Title 
Automated Continuous Electrocardiogram Monitoring accelerates the detection of Atrial Fibrillation after Ischemic Stroke or Transient Ischemic Attack on a Hyper Acute Stroke Unit.

Abstract
Background and aim 
Rapid and sensitive detection of atrial fibrillation (AF) is of paramount importance for initiation of adequate preventive therapy after stroke. Stroke Unit care includes continuous electrocardiogram monitoring (CEM) but the optimal exploitation of the recorded ECG traces is controversial. In this retrospective single-centre study, we investigated whether an automated analysis of continuous electrocardiogram monitoring (ACEM), based on a software algorithm, accelerates the detection of AF in patients admitted to our Stroke Unit compared to the routine CEM. 
Methods
Patients with acute ischemic stroke or transient ischemic attack were consecutively enrolled. After a 12-channel ECG on admission, all patients received CEM. Additionally, in the second phase of the study the CEM traces of the patients underwent ACEM analysis using a software algorithm for AF detection. Patients with history of AF or with AF on the admission ECG were excluded. 
Results
The CEM (n = 208) and ACEM cohorts (n= 114) did not differ significantly regarding risk factors, duration of monitoring and length of admission. We found a higher rate of newly-detected AF in the ACEM cohort compared to the CEM cohort (15.8% vs. 10.1%, p < 0.001). Median time to first detection of AF was shorter in the ACEM compared to the CEM cohort [10 hours (IQR 0-23) vs 46.50 hours (IQR 0-108.25), p < 0.001].  
Conclusions
ACEM accelerates the detection of AF in patients with stroke compared with the routine CEM. Further evidences are required to confirm the increased rate of AF detected using ACEM. 



















Introduction
Cardio-embolism from atrial fibrillation (AF) remains one of the most common causes of ischemic stroke [1-3]. Moreover, occult AF may account for a significant proportion of cryptogenic stroke [4]. Rapid and sensitive detection of AF after stroke is crucial because leads to the initiation of anticoagulation therapy which significantly reduces the risk of stroke recurrence in AF patients compared to standard preventive antithrombotic therapy with antiplatelets [5,6]. 
The 2016 ESC guidelines recommended a screening for AF by short-term ECG recording followed by continuous ECG monitoring for at least 72 hours in patients with transient ischemic attack (TIA) or ischaemic stroke[5]. Using a variety of ECG methods, AF is newly detected in up to 2.4-18.5% of patients with acute ischemic stroke after admission to a Hyperacute Stroke Unit (HASU) [7]. 
An important part of the HASU care is the continuous ECG monitoring (CEM). Stroke Risk Analysis (SRA) clinic is a relatively new telemedicine service software based on an automated continuous electrocardiographic monitoring (ACEM) [7]. Rizos et al. [6]and Adami et al. [8]demonstrated that this software algorithm may help to improve AF detection in patients with stroke in a stroke unit. However, it is unclear if SRA may improve the AF detection timing. 
In this retrospective single-centre study, we investigated whether an automated analysis of continuous electrocardiogram monitoring (ACEM), based on a software algorithm, improves the detection of AF in patients admitted to our HASU compared to the routine CEM. Firstly, we compared the yield of routine CEM versus ACEM to detect AF in patients during their stay on our HASU. Then, we investigated whether ACEM shortens the time between the initiation of the electrocardiographic monitoring and AF detection compared to CEM. 


Material and Methods
We retrospectively identified patients with acute ischemic stroke or TIA consecutively admitted to the HASU at Charing Cross Hospital, Imperial College NHS Healthcare Trust, London (UK). Consecutive enrolment of eligible patients was ensured by using a databank of admissions that is used for reporting to a central UK stroke data bank (SSNAP). Patients were identified during two distinct recruitment phases: between 1st June and 31st August 2017 for the CEM cohort, and between 1st June and 30th September 2018 for the ACEM cohort. Diagnostic procedures as well as clinical management of patients followed routine practice of the treating physicians. The UK Health Research Authority approved this study. 
[bookmark: _GoBack]Informed consent of subjects was not needed as the data collected for the study were information collected as part of the routine care and only de-identified data were used in the research.

