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Abstract

:

Coronary atherosclerosis is the most common form of cardiovascular diseases, which represent the leading global cause of mortality in the adult population. The amount of coronary artery calcium (CAC) is a robust predictor of this disease that can be measured using the medical workstations of computed tomography (CT) equipment or specialized tools included in commercial software for DICOM viewers, which is not available for all operating systems. This manuscript presents a web application that semiautomatically quantifies the amount of coronary artery calcium (CAC) on the basis of the coronary calcium score (CS) using the Agatston technique through digital image processing. To verify the correct functioning of this web application, 30 CTCSs were analyzed by a cardiologist and compared to those of commercial software (OsiriX DICOM Viewer).All the scans were correctly classified according to the cardiovascular event risk group, with an average error in the calculation of CS of 1.9% and a Pearson correlation coefficient r = 0.9997, with potential clinical application.
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1. Introduction


The World Health Organization indicates that 17.9 million people died from cardiovascular diseases in 2019, which represent 32% of all deaths worldwide [1]. Atherosclerosis is a progressive disease characterized by the accumulation of lipids and fibrous elements in the large arteries, and it is the primary cause of heart disease and stroke [2]. Atherosclerosis is closely related to the calcified plaque detected in coronary arteries [3,4], which is known as coronary artery calcium (CAC), and its detection is considered to be one of the strongest indicators to predict the presence of atherosclerosis in patients who do not have symptoms yet [5,6,7]. The most common way to detect CAC is through a cardiac computed tomography (CT) for calcium scoring (CTCS), which consists of a noncontrast enhanced CT of the heart [8], which is interpreted by quantifying the coronary calcium score (CS) in terms of the Agatston score [9,10,11]. CS is determined on CTCS by identifying calcified lesions that are represented on CT as pixel islands with an intensity greater than 130 Hounsfield units (HU) belonging to one of the coronary arteries: left main (LM), left anterior descending (LAD), circumflex (CX), and right coronary artery (RCA) [9].



Digital image processing provides techniques frequently used in the identification of CAC, for example, the design of automatic algorithms to obtain CS, the segmentation of coronary arteries, and the relationship between other clinical indicators and CAC. For the development of these studies, some researchers use open-source medical image processing software such as 3DSlicer [12] to manually segment lesions or regions of interest (ROIs); the manually obtained information is supplied to computed or statistical systems for analysis and/or interpretation [13,14,15]. Another open-source software option is ImageJ [16], which, in addition to allowing for manual operations with images, allows for developers to use predefined semiautomatic functions and the possibility of creating custom macros or plugins to automate some image process analyses [17,18,19,20,21]. An alternative to the previously defined software is the use of the OpenCV open-source library [21] which allows for implementing more complete image processing techniques through predefined classes and functions [22,23,24,25].



The development of applications with web technology has increased significantly because they present advantages such as (1) no installation required, (2) automatic updates, and (3) universal access form any device connected to the internet [26]. Web applications have been developed in medicine [27,28,29] especially during COVID-19 [30,31,32], academia [33,34], ecology [35,36], and biology [37,38], among others [39,40,41]. This article presents a web application to determine the CAC on the basis of the Agatston score evaluated with digital processing techniques in the corresponding images included in a CTCS.




2. Materials and Methods


The web application uses CTCS scans to perform the semiautomatic calculation of the CS in the lesions defined by the specialist in cardiovascular medicine. Its implementation required three stages: (1) image processing and the calculation of results, (2) the programming of the web page, and (3) the deployment of the application on the Internet (Figure 1). The backend was programmed in the Python language, and the frontend was developed with the HTML, CSS, and JavaScript languages. The web application was mounted onto a virtual private server (VPS), so that users could use it from any device with an Internet connection. A physician with a specialty in cardiology and 10 years of experience in the field compared the results of the web application with the results of the OsiriX DICOM Viewer software, which is the application that the cardiologist uses daily. Two filters were proposed to remove noise from to the image, so three CS values were evaluated, Pearson’s correlation coefficient was calculated for each of the assessments performed in comparison with the reference OsiriX DICOM viewer software, and the diagnoses issued by the specialist were also compared with the total CS value per scan for each developed method. Lastly, the risk of a. cardiovascular event corresponding to each of the studies according to the classification given by the CS was compared with the reference.



