
Vol.:(0123456789)1 3

https://doi.org/10.1007/s10096-021-04285-4

ORIGINAL ARTICLE

Diagnostic performance of four SARS‑CoV‑2 antibody assays 
in patients with COVID‑19 or with bacterial and non‑SARS‑CoV‑2 viral 
respiratory infections

Timo Huber1 · Philipp Steininger2 · Pascal Irrgang2 · Klaus Korn2 · Matthias Tenbusch2 · Katharina Diesch3 · 
Susanne Achenbach4 · Andreas E. Kremer5 · Marissa Werblow1 · Marcel Vetter5 · Christian Bogdan1,6 · Jürgen Held1 

Received: 5 April 2021 / Accepted: 31 May 2021 
© The Author(s) 2021, corrected publication 2021

Abstract
SARS-CoV-2 antibody assays are used for epidemiological studies and for the assessment of vaccine responses in highly 
vulnerable patients. So far, data on cross-reactivity of SARS-CoV-2 antibody assays is limited. Here, we compared four 
enzyme-linked immunosorbent assays (ELISAs; Vircell SARS-CoV-2 IgM/IgA and IgG, Euroimmun SARS-CoV-2 IgA and 
IgG) for detection of anti-SARS-CoV-2 antibodies in 207 patients with COVID-19, 178 patients with serological evidence of 
different bacterial infections, 107 patients with confirmed viral respiratory disease, and 80 controls from the pre-COVID-19 
era. In COVID-19 patients, the assays showed highest sensitivity in week 3 (Vircell-IgM/A and Euroimmun-IgA: 78.9% 
each) and after week 7 (Vircell-IgG: 97.9%; Euroimmun-IgG: 92.1%). The antibody indices were higher in patients with 
fatal disease. In general, IgM/IgA assays had only limited or no benefit over IgG assays. In patients with non-SARS-CoV-2 
respiratory infections, IgG assays were more specific than IgM/IgA assays, and bacterial infections were associated with 
more false-positive results than viral infections. The specificities in bacterial and viral infections were 68.0 and 81.3% 
(Vircell-IgM/IgA), 84.8 and 96.3% (Euroimmun-IgA), 97.8 and 86.0% (Vircell-IgG), and 97.8 and 99.1% (Euroimmun-IgG), 
respectively. Sera from patients positive for antibodies against Mycoplasma pneumoniae, Chlamydia psittaci, and Legionella 
pneumophila yielded particularly high rates of unspecific false-positive results in the IgM/IgA assays, which was revealed by 
applying a highly specific flow-cytometric assay using HEK 293 T cells expressing the SARS-CoV-2 spike protein. Positive 
results obtained with anti-SARS-CoV-2 IgM/IgA ELISAs require careful interpretation, especially if there is evidence for 
prior bacterial respiratory infections.
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Introduction

Coronavirus disease 2019 (COVID-19) is caused by the 
severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) which was first described in late December 
2019 in Wuhan, China. Since then, it has become a pan-
demic infecting over 160 million people and resulting in 
approximately 3.3 million deaths worldwide [1].

Various direct and indirect assays have been developed 
to diagnose COVID-19. The mainstay for the diagno-
sis of acute infections is the detection of SARS-CoV-2 
RNA and, to a lesser extent, of SARS-CoV-2 antigen 
in respiratory samples [2–4]. In contrast, the measure-
ment of anti-SARS-CoV-2 antibodies in serum and 
plasma of patients is only of limited relevance for the 
early diagnosis because the sensitivity during the first 
7 days after the onset of symptoms is on average 30% 
(95% confidence interval (CI) 21.4 to 40.7). This sen-
sitivity increases to 70% (95% CI 63.5 to 79.5) during 
week 2 and to over 90% (95% CI 90.6 to 98.3) after week 
3 [5]. Consequently, anti-SARS-CoV-2 antibody assays 
are mainly suitable for the retrospective diagnosis of 
previous COVID-19 infections in order to corroborate 
PCR results, to assess disease epidemiology or to test 
for potential SARS-CoV-2 immunity [2, 3]. The latter 
has received increasing attention since the start of the 
COVID-19 vaccination campaign. Serologic assays could 
be used to monitor vaccine-induced humoral immune 
responses in highly vulnerable (e.g., immunosuppressed) 
patients or to identify patients with prior (asymptomatic) 
COVID-19 infections, whose vaccination could be post-
poned as long as vaccine supplies are limited.

In this context, the specificity of anti-SARS-CoV-2 
antibody assays is of particular importance because false-
positive results could misleadingly suggest immunity. 
Reasons for such false-positive results are non-specific 
antibodies that cross-react with the target antigen, as well 
as components in the specimens (e.g., rheumatoid factor) 
that interfere with the assays [6]. Cross-reacting antibod-
ies may be directed against closely related pathogens, 
like SARS-CoV-1, Middle East respiratory syndrome 
coronavirus (MERS-CoV), or seasonal human coronavi-
ruses (e.g., HCoV-NL63, -229E, -HKU1), but sometimes 
also against viruses or bacteria that apparently have noth-
ing in common with the target pathogen. For example, 
false-positive IgM results for Epstein-Barr virus (EBV) 
and cytomegalovirus (CMV) may occur in approximately 
3% of patients with acute human immunodeficiency 
virus (HIV) infection and in 30% of patients with acute 
hepatitis A infection [7]. In addition, IgM antibodies 
generated after Parvovirus B19 infection were reported 
to cross-react with Borrelia spp., Salmonella spp., and 

Campylobacter spp. [8]. Previous studies with several 
thousand COVID-19 patients have shown that the speci-
ficity of serological assays may reach or even exceed 98% 
(95% CI 97.2 to 99.4) for IgG, IgM, IgA, IgG/IgM, and 
IgA/IgG combinations and total antibodies, respectively 
[5]. However, false-positive results are still possible and 
poorly understood, because data on cross-reactivity and 
interference with non-SARS-CoV-2 viral and bacterial 
respiratory infections is limited. Therefore, we initiated 
a study on patients with such infections using archived 
serum samples from the pre-COVID-19 era. Patients with 
and without COVID-19 served as controls.

Materials and methods

Between May and December 2020, we conducted a ret-
rospective cohort study at the University Hospital Erlan-
gen (UKER), Germany, a 1400-bed tertiary care center. 
Serum or plasma samples of the following 4 patient 
groups were analyzed: group 1—patients with PCR-
confirmed COVID-19 disease (COVID-19 group), group 
2—patients with antibodies against bacterial respiratory 
pathogens (bacterial infection group), group 3—patients 
with previous PCR-confirmed respiratory viral disease 
(viral infection group), and group 4—randomly selected 
patients from 2017 (control group). The specimens of 
groups 2 to 4 were collected between January 2015 and 
September 2019, i.e., during the pre-COVID-19 era.

