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~1. Introduction
Overview |!To generate interest in your work, provide a brief but enticing overview of your subject, including a definition, if applicable (about 50 to 100 words). If possible, mention some recent development in general terms (eg, “The first member of a new class of agents was approved in [current/recent year]”) rather than in the form, “The author will discuss….” We may, from time to time, use this overview to promote your authorship and work on the MedLink Neurology Home page and in emails to subscribers.!|
In the intensive care unit (ICU) patients are critically ill and require multimodal continuous physiological monitoring. Like telemetry and pulse oximetry for the cardiorespiratory systems, EEG allows for real-time neurophysiological monitoring. EEG measures electrical activity in the brain and can sensitively detect changes in brain functioning and structure (Nuwer 1994). When EEG is set up to run “continuously,” it allows for prolonged simultaneous recording of electrical brain activity and clinical behavior. This is most often used in the ICU setting to identify changes in brain function to correlate with altered mentation or atypical movements, specifically to evaluate for evidence of nonconvulsive seizures (NCS) or nonconvulsive status epilepticus (NCSE). These seizures can be difficult to diagnose as they can be brief and without clinical correlation other than coma or confusion and can only be diagnosed using EEG (Hirsch 2004; Sutter et al 2011; Herman et al 2015).
The importance of their proper diagnosis is their reported association with significant morbidity and mortality (Young et al 1996; Sutter et al 2013) and the fact that delay in the diagnosis and treatment of nonconvulsive seizures and nonconvulsive status epilepticus can lead to worse outcomes (Hirsch 2004). Nonconvulsive seizures and nonconvulsive status epilepticus can occur in different settings, including the neurosurgical, neurologic, medical, and surgical intensive care units (Oddo et al 2009; Rabinstein 2009; Kurtz et al 2014; Laccheo et al 2015; Freund et al 2018a; Holm‐Yildiz et al 2021) and in pediatric and adult cases (Herman et al 2015; Tich and Cheliout-Heraut 2015; Fung et al 2020). This has led to more widespread use of continuous EEG (cEEG).
Continuous EEG is valuable in detection to facilitate diagnosis and following a response to treatment of seizures. Many have also found utility in using continuous EEG for prognostication and guiding clinical and sedative management in those with traumatic or hypoxic-ischemic brain injuries and in the detection of ischemia warranting intervention in the setting of subarachnoid hemorrhage (Hirsch 2004; Sutter et al 2013; Hilkman et al 2017).
This article will review EEG monitoring in the intensive care unit setting, highlight clinical indications and goals of its use, discuss important EEG patterns that may be helpful in clinical diagnosis and prognosis, consider duration of EEG monitoring, and present recent information in this evolving field.
Key points |!Provide 3 to 6 brief statements in a bullet list that highlight those facts, observations, concepts, insights, tips, precautions, and other pearls of wisdom that deserve special emphasis but are of a general nature or extraordinary. Place focused key points in the respective manuscript sections, below.!|

• Continuous EEG (cEEG) monitoring is defined as EEG monitoring performed for extended periods of time, ranging from hours to days.

• Continuous EEG is used for a variety of indications, including the detection of nonconvulsive seizure and nonconvulsive status epilepticus, assessing response to therapy in patients who experience status epilepticus, monitoring level of sedation, ischemia detection, and prognostication.

• Duration of cEEG monitoring differs depending on the clinical situation and EEG patterns present during the early portion of the recording.

• Continuous EEG is becoming more widespread in its use but there are significant barriers that need to be removed for better access given its utility in clinical management.

• Quantitative and “rapid” EEG techniques are becoming more widely used and available and may provide more capability to provide timely diagnosis and institution of treatment, regardless of institutional resources, leading to improved outcomes.
Historical note and terminology |!If appropriate, make some introductory comments about your topic beyond what's already covered above. Describe how and when knowledge about the subject disorder(s) evolved. Discuss the evolution of terminology and variations in usage, if any.!|
Techniques to monitor multiple organ systems for patients in the intensive care unit have been present for some time but neurologic monitoring historically had been done through “neuro-checks.” This alone is well-known to be a suboptimal way to monitor neurologic changes in comatose or sedated patients that would require urgent interventions (Jordan 1993). In the 1980s, many felt that EEG could be used to monitor neurologic patients in the ICU (Borel and Hanley 1985; Emmerson and Chiappa 1988) and for prognosis in coma (Bricolo et al 1978; Cant and Shaw 1984). Up until that point, compressing this data would be exceedingly difficult and arduous until digital EEG technology was introduced (Jordan 1992). Over the past 20 years, cEEG use has expanded, and quantitative EEG techniques have become available to further aid in the interpretation of EEG data (Sutter and Kaplan 2017).
 
