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Research in Context
Evidence before this study
Since the first description of SARS-CoV-2, multiple seroprevalence studies have been conducted using various new
serological tests. Development, evaluation, and regulatory approvals of the seroassays available were geared
towards emergency use during the initial surge of the pandemic. In March 2020, when planning for the current
study was underway, the anti-SARS-COV-2 ELISA (Euroimmun, Lübeck, Germany) was the only serroassay
available, with the Elecsys Anti-SARS-CoV-2 assay (Roche, Basel, Switzerland) following shortly after. For tests used
here as confirmatory assays, little published information - apart from the manufacturer’s descriptions and perhaps
anecdotal case series - was available at the outset of the study.
We reviewed the performance assessments as stated by the manufacturers; in addition, we searched PubMed,
BioRxiv, and MedRxiv up to March 31, 2020 to identify further evaluations applying combinations of “SARS-CoV2”, “COVID-19” and “ELISA”, “serology” or “IgG”. We limited our search to articles published in English and
German, identifying few relevant results, and importantly no reports on head-to-head comparisons using the same
sample sets on the different assays. In addition, assessments were mostly performed by comparing severely sick
subjects with historical controls and lacking the broad assessment of subjects with a- or oligo-symptomatic SARSCoV-2 infections. While the existence of asymptomatic infections was still debated at that time, we considered
the information about serological responses of these patients in the community as critical to understanding
disease activity and to understanding the dark field. Since the beginning the study in April 2020, we have
continuously re-assessed the literature and included further test systems as they became available, re-testing all
appropriate samples with above-mentioned tests, including research use only tests.

Added value of this study
We present an evaluation of seven serological SARS-CoV-2 tests used as screening or confirmation tests in a large,
well-defined cohort including true-positive and true-negative individuals, as well as subjects with unknown SARSCoV-2 status in a low-prevalence setting of a large German city, not considered a specific “hot-spot”. A total of
6,658 individual samples were analyzed. This comprehensive collection allowed us to correlate the different tests
to identify concordance as well as discordance for the individual samples. This also enabled the evaluation of
confirmatory test systems, like direct virus-neutralization or the recently FDA-approved GeneScript®cPassTM,
compared to different serologic tests, including receptor binding domain (RBD)-based assays. In addition, we
assessed their overall performances in the Representative COVID-19 Cohort Munich (KoCo19), a prospective seroincidence study initiated in Munich, Germany, adjust cut-offs, and estimate potential influences of common-cold
CoVs as well as general seasonality; furthermore, the sero-conversion rate in patients with a history of positive
RT-PCR was also analysed.
1
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Implications of all the available evidence
Our study provides an independent benchmarking of the performance of multiple serological tests for application
in seroprevalence studies. The extensive correlations conducted facilitate the standardization of testing
approaches to ensure comparability across studies. Our data also provides a valuable resource for laboratories
and policy makers currently using or planning to use the respective tests, to identify products, or combinations of
tests best suited for their needs. Our data also suggests that adjusting the positivity-cut-off values increases mainly
the sensitivity of several tests when used with a collection of samples with high proportions of non-severely sick
patients. After adjustments, seroconversion rates are 90% or higher, indicating the general applicability of the
approach to identify exposure in the population. Different adjustments to the cut-offs, as well as varying
seroconversion rates have been published recently, still demonstrating overall uncertainty regarding these issues.
Importantly, our data also strengthens the evidence that cell-free tests, such as Mikrogen-recomLine-Blot or
GeneScript®cPassTM, can substitute direct virus-neutralization as a confirmatory test in seroprevalence studies
without sacrificing specificity. Overall, our study provides a resource of information useful for the public health
sector, diagnostic laboratories, as well as companies optimising their assays.
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Abstract:
Background. Serosurveys are essential to understand SARS-CoV-2 exposure and enable population-level
surveillance, but currently available tests need further in-depth evaluation. We aimed to identify testing-strategies
by comparing seven seroassays in a population-based cohort.
Methods. We analysed 6,658 samples consisting of true-positives (n=193), true-negatives (n=1,091), and
specimens of unknown status (n=5,374). For primary testing, we used Euroimmun-Anti-SARS-CoV-2-ELISA-IgA/IgG
and Roche-Elecsys-Anti-SARS-CoV-2; and virus-neutralisation, GeneScript®cPassTM, VIRAMED-SARS-CoV-2ViraChip®, and Mikrogen-recomLine-SARS-CoV-2-IgG, including common-cold CoVs, for confirmatory testing.
Statistical modelling generated optimised assay cut-off-thresholds.
Findings. Sensitivity of Euroimmun-anti-S1-IgA was 64·8%, specificity 93·3%; for Euroimmun-anti-S1-IgG,
sensitivity was 77·2/79·8% (manufacturer’s/optimised cut-offs), specificity 98·0/97·8%; Roche-anti-N sensitivity
was 85·5/88·6%, specificity 99·8/99·7%. In true-positives, mean and median titres remained stable for at least 90120 days after RT-PCR-positivity. Of true-positives with positive RT-PCR (<30 days), 6·7% did not mount detectable
seroresponses. Virus-neutralisation was 73·8% sensitive, 100·0% specific (1:10 dilution). Neutralisation surrogate
tests (GeneScript®cPassTM, Mikrogen-recomLine-RBD) were >94·9% sensitive, >98·1% specific. Seasonality had
limited effects; cross-reactivity with common-cold CoVs 229E and NL63 in SARS-CoV-2 true-positives was
significant.
Interpretation. Optimised cut-offs improved test performances of several tests. Non-reactive serology in truepositives was uncommon. For epidemiological purposes, confirmatory testing with virus-neutralisation may be
replaced with GeneScript®cPassTM or recomLine-RBD. Head-to-head comparisons given here aim to contribute to
the refinement of testing-strategies for individual and public health use.
Funding. Bavarian State Ministry of Science and the Arts, University Hospital LMU-Munich, Helmholtz-Centre
München, University of Bonn, University of Bielefeld, German Ministry for Education and Research. Euroimmun,
Roche, Mikrogen, Viramed provided kits and machines for analyses at discounted rates.

Keywords: SARS-CoV-2, serology, KoCo19, virus neutralisation
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Introduction
In December 2019, a cluster of atypical pneumonia of unknown origin was described in the region of Wuhan,
Hubei province, China. Subsequently, a novel coronavirus was identified as the causative pathogen: SARS-CoV-2
(Severe Acute Respiratory Syndrome Coronavirus 2).1 As the virus spread rapidly across the globe, the Corona
Virus Disease 2019 (COVID-19) was declared a pandemic on March 12th, 2020.
Direct detection of viral nucleic acids or the virus itself in bodily fluids is considered the reference standard of
acute infection; primarily identified through the use of nasopharyngeal swabs or other respiratory probes.2
Additionally, serodiagnostics are valuable in order firstly to identify past infections, asymptomatic or symptomatic,
and secondly to elucidate transmission dynamics within the population; both being highly relevant to inform
evidence-based political decision making.3,4
Several serological test systems have been introduced since the beginning of the pandemic.5 Most target one of
two specific viral structures: parts of the trimeric CoV spike (S1-2) complex or the nucleocapsid (N) envelope
protein.6 While the receptor binding domain (RBD) of S1 folds out to bind to the angiotensin-converting enzyme
2 (ACE2) receptor, the N-protein is involved in viral assembly and replication.7 To select the most suitable system
for different applications, independent evaluations and comparisons of their sensitivities and specificities on
different cohorts are of utmost importance; yet, as Cheng et al. state, validations of these tests are often poorly
described and evaluations show several shortcomings.7 Firstly, as most validation studies have been performed
with severely sick subjects, proposed cut-off values are ambiguous.4,8 Those individuals will likely have higher titres
than asymptomatic subjects,6,9-12 possibly resulting in a less reliable performance of the test system, or the
potential need for different cut-off values in these populations.13 Secondly, it remains unclear whether the
antibodies are serocorrelates of protection, highlighting the gap in knowledge of the underlying biology.3,7 And
lastly, cross-reactivity with other CoVs has been reported, but its effects on the test readouts remain uncertain.1416

