorter review 

times of EEG data (Fig. 1b) [44]. The sensitivity of seizure detection by qEEG ranges 

between 67 and 90%, depending on the approach used [45, 46]. Using qEEG as a screening 

tool may still fail to enable detection of more nuanced seizure-related features that would 

otherwise be detected by trained physicians directly reviewing the raw EEG. For example, 

seizures that are not detected are typically low amplitude, short duration, and focal [47]. 

Higher specificities are seen when readers are able to corroborate findings by referring to 

the raw EEG trace. This is particularly important in the ICU setting where artifacts from 

chest physiotherapy/bed percussion, ventilators, etc. can be mistaken for seizures, potentially 

leading to unnecessary interventions that may lengthen ICU stay. Nevertheless, the use of 

qEEG may allow for faster seizure detection and therefore earlier interventions in ABI 

patients.

While trained clinical neurophysiologists are available at large academic centers, most 

community hospitals do not have easy access to neurophysiologists to interpret cEEG. This 

can lead to a delay in EEG reads as they would need to first be interpreted remotely based 

on availability of a neurophysiologist, subsequently postponing the triage and treatment of 

ABI patients. Even in most academic centers, cEEG data is only periodically reviewed and 

not continually monitored. A more efficient method would be to train nonexperts such as 

ED physicians, bedside nurses, or physician assistants to identify seizures in ABI patients in 

order to influence earlier interventions (Table 2). One study used a simple training module to 

improve the ability of ED physicians to correctly identify seizures on single page snapshots 

of cEEG data [48]. ICU nurses and nonneurophysiologists have been successfully trained 

to read qEEG to detect seizures in the ICU setting with sensitivities approaching those 

of trained neurophysiologists [49]. Training need not be time intensive, as in one study it 

consisted of a 2-h one-on-one session followed by supervised review of 27 cEEG recordings 

[50•]. Additionally, use of qEEG by nurses at the bedside in real time resulted in 85% 

sensitivity and 90% specificity after training [51]. However, smaller, focal seizures were 

not as readily detected. Less well-studied are the ability of nonexperts to identify features 

along the ictal-interictal continuum. While experts can readily identify most features with 

favorable interrater reliability [52], the ability of nonexperts has to date not been fully 

explored.

More recently, there has been significant interest in the potential use of machine learning 

algorithms for the purpose of automated seizure detection. Machine learning is a type 

of classification system wherein users train the machine, or algorithm, to predict desired 

outcomes. In a series of studies of machine learning algorithms in known epilepsy patients, 

sensitivity of seizure detection ranged from 75 to 90% [53]. However, most studies have 

used patient specific predictors that were then tested on the same patient and thus were 

not generalizable. An automated detector that can be used for ABI patients must be able to 

quickly and reliably identify multiple types of seizures originating in different parts of the 

brain. While still in its infancy, this would represent a powerful tool to drastically lower time 

spent interpreting vast amounts of EEG data. However, a major limit of machine learning is 
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the need for large amounts of data in order to use more sophisticated training methods, thus 

necessitating more time intensive methods for development.

Seizure detection can be achieved, with varying levels of sensitivity and specificity, by 

trained neurophysiologists, non-experts, and some machines. However, a large component 

of clinical management of ABI patients is driven by estimates of prognosis. Therefore, 

models of outcome prognostication utilizing cEEG data can add invaluable information for 

the clinician and patient families. For instance, delayed cerebral ischemia (DCI) detection 

can be facilitated with the use of cEEG [54]. Additionally, in traumatic brain injury (TBI), 

the International Mission for Prognosis and Clinical Trial Design (IMPACT) Score is the 

best available predictor for neurologic outcome after TBI [55]. The IMPACT score takes 

into account static variables present upon admission, such as age, motor score, pupils, 

hypoxia, hypotension, and imaging findings. However, IMPACT falls short when it comes 

to incorporating dynamic assessment over time or EEG findings. Efforts have been made 

to incorporate IMPACT scores into machine learning algorithms alongside qEEG data [56]. 

However, to date there is not one standardized scoring system for predicting functional 

outcomes in TBI patients incorporating cEEG. Similarly, other forms of ABI also lack 

prognostication tools with integrated cEEG data.