In the COVID-19 group, serum or plasma samples 
from inpatients of the UKER with detection of SARS-
CoV-2 in nasopharyngeal swabs or respiratory speci-
mens between March and June 2020 and from healthy 
blood donors with previous SARS-CoV-2 infection 
were included. The date of the first symptoms (disease 
onset), quantitative SARS-CoV-2 PCR results, and dis-
ease severity were obtained from the University Hos-
pital clinical information system. The patients were 
classified as having mild disease (no oxygen adminis-
tration or COVID-19-specific therapy needed), moder-
ate disease (oxygen and/or COVID-19-specific therapy 
administered), severe disease (intensive care unit [ICU] 
treatment, artificial respiration), and fatal disease (death 
attributed to COVID-19).

The serum samples for the second and third groups 
were retrieved from the biobank of the Microbiology 
Institute of the UKER, where they had been kept fro-
zen at − 20 °C. This biobank comprises all serum sam-
ples with pathologic results from the last decade and all 
serum samples with a request for fungal antigen meas-
urement. The samples were selected as follows: In the 
bacterial infection group, all archived serum samples 
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from the pre-COVID-19 era with antibody results indi-
cating acute or previous infection with Bordetella pertus-
sis, Chlamydia psittaci, Chlamydia pneumoniae, Cox-
iella burnetii, Legionella pneumophila, or Mycoplasma 
pneumoniae were included. In the viral infection group, 
all archived serum samples from the pre-COVID-19 
era from patients with detection of respiratory viruses 
by PCR (influenza A/B virus, parainfluenza 1–4 virus, 
parechovirus, respiratory syncytial virus (RSV), adeno-
virus, enterovirus, rhinovirus, human metapneumovirus 
(HMPV), coronavirus, bocavirus) were included. As the 
multiplex PCR for respiratory viral infections also detects 
Mycoplasma pneumoniae-DNA, Mycoplasma pneumoniae 
was also included in the viral infection group. Patients 
below the age of 2, with hypoimmunoglobulinemia or 
with leukopenia, were excluded due to their (potential) 
impairment of antibody production. In addition, sera from 
the first 2 weeks after detection of a respiratory virus 
were excluded to allow for the generation and presence 
of potentially cross-reacting antibodies. In addition, 80 
serum samples from 2017 were randomly selected as con-
trol group for the bacterial and viral infection groups.

The samples were tested for anti-SARS-CoV-2 anti-
bodies with the COVID‐19 ELISA IgG and IgM/A 
(Vircell S.L., Granada, Spain) and with the anti-SARS-
CoV-2-ELISA IgG and IgA (Euroimmun AG, Lübeck, 
Germany) according to the manufacturers’ instructions. 
Sera for IgM measurement were inactivated for 30 min 
at 56 °C. The Vircell assays use recombinant spike gly-
coprotein and nucleocapsid protein of SARS-CoV-2 as 
coated antigens, whereas the Euroimmun assays use only 
the spike glycoprotein. Both assays were performed on 
automated platforms (Vircell ThunderBolt® and Euro-
immun Analyzer I, respectively). The results were auto-
matically calculated as antibody index (Vircell) and ratio 
(Euroimmun). For simplicity, we will further use the term 
antibody index for both assays. The cutoff values were 
as follows: Vircell-IgG (< 4 negative; 4–6 equivocal; > 6 
positive), Vircell-IgM/A (< 6 negative; 6–8 equivo-
cal; > 8 positive), and Euroimmun-IgG and Euroimmun-
IgA (< 0.8 negative; 0.8–1.1 equivocal; ≥ 1.1 positive). 
All samples with equivocal results were retested and the 
mean of the two test runs was used as the reported result. 
Positive sera of the bacterial infection group were reas-
sessed with a highly specific flow-cytometric assay using 
HEK 293 T cells expressing SARS-CoV-2 spike protein 
on their surface as described [9].

The study was approved by the ethics committee of 
the Friedrich Alexander University of Erlangen-Nürn-
berg (application number 174_20 B). All specimens 

were anonymized and the need for informed consent was 
waived.

Statistical analysis was performed using SPSS-V24 
(IBM Corp., USA) and MedCalc-V19 (MedCalc Software 
Ltd., Belgium). Means were given with standard devia-
tion (SD) and medians with interquartile range (IQR) in 
brackets. For comparison of means, the Mann–Whitney 
U test and the Kruskal–Wallis test were used. For com-
parison of categorical variables, the McNemar test or 
Fisher’s exact test was used. Pearson’s correlation coef-
ficient was determined for linear correlation of two vari-
ables, and the effect size was interpreted according to 
Cohen [10]. p-values < 0.05 were considered significant 
differences.

Results

An overview of the study groups is provided in Table 1.

COVID‑19 group.  A total of 345 serum or plasma sam-
ples from 207 patients with PCR-proven COVID-19 were 
tested (Table 2). When equivocal results were rated posi-
tive, the sensitivities of the assays were as follows: Vir-
cell-IgM/A 68.4% (63.2–73.3), Euroimmun-IgA 77.1% 
(71.8–81.9), Vircell-IgG 87.8% (83.9–91.1), and Euro-
immun-IgG 77.4% (72.6–81.7). The sensitivity of the 
Euroimmun-IgA and the Vircell-IgG assay were signifi-
cantly higher (p < 0.01) than the sensitivity of the Vir-
cell-IgM/A and the Euroimmun-IgG assay, respectively. 
For 188 patients, the exact dates of the onset of symp-
toms were available. The sensitivity of the Vircell-IgM/A 
and the Euroimmun-IgA assay was increasing from 52.2 
and 69.6% in the first week to 78.9% for both assays in 
the third week. Afterwards, the sensitivities decreased 
to 54.2 and 72.3% in weeks seven to ten. In contrast, the 
sensitivity of the Vircell-IgG and the Euroimmun-IgG 
assay increased from 73.9 and 30.4% in the first week to 
94.7% and 92.1 after week 10 (Fig. 1).

The highest median antibody index was observed for 
Vircell-IgM/A in week 2 (47.7), for Euroimmun-IgA in 
week 3 (2.6), and for Vircell-IgG and Euroimmun-IgG 
in week 3 (32.4 and 4.3, respectively) (Fig. 2 and Fig. 
S1). Afterwards the median antibody indices of Vir-
cell-IgM/A and Euroimmun-IgA decreased strongly to 
9.3 and 1.8 at the end of the study period. In contrast, 
Vircell- and Euroimmun-IgG median antibody indices 
declined only moderately to 24.3 and 3.7, respectively. 
There was a strong correlation (large effect size) between 
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the antibody indices of the Vircell-IgM/A and Euroim-
mun-IgA (r = 0.515, p < 0.01, n = 229) as well as the Vir-
cell- and Euroimmun-IgG (r = 0.670, p < 0.01, n = 345) 
(Fig. S2).

