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Abstract

:

This study presents an augmented reality application for training chest electrocardiography electrode placement. AR applications featuring augmented object displays and interactions have been developed to facilitate learning and training of electrocardiography (ECG) chest lead placement via smartphones. The AR marker-based technique was used to track the objects. The proposed AR application can project virtual ECG electrode positions onto the mannequin’s chest and provide feedback to trainees. We designed experimental tasks using the pre- and post-tests and practice sessions to verify the efficiency of the proposed AR application. The control group was assigned to learn chest ECG electrode placement using traditional methods, whereas the intervention group was introduced to the proposed AR application for ECG electrode placement. The results indicate that the proposed AR application can encourage learning outcomes, such as chest lead ECG knowledge and skills. Moreover, using AR technology can enhance students’ learning experiences. In the future, we plan to apply the proposed AR technology to improve related courses in medical science education.
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1. Introduction


Augmented reality (AR) can immerse users in the real world via supplementation with virtual, computer-generated elements, such as audio, video, and 2D/3D graphics. These virtual overlays are integrated into the physical environment by a different sensory mechanism, enabling users to perceive the real world with virtual objects. AR enables the incorporation of virtual items into actual settings to enhance real-time interaction [1]. AR technology has been developed owing to the advancements in hardware and software, making it accessible on smartphones without requiring specialized equipment [2].



The application of AR as educational technology is a significant area of study in today’s era. AR application research in education has been developed for several fields, including medicine and engineering [3,4,5,6,7,8,9,10]. In addition to designing AR applications, verifying their efficiency, usability, and user experience is crucial. Moreover, AR applications for educational purposes have been developed, leveraging mobile technologies. Some studies [11,12,13,14,15] have shown that AR technology can motivate students and improve their learning experiences. For example, a study suggested an AR learning system based on image schemas and AR animations for smartphone-based AR markers with interactive animations. Furthermore, AR-based instruction was shown to aid students in strengthening their programming skills, increasing their learning motivation, and decreasing their cognitive load. Additionally, students exhibited a favorable attitude toward the AR learning approach [16]. The researchers created an AR-based learning system to make programming ideas more concrete. Specifically, they used a highly interactive AR mode that enabled students to freely create puzzle cards to compare diverse 3D animation programming outcomes. The AR learning system significantly aided students in acquiring complex verb combinations, with those who used picture schema materials re-calling verb meanings more effectively [17]. Moreover, Bujak et al. [18] explore an AR application designed by researchers with a specific emphasis on psychological variables. Their work presents a comprehensive framework to elucidate the advantages and limitations of augmented reality learning experiences within the mathematics classroom, focusing on physical, cognitive, and contextual dimensions. The paper focuses on how AR can stimulate embodied representations, support symbolic understanding, and foster collaborative learning. This framework underscores the potential benefits of AR in boosting student motivation while addressing practical and technological considerations, offering valuable insights that inform our ongoing investigation. Furthermore, Lee [19] observed the transformative impact of AR technology on education and training. The findings emphasize the potential of AR for traditional educational approaches by shifting the location and timing of learning experiences, offering contextual on-site learning, and encouraging exploration of real-world information. The study reports that the contribution of AR to immersive, interactive learning experiences aims to enhance educational realism and strengthen learners’ motivation. By unlocking new avenues for learning and fostering increased engagement, AR can revolutionize education, aligning with contemporary needs and paving the way for a future where learning extends beyond conventional boundaries.



In medical education, significant strides have been made in harnessing the potential of AR, as highlighted by the research findings from various studies. Emphasizing immersive technologies [20] like AR, virtual reality (VR), mixed reality (MR), and extended reality (XR), the research particularly underscores their applications in surgery and anatomy, proving beneficial for doctors and medical students. The study stresses the importance of diversifying research topics to fully leverage immersive technology in medical education, focusing on collaborative learning experiences through group experiments. Dhar et al. [21] propose that integrating digitally generated 3D representations with real-world stimuli is increasingly integral to medical education. Offering advantages such as remote learning, interactive simulations, and improved comprehension, AR enhances medical students’ knowledge, practical skills, and social skills. The paper identifies specific AR programs, such as HoloHuman and OculAR SIM, designed for this purpose, especially relevant during the COVID-19 pandemic.



