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Abstract: Antibody tests, widely used as a complementary approach to reverse transcriptase–polymerase
chain reaction testing in identifying COVID-19 cases, are used to measure antibodies developed for
COVID-19. This study aimed to evaluate the different parameters of the FDA-authorized SARS-CoV-2
IgM antibody tests and to rank them according to their performance levels. In the study, we involved
27 antibody tests, and the analyzes were performed using the fuzzy preference ranking organization
method for the enrichment evaluation model, a multi-criteria decision-making model. While criteria
such as analytical sensitivity, specificity, positive predictive value, and negative predictive value
were evaluated in the study, the ranking was reported by determining the importance levels of the
criteria. According to our evaluation, Innovita 2019-nCoV Ab Test (colloidal gold) was at the top
of the ranking. While Cellex qSARS-CoV-2 IgG/IgM Rapid Test and Assure COVID-19 IgG/IgM
Rapid Tester ranked second and third on the list, the InBios-SCoV 2 Detect Ig M ELISA Rapid Test
Kit was determined as the least preferable. The fuzzy preference ranking organization method for
enrichment evaluation, which has been applied to many fields, can help decision-makers choose the
appropriate antibody test for managing COVID-19 in controlling the global pandemic.

Keywords: SARS-CoV-2; IgM; COVID-19; fuzzy logic; PROMETHEE; MCDM

1. Introduction

Since its initial detection in December 2019, severe acute respiratory syndrome coro-
navirus 2 (SARS-CoV-2) has spread rapidly worldwide, causing more than 620 million
infections and more than 6.5 million deaths [1]. SARS-CoV-2, belonging to the Coronaviridae
family, is a single-stranded, positive-sense RNA virus that has exhibited high genetic diver-
sity since its first appearance [2,3]. These changes affect the viral antigenic phenotype and
provide a fitness advantage. As a result, emerging SARS-CoV-2 variants may increase the
virus transmission rate, leading to hospitalizations and increased mortality rates in all age
groups [4]. Therefore, early detection, isolation, and treatment to limit virus transmission
play an essential role [5].

COVID-19 can be diagnosed by detecting viral nucleic acid either by nucleic acid
amplification testing or virus-specific proteins by antigen testing and antibody detection by
serology testing [6,7]; detection of viral-specific antibodies can enhance and support the
accurate and more precise diagnosis. These tests monitor the progression of the infection
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and treatment responses to COVID-19 [8,9]. Antibody testing is commonly used to measure
the immune response after natural infection and vaccination, predict the duration of
immunoglobulin (IgM, IgA, and IgG) responses by infected cases, and in retrospective
assessment of the infected population for epidemiological surveillance studies [10–13].
During the pandemic, different antibody tests have been designed to be used for these
purposes. However, the more options, the harder it is to decide. Therefore, new methods
are needed to choose the most suitable test for SARS-CoV-2 antibodies.

Multi-criteria decision-making (MCDM) methods began to be developed in the 1960s
when several tools were deemed necessary to assist decision-making [14]. The decision-
making process will not be accessible in cases where several parameters determine the target
to be achieved in the selection. Each of the alternatives to be evaluated for selection has
its advantages. In such cases, the decision maker will either eliminate all these indecision
problems, whether healthy or unhealthy or reach a doubt in doubt after long and irrational
analyses. Using MCDM methods aims to keep the decision-making mechanism under
control in cases where the number of alternatives and parameters (criteria) is high and
obtain the decision result as rationally and quickly as possible [14]. Mostly, in complex
decision-making problems, there are incomparable and immeasurable situations between
the parameters of the alternatives. MCDM methods consider these situations and assist
the decision maker (DM) in finding an optimum solution and ranking the other options.
Fuzzy-based MCDM methods offer different approaches to DM when there is a situation
of incommensurability and incomparability between the alternatives and solutions as
opposed to the elimination of these parameters [14]. In real-world problems, while one
option is superior to another in one criterion, it is generally not the most ideal in another
bar. MCDM methods help DMs with various techniques based on the features of the data
of such scenarios or cases.

Many MCDM techniques, such as The Technique for Order of Preference by Similarity
to Ideal Solution (TOPSIS), Analytic Hierarchy Process (AHP), Elimination and Choice
Translating Reality (ELECTRE), preference ranking organization method for enrichment
evaluation (PROMETHEE), Fuzzy-based MCDM techniques., are proposed by different
researchers with different advantages and disadvantages. The most important difference
and benefit of the PROMETHEE technique are that it provides the decision-makers with
varying functions of preference in calculating the preference values of the alternatives for
each criterion [14].