Stratification of results according to disease severity 
revealed the highest median antibody indices for Vircell-
IgM/A in patients with moderate (27.7) and fatal disease 
(23.1) and for Euroimmun-IgA, Vircell-IgG, and Euro-
immun-IgG in fatal disease (6.7, 37.3, and 5.5, respec-
tively) (Fig. 3). However, none of the antibody indices 
in patients with fatal course of disease was significantly 
elevated (Table 5).

Bacterial infection group.  A total of 178 serum sam-
ples with antibody levels indicating bacterial respira-
tory infection were included (Table 3). When equivocal 
results were rated positive, the specificity of the assays 
were as follows: Vircell-IgM/A 68.0% (60.6–74.8), 
Euroimmun-IgA 84.8% (78.7–89.8), and Vircell-IgG and 
Euroimmun-IgG 97.8% (94.3–99.4) each. The specificity 
of the Vircell-IgM/A assay was significantly lower than 
the one of the Euroimmun-IgA assay (p < 0.01), which 
was mainly due to a high number of false-positive results 
obtained with sera from patients after Mycoplasma pneu-
moniae infections (n = 28 versus n = 11).

A relevant elevation of the median antibody index was 
observed for certain bacterial pathogens with the Vir-
cell-IgM/A assay only. In contrast, the median antibody 
indices of the Euroimmun-IgA and even more of the 
Vircell- and Euroimmun-IgG were considerably below 
the cutoff values of the assays. The highest median anti-
body indices of the Vircell-IgM/A assay were observed 
for Chlamydia psittaci (10.6), Mycoplasma pneumoniae 
(5.8), and Legionella pneumophila (4.6) (Fig. 4). The dif-
ferences were statistically significant for Chlamydia psit-
taci (p = 0.02) and Mycoplasma pneumoniae (p < 0.01). 
Although elevated, the median antibody index of posi-
tive samples in the bacterial infection group was still 
significantly lower than the one of the COVID-19 group 
for all assays (Vircell-IgM/A: 12.7 versus 21.7; Vircell-
IgG: 10.5 versus 33.8; Euroimmun-IgA: 1.4 versus 3.2; 
Euroimmun-IgG: 1.6 versus 4.1).

All positive and equivocal samples of the bacterial 
infection group were retested with a highly specific 
flow-cytometric assay using HEK 293 T cells express-
ing SARS-CoV-2 spike protein on their surface. Using 
the IgM version of this assay, none of the 47 positive and 
10 equivocal results of the Vircell-IgM/A assay and none 
of the 19 positive and 8 equivocal results of the Euro-
immun-IgA assay was confirmed. One of three positive 

Table 1   Overview of the study 
groups

PCR, polymerase chain reaction; COVID-19, coronavirus disease 2019; SARS-CoV-2, severe acute respira-
tory syndrome coronavirus type 2

Number of 
patients

Positive serology or PCR % of total 
patients 
(number)

COVID-19 group 207 SARS-CoV-2
SARS-CoV-2 with date of symptom onset
SARS-CoV-2 with disease severity

100 (207)
90.8 (188)
100 (207)

Bacterial infection group 178 Mycoplasma pneumoniae
Chlamydia pneumoniae
Bordetella pertussis
Coxiella burnetii
Legionella pneumophila
Chlamydia psittaci

41.5 (74)
18.6 (33)
13.5 (24)
13.5 (24)
9.6 (17)
3.9 (7)

Viral infection group 107 Rhinovirus
Influenza virus A
Parainfluenza virus
Adenovirus
Coronavirus OC43
Respiratory syncytial virus (RSV)
Influenza virus B
Bocavirus
Coronavirus 229E
Enterovirus
Human metapneumovirus (HMPV)
Coronavirus NL63
Mycoplasma pneumoniae

31.8 (34)
10.3 (11)
9.3 (10)
8.4 (9)
7.5 (8)
6.5 (7)
5.6 (6)
3.7 (4)
3.7 (4)
2.8 (3)
2.8 (3)
1.9 (2)
5.6 (6)

Pre-COVID-19 control group 80 – –

1986 European Journal of Clinical Microbiology & Infectious Diseases (2021) 40:1983–1997



1 3

Table 2   SARS-CoV-2 antibody results in patients of the COVID-19 group

Stratification Vircell Euroimmun p-value Vircell Euroimmun p-value
IgM/A IgA IgG IgG

Sensitivity (equ 
results rated 
as pos) (%) 
(+ / − SD)

– 68.4 (63.2 − 73.3) 77.1 (71.8 − 81.9)  < 0.01 87.8 (83.9 − 91.1) 77.4 (72.6 − 81.7)  < 0.01

Sensitivity (equ 
results rated 
as neg) (%) 
(+ / − SD)

– 62.3 (57.0 − 67.5) 74.3 (68.7 − 79.3)  < 0.01 85.2 (81.0 − 88.8) 74.2 (69.2 − 78.7)  < 0.01

Sensitivity (equ 
results rated as pos) 
(%) (+ / − SD)

First week 52.2 (30.9 − 73.2) 69.6 (47.1 − 86.8) 0.13 73.9 (51.6 − 89.8) 30.4 (13.2 − 52.9) < 0.01
Second week 72.4 (52.8 − 87.3) 69.0 (49.2 − 84.7) 1.00 79.3 (60.3 − 92.0) 69.0 (49.2 − 84.7) 0.25
Third week 78.9 (54.4 − 93.9) 78.9 (54.4 − 93.9) 1.00 89.5 (66.9 − 98.7) 68.4 (43.5 − 87.4) 0.13
Fourth week 71.4 (29.0 − 96.3) 71.4 (29.0 − 96.3) 1.00 85.7 (42.1 − 99.6) 85.7 (42.1 − 99.6) 1.00
Fifth week 50.0 (24.7 − 75.3) 66.7 (38.4 − 88.2) 0.25 81.3 (54.4 − 96.0) 62.5 (35.4 − 84.8) 0.25
Sixth week 62.5 (24.5 − 91.5) 75.0 (34.9 − 96.8) 1.00 87.5 (47.3 − 99.7) 75.0 (34.9 − 96.8) 1.00
Seventh to tenth-

week
54.2 (39.2 − 68.6) 72.3 (57.4 − 84.4) 0.049 97.9 (88.9 − 99.9) 91.7 (80.0 − 97.7) 0.25

After tenth week 73.7 (56.9 − 86.6) 94.7 (82.3 − 99.4) < 0.01 94.7 (89.3 − 99.6) 92.1 (78.6 − 98.3) 1.00
Sensitivity (equ 

results rated 
as neg) (%) 
(+ / − SD)