Eligibility Criteria 
The following inclusion criteria had to be fulfilled: (1) age  18 years old; (2) ischemic stroke/TIA diagnosis confirmed by a trained stroke physician; (3) no previous history of AF; (4) no AF on admission ECG; (5) hospital admission within 24 h from symptom onset; (6) no implanted pacemaker. Exclusion criteria were: (1) intracranial haemorrhage (2) stroke mimics. We extracted event characteristics, patient demographics, risk factors, and medical history from medical records. Electronic and paper based medical records of eligible patients were retrieved from the Imperial medical archive. Data of consecutive patients were extracted using a pre-specified case report file that encompassed patient characteristics of including age, vascular risk factors, laboratory results, relevant medical history and medications. Severity of the index stroke was assessed using the National Institutes of Health Stroke Scale (NIHSS) on admission by trained stroke physicians. CHA2DS2-Vasc score was calculated for each patient. Hospital and outpatient records were reviewed by members of the clinical stroke team. The time of the start of the monitoring, the duration of monitoring and the time until first detection of an AF episode were documented. 

Definitions 
TIA was defined as a brief episode of neurological dysfunction caused by focal brain or retinal ischemia, with clinical symptoms typically lasting less than one hour, and without evidence of acute infarction[9]. Stroke was defined as rapidly developing clinical signs of focal disturbance of cerebral function, with symptoms lasting 24 hours or longer or leading to death, with no apparent cause other than of vascular origin[10]. Patients undergoing thrombolysis and/or mechanical thrombectomy were diagnosed as stroke patients even if symptoms completely resolved within 24 hours.  
Stroke mimics were interpreted as patients with isolated vertigo, diplopia, bilateral blindness, drop attacks, dysarthria, confusion, dysphagia unless neuroimaging supported an ischemic cause of these symptoms. By accepted convention, an episode lasting at least 30 documented during hospitalization was considered as diagnostic for AF[5]. High blood pressure was defined as systolic pressure 140 mm Hg and/or diastolic pressure  90 mm Hg, use of antihypertensive medication, and/or previous diagnosis of high blood pressure. Carotid stenosis was defined according to the Trial of ORG 10172 in Acute Stroke Treatment (TOAST) criteria as narrowing of the internal carotid artery lumen of  50% on carotid duplex ultrasound or angiography[11]. Diabetes mellitus was defined as history of diabetes that was confirmed in medical records, and/or use of insulin/oral hypoglycaemic agents, and/or random non fasting blood glucose concentration  11.1 mmol/L. Hypercholesterolemia was defined as fasting total cholesterol serum level  5.18 mmol/L (200 mg/dL), and/or fasting low-density lipoprotein cholesterol serum level of  4.14 mmol/L (160 mg/dL), and/or use of lipid-lowering medications. Coronary heart disease was defined by a history of acute myocardial infarction, or angina pectoris, or coronary artery bypass graft, or percutaneous coronary intervention. Body mass index (BMI) was calculated by dividing weight in kilograms by height in meters square. Obesity was defined as body mass index > 30 kg/m2. Daily alcohol intake was self-reported and alcohol abuse was defined as  300 g/week. Hyperthyroidism was defined as serum free T4, T3, or both elevated, and serum TSH abnormal (usually < 0.01 mU/L). Heart failure as any structural or functional impairment of ventricular filling or ejection of blood. 
The duration of monitoring was calculated as the total time from the point of activation of the monitoring to the point of last recorded analyzable signal in both the CEM and ACEM groups. The time to first AF episode was calculated as the total time from the point of activation of the monitoring to the first AF detected.

