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Abstract

:

The COVID-19 global pandemic is still affecting the world, even considering vaccine applications in most countries, especially due to new variant outbreaks and the possibility that they may present immunological escape. Therefore, mass testing is relevant in infection monitoring and restriction policy evaluations, making low-cost and easy-to-use tests essential. Serological tests might also be useful in monitoring immune response after vaccination. The present work proposes a less-expensive ELISA test route, using a scanner instead of a spectrophotometer and using the saturation of the image as a surrogate for the absorbance of each sample. Images from multiple experiments were selected and correlated with their spectrophotometric absorbance. ELISA plate images were digitized by a simple table scanner and, then, preprocessed using Hue, Saturation, Value (HSV) transformation, aiming to determine which correlates best with the obtained absorbance. Saturation correlated better with absorbance, and the experiments presented R   2   consistently above 90% between absorbance and the square of saturation. The new methodology showed similar accuracy, sensitivity, and specificity to the original method, all metrics ranging between 90% and 100% in most cases. An open-source software was also designed to analyze the images, perform the diagnosis, and generate reports.
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1. Introduction


According to the World Health Organization (WHO), more than 6.6 million cumulative confirmed deaths were registered due to COVID-19 by the end of December 2022, caused by the viral agent SARS-CoV-2, a new coronavirus discovered in China at the end of 2019 [1]. Up to now, more than 12 billion vaccine doses have already been applied to the global population. However, individual and community contamination still requires monitoring, as the isolation of infected patients reduces the disease’s spread, along with restriction policies for public spaces [2]. This is even more relevant when new variants are detected [3]. Low-cost and easy-to-use tests are essential to monitoring the progress of contamination, especially deeming that about 25% of the infected patients are asymptomatic [4]. Immunological assays, such as Enzyme-Linked Immunosorbent Assay (ELISA) tests, are commonly used to detect SARS-CoV-2 virus antigens, and the viral RNA is typically detected by Reverse Transcription Polymerase Chain Reaction (RT-PCR) tests [1].



Kulkarni et al. [2] discussed several papers focused on detecting both IgG and IgM (immunoglobulin isotypes) anti-SARS-CoV-2 using ELISA tests. Other studies commenting on the same work reinforced the IgG antibody detection relevance, as IgM antibodies are more difficult to detect in recent infections. ELISA tests typically present high performance, with over 80% sensitivity and over 99% specificity [5]. Low-cost alternatives for ELISA tests were the focus of Alvim et al. [6], targeting applications in remote locations and low-income countries. The tests were estimated to cost about USD 1 each, mainly due to simplifications in the sampling process. Alvim et al. [7] also developed a methodology for cost reduction, but focusing on producing a SARS-COV-2 spike protein to be used in an ELISA test, achieving 98.6% specificity and 95% sensitivity for 11+ days after symptoms’ onset.



RT-PCR tests are one of the most-common approaches to performing COVID-19 diagnosis [2], considered by the WHO to be the “golden standard” [8]. However, they are highly dependent on the sampling technique and timing. The detection range of viral RNA is much smaller, as it depends on active infections [4]. Despite high specificity and sensitivity, RT-PCR does not completely exclude false negatives due to a mismatch between primers, probes, and the target sequence. Incorrect sampling procedures may also lead to false negatives [8]. Another application for ELISA tests is monitoring the immune response generated after vaccination [9].



Another methodology being developed for low-cost testing is the Lateral Flow Immunoassay (LFIA) [10]. Using data from the Brazilian public health system, de Assis et al. [11] found that ELISA tests were more sensitive and cost-effective for high COVID-19 prevalence than LFIA, while LFIA had better specificity and was more cost-effective for low COVID-19 prevalence. There are works focusing on developing more sensitive and accurate LFIA tests, with Guo et al. [12] giving a good review. Other common tests are the chemiluminescence immunoassay and immunofluorescence assay [13], but since these are more expensive, they are not evaluated here.



A comparison between methodologies is hard because the results depend on the test’s brand, whether patients show symptoms or not, and the inclusion of a relevant control group from patients with non–SARS-CoV-2 respiratory infections, among other factors [14]. Gong et al. [13] and Mohit et al. [14] found significant variance in performance in papers studying different tests. de Assis et al. [11] compared several ELISA and LFIA tests simultaneously with similar study and control groups. Their results are summarized in Table 1.



Therefore, this work focuses on developing less-expensive ways to apply the ELISA test to detect IgG anti-SARS-CoV-2 antibodies, using alternative methods of image capturing, which eliminate the need for a spectrophotometer. In addition, an open-source software was developed to analyze the images and print reports with the diagnosis of each sample.