~2. Clinical aspects
Description |!Describe the procedure and state the reasons for performing it. Describe any variations of the procedure for special patient groups or circumstances. Describe the procedure in detail if neurologists are likely to perform it, including pertinent devices and instruments. If the procedure is nearly always performed by other specialists, omit details unnecessary for this audience. It would be helpful to use graphic and video illustrations to supplement text.
Key points Start with one or a few key bullet points relevant to this section and then continue with full text. Key points can be combined for the entire section or listed individually for each of the subsections.!|
Performing an EEG entails placing electrodes on the scalp to detect voltage fluctuations that correspond to electrical brain activity. The EEG electrodes are placed on the scalp using an adhesive substance, and the locations where electrodes are placed is determined via a standardized international system of the 10-20 system including a single channel of electrocardiogram (ECG) (Acharya et al 2016). A video recording most often accompanies the EEG recording so that any clinical activity can be correlated to the EEG recording. The recorded EEG activity is converted to a digital signal that is then stored in computer memory for subsequent interpretation (Sinha et al 2016).
cEEG is defined as EEG monitoring for much longer periods of time, which can range from several hours to several days depending on the goals of monitoring (Hirsch 2004).
Both mobile machines and “hard-wired” rooms can be used for cEEG monitoring. Hard-wired rooms typically may have 1 or more cameras and computers to enable repeat patient monitoring. Mobile EEG machines have a camera affixed to a mobile platform. These can be rapidly moved to other areas in the hospital such as the emergency department or to the ICU where the electrodes can be secured for cEEG monitoring. Hybrid systems allow for rooms to be fitted with cameras, but the EEG machine is brought into the room when needed. Internet connectivity can transfer EEG data to a workstation where they can be interpreted remotely. Data transfer occurs continuously, allowing for live streaming of EEG, or transferred intermittently, where EEG is uploaded online every several hours for review. More recently, Bluetooth-enabled systems are available to allow live streaming or storing data on the Cloud using wireless technology (Chen et al 2020).
EEGs that are obtained to address the presence of nonconvulsive seizures and nonconvulsive status epilepticus are often urgent or emergent. However, the need for technologists to intermittently set up the standard EEG can delay diagnosis and treatment. This has led to the development of rapid EEG systems which can be used as a screening tool and performed like cEEG for longer monitoring (McKay et al 2019). There are a few of them, including those with full (McKay et al 2019) and reduced (Caricato et al 2020; Egawa et al 2020; Vespa et al 2020) montages. They allow for quicker EEG setup without the need for technicians to be called in from out of the hospital, which can often delay diagnosis and treatment, particularly in facilities without frequent after-hour or overnight availability of a technologist (McKay et al 2019; Westover et al 2020).
When studying reduced EEG montage in adults and pediatric patients, some have found a sensitivity for detecting seizures of 54% to 72% depending on the population (Kolls and Husain 2007; Nitzschke et al 2011; Rubin et al 2014; Tanner et al 2014; Stevenson et al 2018), though others have found higher sensitivity and/or specificity (Tekgul et al 2005; Karakis et al 2010; Lepola et al 2015; Pati et al 2017; Vanherpe and Schrooten 2017; Haesen et al 2018; Ma et al 2018) for identifying seizures and/or status epilepticus. There is demonstrated accuracy for reduced montage in prognostic capability following cardiac arrest (Lybeck et al 2021). As of 2015, the American Clinical Neurophysiology Society recommends montages with less than 16 electrodes be used in emergency situations only (Herman et al 2015). Reports of rapid EEG utilization since then have shown useful sensitivity and specificity of reduced montage EEG and rapid EEG setups, the need for quick diagnosis and initiation of treatment, and highlighted the limitations of time and expertise to set up full montage EEG. As a result, reduced montage and rapid EEG systems have become more utilized in ICU settings in certain situations when EEG technologists are unavailable. The feasibility and sensitivity of full montage system rapid EEG has received more limited attention (McKay et al 2019).
Indications |!Discuss the criteria for patient selection.!|
The American Clinical Neurophysiology Society published guidelines for the clinical use of cEEG (Herman et al 2015) and since that time only 2 other governing neurologic societies have made formal recommendations on the indications for cEEG (Neurocritical Care Committee of the Chinese Society of Neurology 2017; Tatum et al 2018). See Table 1 for indications used from both guidelines.
Table 1. Utility of cEEG Monitoring in the NICU

• Diagnosis of nonconvulsive seizures, nonconvulsive status epilepticus, or other paroxysmal events

• Assessment of efficacy of therapy for nonconvulsive seizures or nonconvulsive status epilepticus