Parsons et al. [22] examine current trends in AR usage in medical education and identify areas for further exploration from twenty-one peer-reviewed journal articles from 2015 to 2020; the study indicates that AR is more effective in supporting skill development than knowledge gain in medical education. Key affordances include enhancing practical skills in a spatial context, device portability, and situated learning, with a growing exploration into other practice areas beyond anatomy and surgery. Simultaneously, ref. [23] explores the emergence of VR, AR, and alternate reality technologies in simulation-based education, highlighting how these technologies expand the applications of simulation-based education, providing asynchronous and geographically diverse learning opportunities. In a parallel endeavor, ref. [24] emphasizes the revolutionary potential of VR and AR technologies in medical education, focusing on their capacity to provide an extensive array of anatomical models. Furthermore, Kugelmann et al. [25] introduce an innovative AR Magic Mirror technology for interactive anatomy learning, showcasing improvements in students’ enthusiasm and understanding of anatomy. Additionally, two noteworthy studies present the REFLECT system [26] and an AR-based learning intervention for clinical anatomy [27] and examine the value of a mobile AR ultrasound simulator for ultrasound training. The REFLECT system demonstrates enhanced learning of the musculoskeletal system, while the mobile AR ultrasound simulator exhibits improved accuracy in kidney measurements compared to traditional textbooks. These findings collectively highlight the transformative impact of AR and related technologies in advancing medical education.



Healthcare professionals, including nurses, paramedics, and those in emergency medicine or cardiology, are trained in chest electrocardiography or ECG lead placement. This refers to the process of attaching electrodes to a patient’s chest at specific locations to measure the electrical activity of the heart [28]. ECG signal measurement, which is a diagnostic test that records the electrical activity of the heart, involves attaching electrodes to the patient’s chest, arms, and legs, through which the electrical activity of the heart is recorded. The ECG machine produces a graph, called an ECG trace, depicting the electrical activity of the heart. Proper lead placement is important for accurate ECG readings and proper diagnosis of cardiac conditions. Learning ECG chest placement commonly begins with a comprehensive study of educational materials, encompassing textbooks and guidelines. Establishing a solid foundation for accurate electrode placement involves understanding the anatomy of the chest and key landmarks, including the sternal notch and midclavicular line. It is imperative for learners to grasp the specific locations for each lead (V1 to V6) to ensure precision in recording. Hence, the implementation of ECG electrode placement training has been suggested [29]. Bifulco et al. [30] proposed an augmented reality (AR) application that served as an interactive guide through a head-mounted display (HMD), aiding untrained individuals by displaying a virtual ECG position on a mannequin’s chest. Users could interact through a red circle augmented on the chest, guiding them to the correct electrode position. Results demonstrated that ten unskilled volunteers successfully performed an ECG test on a mannequin and a patient within a respectable timeframe (approximately 8 min). The average error distance was less than 3 mm for the mannequin and 7 mm for the patient. However, a limitation of this proposed method was the requirement for an HMD, which is not commonly used in daily life. To address this concern, there is a challenge to introduce an AR application approach as a supportive learning tool through mobile devices, making it more accessible for the common learner.



In this study, we propose an AR application on a smartphone to enhance the learning experience in ECG chest electrode placement. Two primary objectives guided our investigation: (1) verifying the impact of the AR application on students’ learning efficiency, encompassing background theoretical knowledge and ECG electrode placement skills, and (2) proving optimization of the utilization of the AR application for ECG electrode placement training. The latter involves an in-depth examination of specific factors contributing to the effectiveness and usability of the AR-based approach. The remainder of this paper is organized into six sections. Section 2 introduces ECG placement and AR technology. The AR application setup is detailed in Section 3, with the methodology presented in Section 4. Section 5 presents the experimental results and discussion, and the conclusion is provided in Section 6.




2. Materials and Methods


2.1. Chest Lead ECG Positioning


The traditional electrocardiogram (ECG) method involves two crucial steps. First, it is imperative to accurately identify the ribs and chest position to precisely determine the heart’s location (refer to Figure 1). Second, electrodes are strategically placed on the chest to record the heart’s electrical activity. Specifically, six positive electrodes—V1, V2, V3, V4, V5, and V6—are positioned based on specific arrangements [30]. In the context of ECG, the “V” in V1 through V6 stands for “Voltage”. Each lead is associated with a specific electrode placement on the chest, measuring electrical activity from different perspectives.



To ensure accurate electrode placement, learners tactually explore the chest by first locating the angle of Louis, which is the angle formed by the articulation of the manubrium (the uppermost part of the sternum), and the body of the sternum, identified when the subject is reclined due to the tighter surrounding tissue on the rib cage. Proceeding from the angle of Louis, learners move to the right, carefully navigating the rifts between the ribs for optimal electrode contact. This rift, located in the second intercostal space, serves as the starting point. Learners then move down, crossing the ribs, reaching the fourth intercostal space for V1 and opposite on the left side for V2. V4 is placed after moving further down to the 5th intercostal space and aligning with the middle of the clavicle. V3, situated between V2 and V4, follows the 5th intercostal space to the left, reaching below the origin of the axilla. This corresponds to the position of V5. Moving further along this line, slightly below the center point of the axilla, is where V6 is placed (Figure 1).