First week 43.5 (23.2 − 65.5) 60.9 (38.5 − 80.3) 0.13 60.9 (38.5 − 80.03) 26.1 (10.2 − 48.4) < 0.01
Second week 72.4 (52.8 − 87.3) 69.0 (49.2 − 84.7) 1.00 79.3 (60.3 − 92.0) 65.5 (45.7 − 82.1) 0.13
Third week 78.9 (54.4 − 93.9) 78.9 (54.4 − 93.9) 1.00 84.2 (60.4 − 96.6) 68.4 (43.5 − 87.4) 0.25
Fourth week 71.4 (29.0 − 96.3) 71.4 (29.0 − 96.3) 1.00 85.7 (42.1 − 99.6) 85.7 (42.1 − 99.6) 1.00
Fifth week 43.8 (19.8 − 70.1) 60.0 (32.3 − 83.7) 0.25 75.0 (47.6 − 92.7) 62.5 (35.4 − 84.8) 0.50
Sixth week 50.0 (15.7 − 84.3) 75.0 (34.9 − 96.8) 0.50 75.0 (34.9 − 96.8) 75.0 (34.9 − 96.8) 1.00
Seventh to tenth-

week
41.7 (27.6 − 56.8) 68.1 (52.9 − 80.9) < 0.01 97.9 (88.9 − 99.9) 81.3 (67.4 − 91.1) < 0.01

After tenth week 60.5 (43.4 − 76.0) 86.8 (71.9 − 95.6) 0.01 94.7 (89.3 − 99.6) 89.5 (75.2 − 97.1) 0.63
Categorical result 

of SARS-CoV-2 
antibody measure-
ment (neg/equ/
pos)

– 109/21/215 64/8/208 – 42/9/294 78/11/256 –

Categorical results, 
stratified accord-
ing to the week 
after onset of 
symptoms (neg/
equ/pos)

First week 11/2/10 7/2/14 – 6/3/14 16/1/6 –
Second week 8/0/21 9/0/20 6/0/23 9/1/19
Third week 4/0/15 4/0/15 2/1/16 6/0/13
Fourth week 2/0/5 2/0/5 1/0/6 1/0/6
Fifth week 8/1/7 5/1/9 3/1/12 6/0/10
Sixth week 3/1/4 2/0/6 1/1/6 2/0/6
Seventh to tenth-

week
22/6/20 13/2/32 1/0/47 4/5/39

After tenth week 10/5/23 2/3/33 2/0/36 3/1/34
Categorical results, 

stratified accord-
ing to disease 
severity (% pos) 
(neg/equ/pos)

Convalescent 58.9 (50/10/86) 79.8 (16/4/79) < 0.01 95.2 (6/1/139) 85.6 (14/7/125) < 0.01
Mild 62.2 (31/6/61) 65.9 (28/2/58) 1.00 73.5 (22/4/72) 61.2 (36/2/60) < 0.01
Moderate 73.8 (15/1/45) 76.7 (13/1/46) 0.73 78.7 (10/3/48) 65.6 (20/1/40) < 0.01
Severe 58.8 (12/2/20) 74.0 (6/1/20) 0.69 88.2 (3/1/30) 76.5 (7/1/26) 0.13
Fatal 50.0 (1/2/3) 83.3 (1/0/5) 1.00 83.3 (1/0/5) 83.3 (1/0/5) 1.00

Quantitative result 
of SARS-CoV-2 
antibody measure-
ment (median AI) 
(IQR)

Total 9.16 (3.92 − 20.82) 1.92 (0.67 − 4.21) – 21.43 (7.58 − 38.42) 2.34 (0.43 − 4.26) –
Negative 3.44 (1.87 − 4.63) 0.39 (0.27 − 0.61) 2.33 (1.45 − 3.27) 0.20 (0.12 − 0.36)
Equivocal 6.89 (6.78 − 7.32) 1.05 (0.91 − 1.08) 4.97 (4.25 − 5.41) 0.98 (0.92 − 1.00)
Positive 21.7 (11.98 − 45.24) 3.22 (1.85 − 5.97) 33.78 (17.29 − 49.84) 4.15 (2.59 − 6.64)
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results in the Vircell-IgG assay and one of three positive 
results in the Euroimmun-IgG assay were weakly positive 
in the flow-cytometric IgG assay.

Viral infection group.  A total of 107 serum samples of 
patients with recent infection with respiratory viruses 
or Mycoplasma pneumoniae were included (Table 4). 
When equivocal results were rated as positive, the spe-
cificities of the assays were as follows: Vircell-IgM/A 
81.3% (72.6–88.2), Euroimmun-IgA 96.3% (90.7–99.0), 
Vircell-IgG 86.0% (77.9–91.9), and Euroimmun-IgG 
99.1% (94.9–100.0). The specificity of the Vircell assays 
was significantly lower than the one of the corresponding 
Euroimmun assays (p < 0.01).

False-positive results were most common when using 
the Vircell-IgM/A ELISA. The highest percentage of 
Vircell-IgM/A false-positive results was observed with 
sera from patients infected with human bocavirus (50%, 
nPOS = 2), HMPV (33.3% nPOS = 1), and inf luenza B 
virus (33.3%, nPOS = 2). However, sample numbers in 
these groups were very small, with the false-positive 
rates being based on one or two positive samples only. 
Sera of patients infected with non-SARS-CoV-2 coro-
naviruses showed a positivity rate of only 15.4% in the 
Vircell-IgM/A ELISA. Interestingly, 50% of serum sam-
ples of Coronavirus NL63–infected and Coronavirus 

229E–infected patients tested positive in this ELISA, but 
again these results were based on single positive samples.

The highest median antibody index of Vircell-IgM/A 
was measured in sera of patients infected with human 
bocavirus (5.9), HMPV (5.2), or Mycoplasma pneumoniae 
(4.7). Again, the group of non-SARS-CoV-2 coronaviruses 
showed a low median antibody index (2.9), but Coronavirus 
NL63 (13.9) and Coronavirus 229E (6.3) antibody indices 
were high. Comparison of means showed a trend towards 
higher Vircell-IgM/A antibody indices for samples from 
patients with Coronavirus NL63 (p = 0.08) or Mycoplasma 
pneumoniae (p = 0.07) infections. The median antibody 
index of Coronavirus 229E (0.51) was the highest with the 
Euroimmun-IgA assay, and it significantly exceeded that of 
the other viral pathogens (p < 0.01).

