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ABSTRACT A total of 1,200 serum samples that were tested for SARS-CoV-2 IgG
antibody using the Abbott Architect immunoassay targeting the nucleocapsid
protein were run in 3 SARS-CoV-2 IgG immunoassays targeting spike proteins
(DiaSorin Liaison, Ortho Vitros, and Euroimmun). Consensus-positive and con-
sensus-negative interpretations were defined as qualitative agreement in at least
3 of the 4 assays. Agreement of the 4 individual assays with a consensus-
negative interpretation (n = 610) ranged from 96.7% to 100%, and agreement
with a consensus-positive interpretation (n = 584) ranged from 94.3% to 100%.
Laboratory-developed inhibition assays were utilized to evaluate 49 consensus-
negative samples that were positive in only one assay; true-positive reactivity
was confirmed in only 2 of these 49 (4%) samples. These findings demonstrate
very high levels of agreement among 4 SARS-CoV-2 IgG assays authorized for
emergency use, regardless of antigen target or assay format. Although false-
positive reactivity was identified, its occurrence was rare (no more than 1.7% of
samples for a given assay).
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testing is not currently used to diagnose acute COVID-19 infections, assays for SARS-
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TABLE 1 Information for the 4 SARS-CoV-2 IgG immunoassays used to test study samples

Assay name? Manufacturer Method Protein (antigen) target Negative index Positive index
Architect SARS-CoV-2 IgG Abbott Laboratories Inc., Abbott Park, IL  CMIA Nucleocapsid <14 =14

Liaison SARS-CoV-2 S1/S2 1gG  DiaSorin Inc., Stillwater, MN CIA Spike 1 + spike 2 <15.0 =15.0

Vitros anti-SARS-CoV-2 I1gG Ortho Clinical Diagnostics, Raritan, NJ CIA Spike 1 <1.0 =1.0
Anti-SARS-CoV-2 ELISA (IgG) Euroimmun Inc., Mountain Lakes, NJ ELISA Spike 1 <0.8 =0.8°

aFor the CMIA and CIA methods, the assay name begins with the instrument utilized for test performance.
bPer the Euroimmun instructions for use, index values of 0.8, 0.9, and 1.0 are considered equivocal; however, for the purposes of this study, equivocal results were
interpreted as positive.

zation (EUA) from the U.S. Food and Drug Administration (https://www.fda.gov/medical
-devices/emergency-situations-medical-devices/eua-authorized-serology-test
-performance). However, the extent of concordance among the various EUA assays is
still being defined; in particular, it is unclear how assays measuring antibodies to the
SARS-CoV-2 spike protein compare to assays measuring antibodies to the SARS-CoV-2
nucleocapsid protein (3). Such information is crucial to assisting clinicians and labora-
tory scientists in evaluating and interpreting results generated by different laboratories
that utilize multiple EUA platforms. Here, we compare results obtained using 4 high-
throughput SARS-CoV-2 IgG EUA immunoassays; samples positive or negative in an
assay measuring IgG to viral nucleocapsid were tested in 3 assays measuring 1gG
recognizing viral spike protein subunits S1 or both S1 and S2 (S1+52).

MATERIALS AND METHODS

Samples. Serum samples with positive (n = 600) or negative (n = 600) SARS-CoV-2 IgG results from
the Abbott chemiluminescent microparticle immunoassay (CMIA) utilizing nucleocapsid protein as the
antigen target (referred to here as the nucleocapsid-based assay) were selected for further analysis in 3
SARS-CoV-2 IgG assays utilizing spike protein(s) as the antigen target (referred to here as spike-based
assays). The 600 deidentified Abbott-positive samples were tested in the Abbott assay at Quest
Diagnostics Nichols Institute, Chantilly, VA, and consisted of consecutive positive samples with enough
remaining volume for further testing. After testing in the Abbott assay, these samples were frozen and
shipped on dry ice to Quest Diagnostics Infections Disease (QDID), San Juan Capistrano, CA; there they
were thawed and tested in the other 3 SARS-CoV-2 IgG assays within 24h of thawing. The 600
deidentified Abbott-negative samples were tested in the Abbott assay at QDID and consisted of
consecutive negative samples with enough remaining volume for further testing; the samples were
refrigerated a maximum of 48 h before being tested in the other 3 assays. The median age of patients
contributing the Abbott-positive samples was 47 years, and 48% were male; the median age of the
patients contributing the Abbott-negative samples was 52 years, and 42% were male. Clinical findings
and SARS-CoV-2 RNA results were not available for any of the 1,200 patients.