2.2. Overview Architecture of Proposed System


The proposed augmented reality consists of the following: (1) displaying, in which a smartphone running our augmented reality software projects an image of a virtual heart, ribcage, and chest lead onto a mannequin to demonstrate chest lead placement, and (2) training, in which the user may practice placing a virtual electrode on the mannequin, which interacts with an object-based marker base. The architecture of the proposed AR system for chest ECG electrode placement is illustrated in Figure 2.



In this section, we explain how to set each component in the AR application. We developed AR applications using the Unity 3D engine 2020.3, a Long-Term Support (LTS) release with an AR base. Unity is a game engine that can generate 2D and 3D graphics, offering drag-and-drop capabilities and supporting C# code. Unity can create a virtual world with three-dimensional qualities that replicate the real world. The AR Foundation within Unity allows us to manage augmented reality systems across several platforms (e.g., iOS, Android, OSX, and Windows).



2.2.1. AR Tracking


A marker-based technique is employed, using the image tracking feature in AR Foundation to identify the position and rotation of virtual ECG electrodes superimposed in the real world. In this technique, the input image includes a recognized pattern (fiducial marker) in the picture, which can detect and locate the marker [31,32]. The 2 × 2 cm square marker (Figure 3a) was used as a representative for a virtual electrode that matches the dimensions and shapes of real electrodes (2.5 × 2.5 cm) (Figure 3b). Typically, computer vision methods, feature detection, and pattern recognition are used for this operation. The output of marker-based AR is the marker’s 3D position and orientation in the virtual environment, along with any data contained in the marker. This information is utilized to create the appearance of augmented reality by aligning virtual electrodes with real-world markers, as shown in Figure 3.



Object-based or object recognition techniques require a reference point to create the mannequin’s virtual rib cage and ECG chest lead locations (V1–V6). Recognizing the limitations of marker-based AR, which can detect only one plane of an object [33], we endeavored to showcase object detection in multiple planes, encompassing all dimensions. Object identification and tracking employ various methods for identifying and tracking positions and orientations, typically utilized in computer vision [34,35,36]. Using the Object Tracking feature of AR Foundation, we expanded our capabilities. This feature enables the recognition and continuous tracking of objects in the real world, facilitating a more dynamic and immersive augmented reality experience. Object tracking results display a 3D model of the mannequin, providing a dynamic and real-time representation of its position and orientation. This 3D model becomes the foundation upon which we can seamlessly overlay and place a virtual ECG chest lead, enhancing the accuracy and realism of the augmented reality experience. Point clouds emerge as a frequent and effective method for storing and visualizing virtual rib cages and ECG chest lead locations. Additionally, point clouds serve as the default format for acquisition devices to collect a scene’s depth, such as 3D scanners and depth sensors. A point cloud is a collection of three-dimensional spatial points representing an object’s external surface. Each sample is specified by its position, determined by the x-, y-, and z-coordinates, which can be tracked by the mannequin’s location for real-time display. Integrating the Object Tracking feature of AR Foundation enhances the accuracy and robustness of object identification and tracking, providing a comprehensive solution for creating and maintaining virtual elements within the augmented reality environment. Figure 4 illustrates the setting of the ECG chest lead position in Unity3d.




2.2.2. Integrated AR Display and Expert Confirmation


This study utilized AR technology on an iPad Pro with a LiDAR sensor and camera to offer real-time ECG chest lead placement training feedback. Acknowledging the inherent limitations of AR display that may lead to slight inaccuracies in rendering virtual ECG chest leads. We addressed this challenge by conducting a comprehensive confirmation process. Each nurse performed the procedure independently three times for verification. Three nursing experts, also lecturers from the School of Nursing at Walailak University, carried out the confirmation process. During each instance, a nurse affixed a sticker on each V to mark the true positions of the ECG chest leads on the mannequin. Subsequently, the augmented reality application displayed virtual ECG chest leads, and the center of the stickers was measured against the virtual leads. We used a Digital Vernier caliper to determine the error distance of the proposed AR application. The average error distance of the proposed AR application is presented in Table 1 and is derived from the measurements taken during the confirmation process.



In our setup, the virtual ECG chest lead was designed to be 3 × 3 cm for each V, accounting for the size of the real ECG electrode (2.5 cm) plus an average error distance of 0.44 cm identified during each of the three confirmation rounds. This sizing approach aims to provide a more accurate representation and account for potential variations in AR display accuracy. The associated results, as illustrated in Figure 5, showcase the dynamic and real-time representation of the virtual ECG chest lead positions aligned with the mannequin.