Here we present the serological testing systems applied within the Representative COVID-19 Cohort Munich
(KoCo19), a prospective sero-incidence study initiated in Munich, Germany, in April 2020.17,18 Three independent
primary tests (Euroimmun Anti-S1-SARS-CoV-2-ELISA-IgA & -IgG and Elecsys Anti-SARS-CoV-2 Roche N pan−Ig) and
a number of confirmatory tests (direct viral neutralisation, GeneScript®cPassTM , Mikrogen-recomLine-RBD IgG
line immunoassay, VIRAMED-SARS-CoV-2-ViraChip® microarray) were assessed in a head-to-head crosscomparison. The tests were conducted on samples from (i.) RT-PCR positive individuals (true-positives), (ii.) blood
donors from the pre-COVID-19 era (true-negatives), and (iii.) subjects with unknown disease status (unknown).
Thus, we were able to generate reliable performance estimates for both primary and confirmatory tests by using
true-positive and true-negative individuals from the aforementioned cohorts and to subsequently derive
optimised cut-offs for our cohort.
4
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Methods
Study design and participants. In total, we included 6,658 samples, derived from a set of SARS-CoV-2 RT-PCR
positives (“true-positives”, n=193), individuals from historical cohorts, blood donors without any indication of
SARS-CoV-2 infection (“true-negatives”, n=1,091), and specimen of unknown status (n=5,374); details on the
cohort characteristics, including collection-timepoints, can be found in the appendix (p.1; p.4 supplemental table
1).
The study was approved by the Ethics Commission of the Faculty of Medicine at LMU Munich (20-275-V) and the
protocol is available online (www.koco19.de ).17

Laboratory Assays. All described analyses were performed using EDTA-plasma samples (appendix pp.1 for further
details on assays performed, and p.7 supplemental table 3 for details on platforms and units applied).
Euroimmun Anti-SARS-CoV-2-ELISA anti-S1 IgA/IgG (hereafter called EI-S1-IgG, EI-S1-IgA; Euroimmun, Lübeck,
Germany) test kits were used according to the manufacturer's instructions. Measurement values were obtained
using the quotient of the optical density measurement provided by the manufacturer’s software. We evaluated
Elecsys Anti-SARS-CoV-2 Roche anti-N pan-Ig (hereafter called Ro-N-Ig; Roche, Mannheim, Germany) in
accordance with the manufacturer’s guidelines. Values reported are the Cut-Off-Index (COI) of the individual
samples. Operative replicates of the same samples were performed to assess reliability of primary assay
performance.
For confirmatory testing, we conducted micro-virus neutralisation assays (NT) as described previously,19 with the
exception that confluent cells were incubated instead of adding cells following neutralisation reaction (appendix
pp.1). We classified samples with a titre <1:10 as "NT-negative" and samples with a titre ≥1:10 as "NT-positive".
The dilution steps indicated are <10, 10, 20, 40, and >80.
SARS-CoV-2 surrogate virus neutralisation test (GS-cPass; GenScript®, Piscataway, New Jersey, USA) was used to
measure binding inhibition, according to the manufacturer’s instructions. The inhibition was calculated in
percentages, ranging from -30 to 100.
For SARS-CoV-2 ViraChip® microarray (VIRAMED Biotech AG, Planegg, Germany; hereafter named VC-NIgA/IgM/IgG; VC-S1-IgA/IgM/IgG; VC-S2-IgA/IgM/IgG) execution followed the manufacturer’s instructions. We
obtained measurement values by the automated ELISA-processor in arbitrary units.
As outlined by the manufacturer, we conducted the recomLine SARS-CoV-2 IgG line immunoassay (MG-S1, MG-N,
MG-RBD; Mikrogen, Neuried, Germany), values below the cut-off of 1 were categorized “negative” without
quantitative information. Common-cold CoV-2 targets of 229E, NL63, OC43, and HKU1 were included in the
aforementioned assay.
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Statistical Analysis. Prior to analysis, we cleaned and locked the data. For the analyses and visualisation, we used
the software R, version 4.0.2. Only one sample per individual was included in the statistical analyses; in case of
individuals with multiple blood samples, we only considered the sample with the most complete dataset. For
multiple measurements with complete datasets, we only included the first measurement; for operational
replicates we used the latest. We subsequently carried out sensitivity and specificity analyses for true-negative
and true-positive samples over all the tests performed.
We report square roots R of coefficients of determination for association among continuous variables. For paired
sample comparisons, we applied Wilcoxon-sign-rank tests, whereas for multiple group comparisons we applied
Kruskal-Wallis tests, followed by post-hoc Dunn tests using the Benjamini-Yekutieli adjustment for pairwise
comparisons.20
Using true-positives and true-negatives, we determined optimised cut-off thresholds and their confidence
intervals by a nonparametric bootstrap. In a similar way, we trained random forest and support vector machine
classifiers. We calculated estimates for sensitivities, specificities, and overall prediction accuracies for all
considered cut-off values and classifiers. This calculation was done on out-of-sample observations to avoid
overfitting and thus overoptimistic performance measures. Details on the algorithms are outlined in the appendix
(pp.2).

Data & Code sharing. Data are accessible subject to data protection regulations upon reasonable request to the
corresponding author. To facilitate reproducibility and reuse, the code used to perform the analyses and generate
the figures was made available on GitHub (https://github.com/koco19/lab_epi) and has been uploaded to
ZENODO (http://doi.org/10.5281/zenodo.4300922 , DOI 10.5281/zenodo.4300922) for long-term storage.

Role of funding source. The funders had no role in study design, data collection, data analysis, data interpretation,
writing or submission for publication of this manuscript.
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Results
We assessed SARS-CoV-2 antibodies in a total of 6,658 independent samples using EI-S1-IgA (n=6,657), EI-S1-IgG
(n=6,658), and Ro-N-Ig (n=6,636) (figure 1, appendix p.4 supplemental table 1). Supplemental table 2 presents an
overview of all tests performed (appendix p.5); table 1 outlines sensitivity and specificity of both primary and
confirmatory tests by applying both manufacturers’ and optimised cut-offs.

Performance of Primary Tests. When we applied optimised cut-offs to the true-positive and true-negative
samples, EI-S1-IgA had a sensitivity of 64·8% and a specificity of 92·6%, while EI-S1-IgG had a sensitivity of 79·8%
and a specificity of 97·8% (table 1). The measurement value distribution of the EI-assays is depicted in figure 2A.
In the second half of the study period, a decrease in overall IgA-positivity was observed, while overall IgG-positivity
remained stable. Subsequent retesting of biobanked samples of the first weeks of sampling with kits of later
batches demonstrated overall lower IgA-positivity rates than in the first measurements. This was likely caused by
a batch effect, as retesting of samples from the second half of the sampling period did not reproduce these
findings; for the first period, it led to changes in classification from positive to negative in the operational replicates
(depicted as “positive-negative” in figure 2B and appendix p.8 supplemental figure 1A).
The sensitivity and specificity of Ro-N-Ig with optimised cut-offs were 88·6% and 99·7%, respectively (table 1). Retesting measurement values confirmed a correlation of R=1 for the quantitative measurement values without a
single classification change (0/423) (figure 2B, appendix p.8 supplemental figure 1B). For all three assays, few
samples tested false-negative (appendix p.26, supplemental figure 8).
For evaluation of primary test concordance, we excluded EI-S1-IgA due to inferior performance in sensitivity and
specificity. The concordance between EI-S1-IgG and Ro-N-Ig was 98.5% (6,538/6,636), where 4·0% (264/6,636) of
the samples were classified as positive and 94·5% (6,274/6,636) as negative unanimously. Of the remaining
samples (1·5%; 98/6,636), 56·1% (55/98) were classified as positive by El-S1-IgG and negative by Ro-N-Ig (figure
4A), while the remaining 43·9% (43/98) were negative for EI-S1-IgG and positive for Ro-N-Ig. To clarify their true
serostatus, confirmatory testing was performed where possible (appendix p.26 supplemental figure 8).
To assess the dependence of result read-out on sampling timepoints, we considered the temporal distribution of
baseline titres over the sampling period (appendix pp.11 supplemental figure 2). Here, we considered the mean
and median sample values above and below cut-off separately and found them to be comparable over the whole
sampling period. Samples from blood donors were available from two distinct sample timepoints (before and after
the common cold season). We noticed discrete baseline titre increases in spring without significant changes in
overall positivity rate (appendix p.14 supplemental figure 3).
To assess the dynamics of the antibody levels in RT-PCR positive subjects, we analysed the measurement values
between the RT-PCR test and blood sampling for three time intervals: <30 days, 30-90 days, and >90 days. Across
7
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the whole cohort, we did not observe an initial rise of EI-S1-IgA and EI-S1-IgG but found that EI-S1-IgA decreased
at later time points (p=0·02), while the distribution of EI-S1-IgG remained steady (figure 3). For Ro-N-Ig COI we
detected an increase in antibody levels (p<0·001), most notably between <30 and 30-90 days (p=0·02).

