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Abstract

Objectives: To measure the diagnostic accuracy, timeliness, and ease of use of Ceribell rapid 

response electroencephalography. We assessed physicians’ diagnostic assessments and treatment 
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plans before and after rapid response electroencephalography assessment. Primary outcomes were 

changes in physicians’ diagnostic and therapeutic decision making and their confidence in these 

decisions based on the use of the rapid response electroencephalography system. Secondary 

outcomes were time to electroencephalography, setup time, ease of use, and quality of 

electroencephalography data.

Design: Prospective multicenter nonrandomized observational study.

Setting: ICUs in five academic hospitals in the United States.

Subjects: Patients with encephalopathy suspected of having nonconvulsive seizures and 

physicians evaluating these patients.

Interventions: Physician bedside assessment of sonified electroencephalography (30 s from 

each hemisphere) and visual electroencephalography (60 s) using rapid response 

electroencephalography.

Measurements and Main Results: Physicians (29 fellows or residents, eight attending 

neurologists) evaluated 181 ICU patients; complete clinical and electroencephalography data were 

available in 164 patients (average 58.6 ± 18.7 yr old, 45% females). Relying on rapid response 

electroencephalography information at the bedside improved the sensitivity (95% CI) of 

physicians’ seizure diagnosis from 77.8% (40.0%, 97.2%) to 100% (66.4%, 100%) and the 

specificity (95% CI) of their diagnosis from 63.9% (55.8%, 71.4%) to 89% (83.0%, 93.5%). 

Physicians’ confidence in their own diagnosis and treatment plan were also improved. Time to 

electroencephalography (median [interquartile range]) was 5 minutes (4–10 min) with rapid 

response electroencephalography while the conventional electroencephalography was delayed by 

several hours (median [interquartile range] delay = 239 minutes [134–471 min] [p < 0.0001 using 

Wilcoxon signed rank test]). The device was rated as easy to use (mean ± SD: 4.7 ± 0.6 [1 = 

difficult, 5 = easy]) and was without serious adverse effects.

Conclusions: Rapid response electroencephalography enabled timely and more accurate 

assessment of patients in the critical care setting. The use of rapid response 

electroencephalography may be clinically beneficial in the assessment of patients with high 

suspicion for nonconvulsive seizures and status epilepticus.

Keywords

Ceribell electroencephalography; diagnostic device evaluation; electroencephalography; epilepsy; 
nonconvulsive status epilepticus; rapid response electroencephalography; seizure

A substantial number of critically ill patients with altered mental status have nonconvulsive 

seizures. For instance, 48% of patients after convulsive status epilepticus (1), 18–33% of 

comatose patients with traumatic brain injury (2, 3), 20% of patients with subarachnoid 

hemorrhage (4–6), 3–17% of patients with intraparenchymal hemorrhage (7–9), 7% of 

patients with ischemic stroke (8), about 6–12% of patients with brain infections (10, 11), and 

10–30% patients with cardiac arrest (12–15) are estimated to have nonconvulsive seizures.

Electroencephalography (EEG) is the standard method for diagnosing nonconvulsive 

seizures (16), and existing guidelines recommend that EEG monitoring should be initiated 
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within 1 hour of suspicion for nonconvulsive seizures (17). However, many hospitals do not 

have the capacity to offer EEG (18, 19), and in those with 24/7 capacity, conventional EEG 

is delayed well beyond the time window recommended by current guidelines (20, 21).

Evidence from studies in patients (22–31) and animal models (32–35) suggests a clear 

association between prolonged nonconvulsive seizures and neuronal damage and poor 

neurologic outcomes. Early access to EEG leads to early detection, and hence, more 

effective treatment of seizures (36), which will in turn prevent neuronal injury, and 

potentially deleterious impacts on patient morbidity, mortality, and long-term cognitive 

disability.

Here, we conducted a multicenter prospective nonrandomized clinical study to measure the 

potential impact of a new EEG device, the rapid response electroencephalography system 
(Rapid-EEG; Fig. 1) developed by Ceribell (Mountain View, CA) and cleared by the U.S. 