Immunoassays. In addition to the Abbott CMIA, three SARS-CoV-2 IgG immunoassays (2 chemilu-
minescent immunoassays [CIAs] and 1 enzyme-linked immunosorbent assay [ELISA]) were evaluated
(Table 1). All 4 assays were performed following the instructions for use supplied by the respective
manufacturers. For the 3 chemiluminescent assays, undiluted serum samples are placed inside the
respective instruments (Table 1), and all assay steps are performed inside the instrument. In contrast, for
the Euroimmun ELISA, samples are diluted 1:101 in kit-supplied sample diluent, and the diluted sample
is added to reaction wells. Results were classified as positive or negative following the interpretive criteria
supplied in the manufacturer’s instructions, with one exception; samples with a Euroimmun equivocal
index (0.8 to 1.0) were interpreted as positive for purposes of this study.

Inhibition assays. Three assays (Abbott, DiaSorin, and Euroimmun) were modified to distinguish
true-positive (TP) from false-positive (FP) reactivity based on inhibition of reactivity by soluble SARS-
CoV-2 proteins. Preliminary experiments using a sample positive in all 4 assays (presumed to be TP)
established the optimal concentrations of inhibitory proteins required for each assay. For the Abbott
inhibition assay, serum samples were diluted 1:2 with phosphate-buffered saline (PBS), PBS containing
soluble recombinant S1 protein (6 ug/ml; GenScript, Piscataway, NJ), or PBS containing soluble nucleo-
capsid protein (6 wg/ml; GenScript); thus, the final concentration of S1 protein or nucleocapsid protein
in analyzed samples was 3 ug/ml. Similarly, for the DiaSorin inhibition assay, sera were diluted 1:2 with
PBS, PBS containing S1 protein (6 ng/ml) and S2 protein (6 wg/ml; RayBiotech, Peachtree Corners, GA),
or PBS containing nucleocapsid (12 ug/ml, to match the total S1+52 concentration of 12 ug/ml). Thus,
the final concentrations of analyzed samples for the DiaSorin inhibition assay were 3 ug/ml each for S1
and S2 and 6 ug/ml for nucleocapsid. For the Euroimmun inhibition assay, samples were diluted 1:101
in sample diluent, sample diluent containing S1 protein (3 ng/ml), or sample diluent containing nucleo-
capsid protein (3 wg/ml). For each inhibition assay, the samples tested included the samples positive only
by the comparable routine assay, plus a minimum of 9 samples that were positive in all 4 assays.

Inhibition was calculated as (PBS or diluent index — nucleocapsid or spike index)/PBS or diluent index
and expressed as a percentage. The cutoff for distinguishing TP from FP reactivity was defined as the
mean percent inhibition value minus 2 standard deviations for the samples positive in all 4 assays that
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TABLE 2 Distribution of results across all 4 assays and consensus interpretations

Individual assay result?