• Identification of cerebral ischemia

• Monitoring the level of therapeutic sedation or burst suppression

• Assessment of severity of encephalopathy and prognostication

(Herman et al 2015; Neurocritical Care Committee of the Chinese Society of Neurology 2017)
Diagnosis of nonconvulsive seizures and nonconvulsive status epilepticus. Convulsive status epilepticus is defined based on the duration of convulsive seizures using 2 different time points. The most recent consensus statement from the International League Against Epilepsy (ILAE) denotes the first time point (t1, 5 minutes) as the period at which convulsions are unlikely to cease without medical intervention and the second time point (t2, 30 minutes) at which neuronal injury has been shown to occur in animal and clinical studies (Trinka et al 2015).
Convulsive status epilepticus may subsequently evolve to nonconvulsive seizures and up to 15% develop nonconvulsive status epilepticus (DeLorenzo et al 1998; Sanchez Fernandez et al 2014). Though nonconvulsive status epilepticus may occur without preceding clinical seizures, roughly one half of patients who develop nonconvulsive seizures/nonconvulsive status epilepticus have a preceding clinical seizure (Claassen et al 2004; Abend et al 2013; Laccheo et al 2015). Nonconvulsive status epilepticus is defined as a subtype of status epilepticus without prominent motor activity, with or without coma (Trinka et al 2015). Those without coma can demonstrate subtle ictal activity and others have electrographic seizures with coma as the only clinical manifestation (Hirsch et al 2021).
Nonconvulsive seizures and nonconvulsive status epilepticus can be difficult to diagnose, often because the diagnosis relies solely on the EEG. Periodic epileptiform discharges are a common feature on EEG in patients who are critically ill, though the precise pathology associated with periodic epileptiform discharges is often uncertain (San Juan Orta et al 2009). Lateralized periodic discharges usually reflect an acute or subacute injury of the cortex, though infrequently they may reflect a postictal feature in patients with epilepsy or have an underlying chronic structural basis. Stroke is perhaps the most common structural etiology generating lateralized periodic discharges but probably reflects the prevalence as opposed to specificity of stroke. Periodic epileptiform discharges may also involve a spectrum of EEG findings. Lateralized periodic discharges associated with fast activity have a strong association with status epilepticus and their finding on standard EEG should prompt further investigation with cEEG. Other periodic epileptiform discharges include bilateral independent periodic epileptiform discharges, generalized periodic epileptiform discharges, and stimulus-induced rhythmic, periodic, or ictal discharges. Electrographic patterns that appear to be potentially ictal lie on the “ictal-interictal continuum” (Hirsch et al 2021). These include the following: any periodic discharge or slow wave pattern that averages 1 to 2.5 Hz over 10 seconds; any periodic discharge or slow wave pattern averaging 0.5 to 1 Hz over 10 seconds but has a plus modifier or fluctuation; any lateralized rhythmic delta activity averaging more than 1 Hz for at least 10 seconds with a plus modifier or fluctuation (Hirsch et al 2021). One should consider antiseizure treatment if these patterns are seen and there is a concern for nonconvulsive seizures or nonconvulsive status epilepticus.
The Salzburg criteria can be used to more formally define and diagnose nonconvulsive seizures with EEG and/or clinical features in patients without known epileptic encephalopathy: the presence of epileptiform discharges greater than 2.5 Hz or epileptiform discharges less than or equal to 2.5 Hz or rhythmic delta/theta activity on EEG and at least 1 of the following; both EEG and clinical improvement with antiseizure medication, the presence of subtle clinical ictal manifestations associated with these EEG findings, or spatiotemporal evolution of these EEG features. In those with epileptic encephalopathies, the diagnosis is made when there are more prominent or frequent EEG features as noted above with observable clinical change and improvement with antiseizure medications (Beniczky et al 2013). The Salzburg criteria is accurate and reliable (Leitinger et al 2016) with the use of cEEG (Johnson and Kaplan 2020; Hirsch et al 2021). It is hypothesized that both t1 and t2 in nonconvulsive status epilepticus is likely longer than that seen in convulsive status epilepticus and it is unclear if irreversible brain injury occurs in these cases, though this depends on the clinical context (Johnson and Kaplan 2020).
The frequency of nonconvulsive seizures and nonconvulsive status epilepticus in ICU patients varies depending on the population studied as well as the underlying comorbidities.|{diagram:eegicu1.jpg}{caption:Incidence of NCS or NCSE in adult intensive care units based on clinical diagnosis}{label:(Adapted from Tchapyjnikov and Husain 2018, with permission from A Husain.)}| One study demonstrated nonconvulsive seizures in 21% of ICU patients being monitored with cEEG (Swisher et al 2015). In the neurologic ICU, 15% of those monitored are found to have nonconvulsive seizures (Dericioglu et al 2020). Those with aneurysmal subarachnoid hemorrhage show nonconvulsive status epilepticus in 3% to 13% and nonconvulsive seizures in 7% to 18% of cases (Kondziella et al 2015).
In the acute postneurosurgical period, roughly 19% of adults referred for cEEG demonstrate nonconvulsive seizures, with higher incidence seen in those with lobar tumor, subarachnoid hemorrhage, or who underwent evacuation of a subdural hematoma (Freund et al 2018b). In pediatric intensive care units, up to 71% of patients may show nonconvulsive seizures if cEEG is indicated for possible seizure or altered mentation/coma (Payne et al 2014).
Up to 48% of adults and 33% of children who present with convulsive status epilepticus may go on to develop nonconvulsive seizures after the clinical seizures cease whereas about 15% of adults will develop nonconvulsive status epilepticus (DeLorenzo et al 1998; Sanchez Fernandez et al 2014). The Neurocritical Care Society and American Epilepsy Society recommend cEEG monitoring for those who do not return to their functional baseline 60 minutes after convulsions resolve given the high risk of nonconvulsive seizures/nonconvulsive status epilepticus after convulsive seizures when patients remain poorly responsive or comatose (Brophy et al 2012; Glauser et al 2016).
The importance of diagnosis and treatment of nonconvulsive seizures and nonconvulsive status epilepticus is related to their association with morbidity and mortality.|{diagram:eegicu2.jpg}{caption:Brief potentially ictal rhythmic discharges in cEEG}{label:Brief potentially ictal rhythmic discharges [B(I)RDs] during cEEG approximately 24 hours following infusion of ketamine for convulsive status epilepticus. Sensitivity 7 uV, display speed 30 mm/sec, filters 1 to 70 Hz. (Contributed by Dr. William O Tatum.)}| The presence of nonconvulsive seizures on EEG is associated with higher rates of disability whereas a higher nonconvulsive seizure burden is also associated with worse short-term outcomes (Payne et al 2014; Wagenman et al 2014). Conversely, when treated, seizures and status epilepticus may not be associated with worse prognosis or outcome (Selioutski et al 2019). Therefore, diagnosis and intervention may improve outcomes in nonconvulsive seizures and nonconvulsive status epilepticus.
Given that treatment of nonconvulsive seizures and nonconvulsive status epilepticus could lower morbidity and mortality, one must consider the clinical scenarios in which there is a higher likelihood of detecting nonconvulsive seizures using cEEG. The clinical situations that warrant cEEG to detect nonconvulsive seizures and nonconvulsive status epilepticus (Herman et al 2015) are listed in Table 2. The European Society of Intensive Care Medicine and the Neurocritical Care Committee of the Chinese Society of Neurology recommend cEEG monitoring for the detection of nonconvulsive status epilepticus and nonconvulsive status epilepticus in patients presenting with convulsive status epilepticus and those with a primary brain injury, such as trauma or ischemia, as well as in comatose patients in the intensive care unit who do not have a primary brain injury but whose mental status is altered for unclear reasons (Claassen et al 2013; Neurocritical Care Committee of the Chinese Society of Neurology 2017).
The following risk factors have been associated with a higher risk for developing nonconvulsive seizures and nonconvulsive status epilepticus in patients with altered mental status: clinical seizures and in particular convulsive status epilepticus prior to altered mentation, a history of epilepsy, coma, younger age, remote history of encephalitis or meningitis, presence of a brain tumor, having an active CNS infection, presence of an intracerebral hemorrhage, MRI evidence of encephalomalacia, or having recently undergone a neurosurgical procedure, in particular those undergoing neurosurgery for subarachnoid hemorrhage or with subarachnoid hemorrhage perioperatively, or those undergoing craniotomy for subdural hematoma evacuation (DeLorenzo et al 1998; Vespa et al 2003; Claassen et al 2004; Carrera et al 2008; Abend et al 2013; Kurtz et al 2014; Sanchez Fernandez et al 2014; Laccheo et al 2015; Freund et al 2018b). Continuous EEG monitoring should be considered in these patients even if there are no ongoing clinical signs of seizure activity. In those without a primarily neurologic injury or clinical seizure history, with the indication for EEG being to diagnose the cause of altered mentation in a critically ill patient, the utility of cEEG is unclear. One study showed that performing cEEG did not demonstrate improved outcomes as opposed to repeated routine EEG, though it did show increased detection of ictal activity (Rossetti et al 2020).
Table 2. Situations In Which to Consider cEEG For Nonconvulsive Seizures or Nonconvulsive Status Epilepticus Detection