Food and Drug Administration. This new system not only enables Rapid-EEG acquisition 

but also provides actionable diagnostic information in the form of EEG sonification. 

Multiple prior studies have validated its signal quality in a head-to-head comparison with 

two conventional EEG systems (37), its diagnostic utility for detecting seizures by sound 

(38), its feasibility in the ICU setting in academic (39) and community (40) hospitals, and its 

diagnostic utility compared with standard 16–20 electrode EEG systems (41–43).

The current study was designed to test the hypothesis that “Rapid-EEG would provide 

immediate and accurate assessment of nonconvulsive seizures and would change physicians’ 

diagnostic suspicions and treatment decisions and increase their confidence in diagnostic 

and therapeutic decision making compared to clinical suspicion alone.” We also anticipated 

that the Rapid-EEG would be easy to set up by physicians at the bedside.

MATERIALS AND METHODS

Sites, Participants, and Informed Consent

Participating medical centers in the Does Use of Rapid Response EEG Impact Clinical 

Decision Making (DECIDE) trial were: Massachusetts General Hospital, Rush University 

Medical Center, University of California Los Angeles, University of Texas Southwestern, 

and Wake Forest Baptist Health. Sites were chosen based on their geographical locations to 

represent five distinct regions of the United States with 24/7 onsite conventional EEG 

technologists. Each site followed the requirements of its local Institutional Review Board 

regarding informed consent procedures. Eligible patients were identified by physicians based 

on clinical presentation (primarily altered mental status). Recruited patients formed a 

random series.

Study Procedure

This study was designed to compare the conventional practice of seizure management (i.e., 

physicians relying solely on their own clinical judgment) versus EEG-guided diagnostic and 

therapeutic decision making based on Rapid-EEG data obtained at the bedside by the 

physicians themselves and without the presence of EEG technologists.
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The details of the study are shown in the study protocol (Fig. 2) and in eMethods 1 

(Supplemental Digital Content 1, http://links.lww.com/CCM/F569). In brief, physicians 

determined the clinical need for EEG monitoring given their patient’s clinical presentation 

and ordered conventional EEG to be applied by trained EEG technologists. After ordering 

the conventional EEG, and before the arrival of conventional EEG, each physician 

completed a brief four-item questionnaire ascertaining their: 1) diagnostic suspicion for 

seizures (yes/ no); 2) treatment plan to escalate treatment with antiseizure medications (yes/

no), and confidence in their own; 3) diagnostic; and 4) therapeutic assessments (5-point 

Likert scale for each: 1 = very low, 5 = very high) (eMethods 2, Supplemental Digital 

Content 1, http://links.lww.com/CCM/F569). Then, the same physician set up the Rapid-

EEG system at the bedside (without the help of EEG technologists) and performed a 2-

minute assessment of the Rapid-EEG data. This bedside EEG assessment consisted of 

listening to EEG sound for 30 seconds from each hemisphere using the “Brain Stethoscope” 

function (Fig. 1) and reviewing visual EEG waveforms on the Rapid-EEG device for 60 

seconds. Rapid-EEG data were automatically time stamped when physicians performed their 

bedside assessment. After gaining Rapid-EEG diagnostic information, physicians completed 

the same four-item questionnaire. In addition, they rated the ease of use of the headband and 

device (5-point Likert scale for each: 1 = difficult, 5 = easy). Rapid-EEG recording 

continued until the conventional EEG system arrived, at which point, the Rapid-EEG was 

disconnected instantly and the conventional EEG setup started.

EEG Diagnosis

We asked three independent EEG expert neurologists to retrospectively review each Rapid-

EEG recording while being blind to participating physicians’ responses. These experts 

provided a diagnosis for the portion of the Rapid-EEG that was reviewed by physicians 

during their 2-minutes long bedside Rapid-EEG assessment (60 s of sonification and 60 s of 

visual review). They also provided an EEG diagnosis for the entire recording using 2012 

Standardized Critical Care EEG Terminology defined by the American Clinical 

Neurophysiology Society (44). To account for the well-recognized problem of inter-rater 

variability in EEG interpretation even among expert neurologists (45, 46), we used a 

majority consensus (2/3) among the three expert readers to define their final diagnosis for 

each recording.

