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A B S T R A C T   

Background: Semi-quantitative and quantitative immunoassays are the most commonly used methodology to 
evaluate immunity post immunization. Objectives: To compare four quantitative SARS-CoV-2 serological assays in 
COVID-19 patients and immunized healthy individuals, cancer patients, and patients with immunosuppressive 
therapy. Study design: 210 serological samples from COVID-19 infection and vaccination cohorts were used to 
create a serological sample repository. Serological methods from four manufacturers, namely Euroimmun, 
Roche, Abbott, and DiaSorin, were evaluated for quantitative, semi-quantitative, and qualitative antibody 
measurements. All four methods measure IgG antibodies against the SARS-CoV-2 spike receptor–binding domain 
and report the results in Binding Antibody Unit/mL (BAU/mL). A Total Error Allowable (TEa) of ±25% was 
chosen as the criteria to determine whether two methods are clinically equivalent quantitatively. Semi- 
quantitative results (titers) were derived using numeric antibody concentration divided by the cut-off value 
for each method. Results: All paired quantitative comparisons demonstrated unacceptable performance. With 
±25% as TEa, the best agreement was 74 (35.2% out of 210 samples) between Euroimmun and DiaSorin, 
whereas the lowest agreement was 11 (5.2% out of 210 samples) between Euroimmun and Roche. Antibody titers 
amongst all four methods were significantly different (p < 0.001). The highest titer difference from the same 
sample is between Roche and DiaSorin with a 1392-fold difference. On qualitative comparison, none of the 
paired comparison showed acceptable comparison (p < 0.001). Conclusions: Poor correlation exists between four 
evaluated assays, quantitatively, semi-quantitatively, and qualitatively. Further harmonization of assays is 
required to achieve comparable measurements.   

1. Background 

It has been more than two years into the global pandemic of SARS- 
CoV-2 infection, and over twelve billion doses of vaccines have been 
administered with over 600 million people being infected with COVID- 
19 worldwide [1]. Health Canada (HC) and the U.S. Food and Drug 
Administration (FDA) have approved multiple vaccines for Emergency 
Use Authorization (EUA), such as Moderna SpikeVax (mRNA-1273) and 
Pfizer-BioNTech Comirnaty (BNT162b2) [2,3]. Coronaviruses have four 
structural proteins: the spike protein (S), the nucleocapsid (N), the 

envelope protein (E), and the membrane protein (M) [4]. The S protein, 
which protrudes from the virus envelope, is immunodominant and 
consists of two subunits: the S1 protein, which contains the receptor 
binding domain (RBD), and the S2 protein, which mediates cell mem
brane fusion [5]. Multiple platforms of serological testing against 
different SARS-CoV-2 antigens, such as the spike protein (S) and 
nucleocapsid protein (N), are available. 

Immunoassays, e.g., enzyme-linked immunosorbent assay (ELISA), 
are the most commonly used methodology to evaluate immunity after 
immunization [6]. For most other vaccines, a universal cut-off value 
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based on either semi-quantitative or quantitative immunoassay is often 
chosen to represent protection and immunity [6]. As demonstrated by 
the Rubella vaccine, the cut-off value should be continuously monitored 
and adjusted with the aid of large epidemiological studies [7], and may 
differ among countries [8]. Therefore, it is critical that results across 
various analytical platforms are comparable and could properly define 
the immunity post both immunization and infection. The National 
Committee of Clinical Laboratory Scientists (NCCLS) periodically pub
lishes guidelines for clinical laboratories to properly report testing re
sults with respect to immunity, after a high level of concordance is 
achieved among various analytical platforms [7,9]. 

In healthy individuals, it is known that humoral responses could 
increase significantly with additional booster doses of SARS-CoV-2 
vaccination [10]. Furthermore, humoral response is poor post- 
immunization in immunocompromised individuals [11]. As a result, 
the serological methods approved for clinical use must provide accurate 
results with a broad antibody dynamic range from low to high end. 

2. Objectives 

To compare four quantitative SARS-CoV-2 serological assays in 
COVID-19 patients and immunized healthy individuals, cancer patients, 
and patients with immunosuppressive therapy, using samples collected 
from the first to the fourth doses of vaccination. We evaluated the four 
serological assays labeled for clinical use in an extended dynamic 
(measurable) range. 