• Following generalized convulsive status epilepticus if the patient is not regaining consciousness

• Acute supratentorial brain injury with concurrently altered mental status

• Fluctuating mental status without a clear explanation for it in those without known brain injury

• Epileptiform abnormalities on routine (30-minute) EEG

• Pharmacological paralysis in patients at risk for seizures

• Paroxysmal events of unclear etiology that may be epileptic
Assessment of efficacy of therapy. Once nonconvulsive seizures or nonconvulsive status epilepticus are detected, EEG is used to monitor response to therapy. Continuous EEG has been shown to significantly impact the use of sedatives and antiseizure drugs (Hirsch 2010). Overuse of sedatives could lead to worsened outcomes so accurate titration of antiseizure medications with cEEG is vital to avoid greater risk than benefit (Hilkman et al 2017). Given the lack of consistent clinical correlation, EEG may be the only physiologic marker to assess effectiveness of sedation or antiseizure medications.
EEG monitoring for cerebral ischemia. Cerebral ischemia may occur for various reasons including hypoxia encephalopathy, ischemic stroke, and following subarachnoid hemorrhage, to name a few. However, the most frequent reason to use cEEG is for detection of ischemia associated with vasospasm is in the setting of subarachnoid hemorrhage. EEG can detect ischemia when it occurs and is still reversible in contrast to other forms of ischemic injury (van Putten and Hofmeijer 2016). Continuous EEG provides real-time data so rapid treatment can be initiated before irreversible ischemia leads to infarction (Hilkman et al 2017). Ischemia may be delayed following subarachnoid hemorrhage and prolonged cEEG is a noninvasive means necessary for early detection (Gaspard 2016; Kondziella et al 2015). MRI is impractical for ischemia screening as it is difficult to perform acutely and CT will only detect ischemia hours after neuronal injury has occurred. Transcranial doppler ultrasonography is commonly used in place of angiography to screen for cerebral vasospasm after subarachnoid hemorrhage (Nakae et al 2011). However, transcranial doppler ultrasonography can only be performed intermittently, in contrast to cEEG. When using EEG for ischemia detection, there are specific electrographic patterns using raw EEG data including regional or hemispheric loss of high-frequency fast activity and relative increase in background slowing that can be early indicators of developing cerebral ischemia (van Putten and Hofmeijer 2016). Quantitative EEG techniques may identify trends signifying a change in the power spectra that incorporates changes in the alpha/delta ratio to provide added sensitivity to ischemia detection compared to conventional EEG monitoring. This may identify ischemia hours before it would be demonstrated with transcranial doppler ultrasonography (Claassen et al 2004; Gaspard 2016). Early detection of ischemia may facilitate timely confirmation with cerebral angiography and earlier initiation of therapeutic interventions with intraarterial vasodilators to potentially improve neurologic outcomes. This is necessary to provide ongoing, real-time basis to allow timely diagnosis and treatment that is made feasible with cEEG monitoring.
Monitoring during iatrogenic burst suppression and sedation. The goals of therapy for ongoing nonconvulsive seizures and nonconvulsive status epilepticus aim at achieving seizure suppression that in some cases reduces cerebral metabolic rates by achieving a suppression-burst pattern on the cEEG (Krishnamurthy and Drislane 1999; Jordan and Hirsch 2006; Brophy et al 2012).
Pharmacologically induced suppression-burst (or burst-suppression) with sedating anesthetic drugs such as midazolam, propofol, and pentobarbital are used in cases of refractory status epilepticus and in some cases to control intracranial hypertension secondary to traumatic brain injury in addition to other acute brain injury (Rangel-Castilla et al 2008; Brophy et al 2012).|{diagram:eegicu3.jpg}{caption:Suppression-burst during cEEG in adult male with acute left parietal intraparenchymal hemorrhage}{label:Suppression-burst during cEEG after levetiracetam, valproate, phenytoin, and propofol in a 78-year-old man with acute left parietal intraparenchymal hemorrhage. Note the left electrographic focal seizure at the end of the epoch (arrow). Sensitivity 7 uV/mm, display speed 15 mm/sec, filters 1 to 70 Hz. (Contributed by Dr. William O Tatum.)}| In those who require neuromuscular blockade (eg, cis-atricurium) for respiratory control and intravenous infusion of anesthetic drugs for treatment, cEEG monitoring is recommended for neurologic monitoring. By monitoring sedation status via cEEG, continuous infusions of sedating agents can be titrated more accurately to an endpoint and oversedation, along with its associated adverse effects, can be avoided (Herman et al 2015).
Prognostication after cerebral injury. EEG has been shown to aid in predicting an ultimate prognosis in cases following severe cerebral insults including hypoxic ischemic injury (particularly after cardiac arrest), traumatic brain injury, and subarachnoid hemorrhage (Vespa et al 2002; Claassen et al 2006; Elmer et al 2020).