Final Rapid-EEG diagnoses were subsequently classified into one of three categories: 1) 

seizures, 2) slow or normal activity, or 3) highly epileptiform patterns (HEPs). The third 

group includes patterns that do not fully meet the Salzburg criteria (47) for electrographic 

seizure activity but do represent abnormal electrographic epileptiform activity such as 

periodic discharges of any kind or lateralized rhythmic delta activity. See eFig. 1 

(Supplemental Digital Content 1, http://links.lww.com/CCM/F569) for a representative 

sample of each of these categories, and eMethods 3 and eFig. 2 (Supplemental Digital 

Content 1, http://links.lww.com/CCM/F569) for information and data regarding signal 

quality evaluation.

In those patients in whom Rapid-EEG recordings were followed by a conventional EEG 

study, we collected a copy of the EEG report for the first day of the conventional EEG 
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monitoring. The diagnosis documented in the EEG report by the patient’s clinical team was 

categorized into one of the three patterns (seizures, slow or normal activity, or HEP) and was 

used as the final diagnosis for the conventional EEG recording.

Sensitivity and Specificity of Physician Diagnoses With and Without Rapid-EEG

We compared the sensitivity and specificity of physicians’ seizure diagnosis before Rapid-

EEG condition (baseline) and after reviewing Rapid-EEG data. We used expert EEG 

readers’ interpretations of the Rapid-EEG (during physician bedside assessment) as the 

reference standard. To err on the conservative side, nonseizure activity included both slow or 

normal activity and HEP conditions. Mindful of the problem of “incorporation bias” (48), 

the purpose of this analysis was not to measure the accuracy of Rapid-EEG since the device 

does not provide a final seizure diagnosis. It only sonifies and visualizes the raw EEG data 

and the final diagnosis is made by the physician interpreting the data by listening to the 

sound of the EEG and looking at the tracings. As such, the analysis aimed to compare the 

accuracy of nonexpert physicians’ interpretation of Rapid-EEG compared with expert 

readers’ interpretation of the same EEG. In other words, did physicians without formal EEG 

training make wrong EEG diagnostic assessments compared with expert neurologists with 

formal training in clinical neurophysiology?

Statistical Analysis

For details of statistical analysis, please refer to eMethod 4 (Supplemental Digital Content 1, 

http://links.lww.com/CCM/F569). The primary analysis of the clinical impact of Rapid-EEG 

was performed by calculating the change at the individual patient level in physicians’ 

diagnostic suspicion for seizure, decision to escalate treatment with antiseizure medications, 

confidence in diagnostic assessment, and confidence in treatment plan.

RESULTS

Across all five sites, we enrolled a total of 37 physicians who participated in the care of 181 

patients suspected to have nonconvulsive seizures for which conventional EEG was ordered; 

complete information was available for 164 patients (Fig. 2).

Physician and Patient Characteristics

All physicians were neurology-trained (attending, n = 8; neurocritical care fellow, n = 22; 

and resident, n = 7) with varying years of ICU experience (median: 1 yr [interquartile range, 

IQR 2 yr], range: 0–11 yr) and minimal EEG experience (median: 0 yr [IQR 3 yr], range: 0–

10 yr). About 60% of encounters involved physicians who had used the device less than 3 

times, while only 12% of encounters involved physicians who had used the device greater 

than 10 times. The majority of patients (87%) had some degree of encephalopathy either 

with (32%) or without (55%) witnessed seizure or seizure-like activity. Most patients were 

already on antiseizure medications (69%) and 56% were intubated (eTables 1 and 2, 

Supplemental Digital Content 1, http://links.lww.com/CCM/F569).
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EEG Findings

Retrospective review of the entire Rapid-EEG recordings (n = 164) by three independent 

EEG experts showed that 17 patients (11%) had seizures, 19 (12%) had HEPs without 

seizures, and 128 (78%) had only slow or normal activity. Of the 17 patients with 

electrographic seizures at some point during the Rapid-EEG monitoring, nine occurred at the 

time of physicians’ bedside assessments and eight were captured after the physicians had 

completed their bedside assessment (but before arrival of the conventional EEG system).

