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Abstract

:

Since its inception, the electrocardiogram (ECG) has been an essential tool in medicine. The ECG is more than a mere tracing of cardiac electrical activity; it can detect and diagnose various pathologies including arrhythmias, pericardial and myocardial disease, electrolyte disturbances, and pulmonary disease. The ECG is a simple, non-invasive, rapid, and cost-effective diagnostic tool in medicine; however, its clinical utility relies on the accuracy of its interpretation. Computer ECG analysis has become so widespread and relied upon that ECG literacy among clinicians is waning. With recent technological advances, the application of artificial intelligence-augmented ECG (AI-ECG) algorithms has demonstrated the potential to risk stratify, diagnose, and even interpret ECGs—all of which can have a tremendous impact on patient care and clinical workflow. In this review, we examine (i) the utility and importance of the ECG in clinical practice, (ii) the accuracy and limitations of current ECG interpretation methods, (iii) existing challenges in ECG education, and (iv) the potential use of AI-ECG algorithms for comprehensive ECG interpretation.
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1. Introduction


Since its development over a century ago, the ECG remains the cornerstone of cardiovascular screening, evaluation, and diagnosis. The ECG is one of the most widely used tools in medicine today—nearly 200 million ECGs are recorded annually worldwide [1]. While the ECG tracing itself has remained relatively unchanged since its inception, our ability to leverage the “humble” ECG to detect and diagnose various pathologies continues to evolve [2]. Its use is imperative in the evaluation and management of an array of cardiovascular diseases, including arrhythmias, pericardial and myocardial disease, as well as many non-cardiac conditions including electrolyte disturbances and pulmonary disease among many others. Advances in cardiology have been accelerated by technology, and the ECG is at the center of this dependency [3].



The ECG has enabled countless advances in the field of cardiology, bearing witness to the genesis of entire subspecialties. For instant, prior to the development of the ECG, arrhythmias were poorly understood but the ECG is now central to the burgeoning field of cardiac electrophysiology [2]. Similarly, the ECG facilitated monumental strides in the recognition, management, and treatment of acute myocardial infarction (MI) [2]. Our reliance on the ECG to identify life-threatening arrhythmias and acute MIs has become so widespread and critically important that it has become part of the core curriculum for most medical trainees.



Over the last few decades, computing power and digitized data availability have made exponential gains. This has led to the application of artificial intelligence (AI) to the ECG. In recent years, the use of AI-enabled ECG (AI-ECG) algorithms for various risk stratification, diagnostic evaluation, and clinical interpretation have emerged. Researchers have shown some algorithms to be capable of rhythm identification [4] and even perform comprehensive 12-lead ECG interpretation [5]. In fact, the accuracy appears to be better than that of the currently implemented ECG software [5].



In this review, we examine (i) the utility and importance of the ECG in clinical practice, (ii) the accuracy and limitations of current ECG interpretation methods, (iii) existing challenges in ECG education, and (iv) the potential use of AI-ECG algorithms for comprehensive ECG interpretation.




2. ECG and Its Clinical Utility


The expansive application of the ECG has been well established since its invention and continues to evolve over a century later. Its clinical utility includes, but is not limited to, the detection of acute and chronic myocardial injury, cardiac arrhythmias, structural heart disease, and inflammatory processes (e.g., pericarditis) [3,6,7,8]. In addition, its use spans throughout nearly all specialties (e.g., cardiology, emergency medicine, internal medicine) and clinical settings (e.g., emergency department, primary care clinic, intensive care unit) in medicine. The ECG is also used to assess whether a medication is safe to prescribe, monitor the effects of a drug on the heart, predict the risk of life-threatening arrhythmias, evaluate for coronary artery disease, and even determine if implantation of a device would improve cardiac function and quality of life.



One of the first clinical applications of the ECG that directly impacted patient care was its ability to identify acute myocardial injury [2]. This helped clinicians to also differentiate cardiac chest pain from non-cardiac chest pain mimickers. Studies comparing various ECG patterns in humans and animals following myocardial infarction led to recognition of ST-segment elevation patterns in patients with myocardial infarction [2]. The reproducible myocardial injury patterns have enabled computer program algorithms to identify ST-segment elevation myocardial infarctions (STEMIs). Furthermore, the concept of waveform changes associated with MI and myocardial injury have advanced the utility of the ECG to detect demand ischemia (e.g., exercise-induced ischemia before an episode of acute myocardial infarction) [3]. With this advancement, coronary artery disease and its impact can be detected before a potentially fatal event, leading to improvement in cardiac morbidity and overall mortality.