3. Study design 

3.1. Recruitment, sample, and data collection 

Institutional ethics committee approval and consent from partici
pants were obtained. From May 2021 to July 2022, we enrolled healthy 
individuals, cancer patients, and patients with immunosuppressive 
therapy post one to four doses of COVID-19 vaccination in Kingston, 
Ontario, Canada. Serum samples from hospitalized COVID-19 patients 
admitted at the Kingston Health Sciences Centre between February 2021 
and April 2022 were obtained as well. There were 210 samples in total, 
including 82 COVID-19 positive samples and 128 samples from immu
nized individuals. The latter includes 42 samples from healthy in
dividuals, 44 from cancer patients, and 42 from patients with 
immunosuppressive therapy (23 from renal transplant patients and 19 
from patients on other immunosuppressive therapy). Immunosuppres
sive therapy for renal transplant patients consisted of triple therapy with 
a calcineurin inhibitor (tacrolimus or cyclosporine), with an anti
proliferative agent (mycophenolate, azathioprine, sirolimus, or ever
olimus), and corticosteroids. Immunized participants received 
BNT162b2, AZD1222, mRNA-1273, or a mixture of vaccines from 
multiple manufacturers.. Among 128 blood samples from immunized 
participants, 35, 70, 22, and 1 were obtained post the first, second, third, 

and fourth doses of immunization, respectively. No participants received 
the bivalent vaccine. 

In hospitalized COVID-19 patients, their infection was confirmed by 
polymerase chain reaction (PCR)/gene mutation analysis performed at 
Kingston Health Sciences Center following standard protocol. Both 
positive and negative PCR results were reported to the Public Health 
Ontario database. 

3.2. Quantitative, Semi-quantitative, and qualitative antibody 
measurement 

Four serological methods were evaluated, including Euroimmun 
Anti-SARS-CoV-2 QuantiVac ELISA (IgG) (product number: EI 2606- 
9601-10 G), Abbott Architect AdviseDx SARS-CoV-2 IgG II (product 
number: 6S60), Roche Elecsys Anti-SARS-CoV-2 S (product number: 
09289267190), and DiaSorin LIAISON SARS-CoV-2 TrimericS IgG 
(product number: 311510). Testing of 210 samples was performed at 
three academic clinical laboratories by medical laboratory technolo
gists. Testing was performed on instruments from each serology test 
manufacturer, namely, EUROIMMUN Analyzer 1, Abbott ARCHITECT, 
Roche Cobas e602, and DiaSorin LIAISON. All results were reported in 
Binding Antibody Unit/mL (BAU/mL). All four methods measure IgG 
antibodies against the SARS-CoV-2 spike receptor–binding domain (S1). 

Semi-quantitative IgG antibody titer against the SARS-CoV-2 spike 
receptor–binding domain (S1) was derived from the quantitative anti
body measurement. Titer was determined by dividing quantitative 
antibody levels by corresponding cut-off values from each manufacturer. 
Antibody titers were rounded to a whole number and those greater than 
1 were included in the comparison. 

Quantitative antibody levels for the SARS-CoV-2 S1 domain were 
compared against their corresponding positive cut-off value to deter
mine the qualitative test result, either positive or negative. EURO
IMMUN testing has a borderline range (≥25.6 to <35.2 BAU/mL); 
antibody results within the borderline range were excluded in the 
quantitative comparison. 

3.3. Data presentation and statistical analysis 

Data presentation and quantitative method comparison was per
formed using EP Evaluator 12 (Data Innovations LLC, United States). 
Based on the common regulatory requirements for immunological as
says, a Total Error Allowable (TEa) of ±25% was chosen as the criteria 
to determine whether the two methods are clinically equivalent. 

Analysis of semi-quantitative and quantitative comparisons was 
performed using SPSS Statistics (IBM SPSS Statistics, United States). All 
groups were determined to not be normally distributed (p < 0.001, 
Shapiro-Wilk normality test). The results were reported as medians and 
interquartile range (IQR). Friedman’s and Pearson’s Chi-Square tests 
were used to determine statistical significance between groups. 

Table 1 
Characteristics of the Study Population.    