In cases of hypoxic ischemic brain injury following cardiac arrest, EEG is vital in prognosis as well as diagnosis and treatment of nonconvulsive seizures (Elmer et al 2020) and can be used in those with myoclonus to differentiate benign and malignant patterns (Freund and Kaplan 2017). Electrographic status epilepticus may cause secondary brain injury (Lybeck et al 2021) and as such, urgent diagnosis and treatment is recommended (Nolan et al 2021). The presence of EEG continuity and reactivity are predictors of good outcome whereas a lack of reactivity, burst-suppression pattern, or early epileptiform activity indicate a poor prognosis (Rossetti et al 2017). The demonstration of EEG features on the ictal-interictal continuum are important both as a possible marker of poor outcome or a predictor of high risk for subsequent seizures which require treatment (Cloostermans et al 2012; Tjepkema-Cloostermans et al 2015; Hofmeijer and van Putten 2016; Rossetti et al 2017; Solanki et al 2019). Continuous EEG is more sensitive than intermittent EEG monitoring and therefore could be of more utility in the evaluation of comatose patients following cardiac arrest, though it may be more valuable in detecting nonconvulsive seizures/nonconvulsive status epilepticus than in actual prognostication itself, depending on the timing of monitoring (Tjepkema-Cloostermans et al 2015; Elmer et al 2020).|{diagram:eegicu4.jpg}{caption:EEG in comatose adult male}{label:Stat EEG in a 63-year-old comatose male following an out-of-hospital cardiac arrest. On arrival to the ICU, subtle “twitching” was present in his face and extremities. Sensitivity 7uv/mm, display speed 30 mm/sec, filters 1 to 70 Hz. (Contributed by Dr. William O Tatum.)}|
In those with moderate to severe traumatic brain injury, lack of posterior dominant rhythm, or N2 sleep transients, predominant delta background activity or discontinuous background have all independently been associated with poor outcome (Lee et al 2019).|{diagram:eegicu5.jpg}{caption:EEG in traumatic brain injury}{label:Left occipital sharp waves (black arrows) and relative voltage attenuation with loss of sleep spindles (rectangle) over the right hemisphere in a patient with a traumatic brain injury. (Contributed by Dr. William O. Tatum.)}| Other features predicting poor prognosis are isoelectric or burst-suppression pattern, periodic discharges, and seizures; on the other hand, the presence of normal background and sleep activity have been shown to suggest a favorable prognosis (Synek 1988; Herman et al 2015). Given that cEEG increases the yield for detecting seizures and other possible prognostic EEG features, it may be beneficial to perform cEEG in traumatic brain injury patients as opposed to intermittent routine EEG (Lee et al 2019).
Similar to those with traumatic brain injury, lack of normal sleep architecture and the presence of periodic discharges have been shown to be associated with poor outcomes in those with subarachnoid hemorrhage who are monitored with cEEG. Nonconvulsive status epilepticus and lack of reactivity are also predictive of poor prognosis (Claassen et al 2006).
Contraindications |!Discuss criteria for excluding patients. Is pregnancy a contraindication?!|
The use of cEEG monitoring is a safe and noninvasive technique. As such, there are no real contraindications in patients with an intact scalp and skull. However, caution is required when securing electrodes to the head when open scalp wounds are present, following craniotomy, and when the integrity of skin on the scalp is otherwise compromised. In some situations where the scalp wound is particularly large, it may be impossible to place electrodes in some areas limiting standardized application. However, a modified montage to accommodate patients following neurosurgery, particularly craniotomy or craniectomy, can be used with high specificity, though there is variable sensitivity depending on the array used (Ma et al 2018). Needle electrodes are not recommended for routine use even in nonsurgical patients undergoing EEG (Sinha et al 2016).
Many patients undergoing cEEG will need an MRI for further evaluation as to the cause of the patient’s neurologic condition. Typically, EEG electrodes are not MRI compatible and so the patient would need to be removed and unhooked from the EEG machine in order to obtain MRI studies unless MRI-compatible electrodes are used (Nayak and Nattanmai 2021).
Additionally, for some younger children and other patients who are combative or unable to cooperate with the test, sedation may be required for EEG lead placement. In this case, the risks of using sedation must be contrasted with the benefits of continuous EEG monitoring and are assessed on a case-by-case basis.
Results |!Diagnostic procedures: Discuss and illustrate normal and abnormal results, including false positives and false negatives. Be quantitative if possible. Briefly describe how results of investigation affect management of applicable clinical problems. Therapeutic procedures: Briefly discuss how the procedure alters management and, quantitatively, the beneficial results and expectations of the procedure.!|