Arrhythmia detection is one of the most common clinical uses of the ECG. The identification of atrial fibrillation on the ECG remains a key diagnostic component that alters patient management [2]. The ECG also aids in differentiating supraventricular and ventricular arrhythmias [9]. In addition to rhythm detection, the ECG can localize the origin of a rhythm in many instances [3]. This information can aid in patient care (e.g., accessory pathway ablation of an accessory pathway in Wolff–Parkinson–White syndrome).



The ECG can detect structural changes within the heart (e.g., atrial enlargement and ventricular hypertrophy). The identification of left atrial enlargement may help identify patients at risk for developing atrial fibrillation, whereas the presence of left ventricular hypertrophy may identify patients at greater risk of cardiovascular disease from systemic hypertension. In fact, the changes in electrical conduction in a hypertrophied myocardium can help prognosticate cardiovascular disease in patients with hypertension [6]. The diagnostic ECG criteria for ventricular hypertrophy are rather straightforward, which has made it a programmable feature for computer interpretation algorithms to identify. While many ECG criteria for structural abnormalities are rather nonspecific, such findings may direct a clinician towards more aggressive treatment of chronic comorbidities (e.g., hypertension treatment if left ventricular hypertrophy is evident) or further diagnostic evaluation (e.g., echocardiogram).



The ECG can also aid in the diagnosis, recurrence, and resolution of inflammatory conditions, namely, pericarditis. Early and accurate diagnosis and initiation of treatment of pericarditis is imperative in decreasing recurrence and demand of resources from complications [8]. Following the diagnosis and initiation of treatment, the dynamic ECG changes can aid in monitoring for resolution [8].



Despite advances in imaging modalities, the ECG remains one of the most rapid and non-invasive tools to aid in the diagnosis of pericardial effusions and cardiac tamponade. The sensitivity of ECG in detecting cardiac tamponade remains quite low despite advances in interpretation so it cannot be used to rule out cardiac tamponade clinically. However, the high specificity of these ECG changes makes the ECG, in conjunction with clinical correlation, a key tool in ruling in cardiac tamponade [7]. As with all other cardiovascular diseases, the ECG can be used to augment clinical suspicion without requiring advanced imaging or invasive procedures, again emphasizing the importance of diagnosis for rapid and accurate diagnosis and treatment.



The simple, non-invasive, rapid, and cost-effective nature of obtaining an ECG allows for its widespread use and powerful diagnostic abilities in medicine. However, the story behind its interpretation is not the same as its simple and routine acquisition.




3. The Advent and Consequences of Computer-Aided ECG Interpretation


Major technological, imaging, and procedural advances have flourished across multiple disciplines in medicine over the last century, and the interpretation of the ECG is no exception. Over 50 years ago, computer analysis of the ECG was introduced to extract, analyze, and interpret ECGs [4]. The overarching goals were to improve interpretation accuracy, efficiency, and clinical workflow. What once required knowledge and detailed analysis was now being replaced by computer software programs. The computer processing and analyzing of ECGs has become a mainstay in many clinical settings even to this day. However, this is certainly not without consequences.



Over the years, medical providers have become more reliant on the computerized ECG interpretation for aiding in clinical decision making. Unfortunately, this is an issue given the notorious inaccuracies associated with such ECG interpretation software. Perhaps an inadvertent byproduct of such reliance is less focus around ECG education across medical training programs. This has merely reduced ECG competency to a small minority of skilled providers such that the skill of ECG interpretation has become a lost art.



Countless studies have demonstrated significant inaccuracies and limitations of computer ECG interpretation software [10]. This is a major problem given the reliance of medical providers on the software and the subsequent direct impact it can have on patient care. Despite attempts to improve the accuracy of computerized ECG interpretation algorithms, the final ECG interpretation continues to rely on a physician’s over-read [10,11,12,13]. In addition, even with efforts to standardize ECG interpretation in the United States and Europe, there has yet to be an all-encompassing internationally accepted standard for computerized ECG interpretation [14].




4. ECG Interpretation Accuracy and Limitations


Although the ECG is central to practice, some have argued that expert ECG interpretation may be a dying art. Stewart Hart and Calvin Smith warned of the detail and precision that is required to analyze and interpret ECGs, and that this invaluable skill must be “practised regularly, systematically, and faithfully” [2].



Medical trainees are expected to learn a vast array of subjects and acquire countless clinical skills in the few short years that are dedicated to formal medical education. Only a fraction of this time is dedicated to formal ECG education and, unfortunately, opportunities for formal ECG training are lacking once these students enter the professional workforce [15]. In addition to the lack of formal ECG education available, there is an everlasting challenge for medical educators. Educators must develop a curriculum that is not only broad enough to capture the many complexities of ECG analysis, but also specific enough to provide learners with the details needed to be deemed competent in their evaluation [15]. A formal curriculum on ECG interpretation once trainees have entered the professional workforce also faces the constant challenge of accommodating the demanding resident schedule.