2.2.3. Electrode Placement Evaluation


Marker-based techniques for user interaction have been widely used in education and medicine [37,38]. This study examines the interaction between marker-based and object-based approaches in providing real-time feedback for ECG chest lead placement training. Following the AR display, the position of the virtual ECG electrode was compared to the virtual ECG lead positions to provide real-time feedback on their alignment.



In Unity, we implemented a robust feedback mechanism by utilizing the Collider component to define the physical shape of the virtual ECG electrode and detect collisions with the ECG lead positions. To ensure precision, we set the size of the collision detection to match the size of the virtual ECG chest lead. Additionally, we specified the collision area settings: if the center of the virtual electrode comes into contact with the boundary of the ECG lead positions, both turn green; otherwise, they turn red, as shown in Figure 6. The Collider component serves as a boundary, outlining the contours of the virtual ECG electrodes. Unity uses this boundary to determine precisely when the electrodes come into contact with the designated lead positions. Upon collision detection, a key element of the interaction design, we initiated a response mechanism. Specifically, we dynamically changed the color of the ECG lead positions and the virtual ECG electrode. This visual cue served as an immediate indicator that the virtual ECG electrode had been correctly aligned with the electrode positions. Setting the size of collision detection to match the virtual electrode size enhances the realism of the training scenario. It provides valuable real-time feedback to users, reinforcing correct placement techniques during ECG chest lead training. Following this feedback process, the AR system displays the feedback on the user’s devices, offering a comprehensive and immediate overview of the training outcomes. The proposed AR system, developed and optimized, has been seamlessly integrated into an application designed to run on iPad Pro. Users can now experience the interactive ECG chest lead placement training with real-time feedback conveniently on their iPad Pro devices, ensuring a portable and user-friendly learning experience.






3. Experiments


In this section, we provide a detailed description of the experiment employed in our study. We evaluated the effectiveness of the proposed AR application with a group of participants, specifically sixty-two students studying health science and technology (average age: 18 ± 1.6 years; 56 females and 6 males). None of the participants had any experience with chest ECG electrode placement. The experiments involving human subjects were approved by the Office of the Human Research Ethics Committee of Walailak University (WU-EC-IN-2-005-65, approval date: 7 February 2021), which acknowledges the Ethical Declaration of Helsinki, Council for International Organization of Medical Sciences and the World Health Organization guidelines. After receiving detailed information and reading the documentation, all participants provided written informed consent, which was kept confidential. The participants were randomly and equally divided into control and intervention groups. The learning and testing procedures are illustrated in Figure 7.



3.1. Experimental Objectives


Our primary research objectives:




	
Verifying impact: This objective involved assessing the impact of the AR application on students’ learning efficiency, covering background theoretical knowledge and ECG electrode placement skills. The study was initiated with a pre-test, a crucial component of our learning assessment, to evaluate the participants’ baseline theoretical comprehension in the control and intervention groups. Subsequently, a post-test, another facet of our learning assessment, measured the increase in theoretical understanding after exposure to the AR application.



	
Proving optimization: This study sought to demonstrate the application’s capacity to optimize the practice of positioning ECG electrodes on the chest. This entailed evaluating the operational efficiency of ECG electrode placement by assessing the accuracy of electrode positioning. To achieve this and further contribute to our optimization assessment, we conducted tests to measure participants’ information recall ability.








In addition, the final section of our study involved a questionnaire designed to gauge participants’ satisfaction with the learning methods. By delving into these objectives and incorporating participant feedback, the research aimed to verify the AR application’s impact on learning efficiency and prove its effectiveness in optimizing the practical aspect of ECG electrode placement on the chest.




3.2. Learning Assessment


We employed pre-tests and post-tests, each consisting of ten multiple-choice questions in Appendix A, to assess participants’ recall of specific details related to the placement sites of leads and their understanding of the significance and function of chest leads in an ECG. The assessment comprised two sections: pre-test and post-test. Both were administered through a Google Form. Although the questions were the same in both sections, they were presented in a different order, and the answers varied.



Before instruction or training, the pre-test established a baseline for participants’ knowledge and comprehension of ECG placement theory and procedures. Simultaneously, as part of our study on the effectiveness of an AR application, we verified the impact of the pre-test on participants’ learning efficiency, covering background theoretical knowledge and ECG electrode placement skills. In contrast, the post-test evaluated the extent to which participants’ knowledge and comprehension improved after instruction and practice. Scores for the pre-test and post-test were determined based on the number of correct responses provided.




