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Background: Endovascular thrombectomy (EVT) is the standard treatment for large vessel occlusion stroke of the anterior circulation (LVO-a stroke). Approximately half of EVT-eligible patients are initially presented to hospitals that do not offer EVT. Subsequent inter-hospital transfer delays treatment, which negatively affects patients' prognosis. Prehospital identification of patients with LVO-a stroke would allow direct transportation of these patients to an EVT-capable center. Electroencephalography (EEG) may be suitable for this purpose because of its sensitivity to cerebral ischemia. The hypothesis of ELECTRA-STROKE is that dry electrode EEG is feasible for prehospital detection of LVO-a stroke.

Methods: ELECTRA-STROKE is an investigator-initiated, diagnostic study. EEG recordings will be performed in patients with a suspected stroke in the ambulance. The primary endpoint is the diagnostic accuracy of the theta/alpha ratio for the diagnosis of LVO-a stroke, expressed by the area under the receiver operating characteristic (ROC) curve. EEG recordings will be performed in 386 patients.

Discussion: If EEG can be used to identify LVO-a stroke patients with sufficiently high diagnostic accuracy, it may enable direct routing of these patients to an EVT-capable center, thereby reducing time-to-treatment and improving patient outcomes.

Clinical trial registration: ClinicalTrials.gov, identifier: NCT03699397.
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Introduction

Stroke is the world's second leading cause of death and the third leading cause of death and disability combined (1). For more than two decades, intravenous thrombolysis (IVT) has been the standard treatment for acute ischemic stroke (AIS) (2). In 2015, various randomized controlled trials established the efficacy of endovascular thrombectomy (EVT) in patients with large vessel occlusion stroke of the anterior circulation (LVO-a stroke) (3), and EVT has since become standard therapy for this population (4, 5). For both IVT and EVT, early initiation of treatment is of the utmost importance, as patient outcome reduces with increasing time-to-treatment (6).

While IVT is available in most hospitals, EVT is—because of its complexity and required resources—only performed in selected hospitals, so-called comprehensive stroke centers (CSCs). Currently, ~45–55% of EVT-eligible patients are initially referred to primary stroke centers (PSCs), which are hospitals that do not provide this therapy (7–9). After initial workup, patients with LVO-a stroke must be transferred to a CSC. This workflow substantially delays the initiation of EVT, which has a negative effect on patient outcomes (6, 10). A study in the Netherlands found that the initial presentation of patients with LVO-a stroke in a PSC resulted in a delay of EVT by 1 h on average which was associated with an absolute decrease in the chance of functional independence at 3 months by 8.5% (7, 11). In other countries, the delay of EVT varied between 40 and 115 min in patients transferred to a CSC when compared with patients who were directly presented to a CSC (9, 12–14).

Since only a small proportion, ~12%, of all patients with a suspected stroke is eligible for EVT (15), it is not feasible to transport all patients with suspected stroke directly to a CSC. This would not only challenge the capacity of ambulance services and CSCs, but it would also lead to an unnecessary delay in the initiation of therapy in patients who require IVT but not EVT, as these patients would be subjected to a longer travel time.

A triage method that reliably identifies patients with LVO-a stroke in the ambulance would allow for patients with LVO-a stroke to be directly transported to a CSC, while patients without LVO-a stroke could still be transported to the nearest PSC (Figure 1). Several triage methods have been proposed for this purpose, but none of these methods are currently considered suitable for broad implementation (16). For example, multiple studies on the use of Mobile Stroke Units for prehospital diagnosis and treatment of acute ischemic stroke have been conducted. These studies show a positive effect of Mobile Stroke Units on the functional outcomes of patients (17–19). However, the costs of Mobile Stroke Units are high (20, 21), which makes broad implementation difficult.


[image: Figure 1]
FIGURE 1
 Current and future ideal prehospital workflow for patients with suspected acute ischemic stroke (AIS). CSC, comprehensive stroke center; EEG, electroencephalography; LVO-a, large vessel occlusion of the anterior circulation; PSC, primary stroke center.


Electroencephalography (EEG) may be suitable as a prehospital triage method since EEG is highly sensitive to changes in neuronal function caused by brain ischemia (22). Previous studies have shown that a decrease in cerebral blood flow results in a slowing of the EEG signal within seconds (23, 24). Multiple case-control studies have found that ratios between slow and fast EEG activity, such as the delta/alpha ratio, discriminate between patients with AIS and healthy controls (25, 26). Few studies have been conducted on the use of EEG to identify LVO stroke in patients with suspected acute ischemic stroke (27, 28). A study used a portable LVO detection device using EEG and somatosensory-evoked potentials and demonstrated high LVO discrimination (C-statistic: 0.88) (29). Another study used a dry electrode EEG system and reported a high diagnostic accuracy for LVO stroke detection when combining clinical and EEG data [area under the receiver operating characteristic (ROC) curve: 87.8] (30). All these studies, however, were conducted in the emergency room and not in the prehospital setting.