2. Materials and Methods


Human plasma samples originally obtained from the Rio de Janeiro State Hematology Institute (HEMORIO) to carry out the studies described in Alvim et al. [7] were used in the current work to perform the ELISA assays and to compare readouts obtained by an absorbance plate reader and by regular image scanners. Samples were collected at the HEMORIO following a protocol approved by the local ethics committee (CEP HEMORIO; Approval #4008095).



We collected images from several experiments carried out by the Cell Culture Engineering Laboratory (LECC/COPPE/UFRJ) and correlated them with the absorbance read by the spectrophotometer. The images of most ELISA plates were digitized by a Canon CanoScan LiDE 300 table scanner with 200 dpi resolution. They were preprocessed using Hue, Saturation, Value (HSV) transformation and analyzing which value better correlated with the absorbance.



HSV transformation translates the digital image from an Red, Green, Blue (RGB) space to an HSV space. Images are usually represented as three-dimensional matrices, with one dimension being the height of the picture, another being the width, and the third dimension being the intensity of the primary colors on each pixel. Since the color of a test is rarely a pure primary color, the analysis of the RGB space would be limited or overly complex. The transformation decomposes the images into more usable information. Hue is interpreted as which color an image is; value is how bright an image is. saturation is how colorful an image is [15]. As in chemical tests, the color becomes stronger the higher the concentration of the compound of interest, using saturation makes sense.



The ELISA test’s final stage applies 50  μ L of a 1N HCl solution to stop the reaction and turns the sample from a blue to a yellow color. There is no universal standard as to how much time it should taken before stopping the reaction. Some labs use a fixed time, such as 15 min, while others wait until the positive standard sample turns into a suitable color. This added variance to the system prevents calculating a fixed threshold value.



The plates used were high-binding ELISA Corning 96-well microplates. The spectrophotometer used for comparison with the developed methodology was a BioRad microplate reader, read at 450 nm with 655 nm background compensation. A total of three scanners were used, a Canon CanoScan LiDE 300, an HP Multifunctional Advantage 3776 printer, and an HP Scanjet G2410 scanner. The scanner used to collect most of the images was the Canon CanoScan LiDE 300. In order to verify the influence of the scanner device, the HP Multifunctional Advantage 3776 printer and the HP Scanjet G2410 scanner were used to collect the images of ELISA Plate Number 9, labeled as Images 9-1 and 9-2.



The ELISA test is threshold-based. The threshold is based on known negative samples of each plate, as it can vary depending on the steps taken during the test preparation. The mean and standard deviation of the absorbance of known negative samples were calculated, and with those, two thresholds were determined according to Equations (1) and (2).


  t h r e s h o l  d 1  = 0.9   ( μ + 3  σ )   



(1)






  t h r e s h o l  d 2  = 1.1   ( μ + 3  σ )   



(2)




where   t h r e s h o l  d 1    and   t h r e s h o l  d 2    are the first and second thresholds, respectively,  μ  is the mean, and  σ  is the standard deviation. If the sample’s absorbance is below the first threshold, the sample is classified as negative; above the first threshold and below the second one, the sample is classified as unknown. If above the second threshold, it is classified as positive.



There are two available plates to run the ELISA test, one with a white framing and one with a transparent framing. The white framing plate is more expensive, but it allows for easier detection of the samples and has less noise. Transparent framing plates suffer the effects of shadows and background noise. As this work focused on cost reduction, most analyses were performed on transparent plates. A total of 12 plates were used for evaluating the correlation between absorbance and saturation, resulting in 1152 samples. Of the 12 plates, 8 had samples with a known status of COVID-19 infection obtained by RT-PCR; therefore, 768 samples were used to compare the methodologies.



The proposed methodology is summarized in Figure 1.



The new methodology was compared with the regular spectrophotometer methodology using accuracy, sensitivity, and specificity as the metrics. Accuracy is how many samples the method correctly predicts, divided by how many samples exist. Sensitivity is how many true positives are diagnosed, divided by how many samples are positive. It indicates the probability of a positive test given the individual has COVID-19. Specificity is the number of diagnosed as true negatives divided by the number of negatives in the dataset. It indicates the probability of a negative test given the individual does not have COVID-19.




3. Results and Discussion


By transforming the scanned image from an RGB space to an HSV space, we found a strong correlation of saturation with the absorbance, while the hue and value showed no correlation, as can be seen in Figure 2 and Figure 3.