PROMETHEE method, one of the most recently developed methods among MCDM
methods, was improved by Jean-Pierre Brans and Philippe Vincke in 1985 after being
introduced by Jean-Pierre Brans in 1982. The key characteristics of the PROMETHEE
method are simplicity, clarity, and balance [15]. The technique uses preference functions
when creating an order. All parameters must be clearly defined for the analysis. With the
PROMETHEE method, it is possible to perform both partial rankings (PROMETHEE I).

Net ranking (PROMETHEE II) on a finite number of alternatives and the criterion is a
result of the main superiority of standards: sensitivity, specificity, positive and negative
predictive values (PPV/NPV) as well as is a result of scales the method is a well-constructed
decision support system that enables evaluation and decision making based on many cri-
teria benefits of scales. The advantage of scales in this decision matrix is the origin of the
PROMETHEE method, as it is for other analytical MCDM methods [15]. In this matrix,
alternatives are assessed with different parameters. The application of the PROMETHEE
method requires two additional types of information. The first of these is the determi-
nation of the weight of the parameters. This criterion’s weight is the standard’s relative
importance [15]. The second is the determination of the preference function. The decision
maker uses this information to compare the contribution of each criterion to alternatives.
The concept of enrichment, mentioned in the exact name of the method, is because the
technique is not carried out with a simple process when evaluating the initial decision
matrix but is based on previously determined preference functions. The PROMETHEE
method provides a more detailed analysis by evaluating alternatives based on different
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preference functions, providing both partial and net priorities of the option [15]. Sorting by
PROMETHEE method has two critical advantages and other sorting methods. The first
of these advantages is that a different preference function can be used for each criterion
to evaluate the alternatives. The second is that partial and complete rankings of the other
options can be obtained. With these advantages, the efficiency and accuracy of the process
have been increased in the organizations where the application is made [15].

The PROMETHEE technique has handled a significant number of successful applica-
tions in a variety of industries, including banking, industrial location, workforce planning,
water resources, investments, medicine, chemistry, health care, tourism, ethics in OR, and
dynamic management, due to its viability in outranking alternatives and the availability of
many versions [14,15]. The methodology’s success is mainly attributable to its mathemati-
cal characteristics and unique user-friendliness [14,15]. It has not been applied before for
evaluating SARS-CoV-2 IgM antibody test options.

This study aimed to propose whether the analytical MCDM methods, precisely the
fuzzy PROMETHEE approach in this study, which has been used in various fields of health,
can guide the selection of diagnostic tests for infectious diseases. As the IgM is the first
antibody in response to COVID-19 and is widely used for the diagnosis of acute infection,
in this study, we preferred to evaluate the comparative diagnostic performance of the SARS-
CoV-2 IgM antibody test kits, considering their parameters, including analytical sensitivity,
specificity, positive predictive value, negative predictive value, etc. simultaneously, which is
not an easy task even for the experts since many criteria have an impact on the performance
of the diagnostic test kits For this purpose, we aimed to rank the performance of the SARS-
CoV-2 IgM antibody test kits that have been approved by the Food and Drug Administration
(FDA) for emergency use in the diagnosis of acute COVID-19 by evaluation of the standard
criteria with fuzzy PROMETHEE, which is pairwise analytical MCDM model successfully
applied in many areas where the selection problems arise under the vague environment.
With this model, the strengths and the weaknesses of the antibody tests were also analyzed
in detail.

2. Materials and Methods

Fuzzy logic-based MCDM techniques are to be used to clarify the uncertainty of the
parameters of the selection problems to provide the ideal solutions. MCDM strategies
have been extended to a wide range of engineering applications, specifically for materials
selection problems, but they are rarely used in medical situations where the complexity
is higher. These techniques include analytical and non-analytical approaches based on
the nature of the problem, and it aims to reduce the complexity of the problem into a
manageable form. Fuzzy logic has been defined as a process of multivalued logic and
enables the DM to integrate the non-crisp parameters into systems for consideration. The
main components of a decision process are the aim of the problem, which should be
well determined, available alternatives, and the parameters/criteria assigned to the other
options, as shown in Figure 1.

Figure 1. The general form of the decision-making analysis components.
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The decision-making process generally contains seven steps, as seen in Figure 2. If
the solution does not fulfill the decision maker’s needs, the problem structure should be
revised, and the process should be re-followed until the ideal solution is obtained.

Figure 2. The process of the decision-making applications.