Performance of confirmatory tests. A sample subset (n=362; figure 1) underwent confirmatory testing. The
overall confirmatory test performance is presented in figure 5 and table 1. The sensitivity was 73·8% for direct NT
(1:10 dilution), 96·3% for GS-cPass, and 94·9% for MG-RBD. All three tests had a specificity close to 100% (figure
5).
NT-titres in our cohort were low – mostly 1:10 – and few had high neutralisation titres of 1:80 or above (figure
5A). Measurement values for MG-S1 and MG-RBD were often similar, with few samples showing a reaction against
S1 (and N) but not RBD (3·7%; 5/134). For the VC-array, sensitivities of both VC-S1-IgG and VC-N-IgG were
improved markedly by optimising cut-offs, with gains of >30% (VC-N-IgG 39·8%/93·5%; VC-S1-IgG 65·8/93·4%;
table 1, figure 5). Notably, a considerable number of samples (36·0%; 40/111) were reactive against S1 and N but
not S2 (figure 5D).
Figure 6 and supplemental figures 4, 5, and 10 (appendix pp.16) compare confirmatory tests. For surrogates of
viral neutralisation, 3·2% (3/95) were positive in NT and GS-cPass but not in MG-RBD (figure 6D).

Associations of confirmatory and primary tests. To examine pretest probability of assays following positive initial
testing, the measurement values of all primary and confirmatory tests were correlated (figure 7, appendix pp.19
supplementary figures 6, 7, 9). Overall, we observed good correlations, particularly for GS-cPass and MG-RBD with
EI-S1-IgG (figure 7B, C), and MG-N with Ro-N-Ig (figure 7H).
The categorical concordance for GS-cPass, MG-RBD, and MG-N with both Ro-N-Ig and EI-S1-IgG was similar (94%
or above), while the concordance of NT with both primary tests was lower (74%; figure 7A-H). Concordances were
improved by applying the optimised cut-offs, especially for VC-S1-IgG and VC-S2-IgG.
To derive an algorithm for an optimised testing-strategy, we also investigated potential gains when applying
multiple primary tests. Interestingly, combining different primary tests via machine learning techniques (random
forest and support vector machine) barely improved the performance beyond what was achieved by Ro-N-Ig alone
(table 1), neither could we demonstrate an added value of performing more than one confirmatory test.

Common cold line blot. Cross-reactivity between common cold CoV anti-N and SARS-CoV-2 anti-N was assessed
by line blot against 229E, NL63, OC43, and HKU1 for various samples subjected to confirmatory testing
(n=273/362; appendix p.27, supplemental figure 9). The distribution for 229E and NL63 showed a significant
association with SARS-CoV-2 infection and positivity (p<0·001 for both).
8
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Discussion
We performed head-to-head comparison of seven seroassays for SARS-CoV-2 in a well-defined cohort with 6,658
samples. The overwhelming majority of infections could be detected by antibodies even more than three months
after infection. In addition, we generated optimised cut-offs which improved sensitivity in primary tests and
enhanced the performance of several confirmatory tests. We furthermore showed that surrogate tests, such as
GeneScript®cPassTM or RBD line-blot, should be considered instead of the infrastructurally challenging NT in large
scale studies, such as vaccine trials or epidemiological surveys. In addition, we observed limited seasonality effects
and a significant cross-reactivity with common-cold CoV 229E and NL63 in SARS-CoV-2 true-positive subjects.

We calculated diagnostic accuracy indicators for seroassays based on true-positive and true-negative samples and
derived optimised cut-offs for the evaluated assays. We subsequently applied these to a set of samples of
unknown infection status.17 As reported previously, there is little diagnostic gain from EI-S1-IgA if EI-S1-IgG is used
on the same samples.4 Our study suggests that Ro-N-Ig performs more reliably than EI-S1-IgA and EI-S1-IgG; hence
the application of the latter two is of questionable use for low-prevalence settings, considering their lower
specificity.
For seroprevalence studies it is essential to know how long the measured antibody response remains stable and
detectable. There have been different reports of a rapid decline in titre over time.10,21 In this analysis, we observed
similar declines for EI-S1-IgA titres, which were highest within the first 30 days but dropped significantly
thereafter. In contrast, for both EI-S1-IgG and Ro-N-Ig, average titres did not decrease over a period of more than
90 days.

We assessed confirmatory test performances by a subset of true-negative samples. The assays targeting the
highly-specific receptor binding domain (NT, GS-cPass, MG-RBD) are considered direct or surrogate markers for
viral neutralisation.22 The cell-culture free tests performed particularly well with sensitivities of 96·3% for GS-cPass
and 94·9% for MG-RBD, using the manufacturer’s thresholds. In contrast, we improved the sensitivity for the VCarray markedly by applying optimised cut-offs, with a gain of >50% for VC-N-IgG (39·8%-93·5%) and almost 30%
for VC-S1-IgG (65·8-93·4%).
To generate reliable data for surrogate neutralisation markers (GS-cPass, MG-RBD) feasible for epidemiological
purposes, true-positive samples with low neutralising activity are preferable. Our cohort consists mainly of oligoor asymptomatic COVID-19 subjects – NT-titres observed were generally low as expected – suggesting an NT
dilution decrease from 1:10 to 1:5 might improve sensitivity in similar settings. As MG-RBD, GS-cPass, and NT
performed similarly and correlated well, suggesting an interchangeability of one another, for example for certain
epidemiological questions. NT requires complex BSL-3-laboratory infrastructures (virus-culture) which currently
9
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represents a critical bottleneck, while GC-cPass and MG-RBD can be performed under much less stringent safety
requirements. While NT is a direct representation of viral neutralisation, GS-cPass assesses the antibody-mediated
inhibition of ACE2-interaction with SARS-CoV-2-S1-RBD and is therefore a cell-free neutralisation surrogate
marker.23 Both assays are independent of antibody-subclasses. In contrast, MG-RBD solely detects the RBD-IgGantibody interaction. The discrepant results in our sample set (figure 6D) suggest either a different neutralisation
mode than binding to the RBD as used in MG-RBD, or neutralisation due to other subclasses than IgG.

The influence of previous or acute infections with common-cold CoV and a resulting cross-reactivity in SARS-CoV2 assays has been discussed previously.15,16 Biologically, it is impacted by the target used, wherein whole virus- or
nucleocapsid proteins are particularly prone to cross-reactivity; this also applies for SARS-CoV-2.6,14,15,24
Comparing true-negative samples from before and after the common cold season, we observed a marginal
seasonal increase in the measurement values of EI-S1-IgA, EI-S1-IgG, and Ro-N-Ig (supplemental figure 3). There
was a clear association between SARS-CoV-2 RT-PCR positivity and reactivity against 229E and NL63 N-protein;
this suggests that SARS-CoV-2 infected individuals develop a cross-reactivity in the assay against two of the four
tested CoV strains. Alternatively, in subjects with previous common cold, this could be explained by a crossstimulation of pre-existing cells specific to the respective common cold coronavirus strain. Similar findings were
described recently in a systematic review.6