Adverse effects |!Discuss immediate and delayed complications of the procedure, the probability of their occurrence, their management, and their prognosis.!|
As it is a noninvasive procedure, continuous EEG has limited adverse effects. EEG electrodes may cause pressure on the skin sites when they have been applied for long-term use over several days. The electrodes are regularly examined to ensure that skin breakdown does not occur. At times, it may be necessary to remove and stagger the electrodes to alternate adjacent sites or temporarily suspend monitoring to promote skin healing (Keller 2017). Additionally, infection is a potential adverse effect that is minimized by regular daily care by the technologist. Electrodes should be regularly disinfected to avoid skin and/or wound infections and special care should be used in patients with active transmissible diseases. Disposable electrodes can be considered to avoid this risk (Sinha et al 2016).
Special considerations |!Discuss considerations for particular groups of patients and circumstances, eg, pregnancy, anesthesia, neurologic clearance (such as screening for carotid artery disease before general anesthesia for unrelated invasive procedures and surgery), pediatric age group, geriatric age group, genetically vulnerable groups, patients with impaired renal function, etc., and discuss each under the corresponding subheading.!|
Duration. If seizures are detected and treatment begun, continuous EEG monitoring should be continued for at least 24 hours after cessation of seizures (Herman et al 2015). In situations where a continuous infusion of antiseizure or sedative drug is necessary for seizure control, most clinicians continue EEG monitoring for at least 24 hours following discontinuation of the continuous infusion, sometimes longer depending on the half-life of the drug (Abend et al 2010).
Duration of EEG monitoring to screen for nonconvulsive seizures and status epilepticus. There is considerable debate regarding the optimal duration of EEG monitoring to adequately screen for nonconvulsive seizures or nonconvulsive status epilepticus. A routine (30-minute) EEG is likely inadequate as only about 50% of nonconvulsive seizures will be detected in this time period (Claassen et al 2004; Swisher et al 2015; Griffith et al 2020). Most clinicians will use continuous EEG monitoring for at least 24 to 48 hours (Abend et al 2010; Gavvala et al 2014). Some have shown that 80% to 88% of nonconvulsive seizures or nonconvulsive status epilepticus will be detected in the first 24 hours and 87% to 93% in the first 48 hours whereas the remaining patients require more than 48 hours of cEEG monitoring during the course of treatment (Claassen et al 2004; Jette et al 2006). However, this may depend on the EEG pattern when first being monitored and the clinical indication for EEG and clinical circumstances.
Certain EEG patterns, such as diffuse slowing without other abnormalities, are associated with a low risk of nonconvulsive seizures developing later during cEEG monitoring and a shorter duration of EEG monitoring can be considered in those patients (Swisher et al 2015). However, decreased background reactivity (Jette et al 2006), epileptiform discharges (Shafi et al 2012; Westover et al 2015; Sansevere et al 2017; Struck et al 2017), periodic discharges (Claassen et al 2004; Jette et al 2006; Swisher et al 2015; Struck et al 2017), lateralized rhythmic delta activity (Struck et al 2017), and burst suppression (Claassen et al 2004) are correlated with a higher risk of seizures and longer monitoring is warranted in these situations.
Specific risk factors can also be considered with EEG patterns to stratify which patients may require a longer duration of cEEG monitoring. One study recommended the following durations of monitoring: (1) noncomatose patients with no history of seizures and no EEG abnormalities should receive a standard EEG; (2) patients who are either comatose, have EEG abnormalities, or have a history of seizure should get at least 24 hours of cEEG monitoring; and (3) patients with a history of seizures, are comatose, and have epileptiform abnormalities on EEG require at least 48 hours of cEEG monitoring (Struck et al 2017). Once nonconvulsive seizures or nonconvulsive status epilepticus is detected, cEEG monitoring is continued for at least 24 hours following seizure cessation or 24 hours after discontinuation of a continuous antiseizure drug infusion, if one is being used (Abend et al 2010; Herman et al 2015).
When considering the duration of cEEG monitoring after cardiac arrest, whether for prognostication or clinical management, there is no clear consensus. One study showed no benefit in cEEG monitoring as opposed to briefer intermittent studies specifically in adding more data for prognosis but was more sensitive in detecting ictal activity (Elmer et al 2020). The sensitivity to detect seizure activity was also seen with longer cEEG monitoring in another study but was felt more related to weaning of sedation later in the course of treatment and the detection of ictal activity did not appear to add to prognostication in all cases (Monteiro et al 2016). The early EEG pattern may also be important in determining the length of cEEG, given that a “benign” EEG in the first 12 hours after arrest is a good indicator of a positive prognosis and longer cEEG monitoring would not be needed (Tjepkema-Cloostermans et al 2015). See Table 3 for recommendations on the duration of EEG monitoring based on the clinical situation.
Table 3. Duration of EEG Monitoring
Goal of Monitoring
Recommended Duration of cEEG Monitoring
Seizure urgencies and emergencies
24 to 48 hours, shorter or longer depending on risk factors
Assessment of efficacy of therapy for nonconvulsive seizures or nonconvulsive status epilepticus
24 hours of seizure freedom or for 24 hours after discontinuation of continuous infusion
Identification of cerebral ischemia
For subarachnoid hemorrhage: within 3 days of hemorrhage onset until 14 days post-hemorrhage or when risk for vasospasm is felt to diminish
For other scenarios: 24 to 48 hours
Monitoring the level of therapeutic sedation or burst suppression
Individualize to clinical situation
Assessment of severity of encephalopathy and prognostication in brain injury
No consensus on longer-term monitoring versus 30 minutes of EEG