To construct the decision matrix of the SARS-CoV-2 Ig M antibody tests, we have
selected the parameters that can affect their performance based on the expert’s opinion.
A total of 27 SARS-CoV-2 IgM antibody tests were involved in this study. These tests
have been authorized for emergency use by the FDA, and they were involved in this
study based on the information provided by manufacturers’ instructions for use on FDA’s
official web page [16]. These tests were not implemented in clinical samples. A new
approach (F-PROMETHEE method) interpreted the criteria for these tests to decide the
most appropriate IgM diagnostic kit for SARS-CoV-2. Therefore, positive and negative
controls were not used as the study did not involve clinical samples. The results were
obtained based on the selected parameters and the priorities given to these standards of
the experts. The study was conducted by evaluating different variables of SARS-CoV-2 Ig
M antibody tests (n = 27), including (n = 17, 63%) lateral flow assay (LFA) (rapid diagnostic
tests), plate-based enzyme-linked immunosorbent assay (n = 1, 4%), chemiluminescence
immunoassay (CLIA) (n = 5, 19%), chemiluminescence microparticle immunoassay (CMIA)
(n = 3, 11%), and enzyme-linked immunofluorescent assay (ELISA) (n = 1, 4%) with
F-PROMETHEE method of MCDM technique.

The criteria provided by the manufacturer’s instructions for use and involvement
in the study were analytical sensitivity, specificity, PPV, NPV, sample type and volume,
assay technique, antigen target, time to the first result, duration of post-infection sampling
days, reagent storage conditions, applicability, accessibility to kits, result storage, capac-
ity, loading capacity/per run, maximum efficiency, frequency of calibration, etc. With
the fuzzy PROMETHEE technique, based on the simultaneous interpretation of a large
number of criteria/parameters on a model, 27 different SARS-CoV-2 IgM test kits were
assessed. This study used fuzzy triangular sets (see Figure 3) to determine the parameters
of the alternatives.

The importance levels of each standard have been assigned using the fuzzy triangular
scale based on the experts’ opinions, as shown in Table 1. The scores for the standards
preferences for the selected criteria were determined by the experts’ opinions and defined
numerically with a triangular fuzzy linguistic scale that ranges between 0 and 1 on the
model. As parameters such as sensitivity, specificity, PPV, and NPV are critical to the
accuracy of a diagnostic test kit, their importance weights were rated very high in the
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model, with a fuzzy score of (0.75, 1, 1). Critical criteria were scored with lower fuzzy
scores (0.5, 0.75, 1), and the medium and low importance fuzzy scores were assigned as
(0.25, 0.50, 0.75) and (0, 0.25, 0.5), respectively. In the scoring, the SARS-CoV-2 pandemic
and future pandemics were mainly considered.

Figure 3. The triangular linguistic sets were used for the fuzzification process of the dataset. (Very
high: VH, high: H, medium: M, low: L, very low: VL, µx: membership values of the x values assigned
to linguistic classes).

Table 1. Fuzzy linguistic scale and the importance levels of the selected parameters.

Linguistic/Triangular Fuzzy Scale Criteria/Parameter

(Very high)/(0.75, 1, 1) Sensitivity IgM, specificity IgM, positive predictive
value, negative predictive value, calibration frequency

(High)/(0.50, 0.75, 1)
Target, result time, result interpretation, storage, time of
sampling days post symptom onset, maximum
throughput/hour

(Moderate)/0.25, 0.50, 0.75)
Specimen type, technology, practicability/ease of
operation, loading capacity/each run, access to kit,
result storage, special laboratory equipment requirement

(Low)/(0, 0.25, 0.50) Sample volume, test kit size

(Very low)/(0, 0, 0.25) None of the criteria

After determining the parameter’s importance levels, the Yager index was used for
the defuzzification of the given triangular fuzzy values of the linguistic scale. Then, the
F-PROMETHEE technique was performed with Gaussian preference functions for each
criterion since it gives preference values to alternatives using the standard deviation of the
related measures.

3. Results

The IgM tests were ranked according to each test’s net ranking flow value (Phi). Phi
of each test was calculated by subtracting negative outranking flow (Phi−) from positive
outranking flow (Phi+). Phi+ is a value that represents the strengths of the alternatives.
In contrast, Phi− is a value that shows the weaknesses of the options when compared
with other choices concerning each criterion and the given importance weights. The data
obtained from the interpretation of different parameters show that the Innovita 2019-
nCoV Ab Test (colloidal gold) (Innovita Biological Technology Co. Ltd., Tangshan, China)
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represents the expected test performance best among all SARS-CoV-2 IgM tests. Complete
ranking of FDA EMU-authorized SARS-CoV-2 IgM antibody tests in Table 1 results from
the main superiority of criteria: sensitivity, specificity, PPV/NPV, and time of sampling
days post-infection. According to this ranking, the Cellex qSARS-CoV-2 IgG/IgM Rapid
Test (Cardinal Health, Charlotte, NC, USA) and Assure COVID-19 IgG/IgM Rapid Tester
(Assure Tech (Hangzhou) Co. Ltd., Hangzhou, China) were the second and third best-
performing test kits, respectively. In this study, InBios-SCoV 2 Detect IgM ELISA Rapid
Test Kit (InBios International, Inc., Seattle, WA, USA) was considered the least preferred
one (see Table 2).

