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Abstract
Objectives: Development and implementation of SARS-CoV-2
serologic assays gained momentum. Laboratories keep on
investigating the performance of these assays. In this
study, we compared three fully automated SARS-CoV-2
antibody assays.
Methods: A total of 186 samples from 84 PCR-positive
COVID-19 patients and 120 control samples taken before
the SARS-CoV-2 pandemic were analyzed using commercial serologic assays from Roche, Siemens and DiaSorin.
Time after the positive COVID-19 PCR result and onset of
symptoms was retrieved from the medical record. An
extended golden standard, using the result of all three
assays was defined, judging if antibodies are present or
absent in a sample. Diagnostic and screening sensitivity/
specificity and positive/negative predictive value were
calculated.
Results: Diagnostic sensitivity (ability to detect a COVID-19
positive patient) ≥14 days after positive PCR testing was
96.7% (95% CI 88.5–99.6%) for DiaSorin, 93.3% (95% CI
83.8–98.2%) for Roche and 100% (95% CI 94.0–100%)
for Siemens. Lower diagnostic sensitivities were observed
<14 days after onset of symptoms for all three assay. Diagnostic speciﬁcity (ability to detect a COVID-19 negative
patient) was 95.0% (95% CI 89.4–98.1%) for DiaSorin,
99.2% (95% CI 95.4–99.9%) for Roche and 100% (95% CI
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97.0–100%) for Siemens. The sensitivity/speciﬁcity for
detecting antibodies (ability of detecting absence (speciﬁcity) or presence (sensitivity) of COVID-19 antibodies) was
92.4% (95% CI 86.4–96.3%)/94.9% (95% CI 90.5–97.6%) for
DiaSorin, 97.7% (95% CI 93.5–99.5%)/97.1% (95% CI
93.5–99.1%) for Roche and 98.5% (95% CI 94.6–99.8)/97.1
(95% CI 93.5–99.1%) for Siemens.
Conclusions: This study revealed acceptable performance
for all three assays. An orthogonal testing algorithm using
the Siemens and Roche assay achieved the highest positive
predictive values for antibody detection in low seroprevalence settings.
Keywords: COVID-19; SARS-CoV-2; serology.

Introduction
The COVID-19 (coronavirus disease 2019) pandemic caused
by SARS-CoV-2019 (severe acute respiratory syndrome
coronavirus 2), has forced many governments to apply
draconic measures [1–4]. As these measures like community quarantine and social distancing are impossible to
hold for a longer period, countries are chasing a strategy to
tapering off the measures without encouraging the viral
spread. Here, serology could play a role in different ways
[5, 6]. It can be tested when polymerase chain reaction
(PCR) techniques are unavailable or additionally to PCR. It
can give epidemiological information as it can help mapping viral spread in a given population and identifying
subjects who became already PCR-negative [7]. Furthermore, serology helps in selecting subjects who are suitable
as donator for convalescent plasma therapy [6, 8]. Later on,
serology testing will be essential in evaluating immune
response to vaccination.
Four structural proteins of the coronaviruses could be
a possible target of immunocompetent antibodies, namely
the S (Spike), N (Nucleocapsid), E (Envelope), and M
(Membrane) protein [9]. Among these proteins, the
S-protein and N-protein are the most known targets for
serology testing in coronaviruses [10]. In fact, antibodies
against the RBD (Receptor Binding Domain), located on the
This work is licensed under the Creative Commons Attribution 4.0
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S1 domain of the Spike protein [11], have shown to
neutralize the SARS-CoV-2 virus in mouse models [12].
These ﬁndings give the testing for RBD immunology great
opportunities as it could give information about immunity
against SARS-CoV-2. The purpose of this study was a through
analytical validation and comparison of the clinical and
screening performances of three SARS-CoV-2 antibody assays
on fully automated platforms of Siemens, DiaSorin and
Roche. By using three validated platforms, the design of an
extended golden standard was possible for judging if antibodies are present or absent and predictive value of a combined testing strategy (orthogonal testing set-up) was
evaluated as a function of SARS-CoV-2 seroprevalence.