We hypothesize that EEG accurately identifies the presence of an LVO-a stroke in patients with a suspected stroke when applied in the ambulance. The aim of the ELECTRA-STROKE study is to determine the diagnostic accuracy of dry electrode cap EEG for the diagnosis of LVO-a stroke when performed by ambulance personnel in patients with a suspected stroke.



Methods and analysis


Study design and patient population

The ELECTRA-STROKE study is an investigator-initiated, diagnostic, multi-center study consisting of four phases. In this study protocol article, we describe the fourth and final phase, which is currently being carried out by two ambulance organizations in the Netherlands (Ambulance Amsterdam and Witte Kruis Ambulancezorg Alkmaar). After a 6-month delay due to COVID-19, patient enrollment started in August 2020. We are enrolling patients who are referred to one of the participating hospitals, namely, Amsterdam University Medical Centers (UMC), OLVG hospitals, or Noordwest Ziekenhuisgroep. Inclusion criteria are clinically suspected stroke as determined at the discretion of ambulance personnel, an age of 18 years or older, and an onset of symptoms or time last seen well <24 h before the start of the EEG recording. Patients who are diagnosed with LVO-a stroke in a PSC and who are transferred to a CSC for EVT treatment are eligible for inclusion at the time of inter-hospital transfer. Injury or active infection of electrode cap placement area, and (suspected) COVID-19 infection are exclusion criteria for the study.



Study procedures

We will collect a single dry electrode cap EEG recording per patient as well as clinical data and imaging data. The EEG recordings are performed by ambulance personnel using dry electrode EEG caps with eight electrodes in positions FC3, FC4, CP3, CP4, FT7, FT8, TP7, and TP8 (Waveguard touch, Eemagine, Berlin, Germany; Figures 2A,B), and compatible EEG amplifiers (eego amplifier EE-411, Eemagine, Berlin, Germany). EEG data are acquired using NeuroCenter® EEG software (Clinical Science Systems, Leiden, The Netherlands). Ambulance personnel attend a 1-h training course in performing dry electrode EEG recordings for the purpose of this study. All equipment is contained in a portable and lightweight bag, specifically designed for use by ambulance personnel (Figure 2C). We instruct ambulance personnel to record the EEG data while the patient is lying on the ambulance stretcher with their head resting on the headrest to minimalize EEG artifacts due to movement and muscle activity. EEG recordings are performed either at the patient's site or in the ambulance before departure to the hospital. To minimize any delay, automatic time limits were added to both the electrode positioning step (1.5 min) and the EEG recording step (2.5–3.0 min) in the acquisition software. Acquired EEG data are electronically sent to the research team to be analyzed retrospectively. After the EEG data are acquired, ambulance personnel follow local protocols for the workup of patients with suspected stroke. A flowchart of the enrollment, intervention, and assessments of enrolled patients is provided in Figure 3
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FIGURE 2
 The equipment as used in the ELECTRA-STROKE study. (A) The 8-channel dry electrode cap (Waveguard touch, Eemagine, Berlin, Germany). (B) The multipin Ag/AgCl coated dry electrode. (C) The portable and lightweight EEG equipment, including the dry electrode EEG cap (weight ±50 g) and EEG amplifier (eegoTM amplifier EE-411, Eemagine, Berlin, Germany). (D) Electrode layout with 12 bilateral bipolar channels. Figures 2A,D have previously been published [van Meenen LCC, van Stigt MN, Marquering HA, et al. Detection of large vessel occlusion stroke with electroencephalography in the emergency room: first results of the ELECTRA-STROKE study. J Neurol. 2022;269(4):2030–2038. doi: 10.1007/s00415-021-10781-6; https://creativecommons.org/licenses/by/4.0/].
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FIGURE 3
 Flowchart of enrollment, intervention, and assessments in the study. There is no follow-up. *Assessments include patient characteristics, such as demographics, medical history, medication use, and data obtained at the emergency room as part of the work-up for the suspected acute ischemic stroke, such as the neurological examination, radiological data, final diagnosis, and treatment.


Clinical data are retrieved from the medical records. Patient characteristics, such as demographics, medical history, and medication use are collected. In addition, we collect data obtained at the emergency room as part of the workup for the suspected stroke, such as the neurological examination, radiological data, final diagnosis, and treatment. All clinical study data are stored in coded form in an online secured database (Castor EDC) (31). EEG data are also coded and stored on a local secured drive. The identification key is secured by a password and stored on a network drive of the coordinating institution. Only the research team of the coordinating institution has access to these data. More detailed information about the data collection and management procedures can be found in paragraphs 8.3 and 12.1 of the research protocol (Supplementary material 1). There are no planned follow-up visits. Patient inclusion will continue until the number of required patients, according to the sample size calculation, has been reached.