Table 2. Complete ranking of FDA EUAs SARS-CoV-2 IgM antibody tests.

Ranking SARS-CoV-2 IgM
Diagnostic Test Kit

Test
Technique Phi Phi+ Phi−

1 Innovita CLIA 0.0270 0.0348 0.0078
2 Cellex LFA 0.0241 0.0335 0.0094
3 Assure LFA 0.0240 0.0335 0.0095
4 ACON LFA 0.0234 0.0335 0.0101
5 Nirmidas MidaSpot LFA 0.0200 0.0306 0.0106
6 Salofa Sienna-Clarity LFA 0.0200 0.0306 0.0106
7 Biocan LFA 0.0193 0.0292 0.0100
8 Hangzhou RightSign LFA 0.0152 0.0263 0.0111
9 Healgen LFA 0.0152 0.0263 0.0111
10 Xiamen BIOTIME LFA 0.0152 0.0263 0.0111
11 Hangzhou LYHER Colloidal gold LFA 0.0145 0.0259 0.0114
12 Megna LFA 0.0143 0.0304 0.0160
13 Nirmidas LFA 0.0111 0.0243 0.0132
14 Biohit Colloidal gold LFA 0.0095 0.0260 0.0165
15 Access LFA 0.0063 0.0312 0.0249
16 DiaSorin LIAISON CMIA −0.0040 0.0302 0.0343
17 Jiangu Orawell LFA −0.0116 0.0155 0.0271
18 TBG LFA −0.0119 0.0144 0.0263

19 Abbott Advise DX
(Alinity) CMIA −0.0153 0.0322 0.0475

20 bioMerieux VIDAS ELFA −0.0155 0.0167 0.0321
21 Shenzhen MAGLUMI CLIA −0.0166 0.0329 0.0495

22 Abbott AdviseDx
(Architect) CMIA −0.0180 0.0313 0.0493

23 Beckman Coulter Access CLIA −0.0192 0.0234 0.0426
24 Diazym DZ Lite CLIA −0.0214 0.0320 0.0534
25 BioCheck IgM CLIA −0.0227 0.0145 0.0371

26 BioCheck IgG/IgM
Combo CLIA −0.0252 0.0167 0.0418

27 InBios ELISA −0.0658 0.0143 0.0801
Abbreviations: CLIA: chemiluminescence immunoassay; LFA: lateral flow assay; CMIA: chemiluminescent
microparticle immunoassay; ELFA: enzyme-linked fluorescence assay; Phi: net ranking flow; Phi+: positive
outranking flow, Phi−: negative outranking flow. Phi+ is a value that represents the strengths of the alternatives.
In contrast, Phi− is a value that shows the weaknesses of the options when compared with other possibilities
concerning each criterion and the given importance weights.

Innovita 2019-nCoV Ab Test (colloidal gold) (Innovita Biological Technology Co. Ltd.,
Tangshan, China), the most appropriate antigen test according to the ranking, is an LFA
system that gives results within 10–15 min. A minimal amount of human serum, plasma,
or venous blood obtained ≥8 days after symptom onset is of great advantage for this kit.
The sensitivity, specificity, PPV, and NPV values are given as 100%, 97.5%, 97.6%, and
100%, respectively, according to manufacturer instructions. In addition to these criteria, its
properties, such as targeting nucleocapsid and spike (S) proteins and being stored at room
temperature, were the first in the rank [16].

In addition, the plate-based InBios-SCoV 2 Detect IgM ELISA Rapid Test Kit (InBios
International, Inc., Seattle, WA, USA) with a sensitivity of 96.7%, specificity of 98.8%, PPV
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and NPV values of 98.7% and 96.7%, respectively, has been listed at the end of the list due
to these criteria as well as the parameters such as targeting only S protein, providing results
in approximately two h with either serum or plasma specimens.

4. Discussion

Since the beginning of the pandemic, there has been an effort to manage and control
COVID-19 worldwide. As a complement to rRT-PCR, reliable, high-quality serological
test kits are crucial in combating the COVID-19 pandemic. Due to the lockdown of many
businesses and restrictions on travel, the world economy has been significantly affected.
Thus, it is precious to produce different diagnostic assays that provide reliable and rapid
results regarding the SARS-CoV-2 infection and immune response in the host against the
virus in a short timeframe to prevent future infections, enhance cure rate, prevent deaths,
and normalize life. SARS-CoV-2 IgM antibody testing with rRT-PCR can provide a more
accurate and precise diagnosis of acute COVID-19 cases.