Using the best-performing primary tests (EI-S1-IgG and Ro-N-Ig), we observed a relevant number of discordantly
classified samples (1·5%; 98/6,636; appendix p. 27 supplemental figure 8). Constellations of Ro-N-Ig negative and
EI-S1-IgG positive were observed frequently (56·1%; 55/98), with many samples being true-negatives (41·8%;
23/55), but none being true-positive (0%; 0/55). The overwhelming majority of those with unknown infection
status were negative in NT and GS-cPass (87·5%; 28/32). As the testing principle of EI-S1-IgG is based on S1reactivity, positive virus neutralisation or a neutralisation surrogate can be expected if the reaction is specific,
suggesting unspecific cross-reactivity in this group.
In contrast, discordant serology with Ro-N-Ig positive and EI-S1-IgG negative was less frequent (43·9%; 43/98),
mostly from true-positives >40 days after positive RT-PCR (16·3%; 16/98). This is strongly suggestive of an inability
of these individuals to mount a detectable response against S1 during the natural infection. Late or lacking
seroconversion has been described previously, mostly in oligo- or asymptomatic subjects.25,26 Reports speculated
about vastly varying proportions of subjects unable to mount an antibody response detectable by commonly used
assays.21,27,28 In a systematic review by Huang et al., the median detection time across different antibodies against
SARS-CoV-2 was 11 days, similar to SARS-CoV-1;6 however, serological kinetics vary across the severity gradients
of symptoms.6,9-11 Additionally, misclassification of subjects might have occurred due to RT-PCR-sample mix-up,
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unspecific reactivity, or contamination in the PCR-test; plausible scenarios in the current pandemic situation
where clinical and laboratory infrastructures are overburdened with high sample volumes. In oligo- or
asymptomatic subjects, a positive RT-PCR is often the only evidence of infection with SARS-CoV-2 and therefore a
misclassification might not be detected.
In our cohort of mostly oligosymptomatic true-positive subjects, 11·4% (22/193) were not detected in the primary
serological tests. Of these, 36·4% (8/22) were below 30 days after RT-PCR. A total of 6·0% (7/116) showed no
evidence of seroconversion in the group >90 days after RT-PCR. For one subject, the RT-PCR date was unknown.
Overall, in our dataset of samples >30 days after positive RT-PCR, a modest 8·1% (13/160) remained negative.

In addition to identifying suitable tests dependent upon the approach chosen, applying optimised cut-offs might
be a tool to enhance test performance.4,29 For EI-S1-IgG, Meyer et al. proposed optimised thresholds for both
lower and higher cut-offs.4 However, a seroprevalence study in Geneva compared both recommended and
optimised cut-offs, but did not see any qualitative change.30 The authors proposed evaluating the manufacturer’s
cut-off before routine testing, and highlighted the dilemma of securing both rule-in and rule-out properties to
mitigate the risk of incorrect classification in a situation with highly-dynamic pre-test probabilities.4 For both EIS1-IgG and Ro-N-Ig we demonstrated that sensitivity improved using optimised cut-offs, while specificity remained
similar. Even though these changes seem minimal, they might translate into a high number of incorrect diagnoses
when testing is performed on a large scale: this is especially pertinent in low-prevalence settings, as a particularly
high specificity is crucial to achieve a high positive predictive value. It may also be preferable to have a more
sensitive cut-off for a primary test and confirm the positives with a highly-specific secondary test system in low
prevalence settings.17

Our study has several of limitations. Firstly, the samples are mostly derived from subjects with mild to no
symptoms and therefore conclusions drawn here might best apply to an epidemiological rather than a diagnostic
approach. Further evaluation using specimens from severely ill subjects or from high-prevalence settings will need
to be conducted and compared to the enclosed results.
Secondly, the dataset used to estimate optimised cut-offs and performance of the tests is not an unbiased random
sample, as all were sampled in the city of Munich, Germany. It cannot be ruled out that blood donors are generally
healthier than the general population. Furthermore, not all confirmatory tests were performed on all samples;
only a subset, namely those with positive results in at least one primary test and a dedicated negative/positive
cohort, were tested using these systems. Finally, we did not have information on underlying health conditions
known to increase the quantity of polyclonal antibodies.
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In conclusion, our study provides a head-to-head cross-comparison of tests and can be used as a resource to
enable the refinement of testing-strategies for individual and public-health use. We also investigated the
correlations of the different test systems in-depth, considering confounders such as seasonality and titres against
common-cold CoV strains. By combining a diagnostic accuracy approach in a well-defined sample set with truepositive as well as true-negative specimens and extrapolating the established findings to samples derived from a
population-based seroprevalence cohort, we were able to identify reliable test systems for our Prospective COVID19 Cohort Munich (KoCo19).17
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Appendix and Supplementary Material:

Cohorts
Samples for testing were derived from three different sample sets (supplemental table 1, figure 1). For known
negatives (true-negatives), specimens from 991 healthy blood donors, sampled at two distinguished time points
were used (i. October 2019, to represent the pre-common cold period and ii. March 2020, pre-COVID19 and postcommon cold season). For known positives (true-positives), volunteers ≥18 years that tested RT-PCR-positive for
SARS-CoV-2 in Munich were sampled (n=193). Furthermore, specimens from the Prospective COVID-19 Cohort
Munich (KoCo19) were included in the analyses (n=5,474; of which an additional subset of 100 true-negatives
was identified). In total, 6,658 samples were included in the analyses for the primary tests (Euroimmun Anti-S1SARS-CoV-2-ELISA-IgA (EI-S1-IgA; n=6,657), Euroimmun Anti-SARS-CoV-2-ELISA-IgG (EI-S1-IgG;
n=6,658), and Elecsys Anti-SARS-CoV-2 Roche N pan−Ig (Ro-N-Ig; n=6,636)) (supplemental table 2). A large
part of samples that tested positive in primary tests, in addition to a subset of true-negatives, were subjected to
confirmatory testing (n=362; figure 1, supplemental table 2).

Assay Performances
Euroimmun anti-S1 IgA/IgG (Euroimmun Anti-SARS-CoV-2-ELISA):
EI-S1-IgG and EI-S1-IgA test kits were utilised according to the manufacturer's instructions using an
Euroanalyzer-1 robot (Euroimmun, Lübeck, Germany). Raw values presented in all figures of the manuscript are
the quotients of the optical density measurements given by the manufacturer’s software.
Roche anti-N pan-Ig (Elecsys Anti-SARS-CoV-2):
Ro-N-Ig (Roche, Mannheim, Germany) testing was conducted in accordance with the manufacturer’s guidelines.
Measurements were performed on the cobas 400-e411 and/or 8000-e801 modules (Roche, Basel, Switzerland)
there were no differing classifications between two employed instruments (Figure 2B, Supplemental Figure 1B)
and the performance of both instruments was comparable. Values indicated in all tests correspond to the Cut-OffIndex (COI) of the individual samples.
GenScript® cPass:
SARS-CoV-2 surrogate virus neutralisation test (GenScript®, Piscataway, New Jersey, USA; hereafter called
”GS-cPass”) was performed according to the manufacturer’s instructions. Photometric measurements were
performed using the Tecan Sunrise (Tecan, Männedorf, Switzerland). Binding inhibition was calculated in
percentage.
Micro neutralisation:
Manual micro virus neutralisation assay (NT) analysis was performed in 96-well culture plates (Greiner bio-one,
Frickenhausen, Germany) as previously described, with the exception that confluent cells were incubated instead
of adding cells after the neutralisation reaction.1 Samples with a titre < 1:10 dilution were classified as "NT
negative" and samples with a titre ≥1:10 were classified as "NT positive". In brief, virus stocks (50 TCID/50 µl)
were prepared from SARS-CoV-2 cultured samples (1st passage, strain MUC IMB-1, cultured in Vero E6 cells)
and stored at -80° C for later use. Plasma samples were diluted twofold from of 1:10 to 1:80 in Minimal Essential
Medium (MEM, plus Non-Essential Amino Acids Solution and Antibiotic-Antimycotic Solution; all Invitrogen,
Thermo Fisher Scientific, Darmstadt, Germany) and tested in duplicates. On each plate, a known positive and a
known negative plasma sample were tested as controls. In addition, a mock control and a virus back-titration were
added to each plate. The subsequently diluted plasma samples were pre-incubated with virus for one hour at 37°C
in 5% CO2 and 95% humidity. The suspension was then transferred into the wells with the confluent Vero-E6
cells. After 72 hours of incubation at 37°C (5% CO2), the supernatants was discarded and the plates were fixed
1
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and stained in a solution of 13% formalin/PBS plus 0.1% crystal violet. The highest plasma dilution showing
complete inhibition of CPE in both microtitre plate wells corresponded to the NAbs titre. Samples with a titre <
1:10 were classified as "NT negative" and samples with a titre ≥1:10 were classified as "NT positive".
VIRAMED SARS-CoV-2 ViraChip® microarray:
SARS-CoV-2 ViraChip® microarray (VIRAMED Biotech AG, Planegg, Germany; hereafter called VC-NIgA/IgM/IgG; VC-S1-IgA/IgM/IgG; VC-S2-IgA/IgM/IgG) was based on an enzyme-immunoassay for the
qualitative detection of IgG, IgA or IgM antibodies against the specific SARS-CoV-2 recombinant antigens S1,
S2, and N in human serum. The assay was performed on a Dynex ELISA Processor DSX® (Dynex Technologies,
Denkendorf, Germany) according to the manufacturer’s instructions. We have reported the values provided by the
automated ELISA processor, which are in arbitrary units.
Mikrogen recomLine SARS-CoV-2 IgG line immunoassay:
The recomLine SARS-CoV-2 IgG line immunoassay (Mikrogen, Neuried, Germany; hereafter named MG-S1,
MG-N, MG-RBD) was based on nitrocellulose strips with recombinant SARS-CoV-2 antigens S1, N and RBD as
well as recombinant N antigens derived from seasonal human CoV NL63, OC43, 229E, and HKU1. The assay for
the qualitative detection of human IgG against the respective antigens was performed using the fully automated
recomLine strip processor Carl (Mikrogen, Neuried, Germany) according to the manufacturer’s instructions. The
raw values presented are in arbitrary units. The test results below the cut-off of 1 are categorised as negative and
information regarding their quantitative values is comitted.