The absorbance of each sample was measured using a spectrophotometer. The saturation of each sample was calculated by taking the saturation of each pixel of the image of each sample and taking the median absorbance. The median was chosen because the distribution of the saturation is skewed and, if the image is not properly aligned, some pixels from the border may be counted as a sample, as can be seen in the histogram of Figure 4. The median is robust to these kinds of outliers.



The yellow color saturation correlates quadratically with the absorbance, as can be seen in Figure 5, while for the blue color, the absorbance correlates linearly, as shown in Figure 6. The test can be performed with either color without significant loss of accuracy, but we suggest the yellow color to better align with existing procedures. As the HSV transformation separates the color from its colorfulness, the methodology applies to different test colors. The analysis was performed with 5 different plates showing that the   R 2   between absorbance and the square of saturation was consistently above 90%, as seen in Table 2. It should be noted that Plates a and b are duplicates of each other and were run on different days.



As can be seen in Figure 2, shadows and colors pass from one sample to its neighbors depending on the orientation of the light source, but this does not affect the image to the point of generating wrong results. As can be seen in Figure 7, there is a small increase in the saturation of the negative samples on the left side of strongly saturated samples, but the increase is not enough to generate false positives.



Another experiment was performed by testing plates from different sources and using different equipment. Images and data from Plates 7 and 8 were offered by a fellow lab at CCS-UFRJ (Center of Health Sciences), while we took different images of Plate 9 with scanners from different brands, an HP Multifunctional Advantage 3776 printer and an HP Scanjet G2410 scanner, marked as 9-1 and 9-2, respectively. As we can see from Figure 8, all results had a specific correlation between saturation and absorbance. Therefore, we recommend either running a test plate with known negative samples to determine a fixed threshold or using the negative samples in the plate to calculate the threshold.



Overall, the accuracy of the new method was similar to the ELISA test using the spectrophotometer. For these tests, we defined the threshold in terms of the negative samples, given Equations (1) and (2). The results in terms of the accuracy of the plates with samples whose status is known are given in Table 3. As can be seen, the accuracy, sensitivity, and specificity were at the same level as the ELISA test performed with a spectrophotometer.




4. Software Development for Analyzing Images of ELISA Plates


The results of this work were organized as open-source software for easy usage. The proposed software aims to diagnose samples in ELISA plates, hence being a practical alternative to the more expensive method, based on the spectrophotometer.



A relevant requirement was to make the software highly portable, working on any operating system or device. Therefore, we chose to develop a client-side-only web application to reduce operating costs, increase portability, and allow offline execution. If necessary, more advanced features could be included in the inherent client–service communication. We used the programming language ECMAScript [16] (Javascript), as it is the primary browser language, and its superset Typescript for the Angular web-app framework.



The software functionalities are schematized in Figure 9, and in the following, the steps depicted in the scheme are further discussed.



The registration of samples in the plate wells could be processed in various ways and depends on the testing lab’s clinical procedures. Therefore, although the developed software could include a database of plates and patients with a user interface for the required forms, we decided to keep it as simple as possible by receiving the patient registrations as a Comma-Separated Value (CSV) text file. This approach allows the sample registrations to be edited in standard spreadsheet software or supplied by a third-party registration system. Hence, the first step when using the developed software is to supply a CSV text file of sample wells for patient mapping. Figure 10 shows the user interface for this setup stage. Besides uploading the CSV, one can download a template and a pre-filled CSV file example. The expected fields are sample id, the patient’s first and last name, email, gender, phone number, city, state/province, birth date, address, and the row and column of the sample in the plate. The only mandatory fields are the id, row, and column. The other fields are only used to generate the final diagnosis report.



In the next step, the user uploads the plate image to be analyzed. There is an option to flip the image horizontally, which may be necessary for scanned images. For enhanced well detection, digitally scanned images are preferred, but camera photos could also be used. A scanner is preferable because it reduces variability sources such as shadows or low manual steadiness. Preliminary tests with smartphone cameras resulted in images with heterogeneous quality, presenting shadows in the wells furthest from the center of the plate.



The following step is the well detection. The software allows three methods:




	
Direct detection: This approach uses the opencv.js Hough Circle detection function [17], which uses the Hough transform to find circles in a grayscale image. This approach does not require user input on any circle location. However, this method is susceptible to failure because of the variability in the image conditions and plates. This method showed good performance for scanned images of white frame ELISA plates, but it was not accurate for the most frequently used transparent frame ELISA plates because the shadows formed during scanning confuse the detection algorithm.



	
Two bounding boxes: This method requires the user identification of two wells’ centers and diameters by dragging the circles in the image at the top left and bottom right. This approach makes use of the rectangular arrangement of the wells to locate them. The benefit of this method is its robustness for image quality. It requires the image to be horizontally aligned.