Recent studies also highlight serological diagnostic tests’ solid and high specificity
that supports molecular methods in diagnosing COVID-19 [15–18]. Accordingly, it may
be appropriate to use antibody tests during the pandemic periods. This study ranked the
SARS-CoV-2 IgM antibody tests using the fuzzy-based PROMETHEE technique. Here,
our findings demonstrated that this new technique, which has been used in SARS-CoV-2
diagnostic approaches, therapeutic options, and potential vaccines before, could be effec-
tively applied to the interpretation of commercially available SARS-CoV-2 IgM antibody
tests during global pandemic management [15,19,20]. The F-PROMETHEE method can
guide decision-makers in deciding on the most appropriate SARS-CoV-2 IgM antibody
test for each country to support their RT-PCR results. The performance ranking of IgM
antibody tests revealed that LFA IgM antibody tests are preferable. Rapid diagnostic kits
provided the best analytical success in this study and were a point of care for testing in
the community.

During a pandemic, timely availability and fast access to reliable, high-quality sero-
logic test techniques as a complement to rRT-PCR would play a tremendous role in fighting
pandemics. Various antigen targets, including recombinant full S (spike), N (nucleocapsid)
proteins, or peptides of the N and S1, S2, and receptor binding domain (RBD) of S protein
are used in different SARS-CoV-2 serological test platforms. S and N proteins are the most
immunogenic [13]. Recently, The U.S. FDA has allowed various anti-SARS-CoV-2 systems
for emergency use to detect antibodies against SARS-CoV-2 [11]. Main commercially avail-
able serological tests involve techniques such as LFA, ELISA, CLIA, CMIA, enzyme-linked
fluorescent assay (ELFA), photonic ring immunoassay, fluorescent immunoassay (FIA),
and fluorescent multiplex bead-based immunoassay (FMIA) have received emergency use
authorization for the detection of viral-specific antibodies, which generally develop several
days after the first exposure to the virus [11,21]. Throughout the COVID-19 pandemic,
there was a need to develop rapid and efficient new methods to diagnose and monitor
COVID-19 cases, besides conventional techniques, to limit the virus’s spread. New systems
have been proposed to fight against COVID-19 and other infectious diseases. A novel
solution is the 5G-enabled ultra-sensitive fluorescence sensor which suggests quantitative
detection of SARS-CoV-2 antigens using mesoporous silica encapsulated op conversion
nanoparticles labeled as LFA [22]. Therefore, continuous evaluation of the performance of
various systems is also required to determine the most appropriate and accurate methods.

During a pandemic, criteria such as point-of-care testing (POCTs), high return, short
turnaround times, accessibility, applicability, and storage conditions of kits also assume an
essential role in successful crisis management [23–25]. Although the current study allowed
us to evaluate the diagnostic performance of all available techniques with different criteria
developed for SARS-CoV-2 IgM, recent studies for this purpose have considered only a few
methods, either by test technique or antigen target using clinical data [26–29]. Among those,
POCT systems are more popular than other laboratory-based automatized systems. One
of the recent studies on rapid tests revealed 100% sensitivity with no cross-reactivity with
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any common cold agents in SARS-CoV-2 infected cases [23]. Similarly, with the automated
systems, Lau et al. assessed the performance of point-of-care systems (POCTs) against
SARS-CoV-2. The study revealed that the POCTs had acceptable specificity with little
cross-reactivity with other antibodies [30].

On the other hand, the method used in this study allows decision-makers to evaluate
multiple criteria simultaneously in different IgM antibody test kits and decide on the
most preferred technique or equipment to reduce the risk of further virus transmission
throughout the pandemic. MCDM methods have been widely used in different fields to
remove ambiguity in the selection of alternatives before [14,15,20]. With the COVID-19
pandemic, MCDM methods have been used to evaluate newly developed approaches used
in the diagnosis, treatment, and prevention of COVID-19 [17,21,22]. However, this is the
first study in the literature that suggests the MCDM (fuzzy PROMETHEE) technique for
evaluating the performances and effectiveness of the SARS-CoV-2 IgM antibody tests nu-
merically. Therefore, this method will also guide the different diagnostic test kit alternatives
to manage future pandemics effectively.

5. Conclusions

As a complement to rRT-PCR, reliable, high-quality, easy-to-access serological test kits
actively combat the COVID-19 epidemic. SARS-CoV-2 IgM antibody testing combined with
molecular systems can provide a more accurate and definitive diagnosis of acute COVID-19
cases. Since evaluating conflicting criteria in deciding on the most accurate and appropriate
diagnostic tests is impractical, the F-PROMETHEE method can be effectively applied to this
field. The technique can guide decision-makers in selecting the most appropriate kits for
the diagnosis of COVID-19 distributed or developed in each country. The decision maker
can evaluate and compare conflicting criteria based on this technique to determine the most
favorable antibody test according to local prevalence for effective COVID-19 management.