Algorithms

Based on the above data, we believe a number of strategies can be implemented to improve 

upon the feasibility of monitoring ABI patients with EEG (Fig. 1c). In the prehospital 

setting, a rapid EEG system can be applied. The system should provide easily interpretable 

diagnostic information. If a seizure is suspected, the EEG could be transmitted to a trained 

hospital physician for review and to determine the utility of diversion to a cEEG-capable 

facility. In a community hospital setting, an initial rapid, or routine if available, EEG can 

be used as a brief screen. If seizures are suspected and local capacity for cEEG exists, then 

patients can be transition to cEEG with bedside review of either qEEG or raw EEG data. 

If necessary, the cEEG can be transmitted for expert review and further stratification. If the 

patient is at high risk for continued seizures or cEEG is unavailable at the local institution, 

transfer should be initiated to a tertiary medical center. Finally, a similar paradigm could 

be implemented at the tertiary medical center, where rapid EEG is initiated to facilitate 

immediate monitoring with eventual transition to cEEG as time allows.

Conclusions

It is clear that EEG findings, both ictal and interictal, play important roles in the 

triaging, management, and prognosis of patients with ABI. Despite cEEG’s proven 

efficacy, numerous barriers have slowed its ubiquitous adoption across a variety of 

clinical environments. We have discussed possible solutions to these barriers including the 

development of rapid-EEG systems for faster placement when skilled EEG techs are not 

available, use of qEEG for quicker interpretation of large amounts of cEEG data, training 

of nonexperts to identify salient EEG features, and the possibility of machine learning for 

automatic interpretation.
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Rapid-EEG technology provides an intriguing option, particularly, in settings that lack 

the necessary staffing to place conventional EEG electrodes. However, these either have 

practical limitations or incomplete scalp coverage. To what extent this limitation has on the 

identification of seizures and ultimately outcome is not well studied. Development of rapid 

EEG technology that combines the ease of use of the rapid EEG systems with the resolution 

of conventional EEG would increase the adoption of EEG in clinical settings. However, 

important questions remain about the use of rapid EEG in ABI and implementation of the 

novel strategies presented.

Further studies on optimal cEEG duration would inform important decisions impacting the 

availability of this currently limited resource. There is some evidence to support a brief 

initial EEG review in order to calculate future seizure risk [57] and guide decisions on EEG 

continuation for those at high risk. However, this quick screening model would benefit from 

further clinical implementation in order to better study its efficacy.

While the main focus of this article was on the importance of cEEG in ABI to detect 

seizures, the utility of managing patterns on the IIC continues to pose a significant 

challenge. While Witsch et al. (2017) demonstrated a possible mechanism on how PDs can 

negatively impact injured brain, the exact pathophysiology of this process remains unknown. 

Understanding underlying mechanisms of brain injury in the setting of epileptiform 

abnormalities would inform the decisions of when and how various IIC patterns should 

be managed.

To further democratize the use of EEG, a systematic training paradigm must be developed 

to allow nonexperts the ability to quickly recognize concerning EEG features and triage 

ABI patients to higher levels of care. This could be facilitated by further training and 

integration of qEEG features by non-expert staff. Alternatively, warning systems could be 

developed which would trigger expert review, as is done with EKG. With further data, 

formal guidelines on nonexpert roles would be helpful to streamline the EEG interpretation 

process while ensuring accuracy of reads.

Finally, a clear clinical algorithm which takes into account various clinical settings, clinical 

presentations, and access to EEG will help to triage those patients in which timely 

interventions will significantly improve morbidity and mortality. Ideally, such an algorithm 

would take advantage of rapid-EEG systems and rapid interpretation to quickly deliver the 

appropriate level of care.
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Figure 1. 
a (i) Seizure prevalence in ABI (adapted from Limotai et al. 2019) (ii) Mortality odds 

ratios in ABI patients receiving no/routine EEG vs continuous EEG. b (i) Diagram of 

qEEG recording showing rhythmicity (first two rows), FFT spectrograms (next two rows) 

and power asymmetry (bottom row). Time period between vertical green lines is 10 min. 

(ii-iii). Raw EEG trace shown in dotted boxes in (i) showing periods of seizure (ii) and 

no seizure (iii). Time period between vertical lines is 1 s. c Algorithm to guide use of 

cEEG in different clinical settings, see section Algorithm for further details. aRapid EEG, or 
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emergency EEG, using technologies and techniques proposed to extend EEG acquisition to 

pre-hospital and precEEG contexts. bPerform limited study (≤ 6 h) or discontinue. Resume 

EEG if indicated due clinical concern. cRisk stratification using 2HELPS2B score to adjust 

monitoring session length. dUse real-time qEEG review and monitoring by bedside staff 

trained to identify salient EEG features
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