ECG Procedures to Detect AF
As part of the routine clinical practice all stroke patients admitted to the Imperial College Healthcare Trust HASU underwent a baseline 12-lead ECG which was reviewed by a trained stroke physician. After admission to HASU, CEM was started immediately using standard bedside Philips monitors (Software version B.02.12, Amsterdam, Netherlands). This monitoring system includes different rhythm alarms (flat ECG, pre-set upper and lower heart rate threshold, non-sustained ventricular tachycardia and ventricular fibrillation). Stroke physicians and nurses on the HASU are trained to recognize and document any episodes suspicious for AF on the monitor. When AF is suspected on monitor recordings, a 12-lead ECG is performed and reviewed by a trained stroke physician.  
In the second phase of the study, the CEM traces of the patients admitted to HASU were sent via a secure internet connection to a central server (Apoplex Medical Technologies, Pirmasens, Germany) where an automated AF episode detection algorithm was applied using the SRAclinic® software. This software uses an algorithm that detects QRS complexes of the ECG data and then classifies them as being of atrial or ventricular origin and finally creates a list of R-R-intervals. To detect episodes of atrial fibrillation, the software performs a time series analysis of multiple mathematical parameters that are typical for an absolute arrhythmia during atrial fibrillation. The SRA algorithm consists of three main steps in identifying possible AF [7]. QRS complexes are first identified on ECG to create a RR interval list. RR intervals are normalized by dividing them by the mean of the two corresponding RR intervals [(Ri − Ri + 1) (Ri + Ri + 1)]. These RR intervals are then used to calculate various, mostly nonlinear, mathematical parameters such as the following: standard deviation of the minor and major axis of the Poincaré plots and their ratio; RR fluctuation based upon different analyses of consecutive RR intervals; the number of premature atrial complexes without sinus nodal reset. Finally, entropic analysis of RR intervals regularity is applied. In the end, this results in a final classification into one of following three groups: (1) no evidence of AF; (2) increased risk of AF, or (3) presence of manifest AF. SRA clinic detection of manifest AF episodes includes only episodes lasting > 30 seconds. In the case of detected AF, the SRA service provides source of ECG rhythm strips which were reviewed by a trained stroke physician for confirmation of AF. SRA clinic has a 99% sensitivity and specificity compared to Holter ECG in the presence of manifest AF on ECG data[7]. 

Subtypes of Ischemic stroke
One study stroke physician (L.D), reviewed the clinical history, neurologic examination, diagnostic investigations, and brain imaging studies of all the recruited patients and assigned infarct subtype classifications by the use of Trial of ORG 10172 in Acute Stroke Treatment (TOAST) criteria[11,12]. The subtype definitions were based on risk factors profiles, clinical features, and results of diagnostic tests, including neuroimaging studies (brain computed tomography [CT] or magnetic resonance imaging [MRI]), vascular imaging, ECG, echocardiography (transesophageal or transthoracic), and assessment of prothrombotic syndromes. The ischemic stroke subtypes were classified in 5 major categories: large-artery atherosclerosis, including large-artery thrombosis and artery-to-artery embolism; cardioembolism (CE); small-vessel occlusion; and stroke of other determined cause. Patients with definite stroke etiology were distinguished from strokes of undetermined cause (2 or more causes identified, negative evaluation, and incomplete evaluation). Stroke etiology was defined as ‘incomplete evaluation’ when essential studies such as brain imaging (CT/MRI), angiographic evaluation (duplex imaging of extracranial arteries, CT angiography, magnetic resonance angiography, digital subtraction angiography for determination of atherosclerosis, or arteriopathy), echocardiography, and ECG were not performed. 

Statistical analysis 
Data analysis was conducted using SPSS (version 25.0, IBM, Armonck, NY, USA).  Characteristics of the study population were described using medians and interquartile range or mean and standard deviation or numbers with percentages. P < 0.05 was considered as significant. T test or Mann–Whitney test were used to compare continuous variables. For categorical variables, a chi-square or Fisher exact test was used to compare distributions. 