The following are the study’s limitations: (1) due to the lack of studies in the literature
on the evaluation of antibody tests by mathematical analysis; likely, the tests included in the
study were not widely used during the pandemic period; (2) positive and negative control
samples could not be used because the study was based on mathematical data analysis and
was not conducted with clinical samples. Based on the nature of the analytical decision-
making process, the results were obtained based on the selected parameters and the experts’
preferences for determining the importance of the criteria, which can be updated based on
the decision-makers priorities. Furthermore, the results provided sufficient and supportive
information about the SARS-CoV-2 IgM antibody tests since the analysis was carried out by
considering the most critical parameters that have a significant impact on the performances
of the SARS-CoV-2 IgM antibody tests.

The study clarifies that different types of diagnostics, treatments, and vaccines de-
veloped against emerging and re-emerging infectious agents can also be evaluated with
these new approaches in the future. Especially at the beginning of future outbreaks, the
performance of newly developed diagnostic and therapeutic strategies can be assessed
using medical data with mathematical models to guide decision-makers in the clinical
management of infectious diseases. Mathematical analysis of medical data will be an
impressive solution to predict future outbreaks and their measurements.

Author Contributions: Methodology, B.U. and D.U.O.; Software, D.U.O.; Validation, T.S. and M.S.;
Data curation, A.A.; Writing–original draft, A.A. and B.U.; Writing–review & editing, T.S. and M.S.;
Supervision, D.U.O. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The datasets generated during and analysed during the current study
are available from the corresponding author on reasonable request.



Diagnostics 2022, 12, 2830 9 of 10

Conflicts of Interest: The authors declare no conflict of interest.

References
1. The World Health Organization (WHO). Coronavirus (COVID-19). Available online: https://covid19.who.int/ (accessed on

11 October 2022).
2. Brant, C.A.; Tian, W.; Majerciak, V.; Majerciak, V.; Yang, W. SARS-CoV-2: From discovery to genome structure, transcription, and

replication. Cell Biosci. 2021, 11, 136. [CrossRef] [PubMed]
3. Nextstrain. Nextstrain SARS-CoV-2 Resources. Available online: Nextstrain.org/sars-cov-2 (accessed on 5 December 2021).
4. Sayan, M.; Arikan, A.; Isbilen, M. Circulating dynamics of SARS-CoV—2 variants between April 2021 and February 2022 in

Turkey. Can. J. Infect. Dis. 2022, 2022, 4677720. [CrossRef] [PubMed]
5. Harrison, A.G.; Lin, T.; Wang, P. Mechanisms of SARS-CoV-2 Transmission and Pathogenesis. Trends Immunol. 2020, 41, 1100–1115.

[CrossRef] [PubMed]
6. Li, N.; Wang, P.; Geng, C.; Chen, J.; Gong, Y. Molecular diagnosis of COVID-19: Current situation and trend in China. Exp. Ther.

Med. 2020, 20, 13. [CrossRef]
7. Kilic, T.; Weissleder, R.; Lee, H. Molecular and immunological diagnostic tests of COVID-19: Current status and challenges.

iScience 2020, 23, 101406. [CrossRef] [PubMed]
8. Centers for Diseases Control and Prevention (CDC). COVID 19: Interim Clinical Guidance for Management of Patients with

confirmed Coronavirus Disease (COVID-19). 2020. Available online: https://www.cdc.gov/coronavirus/2019-ncov/hcp/
clinical-guidance-management-patients.html/ (accessed on 16 February 2021).

9. Mokhtari, T.; Hassani, F.; Ghaffari, N.; Ebrahimi, B.; Yarahamdi, A.; Hassanzadeh, G. COVID-19 and multiorgan failure: A
narrative review on potential mechanisms. J. Mol. Histol. 2020, 4, 613–628. [CrossRef] [PubMed]

10. Peeling, R.W.; Heymann, D.L.; Teo, Y.Y.; Garcia, P.J. Diagnostics for COVID-19: Moving from pandemic response to control.
Lancet 2022, 399, 757–768. [CrossRef]

11. U.S. Food and Drug Administration. COVID-19 Testing. 2019. Available online: https://www.fda.gov/consumers/consumer-
updates/coronavirus-disease-2019-testing-basics/ (accessed on 11 June 2020).