Review of conventional EEG reports revealed that of 17 patients with seizures during Rapid-

EEG monitoring, 11 also had seizures during the conventional EEG monitoring while six did 

not. Additionally, five patients without seizures on Rapid-EEG eventually had seizures 

within the next 24 hours on conventional EEG. In all of these cases, seizures occurred more 

than 2 hours after the Rapid-EEG recording had ended, and the seizures were not localized 

to parasagittal regions.

Impact of Rapid-EEG on Physician Diagnostic and Therapeutic Decision Making and 
Confidence

For this analysis, data from two patients were missing. In 179 patient cases, access to Rapid-

EEG data at the bedside changed physicians’ diagnostic suspicion for seizures in 72 cases 

(40.2%) and treatment decision in 36 cases (20.1%) (Fig. 3A, Table 1). There were 59 

patients (32.6%; 95% CI, 25.8–40.0%) whose treating physician changed their suspicion for 

seizure from “yes” to “no” after Rapid-EEG, compared with 13 patients (7.3%; 95% CI, 

3.9–12.1%) whose treating physician increased their suspicion for seizure from “no” to 

“yes” after Rapid-EEG (p < 0.0001 using McNemar test). Treating physicians’ inclination to 

escalate treatment with antiseizure medications decreased (from “yes” to “no”) after Rapid-

EEG for 23 patients (12.9%; 95% CI, 8.3–18.7%), compared with 13 patients (7.3%; 95% 

CI, 3.9–12.1%) for whom physicians’ treatment decisions changed to escalate antiseizure 

medications (from “no” to “yes) (p = 0.10 using McNemar test).

We then assessed the accuracy of physicians’ diagnostic assessments by comparing their 

suspicion for seizure before and after Rapid-EEG to the majority consensus of three 

epileptologists on the presence of seizure at the time of physicians’ bedside assessments 

(seizure: n = 9; nonseizure: n = 155). We found that the sensitivity of physicians’ diagnosis 

of seizure increased from 77.8% (95% CI, 40.0–97.2%) to 100.0% (66.4–100.0%) (p = 0.16 

using Cochran-Mantel-Haenszel test stratified by individual patient; difference of 22.2% 

[95% CI, −4.9 to 49.4%]) and their specificity increased from 63.9% (95% CI, 55.8–71.4%) 

to 89% (95% CI, 83.0–93.5%) (p < 0.0001 using Cochran-Mantel-Haenszel test stratified by 

individual patient; difference: 25.2% [95% CI, 16.1–34.2%]). In a secondary analysis where 

seizures and HEP cases were grouped together as seizures and slow or normal activity as 

non-seizures, we found a significant increase in specificity from 62.9% (95% CI, 54.0–

71.1%) to 90.2% (95% CI, 83.7–94.7%) (p < 0.0001 using Cochran-Mantel-Haenszel test 

stratified by individual patient).) but no significant difference in sensitivity from pre-(43.8% 

and 95% CI, 26.4%−62.3%) to post-Rapid EEG (40.6% and 95% CI, 23.7–59.4%) (p = 0.76 

using Cochran-Mantel-Haenszel test stratified by individual patient).
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Median confidence in diagnosis improved from 3.0 (IQR 3–4) before Rapid-EEG to 4.0 

(IQR 4–5) after Rapid-EEG (p < 0.0001 using Wilcoxon signed rank test), as did median 

confidence in treatment (pre: 4.0 [IQR 3–4], post: 4.0 [4–5], p < 0.0001 using Wilcoxon 

signed rank test) (Table 1; and eFig. 3, Supplemental Digital Content 1, http://

links.lww.com/CCM/F569). Subgroup and exploratory analyses on the association of 

primary outcomes with prior treatment with antiseizure medication, intubation status, and 

physician experience in ICU and EEG are provided in eTables 3 and 4 (Supplemental Digital 

Content 1, http://links.lww.com/CCM/F569). These analyses revealed no noticeable 

differences for any of the outcomes between the group of patients who were empirically 

treated for seizures or intubated prior to EEG compared with the group of patients who were 

not. Greater years of ICU experience (but not years of EEG experience) was associated with 

higher rate of drop in seizure suspicion (p = 0.015), higher confidence levels in diagnostic 

assessments (p = 0.019), and treatment plan (p = 0.049) as a result of using Rapid-EEG.