These obstacles, in addition to countless others, have hindered formal ECG education and have led to an ever-growing population of healthcare professionals who do not feel confident or are not competent in their ECG analysis abilities. For these reasons, it does not come as a surprise that many have come to rely on the computerized ECG interpretation rather than their own skills for ECG analysis. The solution to reviving the lost art of ECG interpretation must begin at the most basic level of education in early pre-clinical years of medical school and gradually build on this foundation until competency is achieved.



Although the computerized ECG interpretation algorithms are regularly improved, their diagnostic accuracy is limited [14]. Computer ECG analysis has been criticized for many years. In 1991, a systemic assessment of computer-based ECG interpretation showed that the computer program’s accuracy was 6.6% lower than the comparative cardiologists [14]. Additionally, the variability in diagnostic performance varied more greatly between computer models than between cardiologists [14].



Computerized ECG interpretation can contribute to diagnostic inaccuracies. The consequence of these inaccuracies is not limited only to simply a delay in diagnosis but may also have detrimental consequence from treatment delay. One of these detrimental delays can be seen in delay in diagnosis of STEMI, resulting in delaying the door to balloon time of coronary artery reperfusion. One study found a high rate of false negative results in computer diagnosis of STEMI advising against computerized ECG interpretation for such use [16]. Given the detrimental consequence of false negative ECGs for STEMI, the need for clinician interpretation of final ECG diagnosis has become common practice in patients presenting with acute coronary syndrome symptom [17].



The necessity of clinician over-read of ECG in the diagnosis is essential and widely accepted among most healthcare institutions. One of the most relied upon features of the computerized ECG analysis is the measurement of intervals in the rhythm strip. The automated measurement of a QT interval is generally longer than the QT interval manually measured [14]. The over estimation of the QT interval may have significant implications on various cardiac and non-cardiac disease states and management of patients. Over estimation of the QT interval may lead to unnecessary dose adjustments or treatment changes due to the concern of QT interval prolongation. This can lead to suboptimal patient care and leave patients without the best treatment options due to the inaccurate interval estimation. Additionally, in families with long QT syndrome, an inaccurately recorded QT interval may lead to misdiagnosis.



The inaccuracies of ECG interpretation are not consistent across all disease states; the computer-based algorithm interpretation varies significantly in accuracy based on the underlying electrocardiographic rhythm. The positive predictive value of computer interpretation of sinus rhythm was 95%, but only 53.5% in non-sinus rhythms and uninterpretable in 2% of ECG tracings in one study of 2112 randomly selected ECGs [14]. Furthermore, the computer algorithm misinterpreted 75% of pacemaker rhythms in older studies, which has led to improvement in pacemaker algorithms [14]. Despite the well-established inaccuracies of computer interpretation of ECGs, this analysis remains trusted by many clinicians and relied on for diagnostic accuracy.




5. AI-ECG Interpretation


Advances in machine learning have enabled a potential avenue to improve comprehensive ECG interpretation. Multiple studies have demonstrated the ability of AI-ECG algorithms to not only perform detection of various arrhythmias from single-lead ECGs [17,18,19] but also provide comprehensive, human-like 12-lead ECG interpretation [4]. This is exemplified in Figure 1, where the AI-ECG interpretation provides a more thorough ECG interpretation when compared to the traditional computer-generated interpretation. Moreover, the AI-ECG interpretation of the ECG in Figure 1 accurately identifies premature atrial complexes, while the traditional computer-generated interpretation labels the premature atrial complex as sinus arrhythmia and overestimates the QT. Figure 2 also demonstrates the AI-ECG model identifying first-degree AV block that was not labeled by the traditional computer ECG interpretation. When the performance of an AI-ECG algorithm was evaluated by cardiac electrophysiologists and compared to an existing standard automated computer program used in clinical practice, it was noted to outperform it and better approximate expert over-reads than an existing, widely used computerized ECG interpretation software [5].



The AI-ECG algorithm was applied to ECGs with 66 diagnoses codes by Kashou et al. [4]. In this study, the AI-ECG algorithm was able to generate diagnoses codes consistent with the interpretations of cardiologists. The model performed well for a wide range of ECG diagnoses codes including rhythm, conduction, ischemia, and waveform morphology [4]. Kashou et al. went on to emphasize that the abilities of the AI-ECG algorithm will continue to improve its interpretation skills as more high-quality raw data is incorporated into its algorithm [4].