2.1. Calculation of the Coronary Calcium Score


For the calculation of CS in the coronary arteries, the calcified lesions represented on the CT as pixel islands with intensity greater than 130 HU located in one of the four coronary arteries (LM, LAD, CX, and RCA) are identified. Figure 2 shows an example of a lesion of each of the ROIs identified with different colors (LM: red, LAD: blue, CX: yellow, and RCA: green). In addition, pixel islands with an intensity greater than 130 HU are shown that were not part of any of the coronary arteries (such as bones); these islands were identified as None (cyan).



The CS in terms of the Agatston score is an indicator of the presence of coronary artery disease (CAD) and determines the presence of atherosclerosis in patients who do not even have symptoms [5,6,7].



To calculate the Agatston score, the density score (F) is used, which depends directly on the maximal HU value of the lesion. The possible values of F are (a) F = 1 if   130 ≤ H U m a x ≤ 199  , (b) F = 2 if   200 ≤ H U m a x ≤ 299  , (c) F = 3 if   300 ≤ H U m a x ≤ 399  , (d) F = 4 if   400 ≤ H U m a x   [9]. In addition, the area (a) of the calcified lesion in mm   2   was evaluated. Equation (1) was used to evaluate the CS, where n represents the number of lesions.


  C S =  ∑  i = 1  n   F 1  ×  a 1   



(1)







In the calculation of CS, islands of pixels with an area of less than 1 mm   2   were not considered because it was established as such in the medical protocol [9].




2.2. Image Dataset


The dataset was integrated with 80 CTCS scans obtained in three hospitals that had different tomographic equipment. This implies that each scan has a different pixel area measurement that is obtained from the header of the DICOM file, and all images were reconstructed to 2.5 mm slice thickness. In the conformation of the database, 30 scans (Hospital 1: 15 scans, Hospital 2: 9 scans, Hospital 3: 6 scans) were chosen to have a representative sample of each cardiovascular event risk group: moderate (  10 < C S ≤ 100  ),, moderate–high (  100 < C S ≤ 400  ), and high (  C S > 400  ), the former due to the fact that they presented a greater number of lesions per scan, obtaining more information compared to the groups of very low (  C S = 0  ) or low (  0 < C S ≤ 10  ) in which the number of pixel islands is minimal. To calculate the CS, the web application accesses the tags from the DICOM files: (1) 0028,000A—columns, (2) 0028,0010—rows, (3) 0028,0030—pixel spacing, (4) 0028,0102—high bit, (5) 0028,1052—rescale intercept. No patient name or other information is necessary, so anonymous scans are possible to load.




2.3. Image Processing


In this stage, the Pydicom and OpenCV Python libraries are used. With Pydicom [42], DICOM files with information compatible to Python were integrated. With the OpenCV library [43], conversion, binarization and filtering operations were performed on the images obtained from Pydicom. To evaluate the CS, the lesions of each slice of the CTCS scan were selected; consequently, the image processing algorithm performs the following functions (Figure 3): (1) open the image set and navigate through the slices, (2) identify pixel areas greater than 130 HU, (3) select lesions of calcium in the arteries, adding labels according to the corresponding coronary artery (LAD, LM, CX, and RCA). The original image is represented in HU and is converted into a grayscale map, so that the user can easily identify the elements that comprise the CT image (Grayscale). Later, this image is represented in RGB format to obtain an image with color. With the original image (HU), two binary images are also generated. In the first, pixels with HU values greater than or equal to 130 HU are labeled with a “1”, and in the second, pixels with HU values less than 130 HU are labeled “1”. From the image with pixels ≥ 130 HU, an image (Labeling) with islands of labeled pixels is obtained that is used to obtain information that allows for finding the relationship between possible lesions and the corresponding coronary artery (Selected Calcifications). To obtain the image that is shown to the user (Final Image), areas greater than 130 HU are extracted from the RGB image, and the result is added to the Selected Calcifications image.