(Herman et al 2015)
When cEEG is used for detection of ischemia, the duration of cEEG monitoring depends on the underlying risk factors and the time where the patient is at highest risk for developing ischemia. Monitoring for ischemia in non-subarachnoid hemorrhage patient groups (where 3-14 days is high risk) is often limited to 24 to 48 hours (Herman et al 2015). Limited information exists to define the optimal duration for cEEG monitoring during iatrogenic sedation and for prognostication, and therefore the decision of how long to continue cEEG monitoring in these situations must be individualized.
Patient selection. Patients with a variety of clinical conditions with neurologic involvement may benefit from information obtained during cEEG monitoring (Herman et al 2015). These conditions are listed in Table 4.
Table 4. Summary of Indications for Continuous EEG in Clinical Situations
Clinical history
NCS/NCSE detection
Response to antiseizure medications
Sedation monitoring
Prognostication
Detection of ischemia from vasospasm
Convulsive status epilepticus without return to neurologic baseline; refractory status epilepticus
X
X



Altered mental status in any clinical context
X




Subarachnoid hemorrhage
X

X
X
X
Intracerebral hemorrhage
X




Acute ischemic stroke
X




Coma after TBI
X

X
X

Coma after cardiac arrest
X

X
X

Clinical vignette |!Clinical vignettes are optional. If including, bring the disorder to life by describing an actual or fictitious patient with the disorder in a case report format. Describe and comment on the history, clinical findings, results of diagnostic tests, management, and course. If fictitious, so state.!|
A 55-year-old man with a history of right hemispheric ischemic stroke, coronary artery disease, and hypertension became unconscious shortly after calling out to his wife with chest pain. She immediately called 911 and began bystander CPR. Upon EMS arrival CPR was continued and the automatic external defibrillator-monitor was placed on him. He was found to be in pulseless ventricular tachycardia. He was successfully resuscitated following defibrillation and advanced cardiac life support, with return of spontaneous circulation. He required intubation in the field for airway protection due to persistent alteration in mental status manifest as coma.
On arrival to the emergency room, ECG ruled out a ST-segment elevation myocardial infarction. He remained unresponsive, with intact pupil and corneal responses, but no gag or cough reflexes and no motor response to pain. He did not require sedation to facilitate ventilation. Emergency consultations with both cardiology and neurology were placed and temperature control and fluid balance were begun during initial investigation with laboratory, chest x-ray, and cardiac monitoring. Treatment was begun with antihypertensives, vasodilators, and targeted hypothermia.
A STAT EEG was ordered by the consulting neurologist to evaluate the patient for subclinical seizures. During the 30-minute standard EEG, lateralized periodic discharges were noted in the right hemisphere that were maximal in the frontal region recurring at 1 Hz without evolution but some of the lateralized periodic discharges showed superimposed beta activity.|{diagram:eegicu6.jpg}{caption:EEG for evaluation of subclinical seizures in adult male}{label:EEG with 1-Hz right frontal LPDs and LPDs +F with anterior quadrant spatial field of distribution extending into the midline. (Contributed by Dr. William O Tatum.)}| Given concern for the ictal potential of the lateralized periodic discharges associated with fast activity, the standard EEG was converted to cEEG. Approximately 30 minutes after the cEEG was initiated, recurrent electrographic seizures were captured arising from the right hemisphere. There was no clinical correlate identified (nonconvulsive status epilepticus). As a result, the patient was administered 4 mg of lorazepam intravenously. This was followed by 2 grams of levetiracetam and 1800 mg of valproate resulting in cessation of the subclinical seizures. He was subsequently begun on a maintenance dose of 1000 mg of levetiracetam twice daily and 500 mg valproate 3 times daily. The lateralized periodic discharges continued but lessened in their frequency and spatial distribution. No further seizures were detected over the next 24 hours of cEEG monitoring and the patient ultimately survived and was transferred to a rehabilitation facility.
 