Control group.  A total of 80 randomly selected serum 
samples of patients from 2017 served as pre-COVID-19 
control group for the Vircell assays. The control group 
was not measured with the Euroimmun assays because of 
their high specificity. All results are presented in Table 5 
and in Figs. 4 and 5. When equivocal results were rated 
as positive, the specificities were as follows: Vircell-
IgM/A 72.5% (61.4–81.9) and Vircell-IgG 86.0% (77.9–
91.9). The median antibody indices of Vircell-IgM/A 
and Vircell-IgG were 4.5 (3.5–7.4) and 3.0 (2.6–3.7), 
respectively.

The p-values were determined for the comparison of the Vircell-IgM/A with the Euroimmun-IgA and the Vircell-IgG with the Euroimmun-IgG. 
STD, standard deviation; IQR, interquartile range; neg, negative; equ, equivocal; pos, positive; AI, antibody index

Table 2   (continued)

Stratification Vircell Euroimmun p-value Vircell Euroimmun p-value
IgM/A IgA IgG IgG

Quantitative 
results, stratified 
according to the 
week after onset 
of symptoms 
(median AI) 
(IQR)

First week 7.25 (3.50 − 16.41) 1.70 (0.53 − 3.88) – 8.95 (3.92 − 19.32) 0.30 (0.17 − 1.25) –

Second week 47.71 (4.99 − 54.21) 1.78 (0.35 − 4.87) 24.52 (6.80 − 32.65) 2.46 (0.26 − 6.31)

Third week 28.26 (15.40 − 53.89) 2.63 (0.32 − 4.40) 32.49  (15.98 − 52.40) 4.33 (0.35 − 6.89)

Fourth week 24.13 (6.38 − 35.25) 1.27 (0.54 − 3.41) 29.21 (17.50 − 33.33) 2.96 (1.47 − 6.29)

Fifth week 5.89 (2.09 − 20.47) 1.11 (0.61 − 5.53) 17.06 (5.89 − 35.63) 2.34 (0.62 − 5.42)

Sixth week 9.43 (5.06 − 19.36) 2.47 (1.11 − 3.83) 20.82 (10.73 − 51.56) 3.29 (1.20 − 5.87)

Seventh to tenth-
week

6.53 (3.38 − 11.74) 1.49 (0.71 − 2.82) 29.39 (13.34 − 46.12) 2.79 (1.61 − 4.35)

After tenth week 9.39 (5.68 − 12.09) 1.83 (1.19 − 3.69) 24.34 (11.89 − 41.84) 3.73 (2.57 − 4.94)
Quantitative results, 

stratified accord-
ing to disease 
severity (median 
AI) (IQR)

Convalescent 9.18 (4.91 − 15.18) 1.94 (1.16 − 3.73) – 30.16 (15.92 − 47.54) 3.21 (1.70 − 4.94) –
Mild 11.08 (3.81 − 43.04) 1.55 (0.43 − 3.80) 20.08 (5.35 − 45.50) 1.99 (0.26 − 5.64)
Moderate 27.77 (7.15 − 48.88) 2.29 (0.35 − 4.21) 25.78 (8.03 − 43.21) 3.71 (0.22 − 7.07)
Severe 13.55 (4.21 − 25.31) 2.32 (0.87 − 6.32) 30.80 (7.96 − 50.54) 2.73 (1.12 − 6.67)
Fatal 23.19 (7.25 − 29.23) 6.69 (6.19 − 6.74) 37.33 (26.58 − 50.41) 5.54 (4.83 − 6.11)
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Receiver operating characteristic analysis.  ROC analysis 
of all results from the COVID-19 group and the control 
group gave areas under the ROC curve (AUC) of 0.693 
(0.651–0.733) for Vircell-IgM/A, 0.880 (0.849–0.907) 
for Euroimmun-IgA, 0.937 (0.913 to 0.957) for Vircell-
IgG, and 0.935 (0.910 to 0.955) for Euroimmun-IgG 
(Fig.  6). The AUC values of the Vircell-IgG and the 
Euroimmun-IgG were not significantly different from 
each other (p = 0.82), but significantly higher than the 
AUC of the Vircell-IgM/A and Euroimmun-IgA assay 
(p < 0.01). The cutoffs with the highest Youden index 
were 6.7 for Vircell-IgM/A (sensitivity 67.0%, specific-
ity 75.3%), 0.6 for Euroimmun-IgA (sensitivity 79.5%, 
specificity 84.6%), 6.6 for Vircell-IgG (sensitivity 
83.8%, specificity 97.3%), and 0.3 for Euroimmun-IgG 
(sensitivity 86.1%, specificity 94.0%).

Discussion

In the present study, we evaluated the diagnostic perfor-
mance of four anti-SARS-CoV-2 antibody assays from 
two manufacturers using serum samples of patients with 
COVID-19 or with bacterial or viral respiratory infections 
acquired prior to the COVID-19 era.

Both the Vircell and the Euroimmun assays are enzyme-
linked immunosorbent assays (ELISAs). However, the 
Vircell assays use recombinant spike glycoprotein and 
nucleocapsid protein of SARS-CoV-2 as coated anti-
gens, whereas the Euroimmun assays use only the spike 
glycoprotein.

In patients of the COVID-19 group (Figs. 1 and 2), our 
data is in line with the classical viral response pattern, where 
IgM is the first antibody class to appear, followed closely by 

Fig. 1   Categorical results of antibody indices against time after the 
onset of symptoms from the COVID-19 group. Black bars, light gray 
bars, or dark gray bars indicate a negative, equivocal, or positive test 

result, respectively. a) Vircell-IgM/A b) Euroimmun-IgA c) Vircell-
IgG d) Euroimmun-IgG
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IgA and by long lasting IgG. Considering the test sensitivi-
ties, the Vircell-IgM/A and Euroimmun-IgA assay started 
with values between 50 and 70% in week 1 and reached a 
maximum around 80% in week 3. In contrast, the Vircell-
IgG and the Euroimmun-IgG sensitivities were increasing 
from 70 and 30%, respectively, in week 1 to over 90% at 
the end of the study period. Interestingly, the Vircell-IgG 
was superior to the Vircell-IgM/A in terms of sensitivity 
throughout the entire study period. The same was true for 
the Euroimmun-IgG assay, except for week 1, when the 
Euroimmun-IgA assay was more sensitive. Thus, there was 
no or only limited advantage in using the IgM/A assays as 
compared to that in using the IgG assays.

Our data point to a correlation between disease sever-
ity and the antibody index level, as also suggested by 
recently published studies [11, 12]. Patients with fatal 

disease had particularly high antibody indices, espe-
cially when using the Euroimmun assays. However, these 
results have to be interpreted with caution, because the 
number of patients with fatal disease was limited (n = 5) 
so that none of the antibody indices of patients with 
fatal disease was significantly elevated. Furthermore, 
the observed increase of antibody indices with sever-
ity of disease might reflect the different time-points of 
serum sampling. Sera of patients with mild and moderate 
disease originated mainly from the first 3 weeks after the 
onset of symptoms, whereas sera of patients with severe 
disease were from weeks five to ten. As shown in the 
present study, notably, IgG antibody indices were higher 
at the end of the study period.