12. Algaissi, A.; Alfaleh, M.A.; Hala, S.; Abujamel, T.S.; Alamri, S.S.; Almahboub, S.A.; Alluhaybi, K.A.; Hobani, H.I.; Alsulaiman,
R.M.; AlHarbi, R.H.; et al. SARS-CoV-2 S1, and N-based serological assays reveal rapid seroconversion and induction of specific
antibody response in COVID-19 patients. Sci. Rep. 2020, 10, 16561. [CrossRef]

13. Coste, A.T.; Jaton, K.; Olivgeris, M.P.; Greub, G.; Croxatto, A. Comparison of SARS-CoV-2 serological tests with different antigen
targets. J. Clin. Virol. 2021, 134, 104690. [CrossRef]

14. Uzun, B.; Ozsahin, I.; Oru Agbor, V.; Uzun Ozsahin, D. Chapter 2–Theoretical aspects of multi-criteria decision-making (MCDM)
methods. In Applications of Multi-Criteria Decision-Making Theories in Healthcare and Biomedical Engineering; Ozsahin, I., Ozsahin,
D.U., Uzun, B., Eds.; Academic Press: London, UK, 2021; pp. 3–40. ISBN 9780128240861. [CrossRef]

15. Sayan, M.; Sarigul Yildirim, F.; Sanlidag, T.; Uzun, B.; Uzun Ozsahin, D.; Ozsahin, I. Capacity Evaluation of Diagnostic Tests For
COVID-19 Using Multicriteria Decision-Making Techniques. Comput. Math. Methods Med. 2020, 2020, 1560250. [CrossRef]

16. U.S. Food and Drug Administration (FDA). EUA Authorized Serology Test Performance. Available online: https://www.fda.
gov/medical-devices/coronavirus-disease-2019-covid-19-emergency-use-authorizations-medical-devices/eua-authorized-
serology-test-performance#:~{}:text=Serology%20tests%20detect%20the%20presence,antibodies%20may%20not%20be%20
detected (accessed on 13 October 2022).

17. Espejo, A.P.; Akgun, Y.; Al Mana, A.; Tjendra, Y.; Millan, N.C.; Gomez-Fernandez, C.; Cray, C. Review current advances in
serologic testing for COVID-19. Am. J. Clin. Pathol. 2020, 154, 293–304. [CrossRef] [PubMed]

18. Xiang, F.; Wang, X.; He, X.; Peng, Z.; Yang, B.; Zhang, J. Antibody detection and dynamic characteristics in patients with
COVID-19. Clin. Infect. Dis. 2020, 71, 1930–1934. [CrossRef] [PubMed]

19. Yildirim, F.S.; Sayan, M.; Sanlidag, T.; Uzun, B.; Ozsahin, D.U.; Ozsahin, I. Comparative evaluation of the treatment of COVID-19
with multi-criteria decision-making techniques. J. Health C Eng. 2021, 2021, 8864522. [CrossRef]

20. Albahri, O.; Zaidan, A.; Alsattar, H.; Mohammed, R.; Aickelin, U.; Kou, G.; Jumaah, F.; Salih, M.M.; Alamoodi, A.; Zaidan, B.; et al.
Novel dynamic fuzzy decision-making framework for COVID-19 vaccine dose recipients. J. Adv. Res. 2021, 21, 147–168. [CrossRef]

21. Ghffari, A.; Meurant, R.; Ardakani, A. COVID-19 serological tests: How well do they actually perform? Diagnostic 2020, 10, 453.
[CrossRef]

22. Guo, J.; Chen, S.; Tian, S.; Liu, K.; Ni, J.; Zhao, M.; Kang, Y.; Ma, X.; Guo, J. 5G-enabled ultra-sensitive fluorescence sensor for
proactive prognosis of COVID-19. Biosens. Bioelectron. 2021, 1, 113160. [CrossRef]

23. Gost, G.J. Public health education should include point of care testing: Lessons learned from the COVID-19 pandemic. EJIFCC
2021, 33, 311–327.

24. Kost, G.J. Geospatial spread of antimicrobial resistance, bacterial and fungal threats to COVID-19 survival, and point of care
solutions. Arch. Pathol. Lab. Med. 2021, 145, 145–167. [CrossRef]

25. Iliescu, F.S.; Ionescu, A.M.; Gogianu, L.; Simion, M.; Dediu, V.; Chifiriuc, M.C.; Pircalabioru, G.G.; Iliescu, C. Point of care
testing-The key in the battle against SARS-CoV-2 pandemic. Micromachines 2021, 12, 1464. [CrossRef]

26. Findeisen, P.; Stiegler, H.; Lopez-Calle, E.; Schneider, T.; Urlaub, E.; Hayer, J.; Zemmrich, C. Clinical performance evaluation of a
SARS-CoV-2 rapid antibody test for determining past exposure to SARS-CoV-2. Inter. J. Infect. Dis. 2021, 103, 636–641. [CrossRef]