3.3. Learning Materials and Practice Session


Regarding theoretical learning, our instructional approach involved providing two videos covering the content, importance, and factors of ECG signal data collection. The first video provided an overview of the ECG signal-collection process, whereas the second video explained the placement of electrodes on the chest and limbs and recommendations for using the equipment for detecting ECG signals. The total time for the participants to view both videos was approximately 15–20 min. Following the video presentations, the participants were divided into two groups for practical applications. The control group practiced placing ECG electrodes on a mannequin, whereas the intervention group used an AR app to practice electrode placement. For the electrode placement practice methods, as shown in Figure 8, we used a mannequin that resembled humans (22 × 45 × 65 cm) to locate the V1–V6 positions and placed the ECG electrodes in the correct position for an hour before testing. The students were grouped into ten small groups, each with six people. These groups were randomly divided into five control groups and five intervention groups. The control group employed the traditional methods of group discussion, knowledge-sharing, and practice (Figure 8a). The intervention group used the proposed AR application to practice ECG electrode placement (Figure 8b).




3.4. Testing of Information Recall Ability


Moreover, we assessed the chest ECG electrode placement proficiency in both participant groups to evaluate the information recall ability of traditional methods and the impact of the proposed AR application for practice. For this purpose, we conducted the ECG electrode positioning test individually for each participant. This test involved placing circular stickers measuring 2.5 cm on all six ECG locations on the mannequin’s chest. After each participant completed the test, we measured the distance error of electrode placement by assessing the space between the center of the sticker and the edge of the virtual ECG chest lead, with the simulation confirmed by the nurses. This method was applied to all participants in the study.




3.5. Satisfaction


The satisfaction questionnaire, comprising ten questions addressing various aspects for all group participants, was designed based on insights from an instructional material motivation survey [39] and guided by the proposed design [40]. In selecting a tailored approach, we aimed to ensure the questionnaire’s relevance to the unique context of ECG placement practice. Each question was evaluated using a five-point psychometric response scale, ranging from “Strongly Disagree” (1) to “Strongly Agree” (5). As detailed in Table 2, the specific pairing of questions (Q1 and Q7, Q2 and Q6, Q4 and Q8, Q5 and Q10, and Q3 and Q9) was instrumental in assessing learning interest, assembly task complexity, academic results, confidence factors, and satisfaction factors, respectively. This approach was chosen to better capture the intricacies of our study objectives and participants’ experiences.





4. Results


In this section, we present and compare the learning outcomes achieved using our applications and traditional methods. We assess theoretical knowledge through learning assessments and evaluate practical knowledge using information recall ability. Our analysis investigates whether there is a significant difference between the two groups regarding learning the theory of positioning the front ECG, the training results, and learning outcomes in terms of satisfaction. The statistical examination provides insights into the effectiveness of each approach and highlights potential distinctions between the two methodologies.



4.1. Theoretical Understanding


Table 3 and Table 4 show the mean scores obtained from the pre-test and post-test assessments, respectively, for the control and intervention groups. The unpaired t-test (n = 62) indicated no significant difference at the significance level of 0.05 between the control and intervention groups in the pre-test. Both groups exhibited similar levels of basic knowledge (baseline). However, the unpaired t-test indicated a significant difference in the post-test at the significance level of 0.05 between the control and intervention groups. Figure 9 compares the quartile range between the Control group and the Intervention group, revealing that the post-test score of the Control group had a quartile in the range of 7–8 points, and the intervention group had a quartile in the range of 8–9 points.




4.2. Information Recall Ability


Figure 10 shows the average distance error and the standard deviation of electrode placement between the two groups. Prior to conducting t-tests, normality assumptions were checked using the Shapiro-Wilk test. Despite efforts to meet the normality assumption, the data did not exhibit a normal distribution. Therefore, the Mann-Whitney U-test, a non-parametric alternative, was chosen to compare the control and intervention groups. The average distance error for the AR application (intervention group) ranged from 0.44 cm to 1.03 cm, whereas that using the traditional method (control group) ranged from 0.49 cm to 1.25 cm. The unpaired t-test (n = 62) indicated significant differences at the significance level of 0.05 between the control and intervention groups for ECG chest lead electrodes at V1, V4, V5, and V6. The unpaired t-test (n = 62) indicated no significant differences at the significance level of 0.05 between the Control and Intervention groups for ECG chest lead electrodes at V2 and V3.