Immunized COVID-19 Positive   

Healthy Cancer IST   

n = 210 n = 42 n = 44 n = 42 n = 82 
Age, median (range) 64 (12–93)  57 (19–80) 66 (40–92) 61 (18–83) 65 (12–93) 

Sex 
Male (%) 92 (43.8) 18 (42.9) 16 (36.4) 20 (47.6) 38 (46.3) 
Female (%) 118 (56.2) 24 (57.1) 28 (63.6) 22 (52.4) 44 (53.7) 
Quantitative Samples, median (range) 
Euroimmun (BAU/mL) 390.5 (3.2–67,910) 505 (14.1–10,448) 157 (3.2–11,442) 160 (3.2–7,040) 1,044 (3.2–67,910) 
Abbott (BAU/mL) 172.8 (3.1–35268.1) 167.8 (3.1–6,128.4) 129.5 (3.1–6,816.4) 75.1 (3.1–6,792.4) 848.0 (3.1–35268.1) 
Roche (BAU/mL) 241 (0.4–257,160) 335 (1.99–50,573) 240 (0.4–36,052) 371 (0.4–42,005) 212 (0.4–257,160) 
DiaSorin (BAU/mL) 623 (4.8–86,100) 865 (6.98–26,600) 364 (4.8–21,200) 175 (4.8–14,000) 1,065 (4.8–86,100)  
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4. Results 

4.1. Characteristics of the study cohort 

The demographics and quantitative antibody levels of the study 

participants are summarized in Table 1. Data for the vaccine cohort is 
further separated into healthy individuals, cancer patients, and patients 
with immunosuppressive therapy (IST). The dynamic range of the 
quantitative IgG antibody levels against SARS-CoV-2 are shown. 

Table 2 
Main Characteristics of the Four Immunoassays Evaluated.   

Anti-SARS-CoV-2 QuantiVac ELISA (IgG) Architect AdviseDx SARS-CoV-2 
IgG II 

Elecsys Anti-SARS-CoV-2 
S 

LIAISON SARS-CoV-2 TrimericS 
IgG 

Manufacturer EUROIMMUN Medizinische 
Labordiagnostika Ag 

Abbott Diagnostics Division Roche Diagnostics DiaSorin Inc. 

Clinical using Labeling HC & FDA EUA HC & FDA EUA HC & FDA EUA HC & FDA EUA 
Detection of IgG 

antibodies 
Quantitative Quantitative Quantitative Quantitative 

Measuring interval 3.2–384.0 3.1–3550.0 0.40–250.0 4.81–2,080.0 
Units BAU/mL BAU/mL BAU/mL BAU/mL 
Cut off (positive) ≥35.2Borderline Range  

(≥25.6 to < 35.2) 
≥7.1 ≥0.80 ≥33.8  

Fig. 1. Pairwise comparisons of quantitative serological testing.  
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4.2. Characteristics of serological testing methods 

The main characteristics of the four serological testing methods for 
IgG against the SARS-CoV-2 S1 protein are summarized in Table 2. The 
four methods are all approved for use by HC for clinical use and the FDA 
for EUA. Three manufacturers set a single cut-off value representing 
seroconversion, whereas Euroimmun provides a borderline range 
(≥25.6 to <35.2 BAU/mL). 

4.3. Comparison of quantitative antibody measurement 

Fig. 1 demonstrates the comparisons of the four serological methods 
amongst 210 samples, which included both immunized and COVID-19 
positive samples. All paired comparisons demonstrated unacceptable 
agreement, using TEa of ±25% as the criterion. The best agreement was 
74 (35.2% out of 210 samples) between Euroimmun and DiaSorin, 
whereas the lowest agreement was 11 (5.2% out of 210 samples) be
tween Euroimmun and Roche. Fig. 1 also shows the linear regression 
(Deming regression statistics) model for each comparison, with the slope 

ranging from 1.3 to 7.6. Further analysis based on immunized and 
COVID-19 positive samples separately demonstrated similar results, 
which are provided in the supplemental data. 

4.4. Comparison of semi-quantitative antibody measurement 

Fig. 2 represents the antibody titers for the four serological methods 
compared in a pairwise fashion, using 210 samples. The antibody titer of 
each sample was calculated by numeric antibody concentration divided 
by the cut-off value for each method. Antibody titers amongst all four 
methods were significantly different (p < 0.001, Friedman’s test). The 
highest titer difference from the same sample was between Roche and 
DiaSorin with a 1392-fold difference. Further analysis based on immu
nized and COVID-19 positive samples separately demonstrated similar 
results, which are provided in the supplemental data. 