Each time the user points to a pixel island (Figure 4), it is labeled with the selected coronary artery (LAD, LM, CX and RCA), saving the relationship of each of the lesions in a Python list and changing the color of the island of pixels by that corresponding to the artery. The application calculates the area of the selected lesion. If the area is greater than or equal to 1 mm   2  , the corresponding density score is calculated. Since there may be variations in the CTCS due to the size of the patient and the calibration of the tomographic equipment, increasing the final value of the CS [44], the application of two additional processing techniques for the attenuation of the variations was proposed, and three different density scores were calculated. The first density score (F1) corresponds to the selected island of pixels as proposed by Agatston [9]. The second proposed density score (F2) is calculated after the application of a Gaussian blur filter that was programmed with the GaussianBlur function that is included in the OpenCV library. The third proposed density score (F3) is calculated after applying a classification criterion that checks that the maximal intensity values. Maintaining a minimal mode, the algorithm separates the pixels into three groups according to their intensity level. The first group contains the pixels with an intensity greater than or equal to 400 HU (F = 4), the second group the pixels with an intensity greater than or equal to 300 HU (F = 3), and the third group the pixels with an intensity greater than or equal to 200 HU (F = 2). To obtain the resulting F, it is necessary to examine whether the number of pixels in each group maintains the minimal programmed mode; if more than one group meets the sufficient area, the highest density score is considered to be correct; if none of the groups meets the minimal pixel condition, then F = 1 (default value). Once the F values are obtained for each of the proposed methods (F1, F2, F3), a CS is calculated for each F of the selected lesion, and its value is added to the corresponding total CS as indicated in Equation (1).




2.4. Validation of Image Processing Calculation Results


To validate the CS calculation proposals, a medical specialist in cardiovascular imaging evaluated CS in each of the studies using the CS plugin of the OsiriX DICOM Viewer software, which is the application he uses daily, and then evaluated the studies selecting the same lesions using the developed image processing tool. The results obtained in the image processing tool are as follows: (1) before applying any processing (Original), (2) after applying the Gaussian filter (Gaussian) to the original image, (3) after applying the minimal mode algorithm (MinMode) to the original image. In this way, the CS results obtained for each density score were compared: (1) OsiriX vs. Original, (2) OsiriX vs. Gaussian, (3) OsiriX vs. MinMode.




2.5. Programming the Web Page and HTTP Requests


The web page was programmed using HTML, CSS, JavaScript, and the Python Flask library. Python is the programming language of the backend of the application, so the Flask instructions allow for transferring the results of image processing and CS calculation to the user interface (frontend) compiled with HTML code and Jinja2 (Used by Flask), in addition to performing traditional HTTP requests (GET or POST). The CSS language is used to define the styles of the page and JavaScript for the interaction and the request of HTTP requests (POST and GET). The requests were through AJAX functions and JSON codes, which allows for the partial and asynchronous updating of the page, obtaining fluency in the interaction. The responses sent by the server are the image resulting from using some of the available functions and the results of the CS calculations. The responses are transferred back using JSON codes again; the resulting JPEG image is encoded with the base64 positional numbering system. The HTTP requests from the application (Figure 5) are the following: (a) increase and decrease the Z position of the set of images. This request helps in navigating through the different slices that the entire CTCS contains. The client performs one of the two GET requests (increase or decrease), and the server modifies the Z position and responds with the corresponding slice image. (b) Activate coronary artery. This is a POST-type request where the client selects the label of the artery with which they want to indicate the lesions. The server receives the selected label and responds with a confirmation, which is reflected in the arteries menu on the web page. (c) Label the calcium lesion. The user can label the lesions by directly selecting the islands of pixels on the image, and the lesion is labeled according to the artery that is active at that moment. The server receives a POST-type request with the X, Y coordinates of the selected pixel, processes the image, performs the CS calculations, and responds to the client with the new image and the obtained results. In addition, a relational database was used for the administration of the users and the CTCS scans uploaded to the application by each of the users. The mysqlclient and SQLAlchemy Python libraries were used for the creation, migration, and updating of the database.