~4. Scientific basis |!With respect to the technical aspects of the procedure, discuss the underlying anatomy, physiology, biochemistry, biophysics, pharmacology, etc, and relevant engineering, if applicable.
Key points Start with one or a few key bullet points relevant here and then continue with full text.!|

• Continuous EEG is foundational and required for the diagnosis and characterization of nonconvulsive seizures/nonconvulsive status epilepticus.

• There are diagnostic clinical and EEG features that indicate high risk patients for nonconvulsive seizures/nonconvulsive status epilepticus to help select patients for cEEG monitoring.

• There are therapeutic implications for cEEG that include assessing the efficacy of therapy for nonconvulsive seizures or nonconvulsive status epilepticus, identifying cerebral ischemia in subarachnoid hemorrhage, monitoring sedation and suppression-burst activity, and prognosis in brain injury due to trauma or hypoxia/anoxia particularly after cardiac arrest.

• There is significant variability in the incidence of nonconvulsive seizures/nonconvulsive status epilepticus and no uniform use by practitioners despite clinical practice guidelines for cEEG in critically ill patients and more information and education is needed to better guide clinicians to optimize patient care.

• Quantitative EEG techniques are becoming more commonly used and may help overcome the current challenges regarding how often cEEG studies are interpreted.
In cases of convulsive status epilepticus that have ceased, diagnosing subsequent nonconvulsive seizures and nonconvulsive status epilepticus in patients who remain comatose is difficult due to the fact that electromechanical dissociation occurs, and clinical manifestations are faintly perceptible if present at all despite ongoing electrographic seizures (Kinney et al 2017). As such, EEG is vital in these cases.
The importance of diagnosing and treating nonconvulsive seizures and nonconvulsive status epilepticus lies in the finding that electrographic seizures themselves are associated with metabolic crisis. This has been demonstrated by using microdialysis to measure decreased oxygen and glucose levels in interstitial brain tissue, suggesting an increased regional cerebral metabolic rate, and along with delayed increase in cerebral blood flow, secondary neuronal injury and worsening clinical outcomes can occur (Vespa et al 2016; Witsch et al 2017). The duration of seizures and status epilepticus has a positive correlation with these findings (Vespa et al 2016). Even EEG features that lie on the ictal-interictal continuum that do not necessarily indicate frank seizures may also cause secondary neuronal injury due to metabolic demand outpacing blood flow and oxygen delivery and may warrant treatment (Witsch et al 2017).
Further highlighting the need for urgency in treating nonconvulsive status epilepticus is the association between seizure duration and subsequent internalization of GABA receptors and increase in NMDA excitatory receptor activity (Walker 2018). Therefore, first-line antiseizure treatments such as benzodiazepines lose their efficacy over time, making treatment more difficult the longer seizures go without complete cessation.
The amount of data being acquired using cEEG also poses challenges, even in larger facilities where resources for performing cEEG requires periodic calibration, sophisticated informatic support, software updates, and adequate storage capacity. Neurophysiologists have to accurately review a large amount of data in a short time period in order to ensure timely diagnosis and treatment and some hospitals may not have 24/7 EEG reading available to them. This may require them to rely upon nonneurophysiology trained clinicians to interpret EEGs in real-time and act upon them as quickly as possible (Kramer and Kromm 2019). Quantitative cEEG allows for simplified, compressed displays of EEG data (Scheuer and Wilson 2004). Seizures or activity on the ictal-interictal continuum can then be screened in using quantitative software, improving sensitivity and allowing for quicker diagnosis and treatment. Some quantitative EEG systems have programmable settings including seizure detection modes (eg, Persyst®, Solana Beach, CA) that can send deidentified .PNG files as emails for both EEG and quantitative EEG panels as images. These can help resource limited hospitals without access to 24/7 EEG technology coverage observing continuous EEG for targeted events. These events can then be reviewed by a remote reader and coordinate changes in management with the onsite team for any necessary adjustments. An example of an EEG epoch and quantitative EEG is taken from a patient with new-onset refractory status epilepticus who was induced into suppression-burst pattern using pentobarbital.|{diagram:eegicu7.jpg}{caption:EEG epoch and quantitative EEG email examples}{label:(A) De-identified file sent by email for a patient with new-onset refractory status epilepticus placed in an iatrogenic phenobarbital-induced coma. (B) QEEG demonstrating trends able to be sent by email from the NICU securely using email. (Contributed by Dr. William O Tatum.)}|
There is increasing use of cEEG as more evidence demonstrates utility, particularly in diagnosing nonconvulsive seizures/nonconvulsive status epilepticus (Ney et al 2013). Despite the concern that nonconvulsive status epilepticus may lead to worsened outcomes with delayed treatment, there is significant variability in the use of cEEG among hospitals in the U.S., Canada, and internationally (Park et al 2016; Koffman et al 2020). The reason for this lies in the resources needed to support cEEG, including qualified neurophysiologists, equipment, and trained EEG technologists (Koffman et al 2020). As noted above, rapid EEG systems may allow many centers and hospitals without these resources to have cEEG capability in their institutions to assist with critically ill patients.
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