Statistical Analysis
Optimisation of cut-off values
Using the raw values of both the primary and confirmatory tests from the true-positive and true-negative cohorts,
several statistical techniques were applied to identify optimised cut-offs thresholds and calculate the performance
of classifiers based on single and combinations of tests.
The EI-S1-IgA, EI-S1-IgG, and Ro-N−Ig tests were available for 1,266 subjects with known SARS-CoV-2 status
(table 1 and supplemental table 2). For better comparability, 18 samples that had no available result for Ro-N-Ig
were omitted. As these tests were also conducted on all KoCo19 study subjects, the results for classifiers based
on these tests could be used to predict the serological status of the Munich cohort and to adjust the crude
seroprevalence estimates based on the specificity and sensitivity of these classifiers.2 The sample sizes available
for the confirmatory tests are given in table 1 and supplemental table 2.
For each of the single tests, a nonparametric bootstrap approach was used to optimise the cut-off threshold as well
as estimate the corresponding specificity, sensitivity and overall prediction accuracy. More precisely, 10,000
bootstrap samples were drawn (with replacement, without balancing positive/negative true test outcomes). For
each, a cut-off was determined that maximised the overall prediction accuracy. We refer to cut-offs obtained in
single bootstrap samples as bootstrap cut-offs to distinguish them from the final optimised cut-off. The latter is
eventually obtained by taking the median of 10,000 bootstrap cut-offs.
Some of the tests yield left-censored measurements, i.e., values below a detection limit are not resolved but
summarised in one category. To determine each bootstrap cut-off, we replaced the left-censored values in each
bootstrap test with a random realisation using a uniform distribution between zero and the detection limit. The
optimisation with the resulting virtual uncensored sample can yield bootstrap cut-offs above the detection limit or
below. While the former values were accepted, the latter underwent post-processing as they cannot be implemented
in serological studies. For bootstrap cut-offs below the detection limit we evaluated the classification accuracy for
the interval bounds – i.e., zero and detection limit – which could be implemented. The bounds yielding a higher
prediction accuracy was used as bootstrap cut-off for the respective bootstrap sample.
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For each test, the bootstrap cut-off was used to predict the serological status of the observations not included in
the respective bootstrap sample (out-of-bag observations). After considering the predictions for each observation
over all bootstrap replications, majority votes were chosen as final single predictions. These predictions were
compared to the true serological status to calculate specificity, sensitivity and overall prediction accuracy. To this
end, the optimised cut-off and the three performance criteria were estimated based on different data, namely, the
former was estimated based on bootstrap samples and the latter were estimated based on the respective out-of-bag
observations.
The performance of the optimised cut-off threshold was compared to the performance of the cut-off determined
by the manufacturer. Since the manufacturer calibrated the cut-off using their own data, no bootstrap was applied
to this: The three performance indices were computed by comparing the true serological status to the predictions
based on the cut-off for the entire sample. Overall, the calculation of the performance indices for both optimised
and manufacturer’s cut-offs rely on out-of-sample predictions. The difference in the validation data sets may lead
to differences in performance indices even if both the optimised and the manufacturer’s cut-offs are the same. We
know that while the term “optimised cut-offs” suggest that they are better, it can be that the manufacturer cut-offs
reach be change a higher sensitivity, specificity or overall accuracy on the dataset. This can happen as the
optimisation is performed on the bootstrapped data, is however only the case for situations which both cut-offs
anyhow perform very similar.
To evaluate the potential benefit of combining several primary tests, we trained a random forest and a support
vector machine which took the measurements for all three primary tests (EI-S1-IgA, EI-S1-IgG, and Ro-N−Ig) as
inputs In order to tuning the parameters for the random forest, the number of selected variables at each split and
the minimum node size were taken into account. For the support vector machine, a Gaussian radial basis function
kernel along with the kernel coefficient gamma and the penalty parameter of the error term as tuning parameters
were selected. For both the random forest and the support vector machine, a grid search was applied to find the
combination of the two tuning parameters that minimised the out-of-bag prediction error resulting from 1,000
bootstrap samples. The final estimates for the performance criteria were then obtained by running the respective
classifier with the optimised tuning parameters using 2,000 bootstrap replicates and the majority votes from the
resulting out-of-bag predictions, as described above regarding the classifiers based on a single test.
Software
For analyses and visualisations, we used the R software, version 4.0.2. For data visualisation, we used in particular
the packages “ggplot2”3 and “RainCloudPlots”4.
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Nature of cohort
Healthy blood donors (=known SARSCoV-2 negatives)

Recruitment and study details

Sample numbers and
definitions

Days from positive
PCR median (minmax; mean)

October 2019

Total n=500
True-positives = 0
True-negatives = 500
Unknown = 0

NA

March 2020 (after common cold season)

Total n=491
True-positives = 0
True-negatives = 491
Unknown = 0

NA

SARS-CoV-2 infected subjects (=known
SARS-CoV-2 positives)

Volunteers >18 yrs that tested positive for
SARS-CoV-2 in Munich (156 households)

Total n=193
True-positives = 193
True-negatives = 0
Unknown = 0

n=187

Representative population-based study &
substudies (Prospective COVID-19 Cohort
Munich; KoCo19),

3,003 randomly selected Munich households
(April-June 2020) & 92 households from
substudies

Total n=5474
True-positives = 0
True-negatives = 100
Unknown = 5374

NA

Total samples used

Total n = 6658

median 99 days (7126; mean = 86)

True-positives = 193
True-negatives = 1091
Unknown = 5374

Supplemental Table 1: Cohort details.
Characterisation of study participants. Subjects with a positive RT-PCR were considered as true-positives, while blood donors (sampled in the pre-COVID-19 era) were classified
as true-negatives. In addition, we included subjects recruited into the Representative COVID-19 Cohort Munich (KoCo19), 100 of which were considered as true-negatives. For
subjects with several longitudinal measurements, the blood sample with the most complete dataset was retained. For similar datasets, the earliest measurement was considered. For
operational replicates, the latest measurement was used.
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Test

Sample size

Disclaimer:
is a pre-print
Positive
result optim.this
/ manuf.
cut-off

manuscript
and result
has not
been/ manuf.
peer-reviewed
Negative
optim.
cut-off yet True-positives