2.6. Setting Up the Application on the Internet


The application was set up on a VPS with Ubuntu 20.04 operating system with NginX services to offer the web service and MariaDB for the database compatible with MySQL. Using the Python Virtualenv library, a Python 3.8 virtual environment was created with the Pydicom, OpenCV, Flask, and Gunicorn libraries. The used VPS had 4 vCPU cores, 200 GB SSD, and 8 GB of RAM. A system service was activated for the application to have nonstop availability.





3. Results


3.1. CS Calculation and Validation


The diagnoses issued by the specialist were compared with the total CS value per scan for each of the density score calculation methods (Original, Gaussian, MinMode), and the average error was calculated between each of the comparisons, obtaining the following errors: (a) OsiriX vs. Original = 3.8%, (b) OsiriX vs. Gaussian= 4.7%, (c) Osirix vs. MinMode = 1.9%. Another characteristic that was compared was the risk of cardiovascular event corresponding to each of the studies according to the classification given by the CS. Of the 30 studies carried out with the OsiriX software, 7 belonged to the Moderate risk group, 10 to the Moderate–High group, and 13 to the High risk group. The Original function did not correctly classify 1 study as belonging to Moderate–High risk, while the functions with additional processing (Gaussian and MinMode) correctly classified all studies regarding to the results obtained with OsiriX. Figure 6 shows the results of the total CS of each one of the studies where the difference in the results of CS with each of the proposed methods is observed and the limits of the classification by risk of cardiovascular event are also observed.



Subsequently, the Pearson’s correlation coefficient (r) was calculated for each of the comparisons made, the OsiriX vs. Original comparison obtained r = 0.9996, the OsiriX vs. Gaussian comparison obtained the lowest coefficient with r = 0.9995, and the comparison of OsiriX vs. MinMode r = 0.9997, this being the one with the best correlation of the three.



According to the results obtained in the comparisons of the image processing and CS calculation methods, it is possible to observe that the MinMode technique is the one that most closely resembles the results obtained with the reference commercial software, so this proposal is the one selected to be used in the web application. Figure 7 shows an example on how the results were compared and validated using the same slice from a CTCS scan that had the same pixel area selected. Figure 7a shows the image that was analyzed with Osirix, and the image in Figure 7b was analyzed with the proposed web application.




3.2. Access to the Web Application


The web application can be accessed from any device with an Internet connection to calculate the CS without the need to have specialized software installed. The proposed application is available to the general public and it has no cost. The application access link is the following: https://www.getcalciumscore.com, accessed on 7 October 2022.



The application has a registration page, as shown in Figure 8; username, e-mail, company, and password data are required. The form shown in Figure 9 is the one corresponding to the login for users who are already registered. Figure 8 and Figure 9 show the main navigation header where the terms and conditions for the use of the application can be reviewed, and the “How to Use” link shows a video explaining the general operation of the web application.



Once logged into the application, the user is redirected to the home page (Figure 10), where the option to upload scans is found using the “Upload a new Scan” section, a file in .zip containing a compressed folder with the set of .dcm files. In this section, if no scan is selected, a help image is displayed that indicates the location of each of the tools that the user can use. An exemplary scan is available to all users that does not allow for saving new results or to be eliminated, but it can load results from previously highlighted pixel areas.



The Slice UP and Slice DOWN buttons activate slice change requests and display the previous or next slice, respectively. The “Unselect”, “RCA”, “LAD”, “LM” and “CX” buttons activate requests to change the coronary artery label, the selected label button remains green.