Interpretation (n) Abbott DiaSorin Ortho Euroimmun  No. of samples
Consensus-negative (610) Negative  Negative  Negative Negative 561
Negative  Positive Negative  Negative 15
Negative  Negative = Negative Positive 20
Positive Negative ~ Negative  Negative 14
Consensus-positive (584) Positive Positive Positive Positive 548
Positive Negative Positive Positive 33
Positive Positive Positive Negative 1
Negative Positive Positive Positive 2
Nonconsensus (6) Negative Positive Negative  Positive 2
Positive Negative  Positive Negative 2
Positive Negative  Negative Positive 2

aDiscrepant results are in boldface.

were tested in the inhibition assay; values below this cutoff were considered FP. Cutoff values were 29%
for the Abbott inhibition assay, 42% for the DiaSorin inhibition assay, and 61% for the Euroimmun
inhibition assay.

Analysis and statistics. The various reactivity patterns across all 4 SARS-CoV-2 IgG assays were
combined into 3 interpretation groups. Consensus-negative was defined as a negative result in at least
3 of 4 assays, and consensus-positive was defined as a positive result in at least 3 of 4 assays; the
nonconsensus group included samples positive in 2 of 4 assays. All samples were classified into
consensus-negative, consensus-positive, or nonconsensus categories based on the cutoffs listed in Table
1. For each of the 4 assays, positive agreement and negative agreement (and 95% confidence intervals)
were calculated to compare the assay’s performance to positive consensus or negative consensus.
Samples with a nonconsensus interpretation were not included in positive-agreement/negative-
agreement calculations, since there was no majority positive or negative reactivity (i.e., positive in 2
assays and negative in 2 assays). Statistical analyses were conducted using R version 3.6.3, R Foundation
for Statistical Computing (https://www.R-project.org).

RESULTS

Consensus interpretations. Summarized in Table 2 are the results for the 1,200
samples across all 4 SARS-CoV-2 IgG assays. The vast majority of samples in the
consensus-negative and consensus-positive groups showed complete agreement
across all 4 assays (1,109/1,194 = 93% [95% confidence interval, 91.3% to 94.2%]).

Agreement of individual assay results with consensus-negative or -positive
interpretations. Table 3 shows the agreement of results for the 4 individual assays with
a consensus-negative or consensus-positive interpretation. High levels of agreement
were observed; agreement with a consensus-negative interpretation ranged from
96.7% to 100%, and agreement with a consensus-positive interpretation ranged from
94.3% to 100%. Note that the Ortho assay exhibited the highest agreement (100%) with
both the consensus-negative and consensus-positive interpretations.

Results of inhibition assays. Within the consensus-negative group were 49 sam-
ples (4% of all samples tested) that were positive in only one assay (14 for Abbott, 15
for DiaSorin, and 20 for Euroimmun; no samples were positive by Ortho only). These
samples, plus a minimum of 9 samples that were positive in all 4 assays (referred to here
as TP samples), were tested in platform-specific inhibition assays designed to discrim-
inate FP from TP reactive. The results are shown in Fig. 1. Of 14 samples positive only

TABLE 3 Agreement of individual SARS-CoV-2 IgG assays with negative or positive consensus interpretations

Consensus negative (n = 610) Consensus positive (n = 584)
% Agreement Agreement
Assay No. agreeing (95% confidence interval) No. agreeing (95% confidence interval)
Abbott 596 97.7 (96.2, 98.6) 582 99.7 (98.8, 99.9)
DiaSorin 595 97.5 (96, 98.5) 551 94.3 (92.2, 95.9)
Ortho 610 100 (99.4, 100) 584 100 (99.3, 100)
Euroimmun 590 96.7 (95, 97.9) 583 99.8 (99, 100)
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FIG 1 Results from inhibition assays. Blue dots represent samples positive in all 4 assays (TP samples); red
dots represent samples that were positive only in the indicated assay. Values for the Abbott assay
represent percent inhibition by nucleocapsid, values for the DiaSorin assay represent percent inhibition
by S1+S2 proteins, and values for the Euroimmun assay represent percent inhibition by S1 protein. The
horizonal lines indicate the assay-specific inhibition value below which reactivity is considered FP.