Our study confirms previous data that showed increas-
ing sensitivities of SARS-CoV-2 antibody assays until 

Fig. 2   Box-plots of anti-SARS-CoV-2 antibody indices against time 
after the onset of symptoms from the COVID-19 group. The red dot-
ted line indicates the lower manufacturer’s cutoff value (equivocal 

results are rated as positive results). Circles and stars depict outliers 
and extreme outliers, respectively. a) Vircell-IgM/A b) Euroimmun-
IgA c) Vircell-IgG d) Euroimmun-IgG
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week 3 [5]. In addition, our data demonstrated that the 
sensitivities stayed high until week 10 and beyond. How-
ever, neither the IgM/A assays nor the IgG assays showed 
sensitivities higher than 90% for the diagnosis of COVID-
19 during the first 6 weeks of disease. Therefore, antibody 
assays can only serve as adjunctive tests in diagnosing 
early COVID-19. Instead, they are best used either during 
the late phase of infection, when PCR may have become 
negative, or for the retrospective diagnosis of previous 
SARS-CoV-2 infections and for ascertaining immunity in 
convalescent patients.

The pre-COVID-19 bacterial and viral infection 
groups and the control group were analyzed to deter-
mine the specificity of the antibody assays. While the 
specificities of the IgG assays in general were very 
high (95–100%), the IgM/A assays showed numerous 
false-positive results. The Vircell-IgM/A assay had a 

specificity in the bacterial and viral infection group of 
approximately 70% and 85%, respectively, which was 
significantly lower than the values obtained with the 
Euroimmun-IgA assay in both groups.

The low IgM/A specificity in the bacterial infec-
tion group was mostly due to false-positive results with 
sera from patients with antibodies against Chlamydia 
psittaci, Mycoplasma pneumoniae, and Legionella 
pneumophila. Comparison of the Vircell-IgM/A anti-
body index of sera from patients positive for antibodies 
against Chlamydia psittaci or Mycoplasma pneumoniae 
with the pre-COVID-19 control group showed that in 
both cases, antibody indices were significantly elevated 
(p = 0.02). Mycoplasma pneumoniae exerts potent mito-
genic effects on B cells leading to polyclonal antibody 
synthesis [13–15]. Furthermore, antibodies synthesized 
by mitogenically activated B cells are most often of the 

Fig. 3   Box-plots of anti-SARS-CoV-2 antibody indices against dis-
ease severity from the COVID-19 group. The red dotted line indicates 
the lower manufacturer’s cutoff value (equivocal results are rated as 

positive results). Circles and stars depict outliers and extreme outli-
ers, respectively. a) Vircell-IgM/A b) Euroimmun-IgA c) Vircell-IgG 
d) Euroimmun-IgG
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IgM class. Consequently, the increase in serum lgM after 
Mycoplasma pneumoniae infection is only partly due to 
pathogen-specific antibodies [13]. Cold agglutinins and 
a variety of autoimmune antibodies against cardiolipins, 
lung, brain, and smooth muscle antigens are produced 
[15]. Thus, it is not surprising that sera of patients with 
Mycoplasma pneumoniae infection showed false-positive 
results in other antibody assays [16, 17]. This is in line 
with our observation that no cross-reactivity between 
Mycoplasma pneumoniae and SARS-CoV-2 was seen 
with the highly specific f low-cytometric assay using 
HEK 293 T cells expressing SARS-CoV-2 spike protein 
on their surface, suggesting non-specific interactions in 
the Vircell-IgM/A assay. In addition, the manufacturer 
described interference of the Vircell-IgM/A assay with 
antinuclear antibodies [18]. Interestingly, Mycoplasma-
induced false-positive SARS-CoV-2 IgM results have 
already led to misdiagnoses. Serrano et  al. recently 
reported Mycoplasma pneumoniae-induced skin lesions 

in two patients that were misdiagnosed as COVID-19-as-
sociated skin disease based on false-positive SARS-
CoV-2 IgM results [19].

The median antibody indices in the viral infection 
group were all below the manufacturers’ cutoff values. 
Therefore, previous viral infections did not influence 
the specificities of the assays as prominently as certain 
bacterial infections. Especially, the Euroimmun assays 
exhibited an excellent specificity when evaluated with 
sera from patients with other viral infections. Interest-
ingly, sera from patients with previous Coronavirus NL63 
or Coronavirus 229E infection showed high median anti-
body indices in the Vircell-IgM/A assay, but less so in 
the Euroimmun-IgA assay. However, because of the lim-
ited number of patients diagnosed with these pathogens, 
more data are necessary to confirm our observations.

Previous analyses on cross-reactivity with non-
SARS-CoV-2 pathogens yielded conflicting results. 
Some studies reported no cross-reactivity with various 

Table 3   SARS-CoV-2 antibody results in patients of the bacterial infection group

The p-values were determined for the comparison of the Vircell-IgM/A with the Euroimmun-IgA and the Vircell-IgG with the Euroimmun-IgG. 
STD, standard deviation; IQR, interquartile range; neg, negative; equ, equivocal; pos, positive; AI, antibody index

Stratification Vircell Euroimmun p-value Vircell Euroimmun p-value
IgM/A IgA IgG IgG

Specificity, (equ 
results rated as pos) 
(%) (+ / − SD)

– 68.0 (60.6 − 74.8) 84.8 (78.7 − 89.8)  < 0.01 97.8 (94.3 − 99.4) 97.8 (94.3 − 99.4) 1.00

Specificity, (equ 
results rated as neg) 
(%) (+ / − SD)

– 73.6 (66.5 − 79.9) 89.3 (83.8 − 93.5)  < 0.01 98.3 (95.2 − 99.7) 98.3 (95.2 − 99.7) 1.00

Categorical result 
of SARS-CoV-2 
antibody measure-
ment (% of patients) 
(number)

Negative
Equivocal
Positive

68.0 (121)
5.6 (10)
26.4 (47)

84.8 (151)
4.5 (8)
10.7 (19)

– 97.8 (174)
0.6 (1)
1.7 (3)

97.8 (174)
0.6 (1)
1.7 (3)

–

Categorical result 
stratified according 
to pathogen (% pos) 
(neg/equ/pos)

Mycoplasma pneumoniae
Chlamydia pneumoniae
Bordetella pertussis
Coxiella burnetii
Legionella pneumophila
Chlamydia psittaci

38.9 (39/5/28)
12.5 (26/2/4)
8.3 (22/0/2)
12.5 (20/1/3)
31.3 (10/1/5)
57.1 (2/1/4)