Materials and methods
Study design
This retrospective validation study was performed in the laboratory of
clinical biology of the University Hospital Antwerpen from 01/06/2020
to 19/06/2020. All sera (n=306) originated from diagnostic laboratory
requests and were saved from removal after ﬁve days. Recovered sera
were stored in the laboratory at −20 °C. This study has approval of the
Ethical Committee of the UZ Antwerpen (Reference Number: 20/27/356).

Population and sample collection
Samples used for evaluation of sensitivity (n=186) were collected
during the COVID-19 outbreak (March–April 2020) from 84 symptomatic patients (29 women; 55 men) with a mean age of 64 years
(range 19–90 years) with a positive COVID-19 SARS-CoV-2 PCR result
on a respiratory sample. Samples (n=120) used in the experiments for
speciﬁcity were collected before September 2019. All blood samples
were collected in serum tubes (Becton Dickinson) and centrifuged at
3,000 rpm for 10 min. Sera were used for diagnostic laboratory requests and stored at 2–8 °C for ﬁve days. Selected sera were saved from
removal and an aliquot was stored at −20 °C awaiting serological
testing. Frozen samples were thawed at room temperature and
analyzed the same day on all three platforms. Aliquot volume was
sufﬁcient in order to analyze the same sample on all three platforms.

Analytical procedures
Three automated SARS-CoV-2 antibody assays were evaluated and
compared in accordance with the manufacturer’s instructions [13–15].
The Atellica IM SARS-CoV-2 assay (Siemens) and Elecsys AntiSARS-CoV-2 assay (Roche) are total (IgG and IgM), qualitative assays
based on detection of antibodies directed against the S1 receptor
binding domain and the nucleocapsid antigen, respectively. Results
are expressed as reactive (≥1.0) or non-reactive (<1.0) index values. The
LIAISON SARS-CoV-2 IgG assay (DiaSorin), performed on the Liaison
XL analyzer is a quantitative IgG-assay based on detection of antibodies directed against two subunits of the virus spike protein (S1
and S2). Results are expressed as positive (≥15.0 AU/mL), doubtful

(12.0–15.0 AU/mL) or negative (<12.0 AU/mL). In this study samples
with a doubtful result were considered as negative.
The SARS-CoV-2 PCR was performed on nasopharyngeal swabs or
lower respiratory tract specimens. Multiple validated platforms were
used next to each other: the Xpert Xpress SARS-CoV-2 molecular assay
(Cepheid), the BD MAX BioGX SARS-CoV-2 molecular assay (Becton
Dickinson) and an in-house assay based on a publication of Corman
et al. [16].