4.5. Comparison of qualitative antibody measurement 

The qualitative comparison of the four serological testing methods is 

Fig. 2. Pairwise comparison of semi-quantitative serological testing agreement.  
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summarized in Table 3. Out of the 173 samples in which there was 
perfect agreement across all four serologic methods, 148 results were 
positive and 25 were negative. There were 31 samples in which there 
was disagreement between at least one of the four testing methods. 
These disagreement samples were further categorized based on which 
test provided the distinct result. None of the paired comparisons based 
on qualitative results showed agreement (p < 0.001, Pearson’s Chi- 
Square test). 

5. Discussion 

Based on the knowledge from other vaccination programs, there are 
multiple surrogate markers to determine immunity. Those include 
antibody levels determined by immunoassay, viral and bacterial 
neutralization assay, interferon assay, and hemagglutination assay [6]. 
The monitoring of cell-mediated immune response to a viral antigen in 
the laboratory is a labor-intensive procedure. It is performed only in 
specialized laboratories, e.g., in advanced flow cytometer laboratories, 
and not used routinely for clinical purposes. In contrast, the detection of 
circulating antibodies can be performed relatively easily using high- 
throughput serological assays. Therefore, semi-quantitative 
(measuring antibody titer) and quantitative (measuring antibody con
centration) immunoassay is the most commonly used methodology to 
evaluate immunity after immunization [6]. 

Serological testing is essential to evaluate the effectiveness of SARS- 
CoV-2 vaccination [12,13]. Since the onset of the COVID-19 pandemic 
and especially after SARS-CoV-2 vaccination became available globally, 
extensive research literature has been published to evaluate the humoral 
immune responses using various immunoassays [12,13]. Results from 
various analytical methods should be comparable in order to properly 
understand the conclusions from various publications. Furthermore, to 
reliably evaluate SARS-CoV-2 immunization efficacy for clinical pur
poses, it is critical to develop robust immunoassays and conduct 
extensive method comparison and standardization. After a high level of 
agreement among various methods is required, a cut-off based on semi- 
quantitative or quantitative assays for SARS-CoV-2 could be chosen to 
represent protection and immunity. 

Our study demonstrated poor agreements among four serological 
methods approved for clinical use by Health Canada and the FDA, 
manufactured by Euroimmun, Abbott, Roche, and DiaSorin. As the TEa 
is not known yet for SARS-CoV-2 serological responses, we arbitrarily 
chose ±25%, which is commonly used for other immunoassays. Using 
this criterion, poor agreements were observed in all comparisons be
tween any two methods. Although the comparison between Euroimmun 
and DiaSorin is superior to any other comparisons, only 35.2% of 210 
samples were deemed acceptable. Semi-quantitatively, after converting 

the quantitative results to titers by dividing quantitative antibody levels 
by corresponding cut-off values from each manufacturer, titers of any 
two methods differed significantly (p < 0.001). The highest titer dif
ference was between Roche and DiaSorin with a 1392-fold difference. 
Clearly, current available serological methods differ significantly both 
quantitatively and semi-quantitatively and cannot provide the perfor
mance required for routine clinical use. Furthermore, when we applied 
the seroconversion cut-off values in the results and determined the 
positive rates in all four methods in 210 samples, there were significant 
statistical differences (p < 0.001) in any two methods compared. 

In November 2020, the World Health Organization (WHO) estab
lished an international standard and reference material for anti-SARS- 
CoV-2 immunoglobulin (NIBSC code 20/136) [14]. The aim of this 
reference material is to harmonize humoral immune response assess
ment after natural infection or vaccination. All fourth methods being 
evaluated are traceable to this reference material, and their results could 
be reported in BAU/mL, a unit recommended by the WHO. Euroimmun, 
in their instruction document, provided the correlation with this refer
ence material with R2 = 0.99. It is unclear why poor agreement was 
observed in our study. In July 2022, WHO provided the second inter
national standard for anti-SARS-CoV-2 immunoglobulin and reference 
panel for antibodies to SARS-CoV-2 variants of concern [15]. Likely, the 
application of this new reference material could improve the concor
dance of antibody measurements, especially for COVID-19 positive 
samples. 

In conclusion, we found poor correlation between all evaluated as
says, quantitatively, semi- quantitatively, and qualitatively. Further 
harmonization of assays is required to achieve comparable 
measurements. 
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