15.3 (53/8/11)
6.3 (30/0/2)
8.3 (22/0/2)
4.2 (23/0/1)
18.8 (13/0/3)
0 (7/0/0)

0.01
0.29
1.00
0.38
0.38
–

1.4 (71/0/1)
3.1 (31/0/1)
0 (24/0/0)
0 (24/0/0)
6.3 (15/0/1)
0 (7/0/0)

1.4 (71/0/1)
3.1 (31/0/1)
0 (24/0/0)
4.2 (22/1/1)
0 (16/0/0)
0 (7/0/0)

1.00
1.00
–
–
–
–

Quantitative result of 
SARS-CoV-2 anti-
body measurement 
(median AI) (IQR)

Total
Negative
Equivocal
Positive

4.84 (2.96 − 8.47)
3.55 (2.47 − 4.91)
6.84 (6.30 − 7.05)
12.74 (9.80 − 26.20)

0.34 (0.19 − 0.56)
0.29 (0.19 − 0.43)
0.95 (0.89 − 1.00)
1.42 (1.22 − 1.75)

– 1.34 (0.96 − 2.27)
1.32 (0.93 − 2.23)
5.00 (–)
10.52 (8.75 − 14.28)

0.10 (0.07 − 0.13)
0.10 (0.07 − 0.13)
0.93 (–)
1.55 (1.37 − 2.12)

–

Quantitative results 
stratified according 
to pathogen (median 
AI) (IQR)

Mycoplasma pneumoniae
Chlamydia pneumoniae
Bordetella pertussis
Coxiella burnetii
Legionella pneumophila
Chlamydia psittaci

5.84 (3.98 − 9.80)
3.30 (1.84 − 5.77)
4.03 (2.63 − 5.56)
3.50 (2.44 − 5.14)
4.65 (3.30 − 10.78)
10.66 (6.76 − 42.28)

0.46 (0.29 − 0.86)
0.27 (0.18 − 0.39)
0.30 (0.19 − 0.46)
0.20 (0.15 − 0.37)
0.42 (0.28 − 0.69)
0.24 (0.15 − 0.37)

– 1.42 (1.04 − 2.04)
1.39 (0.89 − 2.62)
1.38 (0.95 − 2.48)
1.13 (0.73 − 2.49)
1.14 (0.85 − 2.85)
1.26 (1.16 − 1.65)

0.12 (0.08 − 0.19)
0.09 (0.07 − 0.11)
0.07 (0.05 − 0.11)
0.10 (0.06 − 0.12)
0.09 (0.08 − 0.11)
0.09 (0.07 − 0.12)

–
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viruses, bacteria, and fungi at all [20, 21], while oth-
ers experienced false-positive results in sera of patients 
with SARS-CoV-1 or MERS-Coronavirus [22]; Coro-
navirus 229E, NL63, OC43, HKU1, or SARS-CoV-1 
[23]; CMV [24]; inf luenza A and B virus, adenovi-
rus, or Mycoplasma pneumoniae [25]. One study used 
the Euroimmun-IgA and IgG assays [26]. Lassauniere 
et al. examined acute viral respiratory tract infections 
with other coronaviruses (n = 5) or non-coronaviruses 
(n = 45); dengue virus (n = 9), CMV (n = 2), and EBV 
(n = 10). The Euroimmun-IgA cross-reacted primarily 

with adenovirus and influenza A/B and to a lesser extent 
with EBV and dengue virus, whereas the Euroimmun-
IgG cross-reacted with Coronavirus HKU1 and adenovi-
rus [26]. The latter study is in line with our observation 
that false-positive results occur with the Euroimmun-IgA 
almost exclusively with sera from patients infected with 
influenza A/B and enterovirus and that the specificity of 
the Euroimmun-IgA assay was clearly lower than that of 
the Euroimmun-IgG assay.

A weakness of our study is that the diagnoses in the bac-
terial infection group were based on serologic assays and that 

Fig. 4   Box-plots of anti-SARS-CoV-2 antibody indices from the 
bacterial infection group and the control group. The red dotted line 
indicates the lower manufacturer’s cutoff value (equivocal results are 

rated positive results). Circles and stars depict outliers and extreme 
outliers, respectively. a) Vircell-IgM/A b) Euroimmun-IgA c) Vir-
cell-IgG d) Euroimmun-IgG
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PCR confirmation was performed only in a minority of patients. 
Therefore, false-positive serology results are possible.

In conclusion, the Vircell- and the Euroimmun-IgG 
assays are superior to the Vircell-IgM/A and Euroim-
mun-IgA assays. Both IgG assays showed very good 

sensitivities more than 7  weeks after infection and 
excellent specificities. Therefore, they are suitable for 
diagnosing previous COVID-19 infection and for testing 
SARS-CoV-2 humoral immunity following immunization 
with a spike glycoprotein–based vaccine.

Table 4   SARS-CoV-2 antibody results in patients of the viral infection group

The p-values were determined for the comparison of the Vircell-IgM/A with the Euroimmun-IgA and the Vircell-IgG with the Euroimmun-IgG. 
STD, standard deviation; IQR, interquartile range; neg, negative; equ, equivocal; pos, positive; AI, antibody index

Stratification Vircell Euroimmun p-value Vircell Euroimmun p-value
IgM/A IgA IgG IgG

Specificity, (equ 
results rated as pos) 
(%) (+ / − SD)

– 81.3 (72.6 − 88.2) 96.3 (90.7 − 99.0)  < 0.01 86.0 (77.9 − 91.9) 99.1 (94.9 − 100.0)  < 0.01

Specificity, (equ 
results rated as neg) 
(%) (+ / − SD)

– 87.9 (80.1 − 93.4) 96.3 (90.7 − 99.0) 0.02 95.3 (89.4 − 98.5) 100.0 (96.6 − 100.0) -

Categorical result 
of SARS-CoV-2 
antibody measure-
ment (% of patients) 
(number)

Negative
Equivocal
Positive

81.3 (87)
6.5 (7)
12.1 (13)

96,3 (103)
0 (0)
3.7 (4)

- 86.0 (92)
9.3 (10)
4.7 (5)

99.1 (106)
0.9 (1)
0 (0)

-

Categorical results of 
SARS-CoV-2 anti-
body measurement 
stratified according 
to pathogen (% pos) 
(neg/equ/pos)

Adenovirus
Bocavirus
Coronavirus
  • Coronavirus 229E
  • Coronavirus NL63
  • Coronavirus OC43
Enterovirus
Human metapneumo-

virus
Influenza virus A
Influenza virus B
Parainfluenza virus
Rhinovirus
Respiratory syncytial 

virus
Mycoplasma pneumoniae

11.1 (8/0/1)
25 (2/1/1)
15.4 (11/1/2)
25 (2/1/1)
50 (1/0/1)
0 (8/0/0)
0 (3/0/0)
33.3 (2/0/1)

