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Author Questionnaire 
1. We have marked your project as author-provided footage, meaning you film the video yourself and provide JoVE with the footage to edit. JoVE will not send the videographer. Please confirm that this is correct. 
√ Correct 

 2. Microscopy: Does your protocol require the use of a dissecting or stereomicroscope for performing a complex dissection, microinjection technique, or something similar?  No  

3. Software: Does the part of your protocol being filmed include step-by-step descriptions of software usage?  Yes
If Yes, we will need you to record using screen recording software.
We recommend using the screen capture program OBS. JoVE’s tutorial for using OBS Studio is provided at this link: https://review.jove.com/v/5848/screen-capture-instructions-for-authors?status=a7854k

As these files are necessary for finalizing your script, please upload all screen captured video files to your project page as soon as possible.

4. Proposed filming date: To help JoVE process and publish your video in a timely manner, please indicate the proposed date that your group will film here: 04/25/2026

When you are ready to submit your video files, please contact our Content Manager, Utkarsh Khare.


Current Protocol Length

Number of Steps:  16
Number of Shots:  47 

Introduction 
Authors: Please note that the questions will not appear on screen. The answers have been revised for length, clarity, and consistency with journal style guidelines.

INTRODUCTION:
REQUIRED: Summarize your research focus and the main questions it aims to answer.
1.1. Nho Thai Nguyen: We present an automated method to convert ECG images into standardized WFDB signals for clinical and research use.

1.1.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera.

Describe the research gap or limitation in existing methods and how this protocol addresses them.
1.2. Nho Thai Nguyen: Existing methods struggle with noise and layout variability, and our approach improves robustness and standardization.
1.2.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera.

CONCLUSION:
What does this protocol allow researchers to study or measure?
1.3. Nho Thai Nguyen: This method enables extraction of calibrated ECG signals for analysis, validation, and machine learning use.
1.3.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera.

Describe the most important consideration or challenge when performing this protocol.
1.4. Nho Thai Nguyen: Accurate grid calibration is critical in this protocol, as small errors can significantly affect signal amplitude and timing.
1.4.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera.

How can future studies build on this work? Describe the questions or research directions that can be investigated next.
1.5. Nho Thai Nguyen: Future work will improve generalization across datasets and develop automatic failure detection methods.
1.5.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera.




Ethics Title Card
This research has been approved by the Institutional Review Board (IRB) of Tam Duc Hospital prior to retrospective data collection.





Protocol  
2. Preparation and Standardization of Electrocardiogram (ECG) Image Data
Demonstrator: Nho Thai Nguyen

2.1. To begin, add all the electrocardiograms or ECGs (E-C-Gees) collected from Tam Duc Hospital and provided as grayscale PDF images at a resolution of 300 dots per inch, in a folder labeled ‘Data’ [1]. Convert each ECG PDF page to a grayscale image at 300 dots per inch [2]. Save each page in JPG (Jay-peg) format with minimal compression [3]. Open the outputs folder and store the exported images in images folder while keeping filenames consistent across all pipeline stages [4].

2.1.1. WIDE: Show the talent seated at a computer, opening a folder labeled Data, then zoom in on the screen as they scroll through electrocardiogram files.
2.1.2. SCREEN: Electrocardiogram PDF pages are being converted into grayscale images at 300 dots per inch.
Authors: Please create screen capture videos of the shots labeled as SCREEN, create a screenshot summary, and upload the files to your project page as soon as possible: https://review.jove.com/account/file-uploader?src=21396103
2.1.3. SCREEN: The exported page is being saved in JPG format with minimal compression.
2.1.4. SCREEN: The image files is being placed into outputs/ images folder with matching filenames. Video editor: Please add LABMEDIA: Figure 2 as inset.

2.2. Apply contrast limited adaptive histogram equalization or CLAHE (C-L-A-H-E) to enhance faint gridlines and waveform contrast [1]. Apply a light Gaussian blur to reduce high-frequency noise while preserving waveform edges [2].