Procedures for assessment of analytical and clinical
performance
Trueness and precision were evaluated according to the Clinical and
Laboratory Standards Institute (CLSI) EP15-A3 document [17] using the
reported performance by the manufacturer as a criterion (Table 2). Two
levels of quality controls (QC) provided by the manufacturer were used
to evaluate trueness by comparing the average value (±1.96 SD) obtained on 25 replicates to the target values. Repeatability and reproducibility were evaluated using QC provided by the manufacturer and
a positive/negative serum pool. The positive serum pool consisted of
COVID-19 patient samples collected ≥14 days after a positive
SARS-CoV-2 PCR result. The negative serum pool consisted of patient
samples collected before September 2019. After pooling and thoroughly mixing, both serum pools were analyzed on the three platforms, conﬁrming desired values (negative and low-positive), and
divided in 1 mL aliquots which were stored at −20 °C awaiting analysis.
Each level was run ﬁve times for ﬁve consecutive days.
Signal/noise experiments were performed according to CLSI
EP17 [18] where limit of blank (LOB) was determined by a 30-fold
analysis of a diluent provided by the manufacturer with
LOB = meanblank + [1.645 × SDblank]. Limit of detection (LOD) was
determined by a 30-fold analysis of the negative serum pool with
LOD = LOB + [1.645 × SDnegative pool]. Limit of quantiﬁcation was
calculated according to equations of the COFRAC [19] with
LOQ = meanblank + [30 × SDblank]. LOB and LOD were acceptable if
they were smaller than 0.5 times the cut-off for positivity and the
LOQ should be smaller than the cut-off for positivity.
Linearity was assessed according to CLSI EP06 [20]. A high positive sample was run in triplicate and ﬁve dilutions were made in a
two-fold dilution series using a manufacturer diluent. Each dilution
was run in triplicate.
Carry-over was evaluated using the method (three replicates of a
strong positive sample, followed by three replicates of a negative
sample) and formula of Broughton [21]. Carry-over <1% was considered as insigniﬁcant.
For the assessment of diagnostic sensitivity sera collected at
0–5 days (n=73), 6–13 days (n=53) and ≥14 days (n=60) since the
diagnostic positive SARS-CoV-2 PCR were analyzed. For the same
sample cohort the date of onset of COVID-19 symptoms was retrieved
from patient’s records. These sera were collected at 0–5 days (n=20),
6–13 days (n=69) and ≥14 days (n=97) after onset of COVID-19
symptoms.
For the assessment of diagnostic specificity, four different challenging panels consisting of sera collected before September 2019
were compiled (n=120 in total). A ﬁrst panel of 50 randomly selected
sera kept in an historical biobank (no further information). A second
panel of 15 sera from patients with a non-COVID-19 strain infection
(HCoV 229E [n=4]; NL63 [n=4]; OC43 [n=4]; HKU1 or unidentiﬁed
[n=3]). A third panel of 10 rheumatoid factor (RF) positive sera with RF
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Table : Selected serum samples for assessing cross-reactivity of
three SARS-CoV- serologic assays.
Number of sam- Positive serology for:
ples (n=)
CMV
EBV
EBV
IgM
VCA IgG VCA
IgM
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were diagnosed with COVID-19 by a positive respiratory SARS-CoV-2
PCR result. Diagnostic sensitivity is assessed as a function of time (in
days) since the positive SARS-CoV-2 PCR result. ‘Diagnostic specificity’
was defined as the total proportion of negative serological results from
the sera selected in the four challenging panels. ‘Detection sensitivity/
specificity’ is calculated from the proportion of positive/negative
serological results in which the extended golden standard indicated
presence/absence of antibodies, respectively.
Positive and negative predictive value (PPV, NPV) was calculated and a graph with (combined) PPV and NPV as a function of
prevalence was designed.
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CMV, cytomegalovirus; EBV, Epstein-Barr virus; VCA, viral capsid
antigens; VZV, varicella-zoster virus; HBsAg, hepatitis B surface
antigen; HBsAb, hepatitis B surface antibody.

concentrations ranging from 34 to 566 IU/mL were selected, seven of
these samples had a positive ANA-screening with titers ranging from
1:80 to 1:5,120. A last panel of sera (n=45) with a positive viral serologic
result were included to assess cross-reactivity (Table 1).
For assessing capability of detecting the absence (screening
specificity) or presence (screening sensitivity) of COVID-19 antibodies, an extended golden standard was defined and applied on all
analyzed samples (n=306). Antibodies were considered to be present
if at least two out of three assays gave a positive result (n=131).
Antibodies are considered to be absent if at least two out of three
assays gave a negative result (n=175). Sensitivity and speciﬁcity of
each assay was calculated compared to the result of the extended
golden standard.

Statistical analysis
Statistics were performed in MedCalc Statistical Software version
17.5.5 (MedCalc Software, Ostend, Belgium). ‘Diagnostic sensitivity’
reflects the proportion of positive serological results from patients who

Results
Trueness and precision
Trueness of the three assays could only be assessed using
the reference range of the insert provided with the QC from
the manufacturer. None of the assays had QC results
outside this reference range and so the mean ± 1.96 SD of
each method was well inside their reference range
(Table 2). Repeatability and reproducibility results using
the manufacturer QC material were in line with CV%’s
found in the LIAISON SARS-CoV-2 IgG and Atellica IM
SARS-CoV-2 reagent inserts. CV%’s were much higher using a positive and negative serum pool, only the Roche
assay achieved similar CV%’s in the serum pool experiment. Although the CV%’s in pooled serum were higher,
they were still acceptable for routine use of the assays
taking into account their mean (Table 2).