by Abbott, 12 exhibited FP reactivity, defined as an inhibition value of <29%. Similarly,
all 9 evaluable samples positive only by DiaSorin exhibited FP reactivity (inhibition of
<42%), and all 16 evaluable samples positive only by Euroimmun exhibited FP reac-
tivity (inhibition of <61%); 6 DiaSorin-positive only samples and 4 Euroimmun-positive
only samples could not be evaluated using the inhibition assay because they were
negative when repeated in the routine assay as part of the inhibition protocol.
Inhibition by the SARS-CoV-2 protein that was not the target protein in the comparable
routine assay (i.e., S1 in the Abbott inhibition assay, nucleocapsid in the DiaSorin
inhibition assay, and nucleocapsid in the Euroimmun inhibition assay) was =4%, =10%,
and =16%, respectively, for all samples (data not shown). Taken together, these
findings demonstrate that, based on inhibition assay results, only 2 of 49 (4%) samples
positive in just one assay exhibited TP reactivity (both samples were positive only in the
Abbott assay); 96% of samples initially positive in only one of the 4 assays exhibited FP
reactivity.

DISCUSSION

The appropriate interpretation of results from SARS-CoV-2 IgG assays depends on a
clear understanding of their performance characteristics and limitations. Robust IgG
responses to both the spike protein found on the surface of virus particles and the
nucleocapsid protein found inside the virus particle occur following SARS-CoV-2 infec-
tion (4-7). However, there are conflicting reports as to the relative sensitivities of
spike-based versus nucleocapsid-based IgG assays, particularly during the first 14 days
after disease onset. Liu et al. (using ELISAs) and Tang et al. (using the Euroimmun ELISA
and the Abbott CIA) found that spike-based IgG assays were slightly more sensitive
during this time frame (8, 9), whereas Burbelo et al. (using luciferase immunoprecipi-
tation systems) found that nucleocapsid-based assays were more sensitive (10). By
2 weeks after symptom onset, however, comparable sensitivities are observed (6, 7,
11-14).

Based on these published contradictory results for sensitivity (8-10), plus additional
studies presenting contradictory data on the correlation of virus-neutralizing activity
with spike antibody levels versus nucleocapsid antibody levels (15, 16), we sought to
better understand how spike-based SARS-CoV-2 IgG assays perform compared to
nucleocapsid-based assays. We thus selected samples previously tested using the
Abbott assay targeting nucleocapsid protein to conduct our comparison study.

Our results show that, when consensus interpretations were defined based on
agreement in at least 3 of the 4 assays evaluated, individual assay agreements with the
consensus interpretation were very high, ranging from 94% to 100%, regardless of
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antigen target and assay platform. These findings thus demonstrate highly comparable
performance among these 4 SARS-CoV-2 IgG assays. Our findings are consistent with
those of other investigators (17-20), who demonstrated good correlation when com-
paring multiple assays using panels of up to approximately 500 samples. To our
knowledge, ours is the first study to assess IgG reactivity in these 4 high-throughput
assays using well over 1,000 samples.

A small number of samples within the consensus-negative group (4% of all samples)
were positive in only one of the 4 assays. This pattern may represent increased assay
sensitivity, decreased specificity, or a combination of the two. To discriminate among
these possibilities, inhibition assays were developed and performed. The results
showed that all samples positive only in the DiaSorin or Euroimmun assay exhibited FP
reactivity; similarly, 12 of 14 samples positive only in the Abbott assay showed FP
reactivity. Thus, the vast majority (96%) of samples that tested positive in only 1 of the
4 assays represented decreased assay specificity, rather than increased assay sensitivity.
Of note, 13 of the 20 samples with FP reactivity in the Euroimmun assay exhibited index
values within the manufacturer’s equivocal range (interpreted as positive for the
purpose of this evaluation); however, 12 other Euroimmun-equivocal samples fell
within the consensus positive group (also positive by Abbott and Ortho), indicating that
some Euroimmun-equivocal samples show TP reactivity. These findings suggest that it
may be appropriate to test Euroimmun-equivocal samples using a different SARS-CoV-2
IgG assay, in order to distinguish TP from FP reactivity.