2.2.1. SCREEN: Preprocessing software is applying CLAHE to an electrocardiogram image.
2.2.2. SCREEN: A light Gaussian blur is being applied to the same image.

2.3. Save the preprocessed outputs to the preprocessed folder within the output folder [1]. Visually inspect a subset of preprocessed outputs and confirm that gridlines and traces remain readable [2]. Avoid aggressive smoothing that breaks thin waveform segments [3].

2.3.1. SCREEN: The preprocessed image is being saved to outputs/preprocessed folder.
2.3.2. Talent reviewing a subset of preprocessed electrocardiogram images on screen for readable gridlines and waveform traces.
2.3.3. SCREEN: An overly smoothed waveform segments are being avoided during preprocessing.

2.4. Detect grid spacing using Hough line detection [1]. Compute the pixel-to-millimeter conversion using the detected spacing and the ECG paper standard [2]. Rescale the image using bicubic interpolation to normalize scale across records [3]. Save calibrated images to the calibrated folder in the output folder [4]. Store calibration logs for each record [5].

2.4.1. SCREEN: Hough line detection identifying vertical and horizontal gridlines on the ECG image.
2.4.2. SCREEN: The detected grid spacing is being used to calculate the pixel-to-millimeter conversion. 
2.4.3. SCREEN: The calibrated electrocardiogram image is being rescaled with bicubic interpolation.
2.4.4. SCREEN: The calibrated image is being saved to outputs/calibrated/.
2.4.5. SCREEN: The calibration log is being stored.

3. Waveform Extraction and Trace Reconstruction  

3.1. After loading the trained YOLOv12 (Yo-lo-v-12) model, run inference on each calibrated image using the configured inference size of 1024 [1]. Apply non-maximum suppression and keep the highest-confidence bounding box for each lead class [2].

3.1.1. SCREEN: The calibrated electrocardiogram image is being processed with inference size 1024.
3.1.2. SCREEN: Non-maximum suppression is being applied while retaining the highest-confidence bounding box for each lead class.

3.2. Export the bounding boxes to yolo boxes folder in the outputs folder in a reproducible  format [1]. Save overlay images showing predicted lead-region boxes and labels for verification [2]. 

3.2.1. SCREEN: Lead-region bounding boxes are being exported to outputs/yolo_boxes/ in a reproducible file format. 
3.2.2. SCREEN: Show an overlay image with predicted lead-region boxes and labels.

3.3. After lead region is localized using YOLOv12, crop each lead region from the calibrated image using the predicted bounding box coordinates [1]. Pad the crops to a consistent size when lead regions vary across layouts [2]. Save the cropped images to lead crops folder in the output folder using the appropriate file naming scheme [3]. Confirm that all 12 leads are present for each record before waveform extraction [4].

3.3.1. SCREEN: A lead region is being cropped from the calibrated image by bounding box coordinates.
3.3.2. SCREEN: The cropped lead image is being padded to a consistent size.
3.3.3. SCREEN: The cropped lead image is being saved to outputs/lead_crops/ in the appropriate file naming scheme.  Video editor: Please emphasize the name of the file.
3.3.4. SCREEN: Opening a record to show the full set of 12 lead crops 

4. Processing ECG Lead Crops for Masking and Trace Extraction

4.1. Normalize each lead crop intensity to an 8-bit intensity range [1]. Apply adaptive thresholding or Otsu (Oht-soo) thresholding to separate the waveform trace from the background and gridlines [2].

4.1.1. SCREEN: Normalizing a lead crop to an 8-bit intensity range.
4.1.2. SCREEN: Thresholding is being applied to separate the waveform trace from the background and gridlines.

4.2. Apply morphological cleanup, such as opening or closing [1]. Use interpolation or connectivity-based filling to bridge small gaps in the trace [2]. Save the final binary mask to masks folder in the output folder [3]. Verify mask quality on representative samples [4].

4.2.1. SCREEN: Morphological cleanup is being applied to remove residual grid artifacts from the thresholded lead image.
4.2.2. SCREEN: Small gaps in the waveform trace is being bridged.
4.2.3. SCREEN: The final binary mask is being saved to outputs/masks folder.
4.2.4. SCREEN: The  mask quality is being verified on representative samples.