	
Bounding box rotation: This method is an extension of the above. The method rotates the image before the wells’ detection by including an additional user-defined well located at the bottom right.








Figure 11 and Figure 12 show the user interface for image uploading with box positioning and the detected wells, respectively. There are advanced options for the direct method for tuning the Hough Circles algorithm of OpenCV [18].



After the user triggers the wells’ detection, the next stages of sample diagnosis and result generation in Figure 9 are also executed. Therefore, the calibration settings used in the diagnosis should be defined before the wells’ detection is activated. The diagnostic of each well is performed according to the methods discussed in the previous section. The code is modularized such that other users with different procedures can create different diagnosis methods.



In the last step, the generated results of the sample’s detection and diagnosis are shown in the user interface. Figure 13a depicts an example of a table containing the value of the metric used in the diagnosis. Figure 13b shows the results embedded in the plate with information on the analyzed data and the lower and upper cut-offs. As shown in the legends, red is for positive, yellow for undetermined, and green for negative samples according to the diagnosis method. There is an option to download individualized PDF files for each analyzed sample containing the patient’s personal information with his/her diagnosis.




5. Conclusions


The proposed methodology in the present work uses scanned images to detect IgG anti-SARS-CoV-2 antibodies instead of the spectrophotometer analysis by ELISA tests. As a similar accuracy to the traditional approach was obtained, the created method was considered to be validated. An open-source software was developed to simplify and automate the diagnosis report. The low-cost and easy-to-use methodology to test the population can be broadly applied facilitating mass testing and improving COVID-19 monitoring. The new method is expected to be adaptable to perform other ELISA-based test diagnoses.
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Figure 1. Schematic diagram of the proposed methodology. 
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Figure 2. Scanned image of an ELISA plate. 
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Figure 3. HSV transformation of the ELISA image of Figure 2, showing (a) only the hue, (b) only the saturation, and (c) only the value. 
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Figure 4. Distribution of saturation in a sample image. 
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Figure 5. Absorbance vs. squared saturation, yellow samples. 
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Figure 6. Absorbance vs. saturation, blue samples. 
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Figure 7. Effect of neighbor samples on saturation. Columns 1, 2, 5, 6, 9, and 10 are negative samples. 
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Figure 8. Absorbance vs. squared saturation from images of different sources. 
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Figure 9. Illustrative scheme for the required steps in an ELISA plate diagnosis. 
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Figure 10. Setup step in the ELISA Plate Analyzer software. 






Figure 10. Setup step in the ELISA Plate Analyzer software.



[image: Processes 11 00194 g010]







[image: Processes 11 00194 g011 550] 





Figure 11. Upload and bounding boxes’ location for the two bounding box well detection method. 
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Figure 12. Detected wells using the two bounding boxes method. 
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Figure 13. Result generation: (a) generated table of diagnosis metrics and (b) sample diagnoses presented in the evaluated ELISA plate. 
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Table 1. Median values of the data found in de Assis et al. [11].
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	Test
	Sensitivity
	Specificity
	Price (USD)





	ELISA
	88.3%
	76.3%
	6.87



	LFIA
	83.7%
	99.1%
	14.28
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Table 2.   R 2   between absorbance and the square of saturation of selected plates.
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	Plate
	    R 2    





	Plate 1
	93.2%



	Plate 2a
	92.1%



	Plate 3a
	97.6%



	Plate 2b
	94.4%



	Plate 3b
	97.0%
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Table 3. Comparative results with a spectrophotometer for a set of plates.
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ELISA with Spectrophotometer

	
ELISA with Scanner






	

	
Accuracy

	
Sensitivity

	
Specificity

	
Accuracy

	
Sensitivity

	
Specificity




	
Plate 1

	
92.7%

	
92.2%

	
100%

	
97.9%

	
97.8%

	
100%




	
Plate 2a

	
92.7%

	
92.5%

	
100%

	
97.9%

	
97.8%

	
100%




	
Plate 3a

	
99.0%

	
100%

	
97.9%

	
100%

	
100%

	
100%




	
Plate 2b

	
97.9%

	
98.9%

	
66.7%

	
94.8%

	
94.6%

	
100%




	
Plate 3b

	
99.0%

	
100%

	
97.9%

	
97.9%

	
100%

	
95.8%




	
Plate 4

	
94.8%

	
100%

	
90.2%

	
90.6%

	
82.2%

	
98.0%




	
Plate 5

	
100%

	
100%

	
100%

	
97.9%

	
95.3%

	
100%




	
Plate 6

	
96.9%

	
97.9%

	
95.9%

	
97.9%

	
100%

	
94.1%
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