In a similar study, the accuracy of AI-ECG was compared to traditional computer interpretation and final clinician interpretation of 500 ECGs [5]. Expert over-reading cardiologist in this study rated the interpretation of the traditional computer interpretation, AI-ECG interpretation, and clinician interpretation as unacceptable, acceptable, or ideal based on the accuracy of the interpretation. The results of this study showed that 202 (13.5%) of the traditional computer interpreted, 123 (8.2%) of the AI-ECG interpreted, and 90 (6.0%) of the clinician interpreted ECGs were deemed as unacceptable and required edits [5]. Conversely, 958 (63.9%) of the traditional computer interpreted, 1058 (70.5%) of the AI-ECG interpreted, and 1118 (74.5%) of the clinician interpreted ECGs were considered ideal and did not require edits [5]. Analysis on this data demonstrated that AI-ECG algorithms outperformed traditional computerized interpretation. In addition, AI-ECG algorithms were a better approximation of expert cardiologist over-read [5]. This further exemplifies the suggestion that AI-ECG interpretation may serve as an alternative, more accurate ECG interpretation compared to traditional computer algorithms.



It is still unclear how such an AI-ECG algorithm capable of comprehensive 12-lead ECG interpretation would perform against other conventional computer-devised models, if its performance would be preserved in various populations, and how it would be used in the clinical setting. Figure 3 illustrates a potential clinical workflow incorporation of AI-ECG into the clinical workflow including its ability to enhance AI-ECG interpretation as well as incorporate a novel AI-ECG prediction variable to improve the delivery of patient care. Additional research is required to improve AI-ECG model interpretation accuracy, better understand how to seamlessly incorporate it into clinical practice, and to expand access in resource-scarce regions.



The importance of advancing and improving AI-ECG algorithms can be seen and highlighted in institutions where there is a high volume of ECGs recorded daily. This is exemplified at our institution where over 100 trained ECG technologists are always present and reading ECGs with physician oversight. The vast amount of resources that such an ECG lab requires can be mitigated with the incorporation of advancing AI-ECG interpretations. AI-ECG interpretation will allow for the potential to increase overall accuracy and decrease the demand on ECG technologists and physicians.




6. A Look Ahead


With the emergence of mobile cardiac monitoring modalities into the marketplace, the ability to obtain electrocardiographic signals at any moment is now feasible. This instantaneous capture of high-quality cardiac signals can help personalize, expedite, and optimize patient care. Patients experiencing intermittent palpitations can record their heart’s rhythm at the onset of symptoms on their own personal device without having to consult a medical provider to obtain a remote monitoring device. These signals could then be displayed at an in-person appointment or transmitted to a medical provider to help better understand if an underlying arrhythmia is contributing to the patient’s symptoms and whether further investigation and/or a change in management is warranted. This will not only save the patient and healthcare institution time and finances but also be used to capture rare and intermittent symptoms that may not necessarily be captured over the standard 24 to 48 h of remote monitoring.



Despite these advances in data collection, there remain barriers as to how to ideally transmit, interpret, and use this ECG data clinically. With the ever-growing list of devices, a user-friendly means for patients to transmit the data to a provider is needed. Such a platform that ingests the ECG data must be able to accept various devices and be able to scale as new innovative technologies come to market. Additionally, quality controls must be in place to ensure the data are acceptable for clinical use. Lastly, and perhaps a future daunting some clinicians, is the foreseeable burden of data and increasing patient expectations. Actions must be in place to help alleviate the burden, compensate their work, and allow innovation to benefit all parties.




7. Conclusions


The performance and interpretation of the ECG is vital to the practice of medicine. In fact, this century-old diagnostic tool is experiencing a renaissance as novel technologies and potential clinical utility come to light. With the ever-growing utility of the various cardiac devices becoming available, it is more evident than ever that the ECG literacy is an essential skill. The commonly accepted conventional computerized ECG interpretation algorithms have many pitfalls and require physician oversight. As AI-ECG algorithms continue to improve their diagnostic accuracy, there is the possibility to improve ECG interpretation accuracy, improve clinical workflow, and better serve under-resourced areas. While advances and refinement in AI-ECG algorithms may help minimize ECG interpretation inaccuracies, ongoing efforts to improve ECG education for all medical providers will remain essential to provide high-quality patient care.
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Figure 1. ECG showing traditional computer-generated interpretation versus AI-ECG interpretation. The AI-ECG interpretation provides a more accurate interpretation of the ECG, while the traditional computer-generated interpretation mislabels sinus arrhythmia for premature atrial complexes and overestimates the QT interval. 
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Figure 2. ECG showing traditional computer-generated interpretation versus AI-ECG interpretation. The AI-ECG interpretation provides a more specific and accurate interpretation of the ECG, while the computer-generated interpretation does not identify the first-degree AV block. While the AI-ECG algorithm is able to identify the AV conduction defect, it does not report a PR interval duration like traditional computer-generated algorithms. 
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Figure 3. Proposed incorporation of AI-ECG into the clinical workflow. 
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