Results
Patients
During the enrolment period for CEM, 407 patients were admitted to the HASU of which 208 fulfilled the eligibility criteria. During the enrolment period for ACEM, 291 patients were admitted, and 114 thereof fulfilled eligibility criteria (Figure 1 and Figure 2).  
Baseline characteristics of the CEM group and the ACEM group of patients are presented in Table 1. There were no statistically significant differences with regards to age, cardiovascular risk factors, history of heart failure, history of hyperthyroidism, alcohol abuse, BMI, obesity, NIHSS on admission, CHA2DS2-VASC score, duration of ECG monitoring and length of HASU stay between the two groups. However, there was a smaller proportion of males in the CEM group (p = 0.035). 

TOAST distribution of the ischemic stroke according to the CEM and ACEM cohorts
The CEM cohort was composed of 170 (81.7%) patients with ischemic stroke and 38 (18.3%) with TIA (Figure 1). Among the 170 patients with ischemic stroke in the CEM cohort, 19 (11.17%) were classified as stroke from large-artery disease, 22 (12.94%) as cardioembolic stroke (19 patients with AF, 1 patients with left ventricular thrombus and 2 patients with patent foramen ovale), 22 (12.94%) as lacunar infarct and 16 (9.41%) as stroke from other causes. Moreover, 78 (45.88%) patients with ischemic stroke had an undetermined cause for negative evaluation and 13 (7.64%) patients were classified as undetermined causes for incomplete evaluation (Figure 3)

The ACEM cohort included 100 (87.72%) patients with ischemic stroke and 14 (12.28%) patients with TIA. Among the 100 patients with ischemic stroke in the ACEM cohort, 10 (10%) were classified as stroke from large-artery disease, 18 (18%) as cardioembolic stroke (17 patients with atrial fibrillation and 1 patient with patent foramen ovale), 10 (10%) as lacunar infarct and 6 (6%) as stroke from other causes. Finally, 53 (53%) patients with ischemic stroke had an undetermined cause for negative evaluation and 3 (3%) patients were classified as undetermined causes for incomplete evaluation (Figure 3). 

Detection of atrial fibrillation by different methods
 Patients in the ACEM cohort had a higher rate of newly-detected AF than in the CEM cohort (15.8 vs. 10.1%, p < 0.001) (Table 2). The median time to first detection of AF was significantly shorter in the ACEM cohort compared to the CEM cohort [10 hours (IQR 0-23) vs 46.50 hours (IQR 0-108.25), p < 0.001] (Table 2). 
Figure 4 and Supplemental Table 1 illustrate the cumulative percentage of detected cases of new AF, according to the two different methods, at different time points. 

Discussion
The major finding of our study is that ACEM results in a faster detection of AF compared to routine surveillance of CEM. Overall, ACEM resulted to be 4.6 times faster to detect newly diagnosed AF compared to CEM. It is also noteworthy that a substantial proportion of the 18 cases of AF in the ACEM cohort were detected within 24 hours after the start of the monitoring period. In fact, only one case out of 18 was detected after 24 hours of electrocardiographic monitoring. Conversely, after 24 hours of standard electrocardiographic monitoring only 7 out the 21 cases of AF were identified in the CEM cohort, precisely 3.37% in terms of cumulative frequency. It was needed 264 hours of total routine electrocardiographic monitoring to detect all the 21 case of newly diagnosed AF. One explanation of this superiority is that the AF diagnosis based on CEM may have required special attention and training by the stroke unit staff as the irregular heart rhythms must be detected and recorded. This can make the diagnosis of AF often challenging or delayed. As suggested from FIND AF, EMBRACE and CRYSTAL AF studies the highest yield for detecting AF is early after the stroke or a TIA [13-15]. Prolonged recording at discharge is sensitive in terms of AF diagnostic effectiveness nevertheless it is time-consuming for medical staff and it can be uncomfortable for patients. 
An accelerated identification of AF could significantly impact on the stroke secondary preventive therapy and on the clinical outcome of patients with ischemic stroke. A delayed identification of AF can produce 1.57-times higher risk of recurrent stroke in patients with stroke secondary to AF[13] while the risk of a new event within the first 2 weeks has been reported to be between 0.1% and 1.3% a day[14,15]. Anticoagulant therapy with Warfarin or Non-vitamin K antagonist oral anticoagulants (NOACs) is the most effective stroke secondary preventive therapy in patients with AF[16]. Hence, it is desirable to start anticoagulation therapy in stroke patients with AF as soon as possible in order to prevent recurrent stroke although this decision hinges on the assessment of the competing risks of early thromboembolic recurrences and haemorrhagic transformation[17]. 