4.3. Satisfaction with Learning Methods


Table 5 presents the responses to the questionnaire. In evaluating the satisfaction levels derived from our augmented reality (AR) applications compared to traditional methods, our analysis focused on critical factors gauging student engagement and perceptions. First, regarding learning interest, the intervention group exhibited a significantly higher mean score (4.52 ± 0.57; range: 3–5) than the control group (3.32 ± 0.54; range: 2–4), indicating heightened interest in learning about the ECG chest lead. This trend was consistent with the task difficulty factor, where the intervention group perceived the ECG placement tasks as less difficult (3.94 ± 0.57; range: 3–5) compared to the control group (2.77 ± 0.67; range: 2–4). In assessing academic outcomes, the intervention group demonstrated superior performance (3.68 ± 0.65; range: 3–5) compared to the control group (2.97 ± 0.80; range: 2–4) regarding the structural composition and relative locations of ECG placements. Regarding confidence and mastery, the intervention group reported a significantly higher confidence level (4.65 ± 0.49; range: 4–5) than the control group (3.61 ± 0.50; range: 3–4) in their ability to place ECG electrodes. Additionally, the intervention group displayed enhanced mastery of the electrode placement order (4.10 ± 0.65; range: 3–5) compared to the control group (3.45 ± 0.57; range: 2–4). Overall satisfaction with the learning methods revealed substantial differences, with the intervention group reporting a significantly higher mean score (4.68 ± 0.48; range: 4–5) compared to the control group (2.87 ± 0.67; range: 1–4). Furthermore, the intervention group expressed greater eagerness to learn (4.55 ± 0.51; range: 4–5) compared to the control group (3.65 ± 0.75; range: 3–5).





5. Discussion


This section examines the learning outcomes arising from our AR applications compared to traditional methods. Our primary focus revolves around addressing fundamental research inquiries to provide essential insights.



In our comprehensive investigation into the impact of the AR application on students’ learning efficiency, encompassing theoretical knowledge and ECG electrode placement skills, conventional study methods demonstrated an increase in participants’ theoretical understanding. The average pre-test score was 5.45 and 7–8 points for the post-test, indicating a positive effect. Despite the Intervention group initially sharing a similar mean pre-test score with the Control group, the application significantly contributed to increasing the participants’ theoretical knowledge. Specifically, the intervention group’s average pre-test score was 5.32, and the post-test score showed a mean within the 8–9 range. This heightened interest and satisfaction can be attributed to the novelty of AR applications, as participants had no prior experience with such technology. The introduction of AR applications generated excitement and motivation, fostering a positive learning environment [18,41]. Consequently, the theory comprehension test showed that the intervention group answered more questions correctly than the control group. These findings align with our goal of enhancing learning efficiency through innovative educational technologies, confirming the positive impact on theoretical knowledge and emphasizing the app’s role in optimizing the learning experience. Additionally, in assessing learning interest and task difficulty, the intervention group exposed to AR demonstrated significantly higher learning interest, indicating the engaging nature of AR in learning about ECG chest leads. They perceived ECG placement tasks as less difficult than the control group, highlighting AR’s potential to reduce task difficulty.



In the context of optimizing ECG electrode placement training, our investigation highlights that the AR application’s utilization significantly improves electrode positioning precision, surpassing traditional methods. The outcomes of the practical knowledge test emphasize this enhancement, revealing that the intervention group consistently achieved greater accuracy in electrode placement across all positions compared to the control group. This positive trend aligns seamlessly with the satisfaction evaluation results, suggesting that the intervention group not only acquired a better understanding of the content but also demonstrated enhanced recall of electrode positions. Figure 10 visually represents the average distance error of electrode placement between the two groups of participants. The AR application (intervention group) exhibited superior precision, with an average distance error ranging from 0.44 cm to 1.03 cm. In comparison, the traditional method (control group) ranged from 0.49 cm to 1.25 cm. Statistical analysis, using an unpaired t-test (n = 62), identified a significant difference at the 0.05 significance level between the control and intervention groups for ECG chest lead electrodes at V1, V4, V5, and V6. However, no significant difference was observed for ECG chest lead electrodes at V2 and V3. These findings collectively underscore the AR application’s efficacy in enhancing theoretical knowledge and improving the precision of electrode placement in practical scenarios. The immersive experience facilitated by AR technology, simulating a virtual chest ECG, plays a key role in this optimization process [42]. The visual overlay of virtual ECG chest lead positions on the mannequin enhances participants’ understanding of ECG chest lead placement. This augmented comprehension supports participants’ confidence, particularly in positions V1 to V3. Despite these advancements, challenges arise for positions V4, V5, and V6, where positioning errors tend to escalate. The sideways placement of these electrodes introduces complexity, making observation challenging and contributing to sequential errors in electrode placement. Notably, in position V6, both groups exhibited an average positioning deviation of 1 cm from the actual location. This difference emphasizes the complications of positioning. To place the ECG chest lead position V6, it is necessary to align with position V5 in the same horizontal plane and place it precisely in the center of the left midaxillary line.