Time to EEG

Rapid-EEG acquisition was relatively fast (median 5 min [IQR,4–10 min], n = 143 due to 

missing data in 21 cases from site III). By comparison, conventional EEG arrival and set up 

was delayed by hours during both business hours (165 min [IQR, 99–274 min], n = 56 due 

to 11 missing records) and during after-hours (288 min [IQR, 165–582 min], n = 87 due to 

10 missing records) (Table 2 and Fig. 3B).

In 36 patients whose seizures (n = 17) or HEP (n = 19) were captured by Rapid-EEG within 

minutes, the conventional EEG recordings were delayed by about 260 min (IQR, 140–515 

min). Of note, 87.5% of these 36 patients had been empirically treated with antiseizure 

medications and 56% were already intubated.

Ease of Use and Safety

Physicians found Rapid-EEG easy to use. Average ratings (on a scale of 1–5, higher scores 

indicating greater ease of use) for the headband and device were 4.4 ± 0.9 and 4.7 ± 0.6, 

respectively (Fig. 3C). Patient-level and physician-level analysis of ease of use ratings by 

site are presented in eTable 5 (Supplemental Digital Content 1, http://links.lww.com/CCM/

F569).

The use of Rapid-EEG was without any reportable adverse event. Of 181 patient encounters, 

only one case of scalp irritation and bruising was reported in a patient who had 

thrombocytopenia and was treated with anticoagulants; the patient’s scalp healed without the 

need for additional care at the skin site.

DISCUSSION

In this multicenter clinical study, Rapid-EEG resulted in substantial changes in physician 

decision making compared with clinical judgment alone and improved the sensitivity and 

specificity of physician judgments regarding the presence or absence of nonconvulsive 

seizure activity. In addition, Rapid-EEG increased physicians’ confidence in their diagnostic 

and therapeutic decisions, dramatically shortened time to EEG acquisition, was easy to use 

by physicians without the help of EEG technologists, and was well-tolerated by patients.
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Our findings indicate that even in large academic medical centers with 24/7 in-house EEG 

technologists, access to conventional EEG is often delayed by several hours, a finding that is 

consistent with prior studies (20, 21). Such delays in EEG acquisition can contribute to 

delays in the diagnosis and treatment of nonconvulsive seizures. Early access to EEG will 

lead to early detection, and hence, more effective treatment of seizures (36), which will in 

turn prevent refractory status epilepticus; neuronal injury; and potentially deleterious 

impacts on patient morbidity, mortality, and long-term outcome in terms of cognitive 

disability, overall neurologic function, and development of chronic epilepsy (22–31).

A critical implication of our findings was that, for patients found not to be seizing, Rapid-

EEG often would have appropriately reduced physician’s suspicion for nonconvulsive 

seizures and their inclination to escalate antiseizure treatment. This suggests that another 

potential benefit of the Rapid-EEG system is in the prevention of unnecessary escalation of 

antiseizure medications or “overtreatment” of suspected cases in, for instance, emergency 

department settings. This could lead to fewer medication-related adverse events (including 

sedation), intubations and ICU admissions, and thus lower healthcare costs. This should be 

tested in future studies.

The current study possibly underestimated the potential clinical impact of Rapid-EEG. 

Physicians in the study used the investigational device only 1–3 times after a brief hands-on 

training. Therefore, they could not be expected to be very familiar with the reduced (eight-

channel) EEG display or the Brain Stethoscope function. In addition, they only listened to 

EEG sound for 1 minute and reviewed visual EEG epochs rolling in real time for another 1 

minute. In real-life practice, we expect the Rapid-EEG data to be reviewed on the Cloud 

portal (Fig. 1) in consultation with EEG experts scrolling back and forth between EEG 

epochs spanning longer durations of recording to obtain a better sense of the character and 

evolution of pathologic activity. Thus, the real-life uses of the Rapid-EEG might yield even 

better utility for detecting epileptiform abnormalities or distinguishing HEPs from seizures 

(16, 49).