Figure 11 shows the example of the home page where the user has loaded two scans (Patients 1 and 2). Patient 2 is currently selected, and the lesions in the coronary arteries of the entire scan are selected, obtaining a CS of 425 as a result. In Slice 37 (shown in the example), three islands of pixels were selected as CAC lesions in the LAD, one in the LD and one in the CX. The results obtained with the selected islands are saved using the blue “Save results” icon next to the scan name. To load the previously saved results, the green “Load results” icon is used. The red “Delete Scan” icon is used when one wants to remove the scan from the web application; the deleted scans are deleted from the server and from the database. Each of the cyan islands represents the pixels that are above 130 HU (the majority are bones around the chest); they are displayed in this way to assist the user in identifying the ROIs.





4. Discussion


Data comparisons indicate that the results obtained by the proposed web application are like the results obtained with OsiriX DICOM Viewer. The difference between the two tools is attributed to the fact that OsiriX software could use a low-pass filtering technique that is different from the one used in our proposal to reduce variations in the images. Pacsbin (Orion Medical Technologies, Baltimore, MD, pacsbin.com, accessed on 7 October 2022) is a picture archiving and communication system (PACS) that allows for viewing DICOM images; with support for the most common image manipulation tools, its main contribution is to bring a fully featured PACS environment to the web for teaching cases and research. Recent articles [45,46,47] mentioned the importance of Pacsbin in distance learning in the training of future radiologists, which is possible because it was developed as a web-based system. Although Pacsbin is an application with multiple image analysis tools, it does not allow for the measurement of calcium in coronary arteries like the web application proposed in this article.



Marco Aiello [48] provided a comparative table of the 10 DICOM viewers used in their study. The evaluated software can read and display DICOM images, and all are free-access or open-source; some paid software was included if a free trial version was available. Of the 10 listed programs, only two could be used from a web browser (Postdicom and Papaya Viewer), and two allow for calculating the CS (Horos Viewer, 3D slicer), but they do not meet both characteristics. In other web applications related to CS [49,50], statistical studies of patients with CAC were carried out, and calculators that estimate the percentage derived from the age, sex, ethnicity and CS of the patient were proposed, so the application suggested in this article complements this type of tools used by physicians.




5. Conclusions


In this study, a web application for the quantification of CS was implemented. Three measurements were proposed: (1) without using any additional processing for variations in the image, (2) using a Gaussian blur filter to attenuate the noise generated in the CTCS, and (3) using an algorithm that ensures a minimal number of pixels with the same density score. The data were compared against commercial software OsiriX DICOM Viewer where the third applied algorithm had a higher correlation (r = 0.9997). The average error that was obtained for the CS comparison in the proposal without filter was 3.8%,4.7% for the proposal with Gaussian filter, and 1.9% for the minimal mode algorithm.



Of the studies, 96% for the original proposal and 100% using any of the proposed filtering algorithms were correctly classified in the corresponding risk group. The implementation of some additional processing to reduce noise in the image and thus have more stable HU values was considered to be important. This proposal offers a web application available from any device with Internet access and a web browser to perform the interpretation and calculation of the calcium score in the coronary arteries without the need for installing additional software. The medical specialist who supported the development of this application found it to be a notable and very useful tool that facilitates the calculation of the calcium score from any device and without the need for a specific DICOM viewer. He found that the application was not complicated in its operation, it was very intuitive, and that further it simplified the selection of calcified areas by having the high intensity areas marked before marking them. The clinical cardiologist would be able to elaborate, consult, and compare studies of their patients at any time. Lastly, it facilitates cardiologists or other medical specialists in interacting with one of the tools that is gaining the most acceptance worldwide in the prevention of cardiovascular risk.
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Figure 1. Stages of web application development. 
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Figure 2. Example of islands of pixels with an intensity greater than 130 HU and their labels. 
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Figure 3. Digital processing of computed tomography images. 
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Figure 4. CS calculation flow. 
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Figure 5. User functions in the web page. 
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Figure 6. Total CS and risk category classification of the performed studies. 
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Figure 7. Comparison of the same slice from a CTCS scan. (a) Image in Osirix Dicom Viewer. (b) Image in web application. 
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Figure 8. New user registration form. 
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Figure 9. Registered user login form. 
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Figure 10. Home page with no scan selected. 
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Figure 11. Example of home page with two scans loaded. 
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