True-negatives

EI-S1-IgA

6,657

687 / 674

5970 / 5983

193

1091

EI-S1-IgG

6,658

321 / 309

6337 / 6349

193

1091

RO-N-Ig

6,636

307 / 289

6329 / 6347

193

1073

NT

355

148*

207

107

106

GS-cPass

355

197 / 197

158 / 158

108

106

VC-N-IgA

361

NA / 26

NA / 355

108

110

VC-N-IgM

362

NA / 18

NA / 344

108

111

VC-N-IgG

362

125 / 81

237 / 281

108

111

VC-S1-IgA

361

NA / 37

NA / 324

108

110

VC-S1-IgM

362

NA / 17

NA / 345

108

111

VC-S1-IgG

362

201 / 134

161 / 228

108

111

VC-S2-IgA

361

NA / 29

NA / 332

108

110

VC-S2-IgM

362

NA / 15

NA / 347

108

111

VC-S2-IgG

362

145 / 37

217 / 225

108

111

MG-NP

273

139 / 139

134 / 134

78

106

MG-RBD

273

137 / 137

136 / 136

78

106

MG-S1

273

141 / 141

132 / 132

78

106

229E

273

NA / 129

NA / 144

78

106

NL63

273

NA / 127

NA / 146

78

106

OC43

273

NA / 79

NA / 194

78

106

HKU1

273

NA / 130

NA / 143

78

106
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Supplemental Table 2: Number and description of tests.
For subjects with multiple blood samples and test results from different time points, measurements were excluded (only one value per individual and test system). Confirmatory
tests were performed on a subset of samples. Samples from true-positives and true-negatives were used as controls for confirmatory tests.
* For NT, dilutions starting at 1:10 were used (see Methods).
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Assay

Instrument(s) used

Readout

EI-S1-IgG

Euroanalyzer-1 (Euroimmun, Lübeck, Germany)

quotient of the optical density

EI-S1-IgA

Euroanalyzer-1 (Euroimmun, Lübeck, Germany)

quotient of the optical density

cobas 400-e411 (Roche, Basel, Switzerland)

cut-off-index (COI)

cobas 8000-e801 (Roche, Basel, Switzerland)

cut-off-index (COI)

NT

NA

dilution

GS-cPass

Tecan Sunrise (Tecan, Männedorf, Switzerland)

inhibition [%]

VC-N-IgA/IgM/IgG

Dynex ELISA Processor DSX® (Dynex Technologies, Denkendorf, Germany)

arbitrary unit

VC-S1-IgA/IgM/IgG

Dynex ELISA Processor DSX® (Dynex Technologies, Denkendorf, Germany)

arbitrary unit

VC-S2-IgA/IgM/IgG

Dynex ELISA Processor DSX® (Dynex Technologies, Denkendorf, Germany)

arbitrary unit

MG-S1

recomLine strip processor Carl (Mikrogen, Neuried, Germany)

quotient and category (<1)

MG-N

recomLine strip processor Carl (Mikrogen, Neuried, Germany)

quotient and category (<1)

MG-RBD

recomLine strip processor Carl (Mikrogen, Neuried, Germany)

quotient and category (<1)

Ro-N-Ig

Supplemental Table 3: Platform used and units given for the respective assays
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Supplemental Figure 1: Reliability analysis of operational replicates .
Discrepant/non-discrepant results derived from the same blood samples measured in two replicates.
(A) Scatterplot of replicates of EI-S1-IgA (left) and EI-S1-IgG(right). The correlation for EI-S1-IgA was R=0.853, but classification was discrepant in 22 cases (11.1%). The
correlation for EI-S1-IgG was higher with R=0.979, with 3 subjects changing category (2.3%). Replicates for both tests were performed on the same platform; however, with
varying lot numbers and operators.
(B) Scatterplot of replicates of Ro-N-Ig between modules e411 (machine 1) and e801 (machine 2) (left), and on module e801 (right). Although the 511 samples were tested on two
different modules with kits of varying lot numbers and operators, the correlation was R=0.99, with not a single discrepant classification.
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Suppl.Fig.2A
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Suppl.Fig.2B
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Suppl.Fig.2C
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Supplemental Figure 2: Temporal analysis by recruitment week.
The time-dependent distribution of the read-out values was investigated to exclude test inaccuracies due to cross-reactivity of assays for SARS-COV-2 with common cold
coronavirus or other seasonal effects. The distribution of all raw values (in grey on the left side), as well as an individual analysis of positively (red) and negatively (green) tested
samples was evaluated. Distributions are depicted for the manufacturer’s cut-off (first two figures, upper right) as well as the optimised cut-off (last two figures, lower right). 𝑛
denotes the count of the outcomes, 𝑀 the median (also observed as the horizontal line in the boxplot) and 𝑀𝑢 the mean (denoted by the red dot) for each calendar week in the study.
Our analyses confirm that within our sample set, the measured background does not vary considerably within the prospective sample period of the KoCo19 study.
(A) Values obtained with EI-S1-IgA
(B) Values obtained with EI-S1-IgG
(C) Values obtained with Ro-N-Ig
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Supplemental Figure 3: Blood donor data over time.
Measurement values for (A) EI-S1-IgA, (B) EI-S1-IgE, and (C) Ro-N-Ig in the true-negative blood donor cohorts from autumn 2019 and spring 2020. Counts 𝑛 and 𝑛′ refer to the
number of observations above/below manufacturer’s and optimised cut-off for each of the temporal groups, respectively. Total counts n and n' across all time points are described
in the boxes. Pairwise differences were considered only after adjusting for multiple testing.
(A) For EI-S1-IgA, a trend towards higher baseline values in the spring cohort (p=0.16) presented,
(B) for EI-S1-IgG, this increase was significant (p=0.0001).
(C) For Ro-N-Ig, there was a slight but non-significant trend towards increased baseline values (p = 0.22); however, a second population with increased reactivity presented above
the negative population. This sub-population seemed to increase in spring (arrow). All samples above the manufacturer’s cut-off values for any of the tests were tested negative in
direct virus neutralization, suggesting a non-specific reactivity.
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Supplemental Figure 4: Distribution and comparison of VC.
Parallel coordinate plot of the test results for true-negatives (blue), true-positives (orange), and individual with unknown SARS-CoV-2 status (grey). Black dotted and dashed lines
represent the original manufacturer’s and the optimised positivity cut-offs. Orange (blue) numbers give the percentage of true-positives (true-negatives) correctly detected by the
test. The orange values above the dotted line represents the percentage of positive test results for the true positive cohort, the blue number below demonstrate the percentages of
negatives in the true negative cohort. Grey numbers indicate the percentages of positive samples with unknown SARS-CovV-2. These percentages were calculated over the total
number of samples with unknown SARS-CoV-2 with available test results. Bar charts below violin plots represent the information for the categorical part of the test.
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Supplemental Figure 5: Description and comparison of performances of confirmatory tests.
Test results according to ground truth colour coded by optimised cut-off for the primary tests. The dotted lines represent the manufacturer’s cut-offs, the dashed lines the optimised
cut-offs defined within this study.
Best overall performance was obtained with GS-cPass, MG-RBD, and MG-S1 as well as VC-S1-IgG. Direct NT presented as 100% specific (1:10 dilution), with a decreased
sensitivity compared to other tests used. VC-N-IgG and VC-S1-IgG improve applying optimised cut-offs.
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Suppl.Fig.6A
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Suppl.Fig.6B
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Suppl.Fig.6C
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Supplemental Figure 6: Scatterplots of confirmatory tests vs primary (using optimised and manufacturer’s cut-off).
True-negatives in blue, true-positives in orange, unknown SARS-CoV-2 status in grey. Black dotted and dashed lines represent the manufacturer’s and the optimised positivity cutoffs. Orange/blue numbers indicate the percentages of true-positives/negatives correctly detected. The orange value above the dotted line represents the percentage of positive test
results for the true-positive cohort, the blue number below is the percentage of negatives in the true-negative cohort.
(A) Values obtained with EI-S1-IgA
(B) Values obtained with EI-S1-IgG
(C) Values obtained with Ro-N-Ig
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Suppl.Fig.7A
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Suppl.Fig.7B
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Supplemental Figure 7: Ro-N-Ig vs. EI-S1-IgG showing binary results for the tests
(A) Manufacturer’s cut-off
(B) Optimised cut-off
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Supplemental Figure 8: Analysis of discordant results.
Values in brackets correspond to the manufacturer’s cut-off, other values were determined with optimized cut-offs where appropriate.
(A) Discordance between EI-S1-IgG and Ro-N-Ig (n=98). Left branch: 43/98 cases tested positive in Ro-N-Ig but negative in EI-S1-IgG; 18/43 could be specified as truepositives/negatives; from the unknown status category, one sample presented negative in both GS-cPass and NT; 24/98 cases remained unexplained. Right branch: 55/98 cases
tested negative in Ro-N-Ig but positive in EI-S1-IgG; 23/55 could be specified as true-positives; for 30/32 cases, further specifications demonstrated 28/32 to be negatives (GScPass and NT negative) and 2/32 to be positives (GS-cPass or NT positive).
(B) Discordance between RT-PCR positive result, but negatively tested in EI-S1-IgG and Ro-N-Ig. All 22/98 cases remained unexplained. For one person the RT-PCR date was
not available.
26