We are mindful that our study was not without limitations. First, our evaluation was limited 

to theoretical diagnostic and therapeutic decision making and, as such, evaluation of actual 

treatment decisions based on Rapid-EEG data and patients’ clinical outcomes were not 

studied. Future randomized clinical trials will be better suited to address the important issue 

of clinical outcome. Second, the study protocol did not mandate specific physician responses 

to acquired information, such as a treatment algorithm for HEPs on the ictal-interictal 

continuum. As such, variability in physicians’ treatment decisions reflect at least in part 

local variations in the standard of care. In addition, most patients were already being treated 

with antiseizure medications prior to obtaining EEG, and therefore, the lack of change in 

treatment decisions may reflect the high percentage of patients being empirically treated 

prior to ordering and acquiring conventional EEG. Third, the duration of Rapid-EEG 

monitoring was variable and determined by the delay in the conventional EEG system; 

hence, the detection rate and optimal duration of monitoring with Rapid-EEG remain 

unclear. Last, the current study measured the impact of Rapid-EEG system used at the 

bedside by residents, fellows, and attending physicians who had varying degrees of 

neurology training. Prior pilot studies have found a positive impact when Rapid-EEG was 
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used by general intensivisits in a community hospital (40) and emergency physicians in an 

academic hospital (50). However, further studies are needed to make the findings of our 

current study generalizable across different disciplines of medicine.

CONCLUSIONS

This study supports the claim that Rapid-EEG is feasible and easy to use in critical care 

settings, can be done more expediently than conventional EEG, and provides additional 

valuable diagnostic information to physicians, and by doing so, increases the sensitivity and 

specificity of their seizure diagnosis as well as their confidence in their diagnosis and 

treatment plan.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Rapid Response Electroencephalogram (Rapid-EEG) System. Rapid-EEG developed by 

Ceribell enables electroencephalogram (EEG) acquisition without trained EEG technologists 

and provides EEG diagnostic information in real time by three means: 1) the visual display 

on the device screen, 2) the “Brain Stethoscope” (38) function activated by a button press on 

the device that enables the user to “listen” to the sound of the brain (for samples, see “Brain 

Stethoscope Training” at https://ceribell.com/training.html), and 3) real-time wireless 

transmission of the EEG data to a cloud server for remote evaluation (either in real time or 

retrospectively) by neurologists using a web browser interface. The electrodes are 

configured in a bipolar montage with five electrodes (four electrode pairs) on each 

hemisphere. The EEG channels correspond approximately to the Fp1–F7, F7–T3, T3–T5, 

and T5–O1 sites on the left and the Fp2–F8, F8–T4, T4–T6, and T6–O2 sites on the right 
according to the International 10–20 System. Data are acquired as digital samples at a rate of 

250 Hz with a frequency response of 0.5–100 Hz.
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Figure 2. 
Flow diagram and study protocol. The results of the study are based on 181 patient 

encounters with questionnaire data completed by 37 physicians and 164 patients with Rapid 

Response Electroencephalogram (Rapid-EEG) data (left). The study protocol (right) 
demonstrates the timing of physician questionnaires before and after Rapid-EEG assessment 

and the electroencephalogram (EEG) review process. Physicians were instructed not to delay 

the conventional EEG system in the process of acquiring Rapid-EEG data. Clinical Report 

Forms (CRF) were used.
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Figure 3. 
Primary and secondary study outcomes. A, Clinical impact: Bar graphs comparing 

physicians’ diagnostic and treatment decisions and confidence level for all 181 cases (two 

values missing). High confidence combined “high” and “very high” categories (ratings of 4 

and 5). B, Time to EEG: Delays in obtaining Rapid-EEG (blue) compared with conventional 

EEG (orange) during business hours (lighter shade) and after-hours (darker shade). Note the 

high variance in hours to conventional EEG across sites compared with minutes to obtain 

Rapid-EEG. C, Ease of use: Perceived ease of use of the headband sensors (light blue) and 

recording device (dark blue) was high.
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