18.2 (8/1/2)
16.7 (4/1/1)
10 (9/0/1)
8.8 (28/3/3)
0 (7/0/0)

16.7 (5/0/1)

0 (9/0/0)
0 (4/0/0)
0 (14/0/0)
0 (4/0/0)
0 (2/0/0)
0 (8/0/0)
33.3 (2/0/1)
0 (3/0/0)

9.1 (10/0/1)
16.7 (5/0/1)
0 (10/0/0)
2.9 (33/0/1)
0 (7/0/0)

0 (6/0/0)

-
-
-
-
-
-
-
-

-
1.00
-
0.13
-

-

0 (8/1/0)
0 (4/0/0)
7.1 (12/1/1)
25 (3/0/1)
0 (2/0/0)
0 (7/1/0)
0 (3/0/0)
0 (3/0/0)

0 (9/2/0)
0 (6/0/0)
10 (9/0/1)
8.8 (26/5/3)
0 (6/1/0)

0 (6/0/0)

0 (9/0/0)
0 (4/0/0)
0 (10/0/0)
0 (4/0/0)
0 (4/0/0)
0 (2/0/0)
0 (8/0/0)
0 (3/0/0)

0 (11/0/0)
0 (6/0/0)
0 (10/0/0)
0 (33/1/0)
0 (7/0/0)

 0 (6/0/0)

-
-
-
-
-
-
-
-

-
-
-
0.04
-

-
Quantitative result of 

SARS-CoV-2 anti-
body measurement 
(median AI) (IQR)

Total
Negative
Equivocal
Positive

3.23 (1.91 − 5.28)
2.67 (1.50 − 4.10)
7.17 (6.72 − 7.35)
9.70 (9.35 − 12.76)

0.20 (0.10 − 0.33)
0.19 (0.10 − 0.30)
-
2.67 (1.60 − 4.43)

- 1.89 (1.23 − 3.13)
1.68 (1.18 − 2.51)
4.83 (4.50 − 5.04)
7.16 (6.58 − 7.61)

0.07 (0.05 − 0.11)
0.07 (0.05 − 0.11)
1.05 (-)
-

-

Quantitative results 
stratified according 
to pathogen (median 
AI) (IQR)

Adenovirus
Bocavirus
Coronavirus
  • Coronavirus 229E
  • Coronavirus NL63
  • Coronavirus OC43
Enterovirus
Human metapneumo-

virus
Influenza virus A
Influenza virus B
Parainfluenza virus
Rhinovirus
Respiratory syncytial 

virus
Mycoplasma pneumoniae

2.28 (0.82 − 3.03)
5.92 (3.87 − 8.15)
2.87 (2.01 − 7.34)
6.30 (4.23 − 8.35)
13.90 (2.29 − 25.50)
2.32 (1.00 − 3.46)
3.23 (3.15 − 3.57)
5.23 (4.94 − 7.29)

3.67 (1.59 − 6.42)
4.08 (1.66 − 7.97)
2.16 (1.48 − 4.55)
3.63 (2.20 − 5.17)
2.10 (1.40 − 3.43)

4.72 (4.08 − 5.76)

0.21 (0.07 − 0.25)
0.41 (0.28 − 0.47)
0.12 (0.07 − 0.35)
0.51 (0.41 − 0.57)
0.12 (0.09 − 0.14)
0.08 (0.05 − 0.29)
0.28 (0.26 − 1.79)
0.11 (0.10 − 0.17)

0.22 (0.10 − 0.34)
0.22 (0.13 − 0.30)
0.10 (0.15 − 0.37)
0.18 (0.10 − 0.34)
0.11 (0.09 − 0.21)

0.21 (0.14 − 0.28)

- 1.31 (0.98 − 1.46)
3.25 (2.53 − 3.60)
2.09 (1.26 − 2.80)
2.76 (2.16 − 5.21)
2.02 (1.64 − 2.40)
1.52 (0.93 − 2.85)
1.95 (1.35 − 2.44)
3.70 (3.00 − 3.80)

1.69 (1.31 − 3.21)
1.37 (1.05 − 1.73)
1.92 (1.57 − 3.42)
2.26 (1.26 − 3.59)
1.52 (1.07 − 1.89)

2.42 (1.82 − 2.97)

0.08 (0.03 − 0.10)
0.08 (0.05 − 0.11)
0.06 (0.04 − 0.09)
0.07 (0.05 − 0.10)
0.07 (0.04 − 0.09)
0.06 (0.05 − 0.10)
0.10 (0.09 − 0.11)
0.05 (0.05 − 0.06)

0.08 (0.07 − 0.11)
0.06 (0.05 − 0.07)
0.08 (0.06 − 0.12)
0.07 (0.05 − 0.14)
0.06 (0.05 − 0.07)

0.09 (0.05 − 0.14)

-
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Table 5   SARS-CoV-2 antibody results in patients of the pre-COVID era control group

STD, standard deviation; IQR, interquartile range; neg, negative; equ, equivocal; pos, positive; AI, antibody index

Stratification Vircell Comparison with the bacte-
rial infection group

Comparison with the viral 
infection group

IgM/A IgG Vircell-IgM/A Vircell-IgG Vircell-IgM/A Vircell-IgG

Specificity, (equ results 
rated as pos) (%) 
(+ / − SD)

- 72.5 (61.4 − 81.9) 81.3 (80.0 − 89.1) p = 0.56 p < 0.01 0.16 0.42

Specificity, (equ results 
rated as neg) (%) 
(+ / − SD)

- 75.0 (64.1 − 84.0) 90.0 (81.2 − 95.6) p = 0.88 p < 0.01 0.03 0.24

Categorical result of 
SARS-CoV-2 antibody 
measurement (number) 
(neg/equ/pos)

- 58/2/20 65/7/8 - - - -

Quantitative result of 
SARS-CoV-2 antibody 
measurement (median 
AI) (IQR)

Total
Negative
Equivocal
Positive

4.52 (3.55 − 7.40)
3.75 (3.20 − 4.76)
6.66 (6.60 − 6.71)
10.18 (9.17 − 12.22)

3.03 (2.56 − 3.69)
2.73 (2.15 − 3.21)
5.16 (4.58 − 5.55)
6.60 (6.30 − 12.42)

p = 0.84 p < 0.01 p < 0.01 p < 0.01

Fig. 5   Box-plots of anti-SARS-CoV-2 antibody indices from the viral 
infection group and the control group. The red dotted line indicates 
the lower manufacturer’s cutoff value (equivocal results are rated 

positive results). Circles and stars depict outliers and extreme outli-
ers, respectively. a) Vircell-IgM/A b) Euroimmun-IgA c) Vircell-IgG 
d) Euroimmun-IgG
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