https://covid19.who.int/
http://doi.org/10.1186/s13578-021-00643-z
http://www.ncbi.nlm.nih.gov/pubmed/34281608
Nextstrain.org/sars-cov-2
http://doi.org/10.1155/2022/4677720
http://www.ncbi.nlm.nih.gov/pubmed/36284529
http://doi.org/10.1016/j.it.2020.10.004
http://www.ncbi.nlm.nih.gov/pubmed/33132005
http://doi.org/10.3892/etm.2020.9142
http://doi.org/10.1016/j.isci.2020.101406
http://www.ncbi.nlm.nih.gov/pubmed/32771976
https://www.cdc.gov/coronavirus/2019-ncov/hcp/clinical-guidance-management-patients.html/
https://www.cdc.gov/coronavirus/2019-ncov/hcp/clinical-guidance-management-patients.html/
http://doi.org/10.1007/s10735-020-09915-3
http://www.ncbi.nlm.nih.gov/pubmed/33011887
http://doi.org/10.1016/S0140-6736(21)02346-1
https://www.fda.gov/consumers/consumer-updates/coronavirus-disease-2019-testing-basics/
https://www.fda.gov/consumers/consumer-updates/coronavirus-disease-2019-testing-basics/
http://doi.org/10.1038/s41598-020-73491-5
http://doi.org/10.1016/j.jcv.2020.104690
http://doi.org/10.1016/B978-0-12-824086-1.00002-5
http://doi.org/10.1155/2020/1560250
https://www.fda.gov/medical-devices/coronavirus-disease-2019-covid-19-emergency-use-authorizations-medical-devices/eua-authorized-serology-test-performance#:~{}:text=Serology%20tests%20detect%20the%20presence,antibodies%20may%20not%20be%20detected
https://www.fda.gov/medical-devices/coronavirus-disease-2019-covid-19-emergency-use-authorizations-medical-devices/eua-authorized-serology-test-performance#:~{}:text=Serology%20tests%20detect%20the%20presence,antibodies%20may%20not%20be%20detected
https://www.fda.gov/medical-devices/coronavirus-disease-2019-covid-19-emergency-use-authorizations-medical-devices/eua-authorized-serology-test-performance#:~{}:text=Serology%20tests%20detect%20the%20presence,antibodies%20may%20not%20be%20detected
https://www.fda.gov/medical-devices/coronavirus-disease-2019-covid-19-emergency-use-authorizations-medical-devices/eua-authorized-serology-test-performance#:~{}:text=Serology%20tests%20detect%20the%20presence,antibodies%20may%20not%20be%20detected
http://doi.org/10.1093/ajcp/aqaa112
http://www.ncbi.nlm.nih.gov/pubmed/32583852
http://doi.org/10.1093/cid/ciaa461
http://www.ncbi.nlm.nih.gov/pubmed/32306047
http://doi.org/10.1155/2021/8864522
http://doi.org/10.1016/j.jare.2021.08.009
http://doi.org/10.3390/diagnostics10070453
http://doi.org/10.1016/j.bios.2021.113160
http://doi.org/10.5858/arpa.2020-0284-RA
http://doi.org/10.3390/mi12121464
http://doi.org/10.1016/j.ijid.2020.11.164


Diagnostics 2022, 12, 2830 10 of 10

27. Shibata, H.; Nishimura, K.; Maeda, T.; Honma, M.; Goda, Y.; Ishii-Watabe, A.; Saito, Y. Evaluation of the analytical performance of
anti-SARS-CoV-2 antibody test kits distributed or developed in Japan. Bioanalysis 2022, 14, 325–340. [CrossRef] [PubMed]

28. Kim, J.K.; Ryu, S.W.; Kim, J.S.; Jung, B.K. Performance evaluation of four rapid antibody tests for the detection of severe acute
respiratory syndrome coronavirus 2. J. Clin. Lab. Anal. 2021, 36, e24374. [CrossRef] [PubMed]

29. Ko, J.H.; Joo, E.J.; Baek, J.Y.; Huh, K.; Cho, S.Y.; Kang, C.; Chung, D.R.; Kim, Y.J.; Kang, E.S.; Peck, K.R. Evaluation of six
anti-SARS-CoV-2 antibody test kits and practical approaches to optimize the diagnosis performance. J. Microbiol. Immunol. Infect.
2021, 54, 983–986. [CrossRef] [PubMed]

30. Lau, C.S.; Hoo, S.P.; Liang, Y.L.; Phua, S.K.; Aw, T.C. Performance of two rapid point-of-care SARS-CoV-2 antibody assays against
laboratory-based automated chemiluminescent immunoassays for SARS-CoV-2 IgG, IgM, and total antibodies. Pr. Lab. Med.
2021, 24, e00201. [CrossRef]

http://doi.org/10.4155/bio-2021-0254
http://www.ncbi.nlm.nih.gov/pubmed/35234530
http://doi.org/10.1002/jcla.24374
http://www.ncbi.nlm.nih.gov/pubmed/35446996
http://doi.org/10.1016/j.jmii.2021.03.008
http://www.ncbi.nlm.nih.gov/pubmed/33836943
http://doi.org/10.1016/j.plabm.2021.e00201

	Introduction 
	Materials and Methods 
	Results 
	Discussion 
	Conclusions 
	References