Disclaimer: this is a pre-print manuscript and has not been peer-reviewed yet

Supplemental Figure 9: Common cold CoV line blot correlation
(A) The distribution of common cold CoV line-blot raw values for true-positives, true-negatives and unknowns. The orange value above the dotted line represents the percentage
of positive test results for true-positives, the blue number is the percentage of negatives in true-negatives. Grey numbers indicate the percentages of positive samples with unknown
SARS-CoV-2 determined by manufacturer’s and optimised cut-offs. These percentages were calculated over the total number of samples with unknown SARS-CoV-2 with available
test results. Bar charts below violin plots represent the information for the categorical part of the test. No association between OC43 and HKU1 positivity is apparent, neither for
SARS-CoV-2 positivity or negativity. In contrast, for 229E and NL63 the true-positive subjects show significantly higher raw values, translating into higher positivity rates than
the true-negative subjects.
(B) Ro-N-Ig as a surrogate for anti SARS-CoV-2 N-protein reactivity correlated with anti N-protein reactivity for 229E, NL63, OC43, and HKU1. For 229E and NL63, very high
line blot raw values presented solely in combination with high raw values in Ro-N-Ig (red circles), although a general linear association was not apparent. This was not the case for
OC43 and HKU1: here, the true-negative subjects were distributed wider and reached high values in the line blot, without any reactivity in Ro-N-Ig.
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Suppl.Fig.10A
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Suppl.Fig.10B
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Suppl.Fig.10C
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Suppl.Fig.10D
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Suppl.Fig.10E
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Suppl.Fig.10F
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Suppl.Fig.10G
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Suppl.Fig.10H
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Suppl.Fig.10I
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Suppl.Fig.10J
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Suppl.Fig.10K
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Suppl.Fig.10L
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Suppl.Fig.10M
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Suppl.Fig.10N
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Suppl.Fig.10O
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Suppl.Fig.10P
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Suppl.Fig.10Q
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Suppl.Fig.10R
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Supplemental Figure 10: Scatterplots of confirmatory tests vs confirmatory test
In blue the true-negatives, in orange the true-positives, in grey the values with unknown SARS-CoV-2 status. Black dotted and dashed lines represent the manufacturer’s and the
optimised positivity cut-offs, respectively. Orange/blue numbers give the percentages of true-positives/-negatives correctly detected by the tests. The orange values above the
dotted line represent the percentages of positive test results for the true-positives, the blue number below is the percentage of negatives in the true-negatives.
(A) Values obtained with NT
(B) Values obtained with GS-cPass
(C) Values obtained with VC-N-IgA
(D) Values obtained with VC-N-IgM
(E) Values obtained with VC-N-IgG
(F) Values obtained with VC-S1-IgA
(G) Values obtained with VC-S1-IgM
(H) Values obtained with VC-S1-IG
(I) Values obtained with VC-S2-IgA
(J) Values obtained with VC-S2-IgM
(K) Values obtained with VC-S2-IgG
(L) Values obtained with MG-N
(M) Values obtained with MG-RBD
(N) Values obtained with MG-S1
(O) Values obtained with NP-OC43
(P) Values obtained with NP-HKU1
(Q) Values obtained with NP-229E
(R) Values obtained with NP-NL63
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Sample
composition
True pos. / true neg.

Test

Manuf.'s
cut-off

Optimised cut-off [CI]

Sensitivity [%] (Manuf.'s
/ Optim. cut-off) **

Specificity [%]
(Manuf.'s / Optim. cutoff) **

Overall accuracy [%]
(Manuf.'s / Optim. cutoff) **

193 / 1073

EI-S1-IgA

1.100

1.085 [0.855; 1.705]

64.77 / 64.77

93.29 / 92.64

88.94 / 88.39

193 / 1073

EI-S1-IgG

1.100

1.015 [0.850; 1.395]

77.20 / 79.79

98.04 / 97.76

94.87 / 95.02

193 / 1073

Ro-N-Ig

1.000

0.422 [0.295; 0.527]

85.49 / 88.60

99.81 / 99.72

97.63 / 98.03

107 / 106

NT

-

10.000*

- / 100.00

- / 86.85

108 / 106

GS-cPass

20.000

20.538 [13.768; 24.241]

96.30 / 96.30

100.00 / 99.06

98.13 / 97.66

108 / 111

VC-N-IgG

100.000

18.500 [13.500; 23.000]

39.81 / 93.52

99.10 / 91.89

69.86 / 92.69

108 / 111

VC-S1-IgG

100.000

10.000 [10.000; 10.000]

65.74 / 95.37

100.00 / 100.00

83.11 / 97.72

108 / 111

VC-S2-IgG

100.000

10.000 [10.000; 10.000]

17.59 / 63.89

100.00 / 99.10

59.36 / 81.74

78 / 106

MG-N

1.000

1.000 [1.000; 1.600]

94.87 / 94.87

98.11 / 98.11

96.74 / 96.74

78 / 106

MG-RBD

1.000

1.000 [1.000; 1.000]

94.87 / 94.87

100.00 / 100.00

97.83 / 97.83

78 / 106

MG-S1

1.000

1.000 [1.000; 1.000]