The overall findings accentuate the optimized learning and training outcomes achieved through the integration of the AR application for ECG electrode placement, supporting the second objective of optimization. Furthermore, in terms of confidence and mastery, students in the intervention group reported significantly higher confidence levels, signifying the contribution of AR applications to increased confidence in accurate electrode placement. Enhanced mastery of the electrode placement order in the intervention group suggests that AR technology aids in learning procedural aspects. Overall satisfaction and eagerness to learn were significantly higher in the intervention group, emphasizing the positive impact of AR applications on the overall learning experience, creating a more engaging and enjoyable learning environment than traditional methods [20,21].




6. Conclusions


This study evaluated the effectiveness of an AR application in enhancing the learning efficiency and accuracy of ECG chest lead placements. The results revealed that AR technology can enhance students’ comprehension of ECG chest lead placement. The post-test scores of the intervention group, which utilized the AR application, were significantly higher than those of the control group, which received traditional teaching materials. Additionally, the placement accuracy of ECG chest leads was significantly affected by position, and the AR application improved the accuracy in specific regions. The results of the questionnaire showed that students in the intervention group exhibited a greater level of interest and excitement in learning about ECG chest leads than those in the control group. Furthermore, the AR application facilitated active learning and increased the participants’ confidence in the ECG chest lead placement. Overall, this study suggests that incorporating AR technology into teaching ECG chest lead placement can improve accuracy and enhance learning efficiency. This research has significant implications for educators and healthcare professionals who aim to improve the training of ECG chest lead placement.



However, a critical consideration lies in the limitations inherent in our current analysis. The absence of corrections for multiple comparisons poses a potential challenge to interpreting our results. Recognizing this, we emphasize that addressing this limitation is not merely a future development but an imperative facet of ensuring the validity of our statistical analysis. Consequently, our commitment to implementing appropriate statistical methods to rectify this shortfall remains a priority in future research endeavors. This correction will undoubtedly contribute to fortifying the robustness and reliability of our findings, securing a more nuanced understanding of the impact of AR technology on ECG chest lead placement training.



Future developments of the AR application should focus on advanced functionalities, including simulating virtual chest ECG positions on real people, both male and female. Additionally, expanding the participant pool, conducting longitudinal studies, and exploring cross-disciplinary applications will contribute to a more comprehensive understanding of the AR technology’s potential. Moreover, further studies are required to explore the long-term impact of AR technology on ECG chest lead placement training and its potential use in other healthcare fields.
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Appendix A


This section presents the questions posed in the pre-test and post-test. The questions were the same in both sections, they were presented in a different order, and the position of the answer choices for each question was altered between the two tests. This adjustment was made to eliminate the possibility of participants relying on memorization of the order and to ensure a fair assessment of their knowledge. The questions are as follows:




	1.

	
How many chest leads are there in total?




	A)

	
4




	B)

	
6




	C)

	
8




	D)

	
10










	2.

	
Which chest lead is placed in the fourth intercostal space to the right of the sternum?




	A)

	
V1




	B)

	
V2




	C)

	
V3




	D)

	
V4










	3.

	
Which lead placement provides a view of the electrical activity in the left ventricle?




	A)

	
V1 and V2




	B)

	
V3 and V4




	C)

	
V5 and V6




	D)

	
None of the above










	4.

	
In which intercostal space is the V4 lead placed?




	A)

	
Fourth intercostal space




	B)

	
Fifth intercostal space




	C)

	
Sixth intercostal space




	D)

	
Seventh intercostal space










	5.

	
Which lead placement provides a view of the electrical activity in the right ventricle?




	A)

	
V1 and V2




	B)

	
V3 and V4




	C)

	
V5 and V6




	D)

	
None of the above










	6.

	
Which lead placement is used to diagnose hypertrophy of the left ventricle?




	A)

	
V1




	B)

	
V2




	C)

	
V3




	D)

	
V4










	7.

	
Which lead placement provides the inferior view of the heart?




	A)

	
V1 and V2




	B)

	
V3 and V4




	C)

	
V5 and V6




	D)

	
None of the above










	8.

	
Which lead placement provides the lateral view of the heart?




	A)

	
V1 and V2




	B)

	
V3 and V4




	C)

	
V5 and V6




	D)

	
None of the above










	9.

	
In which lead placement should the electrode be placed closest to the heart?




	A)

	
V1




	B)

	
V2




	C)

	
V3




	D)

	
V4










	10.

	
Which lead placement provides a view of the electrical activity in the mid-axillary line?