Definitions and outcomes

The primary endpoint of the study is the diagnostic accuracy of dry electrode cap EEG to discriminate LVO-a stroke from all other strokes and stroke mimics in the prehospital setting, expressed as the area under the ROC curve of the theta/alpha ratio. The theta/alpha ratio is normalized between −1 and 1 using the following equation:
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where P(θ) is the power in the theta frequency band (4–8 Hz) and P(α) is the power in the alpha frequency band (8–12 Hz). The sensitivity, specificity, positive predictive value, and negative predictive value will also be determined. The theta/alpha ratio was chosen as the EEG feature for the primary endpoint based on the results of a previously published study in which EEG was evaluated in patients with stroke in the hospital setting (28).

An LVO-a stroke is defined as an occlusion of the intracranial part of the internal carotid artery, the M1 or proximal M2 segment of the middle cerebral artery, or the A1 segment of the anterior cerebral artery. The occlusion location is determined by an adjudication committee based on computed tomography (CT) angiography imaging. In case a patient did not undergo CT angiography, the patient is scored as having no LVO-a stroke.

The secondary endpoints are the diagnostic accuracies of the following EEG features: relative delta, theta, alpha, and beta power, the delta/alpha ratio, delta+theta/alpha+beta ratio, pairwise derived brain symmetry index, and weighted phase lag index. Further outcomes are the logistical and technical feasibility of ambulance personnel performing an EEG recording with a dry electrode cap in the prehospital setting in patients with suspected stroke, and the development of a novel EEG-based algorithm for the detection of LVO-a stroke.

The principal safety outcome is the occurrence of device-related adverse events. All adverse events that occurred within 1 h after the completion of the EEG recording, reported spontaneously by the subject or observed by the investigator, will be recorded. All adverse events will be followed until they have abated, or until a stable situation has been reached. This study is considered a low-risk study since EEG is a safe, non-invasive, and painless procedure that is used regularly in standard medical practice, and we are using CE-marked products only.



Sample size

The sample size is calculated based on an expected specificity of dry electrode cap EEG for LVO-a stroke detection of 70%. Originally, the sample size was set at 222, based on an expected incidence of LVO-a stroke of 7% and a dropout of 20%. However, an interim analysis, based on 137 suspected stroke patients in whom a dry electrode cap EEG recording was performed in the prehospital setting, showed an actual incidence of LVO-a stroke of 5% and a dropout rate of 79/137 (58%), mainly caused by insufficient EEG data quality [72/137 (53%)]. Patients were considered a dropout if EEG data were of insufficient quality, the onset of symptoms was >24 h before the start of the EEG recording, or no informed consent was provided. For future EEG recordings, we expect a lower dropout rate as continuous software and hardware improvements as well as increasing EEG experience of the users are expected to result in increased EEG data quality over the course of the study. Based on the revised estimations of LVO-a stroke proportion and drop-out rate, the sample size was recalculated. Assuming an incidence of LVO-a stroke of 5% among patients with a suspected stroke in the prehospital setting, an alpha of 0.05 and a maximum margin of error of 7% indicate that 174 patients are required (32). Assuming a dropout rate of 55%, we plan to perform EEG recordings in 386 patients with a suspected stroke or known LVO-a stroke in the prehospital setting. If multiple EEG recordings are performed in the same patients, we will only use the first EEG recording.



Data analysis

EEG data will be re-referenced to a 12-channel bipolar montage with 6 bipolar derivations located at each hemisphere (Figure 2D). Then, artifacts will be detected and rejected. For each hemisphere, we will calculate the relative delta power, theta power, alpha power, beta power, the delta/alpha ratio, theta/alpha ratio, the delta+theta/alpha+beta ratio, and the weighted phase lag index (33). The features of the affected hemisphere of patients with LVO-a stroke will be compared to the features of the affected hemisphere of patients with a stroke or transient ischemic attack and the features of both hemispheres (if available) of patients with a stroke mimic. As a measure of brain symmetry, we will determine the pairwise derived brain symmetry index (34), using bipolar derivations located symmetrically on both hemispheres. We will evaluate the diagnostic accuracy of individual features by calculating the ROC curves and the area under these curves. Optimal cut-off values will be determined as the highest sensitivity at a specificity of ≥ 70% and ≥ 80% for LVO-a stroke. For these cut-off values, the sensitivity, specificity, negative predictive value, and positive predictive value will be reported with 95% confidence intervals.

Baseline characteristics will be compared between patients with LVO-a stroke and those without LVO-a stroke using the independent samples t-test for normally distributed continuous variables, the Mann–Whitney U-test for non-normally distributed continuous variables, and the chi-square test for categorical variables. Fisher's exact test will be used for binary categorical variables in case cells have an expected count of <5. Data will be analyzed using Python (Python Software Foundation) and are not visually interpreted by a neurologist.