The second key finding of our study is that ACEM detected a higher rate of AF than standard CEM. Our results are consistent with findings by Rizos et al. [6] who compared the 24-hour Holter electrocardiography, standard analysis of CEM, and automated analysis of CEM using the same software to detect AF in patients with acute ischemic stroke or TIA on the stroke unit. However, the authors did not perform a sub-analysis on the timing of the AF detection according to the different technologies used. In a more recent study, Adami et al. [8] investigated the yield of AF detection of the ACEM analysis in two hundreds patients with acute ischemic stroke or TIA admitted to their HASU. ACEM detected AF in 16% of their patient sample with 100% sensitivity and 97% specificity compared to the CEM. Our study findings are in accordance with these previously published studies and suggest that automated analysis may lead to a considerable increase of AF detection. 

Our study has several limitations. First, the retrospective study design may have introduced selection biases. Moreover, we did not compare the two methods in the same patient group but compared the yield of ECG monitoring during 2 different periods but in view of the sample size differences between the two groups are unlikely to result from chance. Another important limitation is that the two patients sample sizes resulted not to be equivalent. Due to different issues we could perform the ACEM analysis in a smaller number of patients compared to the CEM cohort. It is noteworthy to underline that in 50 patients the electrocardiographic traces were not suitable to be analysed with the automated algorithm to detect AF due to technical issues. These electrode misplacements led to some artefacts that invalidated the entire automated analysis for the respective patient and as a consequence these were not included in the ACEM cohort for the study analysis. We cannot exclude that this may have yielded a comparable rate of AF detected. 

Summary and Conclusion
In conclusion, the present study suggests that ACEM accelerates the time of AF detection in patients with stroke admitted in HASU compared with the routine CEM. We believe that further studies are required to confirm the increased rate of AF detected using ACEM. 



Acknowledgements
We would like to thank Dennis Manuel and the entire medical and nurse staff of the HASU at Charing Cross Hospital, Imperial College London NHS Healthcare Trust for their contribution to this study.  





Figure Legends
Figure 1. Patient recruitment and AF burden in the CEM cohort. CEM indicates continuous electrocardiographic monitoring; AF, atrial fibrillation. 
Figure 2. Patient recruitment and AF burden in the ACEM cohort. ACEM indicates automated continuous electrocardiographic monitoring; AF, atrial fibrillation. 
Figure 3. TOAST distribution of the ischemic stroke according to the CEM and ACEM cohorts. LAD = large-artery disease stroke, CE = cardioembolic stroke, LI = lacunar infarct, OC = other causes, NEG = undetermined cause for negative evaluation, IE = undetermined causes for incomplete evaluation.  
Figure 4. Cumulative frequency of atrial fibrillation in the CEM and ACEM cohort of patients. Shown is the cumulative probability of detection atrial fibrillation (AF) in 322 IS (ischemic stroke) and TIA (transient ischemic attack) patients with continuous electrocardiographic monitoring (CEM) and automated continuous electrocardiographic monitoring (ACEM) up to 264 hours. 
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