	A)

	
V1




	B)

	
V2




	C)

	
V3




	D)

	
V6
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Figure 1. Chest lead position of V1–V6. (a) Front view; (b) cross section of chest leads. 
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Figure 2. System architecture of the proposed AR for the chest ECG electrode placement system. 
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Figure 3. Virtual electrodes. (a) Markers used for the virtual display of electrodes; (b) virtual electrodes displayed on the marker via AR application. 
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Figure 4. Virtual rib cage overlay on a mannequin. (a) Positioning the angle of Louis from the virtual rib; (b) display of virtual ECG chest lead (V1–V6). 
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Figure 5. AR display. (a) Mannequin for object tracking; (b) AR display showing a virtual rib cage and the ECG chest lead positions (V1–V6). 
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Figure 6. Example of the AR interaction sequence. (a) AR displays the virtual rib cage and ECG chest leads; (b) Placing the correct positioning of V1; (c) Correct ECG placement of V1 and V2 in green color and incorrect correct positioning of V3 and V4 in red color; (d) Correct ECG placement of all positions. 
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Figure 7. Process diagram of the learning methods and assessments. 
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Figure 8. Example scenario during electrode placement practice. (a) Traditional method for the control group; (b) proposed AR for the intervention group. 
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Figure 9. Comparison of the quartile range between the Control and Intervention groups. 
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Figure 10. Average distance error for electrodes placement between the two groups of participants. 
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Table 1. Average error distance for the proposed AR application.
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	ECG Chest Lead Position
	Average Error Distance ± SD (cm)





	V1
	0.31 ± 0.03



	V2
	0.30 ± 0.03



	V3
	0.21 ± 0.03



	V4
	0.23 ± 0.03



	V5
	0.44 ± 0.03



	V6
	0.40 ± 0.04



	Mean
	0.31 ± 0.03










 





Table 2. Satisfaction questionnaire.
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	No.
	Question





	Q1
	My attention was quickly captured by the materials.



	Q2
	I could easily complete the ECG placement tasks with guidance.



	Q3
	I enjoy this method of learning.



	Q4
	I have learned the ’structural composition and relative locations of ECG placements.



	Q5
	I am confident that I can place all electrodes in the future.



	Q6
	The ECG placement tasks were not difficult for me at all.



	Q7
	I did not bored at the conclusion of the course.



	Q8
	I have mastered the order of electrode placement for ECG chest leads.



	Q9
	I am eager to learn more about the ECG placement through this course.



	Q10
	I was confident in my knowledge of the course material.










 





Table 3. Mean scores obtained from the pre-test.
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Participants

	
Mean Score

	
SD

	
Z-Score

	
p-Value

	
Result






	
Control group

	
5.45

	
0.97

	
0.640

	
0.32

	
Not significant




	
Intervention group

	
5.32

	
1.21











 





Table 4. Mean scores obtained from the post-test.
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Participants

	
Mean Score

	
SD

	
Z-Score

	
p-Value

	
Result






	
Control group

	
7.61

	
0.76

	
−4.476

	
0.00001

	
Significant




	
Intervention group

	
8.74

	
0.77











 





Table 5. Average satisfaction score of ECG electrode placement practice from each group of participants.
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Factor

	
Question No.

	
Group

	
Range

	
Median

	
Mean ± SD






	
Learning Interest

	
Q1

	
Control

	
2–4

	
3

	
3.32 ± 0.54




	
Intervention

	
3–5

	
5

	
4.52 ± 0.57




	
Q7

	
Control

	
1–3

	
2

	
2.32 ± 0.70




	
Intervention

	
4–5

	
5

	
4.58 ± 0.50




	
Task Difficulty

	
Q2

	
Control

	
2–4

	
3

	
2.77 ± 0.67




	
Intervention

	
3–5

	
4

	
3.94 ± 0.57




	
Q6

	
Control

	
3–5

	
3

	
3.52 ± 0.57




	
Intervention

	
3–5

	
4

	
3.71 ± 0.59




	
Academic

Outcome

	
Q4

	
Control

	
2–4

	
3

	
2.97 ± 0.80




	
Intervention

	
3–5

	
4

	
3.68 ± 0.65




	
Q8

	
Control

	
2–4

	
3

	
3.45 ± 0.57




	
Intervention

	
3–5

	
4

	
4.10 ± 0.65




	
Confidence

	
Q5

	
Control

	
3–4

	
4

	
3.61 ± 0.50




	
Intervention

	
4–5

	
5

	
4.65 ± 0.49




	
Q10

	
Control

	
2–5

	
3

	
3.65 ± 0.91




	
Intervention

	
3–5

	
4

	
3.94 ± 0.68




	
Satisfaction

	
Q3

	
Control

	
1–4

	
3

	
2.87 ± 0.67




	
Intervention

	
4–5

	
5

	
4.68 ± 0.48




	
Q9

	
Control

	
3–5

	
3

	
3.65 ± 0.75




	
Intervention

	
4–5

	
5

	
4.55 ± 0.51
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