96.15 / 96.15

100.00 / 100.00

98.37 / 98.37

-

-

88.60

99.81

98.10

193 / 1073

Random
Forest

- / 73.83
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193 / 1073

Support
Vector
Machine

-

-

84.46

99.91

97.47

Table 1: Manufacturer's and optimised cut-off, sensitivity, specificity and accuracy
Evaluation of diagnostic accuracy of primary tests was conducted with samples from true-positives (n=193) and true-negatives (n=1073); subsequently, optimised cutoffs were applied to the KoCo19-cohort (see Methods).
* For NT, dilutions starting at 1:10 were used; see Methods.
** The random forest and the support vector machine combine all three primary tests, the accuracy measures thus do not relate to specific cut-offs.
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Figure 1: Cohort composition and characterisation of the study participants.
True-positives were defined as subjects with a positive RT-PCR; true-negatives as blood donors from the pre-COVID-19 era. In addition, we included individuals
recruited into the Representative COVID-19 Cohort Munich (KoCo19), 100 of which were considered as true-negatives. For each participant, a single sample was used
for statistical analysis. Among individuals with longitudinal measurements, the blood sample with the most complete dataset was retained. For similar datasets, the
earliest measurement was considered. For operational replicates, the latest measurement was used.
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Figure 2: Performance of primary tests .
Results of primary tests for true-negatives (blue), true-positives (orange), and individuals with unknown SARS-CoV-2 status (grey).
(A) Performance of EI-S1-IgA (left), EI-S1-IgG (centre), and Ro-N-Ig (right). Dotted lines mark the manufacturer’s cut-off value (between indeterminate and positive for
EI, and between negative and positive in Ro) and dashed lines mark the optimised cut-off value as determined in this study. Orange and blue solid lines represent the
percentage of test results for true-positives and true-negatives above (blue) or below (orange) the value on the x-axes, respectively. Orange and blue numbers give the
percentage of true-positives and true-negatives, which were correctly detected by the test (without brackets: manufacturers' cut-offs; within brackets: optimised cutoffs). Raw values for EI-S1-IgA show a slightly asymmetric but unimodal distribution for the overall population. The EI-S1-IgG raw values show a bimodal distribution.
Ro-N-Ig raw values/COI demonstrate a narrow distribution with the bulk of values in the range COI 0.1 and below, whereas a clearly separated second population
above COI 10 was observed. For EI-S1-IgG and Ro-N-Ig, the cut-offs separate the blue and orange subpopulations more reliably than for EI-S1-IgA.
(B) Consistency of the primary tests on operational replicates (manufacturer’s cut-offs). The changes from positive to negative status in EI-S1-IgA was most likely
caused by a batch effect. Reliability of the other primary tests was higher.
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Figure 3: Time-dependence in primary tests for RT-PCR true-positives.
Titre values of the 187 true-positives with available data on time between RT-PCR and blood sampling for (A) EI-S1-IgA, (B) EI-S1-IgG, and (C) Ro-N-Ig. The read-outs
were categorized according to the time after positive RT-PCR (<30 days, 30-90 days, and >90 days). Plots show the individual read-out (orange dots), a density estimate
(orange area), the 25-,50- and 75-percentiles (black box), and the mean (black dot). Counts 𝑛 and 𝑛′ refer to the number of observations above/below manufacturer’s
and optimised cut-off for each of the temporal groups. Total counts 𝑛 and 𝑛′ across all time points are described in the boxes. Pairwise differences are considered only
after adjusting for multiple testing.
(A) EI-S1-IgA values were highest on average in the category of <30 days and significantly decline thereafter.
(B) EI-S1-IgG values were widespread in the group <30 days, and on average do not decline significantly >90 days.
(C) Similarly, Ro-N-Ig does not decline during the study period; however, raw values increase over time.
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Figure 4: Comparison of primary tests.
Results of primary tests compared to ground truth for true-negatives (blue), true-positives (orange), and individuals with unknown SARS-CoV-2 status (grey). The
dotted lines represent the manufacturer’s cut-offs, the dashed lines the optimised cut-offs defined within this study.
(A) Pairwise scatter plots for primary tests: EI-S1-IgA vs. EI-S1-IgG (left; n=6657), and Ro-N-Ig vs. EI-S1-IgG (right; n=6636). Percentages in orange indicate fractions of
true-positives in the respective quadrant with respect to all true-positives; blue for true-negatives. Percentages were calculated using the optimised cut-off. EI-S1-IgA
classified 65% of true-positives correctly and 7% of the true-negatives as positive. EI-S1-IgG classified 80% of the true-positives correctly and 2% of true-negatives
incorrectly. 61% of true-positives were identified by both tests unanimously. Comparing Ro-N-Ig and EI-S1-IgG, 80% of true-positives were concordantly classified as
positive by both tests, while 98% of the true-negatives were classified as negative. Correlation of true-positives between Ro-N-Ig and EI-S1-IgG was R=0.79. The
fraction of true-negatives falsely classified as positives in Ro-N-Ig was below 1%.
(B) Parallel coordinate plot of the primary tests. Magnitude of titres of individual samples across the different assay used were similar. The true-negative samples
presented as a group in Ro-N-Ig. Only few samples display as high EI-S1-IgG and low Ro-N-Ig; on the contrary, most samples with low EI-S1-IgA titres, have higher titres
in EI-S1-IgG and even higher Ro-N-Ig, presenting separately from the negative population.
(C) Concordance of primary tests (based on manufacturer’s cut-offs). Numbers of paired samples are indicated above the bars. In the two columns on the left, the
unspecific reactivity of EI-S1-IgA is represented in green; the concordance of EI-S1-IgG and Ro-N-Ig was pronounced, with 98 (1.5%) discordant results (right bar).
(D) Test results of the primary tests (based on optimised cut-offs). Highest concordance was seen in Ro-N-Ig, lowest in EI-S1-IgA. The proportion of false-negatives in
the true-positive cohort was 34.7%, 19.7%, and 11.4%, respectively. Applying optimised (dashed line) and manufacturer’s (dotted line) cut-off results in a reduction of
false-negatives in EI-S1-IgG and Ro-N-Ig for the optimised cut-off.
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Figure 5: Confirmatory tests
Results of confirmatory tests compared to ground truth for true-negatives (blue), true-positives (orange), and individuals with unknown SARS-CoV-2 status (grey). Black
dotted and dashed lines represent the manufacturer’s and the optimised cut-offs, respectively. Orange/blue numbers indicate percentages of true-positives/-negatives
correctly detected by the test.
(A,C) Distribution of results of NT and GS-cPass. At 1:10 dilution, NT endpoint was categorical with a specificity of 100% in this cohort; sensitivity was 73.8%. GC-cPass
manufacturer's cut-off yielded a specificity of 99.1% and a sensitivity of 96%. Adjustments of the cut-off did not improve the performance of the test systems (shown in
parentheses).
(B) Distribution of results of the VC-array (left) and the MG-line blot (right). Bar charts below violin plots represent information for the categorical part of the tests.
Grey numbers give the percentages of positive samples with unknown SARS-CoV-2 as determined by the manufacturer’s and optimised cut-offs. Percentages were
calculated over the total number of samples of unknown SARS-CoV-2 status with available test results. In the VC-array, S1-IgG / N-IgG performed best as confirmatory
tests with 95.4% / 93.5% sensitivity, and 100% / 91.9% specificity, respectively, applying optimised cut-offs. With manufacturer’s cut-offs, sensitivity was 65.7% /
39.8%, respectively. With the optimised cut-off, VC-S2-IgG had a sensitivity of 63.9% and a specificity of 99.1%. Performance of VC-S2-IgA and VC-S2-IgM are presented
for reference in supplemental figure 4 (appendix p.17), demonstrating a potential use in diagnostics settings. MG-N, -S1 and -RBD had sensitivities of 94.9% or higher,
and specificities of 98.1% or higher, no optimisation of cut-offs could not be optimised here.
(D) Parallel coordinate plot of VC-Array and MG. Many subjects do not show S2 reaction although strong reactivity against N and S1 can be detected. Comparing
individual subjects in NP, RBD and S1 reaction indicates that several individuals developed strong N and S1 reactions whereas RBD was not bound. General
concordance between S1 and RBD was, however, observed.
(E) Description of concordance between results comparing each confirmatory test with the ground truth. The colour coding is based on the optimised cut-off.
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Figure 6: Comparison of confirmatory tests
Comparison of confirmatory tests for true-negatives (blue), true-positives (orange), and individuals with unknown SARS-CoV-2 status (grey).
(A) Association between the categorical endpoint of NT and the continuous results of GS-cPass. The test results were positively related; in cases of identical
classification agreement with ground truth was frequent. However, more than 20% of true-positives were missed by NT (1:10 dilution; n=354).
(B) Association between the categorical endpoint of NT and the continuous results of MG-RBD. In true-positives with low direct neutralization capacity (NT <10),
distinction between negative and positive populations was observed with GS-cPass (n=272), highlighting the limited sensitivity of NT (1:10 dilution).
(C) Association between GS-cPass and MG-RBD presented with discordant results in 8% (of true-positives) at intermediate test read-outs. The distribution in higher
titre ranges were narrow (n=272).
(D) Parallel coordinate plot of the two neutralization surrogate tests and NT. Samples with high/low raw values demonstrated similarly in all three tests, as lines
present horizontally. However, a subset of individuals with relatively high GS-cPass values and positive outcome in NT were below the cut-off in the MG-RBD assay.
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Figure 7: Comparison of primary tests (EI-S1-IgG, Ro-N-Ig) with confirmatory tests (NT, GS-cPass MG-RBD, MG-N).
Comparison of primary with confirmatory tests for true-negatives (blue), true-positives (orange), and individuals with unknown SARS-CoV-2 status (grey).
(A) EI-S1-IgG and NT show positive correlation (n=354), although 1% of the true-positives were missed by NT (1:10 dilution).
(B, C) Correlation of EI-S1-IgG with GS-cPass (n=361) and MG-RBS (n=272) presented as dose dependent for the double-positive values. Concordance for the truepositive subset was >94%.
(D) Association of EI-S1-IgG to MG-N (n=355) presented dose-dependent, but not as markedly.
(E-H) Association between Ro-N-Ig and the confirmatory tests (n=362, n=273, n= 354, n=354) did not present as dose-dependent, compared to EI-S1-IgG. Concordance
between the tests was >95%; except NT, which presented similar patterns to EI-S1-IgG.
We observed a population in the upper left quadrant, (B, C, D), clearly negative in the confirmatory tests.