Other investigators (17) evaluating the Euroimmun SARS-CoV-2 IgG assay inter-
preted Euroimmun-equivocal results as negative rather than as positive, prompting us
to question how using that interpretation option might alter our findings. Had samples
with an index in the Euroimmun equivocal range been interpreted as negative, the
consensus-negative group would increase by 1 sample (from 610 to 611), and the
consensus-positive group would decrease by 11 samples (from 584 to 573); most
notably, the size of the nonconsensus group would nearly triple, increasing from 6 to
16 samples. The impact of these shifts on consensus-negative percent agreement and
consensus-positive percent agreement would be minimal; the Euroimmun consensus-
negative agreement would increase from 97% to 99%, and the DiaSorin consensus-
positive agreement would increase from 94% to 96%. Thus, when a binary (positive/
negative) interpretation was used for Euroimmun assay results, either interpretation of
Euroimmun-equivocal results led to the same conclusion: all 4 SARS-COV-2IgG assays
evaluated were highly comparable, exhibiting >90% agreement with consensus re-
sults.

A recognized limitation of our study is the lack of clinical information for the patients
whose serum samples were evaluated. Information on viral RNA results, disease onset,
and clinical course would likely help determine if the 2 patients positive only by Abbott
but with TP reactivity simply mounted an antibody response to nucleocapsid earlier
than a spike-based response, or if these patients for some reason failed to mount an
antibody response to spike protein. Likewise, the same questions apply to the 2
patients positive in all 3 spike-based assays but negative in the nucleocapsid-based
assay (see Table 2, consensus-positive results). Of note, Kohmer et al. (20) also identified
a small number of samples with IgG recognizing only nucleocapsid or spike protein and
speculated that there may be individual differences in the antibody response to
SARS-CoV-2 proteins. Last, we assume that samples negative in all 4 assays were from
uninfected persons and that samples positive in all 4 assays were from infected
patients, but without information on viral RNA results, time since infection, and clinical
course, we cannot know with certainty.

An additional limitation to the study is possible sample selection bias. As indicated,
samples were selected based on the qualitative result in the Abbott SARS-CoV-2 IgG
assay. Had we selected samples based on results in a spike-based assay, the levels of
agreement among assays might have been different. However, the large number of
samples included in the study provided the needed statistical power to demonstrate
that the 4 assays yield comparable results.
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Last, although data for the inhibition assays showed a clear distinction between
TP and FP reactivity, it is unclear why the inhibition values in the Abbott inhibition
assay were noticeably lower than the inhibition values in the DiaSorin and Euro-
immun assays. The most obvious difference is the target antigen of the assay; the
Abbott assay targets nucleocapsid, whereas the DiaSorin and Euroimmun assays
target spike protein(s). For all 3 inhibition assays, the soluble inhibitory protein
employed was not sourced from the assay manufacturer but rather purchased from
a different vendor. Thus, subtle differences in glycosylation and tertiary structure
may account for differences in the ability of the soluble protein to inhibit binding
of antibodies to the immobilized antigen. Further studies are needed to character-
ize the relationship between soluble antigen structure and inhibitory activity in
SARS-CoV-2 IgG inhibition assays.
In summary, our findings show these 4 SARS-CoV-2 IgG EUA assays exhibit excellent
agreement, regardless of the target antigen used or assay format (CMIA/CIA versus
ELISA). While variability can occur with any assay, health professionals receiving SARS-
CoV-2 IgG results obtained using any of these 4 assays, whether from different
laboratories or different platforms within a given laboratory, can be assured that the
results are comparable and likely equivalent as a diagnostic adjunct to NAAT.
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