4.3. To extract waveform trace using improved centerline extraction, skeletonize the binary mask to obtain a centerline candidate [1]. Remove spurious branches and isolated components caused by grid noise [2].

4.3.1. SCREEN: The binary mask is being skeletonized into a centerline candidate.
4.3.2. SCREEN: Spurious branches and isolated components are being removed.

4.4. Smooth the centerline and enforce left-to-right continuity [1]. Interpolate short missing segments to preserve waveform continuity [2]. Save the centerline coordinates to traces folder in the output folder [3]. Save overlay plots for validation [4].

4.4.1. SCREEN: The extracted centerline is being smoothed into a continuous left-to-right trace.
4.4.2. SCREEN: Short missing segments are being interpolated along the waveform trace.
4.4.3. SCREEN: Centerline coordinates are being saved to outputs/traces/.
4.4.4. SCREEN: Overlay plots are being saved.

5. Signal Conversion, Resampling, and WaveForm DataBase (WFDB) Export 

5.1. Use the calibrated grid scale of 10 millimeters per millivolt and the pixel-to-millimeter mapping to convert pixel y-coordinates into voltage [1]. Use the calibrated grid scale of 25 millimeters per second and the pixel-to-millimeter mapping to convert pixel x-coordinates into time [2].

5.1.1. SCREEN: Pixel y-coordinate values are being converted into voltage values.
5.1.2. SCREEN: Pixel x-coordinate values are being converted into time values.

5.2. Resample each lead to a fixed sampling rate of 100 hertz and align all 12 leads in time [1]. Save the 12-lead signals as CSV (C-S-V) files in signals csv folder in the outputs folder with consistent column names and units [2].

5.2.1. SCREEN: The 12 lead signals are being resampled to 100 hertz and aligned in time.
5.2.2. SCREEN: The aligned 12 lead signals are being saved to outputs/signals_csv/ with consistent column names and units.

5.3. To export WaveForm DataBase or WFDB (W-F-D-B) records and validate outputs, convert each 12-lead CSV file into a waveform database record using the waveform database library [1]. Write the header file with the record name, sampling rate, signal gains, baselines, and lead names [2]. Write the signal file using a consistent 16-bit numeric type and microvolt unit convention [3].

5.3.1. SCREEN: A 12-lead comma-separated values file is being converted into a waveform database record.
5.3.2. SCREEN: The header file is being written with record name, sampling rate, signal gains, baselines, and lead names.
5.3.3. SCREEN: The signal file is being written with a consistent 16-bit numeric type and microvolt units.

5.4. Reload each waveform database record and plot all 12 leads to confirm lead order, naming, and time alignment [1]. Save the final waveform database outputs to wfdb folder in the output folder [2]. Save the validation plots [3].

5.4.1. SCREEN: Waveform database record is being reloaded and plotted with all 12 leads for validation.
5.4.2. SCREEN: The validated waveform database outputs are being saved to outputs/wfdb/.
5.4.3. SCREEN: The validation plots are being saved.


Results
6. Results 
6.1. Enhanced continuity of the extracted electrocardiogram trace [1] was illustrated by the trace overlay on the lead image [2] under variable trace thickness [3] and small discontinuities [4]. 

6.1.1. LAB MEDIA: Figure 9. Video editor: Highlight the continuous red line that follows the waveform smoothly across each panel from left to right.
6.1.2. LAB MEDIA: Figure 9. Video editor: Emphasize the red line sitting directly on top of the faint gray ECG signal and grid in the background in all panels.
6.1.3. LAB MEDIA: Figure 9. Video editor: Emphasize the sections where the background gray ECG signal looks darker and thicker versus faint and thin, showing the red line still accurately tracking both thin and thick parts of the signal.
6.1.4. LAB MEDIA: Figure 9. Video editor: Zoom into the bottom row, left-side panel (or any other panel where this can be clearly shown) where parts of the original gray waveform look faint or slightly broken, and highlight the red line continuing smoothly across those gaps.
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