Logistical and technical feasibility

To determine whether performing dry electrode cap EEG recordings is feasible in the prehospital stroke setting, we will assess the EEG data quality. Data with no or minor artifacts will be considered as having sufficient quality for further analysis. We will quantify the technical feasibility by calculating the percentage of patients with EEG data of sufficient quality for analysis, and the percentage of EEG data of sufficient quality for analysis. We will analyze the data over time to account for learning effects and hard- and software improvements.



Algorithm development

We intend to use EEG data to develop a logistic regression algorithm for LVO-a stroke prediction. We will calculate the EEG features specified in Supplementary Table 1 as possible inputs for the classification algorithm. These features will be averaged per hemisphere, except for the pairwise derived brain symmetry index, which will be calculated using bipolar derivations on both hemispheres resulting in one value per subject. Missing EEG data will be imputed. The number of input EEG features will thereafter be reduced to account for collinearity. Regularization will be used to further prevent the overfitting of the models. The diagnostic accuracy of the developed classification algorithm will be assessed by calculating ROC curves.





Discussion

The aim of the ELECTRA-STROKE study is to evaluate the diagnostic accuracy of dry electrode cap EEG for the detection of LVO-a stroke, and the feasibility of ambulance personnel performing EEG recordings in patients with suspected stroke in the prehospital setting. If EEG proves to have both high sensitivity and specificity for LVO-a stroke, this would allow for direct transfer of patients with LVO-a stroke to a CSC in the future, while the other patients with suspected stroke will still be presented at the closest hospital where, if indicated, IVT can be initiated. This would save precious time for patients with LVO-a stroke and thereby increase the chance of good functional outcomes for these patients.

If EEG were to be used as a prehospital stroke triage instrument, it should not only have high diagnostic accuracy but must also be fast and easy to apply (16). A traditional wet electrode EEG does not meet these requirements as it requires time-consuming preparation as well as extensive training in correct electrode placement and optimization of the electrode-skin impedance (35). A dry electrode EEG cap as used in this study, however, overcomes these issues. Dry electrodes are designed to penetrate the hair layer and make direct contact with the scalp, without skin preparation (36, 37). Furthermore, since the electrodes are integrated into a cap, they are easy to apply without the need for extensive training (28). Together with a maximum EEG recording time of 2.5 min in the ambulance, and automated analysis of the EEG data by, e.g., an artificial intelligence-based algorithm, we expect the total time needed for an EEG-based diagnosis to be below 5 min. Although this would slightly delay the work-up of patients with non-LVO-a stroke, it would improve the time-to-treatment for patients with LVO-a stroke significantly (in the Netherlands by ~1 h). The time loss caused by an EEG-based diagnosis should, however, be limited to minimalize the delay in presentation of and, if applicable, treatment for patients with non-LVO-a stroke.

A challenge in using dry electrode EEG in the prehospital stroke setting is achieving good EEG data quality. Although some studies report similar data quality of dry electrode EEG compared with wet electrode EEG, there are also studies that show an increase in power in the lower frequencies (<3 Hz) for dry electrode EEG (37, 38). We should therefore interpret the results regarding the delta frequency band with care. Additionally, dry electrode EEG—when performed in a stable setting—has relatively low channel reliability of ~80% compared to wet electrodes (97%) (39). We expect that the channel reliability of dry electrode EEG—when performed in the acute stroke setting—will be even lower. Therefore, we will probably not be able to use the EEG data of all eight channels in our analysis.



Ethics and dissemination


Ethical approval

Ethical approval for this study has been obtained by the medical ethics review committee of Amsterdam UMC (reference number: 2018_175).



Informed consent

Written informed consent will be obtained from all patients or their legal representatives. Due to the emergency setting, the ethical review board approved the use of a deferred consent procedure in compliance with the Declaration of Helsinki and Dutch law. Informed consent will be obtained by the local investigator as soon as feasible after EEG recording, preferably within 72 h after arrival at the hospital. If deferred consent cannot be obtained, all previously collected data (including the EEG recording) will be destroyed, and the patient will be excluded. Subjects can leave the study at any time for any reason if they wish to do so without any consequences.




Conclusion

ELECTRA-STROKE is a diagnostic study that aims to evaluate the diagnostic accuracy of dry electrode cap EEG for the detection of LVO-a stroke in the prehospital setting. If EEG can identify LVO-a stroke patients with high diagnostic accuracy in the prehospital setting, it may enable direct routing of these patients to a CSC, thereby reducing time-to-treatment and improving patient outcomes.



Trial status

The first patient was enrolled in August 2020. Currently, 321 patients have been included in this study. Patient recruitment is expected to be completed in September 2022.
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