Limit of blank, detection and quantification,
linearity and carry-over
LOB, LOD and LOQ were acceptable for all assays according to our arbitrary criteria (Table 2). Only the LIAISON
SARS-CoV-2 IgG insert reports a LOD of 3.8 AU/mL. The
LOD found in this study is well below this value (1.02 AU/
mL). No statements were made by the manufacturers

PPV 

sensitivity × prevalence
sensitivity × prevalence + 1 − specificity × (1 − prevalence)

NPV 

specificity × (1 − prevalence)
1 − sensitivity × prevalence + specificity × (1 − prevalence)

CombinedPPVtesta+test b 

sensitivity (a) × sensitivity (b) × prevalence
sensitivity (a) × sensitivity (b) × prevalence + 1 − specificity (a) × 1 − specificity (b) × (1 − prevalence)

CombinedNPVtesta+test b 

1 − specificity (a) × specificity (b) × (1 − prevalence)
sensitivity (a)1 − sensitivity (b) × prevalence + 1 − specificity (a) × specificity (b) × (1 − prevalence)
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QC, quality control; AU, arbitrary unit; COI, cut-off index; LOB, limit of blank; LOD, limit of detection; LOQ, limit of quantification; n/a, not applicable.
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Table : Results of analytical validation of three SARS-CoV- serologic assays.
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regarding LOB, LOD and LOQ for the other assays. All the
assays had a polynomial regression (type ax2 + bx + c) and
only the LIAISON SARS-CoV-2 IgG insert stated that there
was a linear regression after dilution of a positive sample.
This was not conﬁrmed in this study. None of the manufacturers suggests diluting samples with a result above the
upper measuring range. Using the Broughton method and
formula, no carry-over was observed in any assay (Table 2).

Clinical performance in a diagnostic or
screening setting
Overall diagnostic sensitivity and sensitivity as a function
of days after a positive SARS-CoV-2 PCR result stated in the
reagent inserts were not statistically different from diagnostic sensitivities found in this study, however sensitivities found in this study seem lower for all three assays
(Table 3). Diagnostic sensitivity of all assays increased
signiﬁcantly in time after a positive SARS-CoV-2 PCR result
or after onset of COVID-19 symptoms. For all assays,
diagnostic sensitivity is low (range 38.4–48.0%) and very
low (range 15.0–20.0%) in the ﬁrst ﬁve days after a positive
SARS-CoV-2 PCR result or onset of COVID-19 symptoms,
respectively. Diagnostic sensitivities of each assay were
signiﬁcantly higher ≥14 days after a positive SARS-CoV-2
PCR result (range 93.3–100%) or after onset of COVID-19
symptoms (range 85.6–95.9%). Although statistically not
signiﬁcant, the LIAISON SARS-CoV-2 IgG kit has lower
diagnostic sensitivities compared to the other two platforms across all time periods. Overall diagnostic speciﬁcity
was excellent for the Atellica IM SARS-CoV-2 (100%) and
Elecsys Anti-SARS-CoV-2 (99.2%) assay. None of the 120
tested sera were positive using the Atellica IM assay and
one sample strongly positive for VZV IgG (2,251 mIU/mL
with cut-off 135 mIU/mL) cross-reacted with the Elecsys
Anti-SARS-CoV-2 assay. Diagnostic speciﬁcity of the
LIAISON SARS-CoV-2 IgG (95.0%) seems lower (not statistically signiﬁcant) as three RF positive samples reacted
as positive. Two of these samples had a modest RF concentration (34 and 60 IU/mL with cut-off 10 IU/mL) with a
high titer (1:1,280) positive ANA-screen. One sample had a
higher RF concentration (277 IU/mL) with a modest titer
(1:60) positive ANA-screen. In addition, there were three
false positive results in samples positive for Varicellazoster IgG (n=1, 2,251 mIU/mL with cut-off 135 mIU/mL),
EBV VCA IgG (n=1, 294 IU/mL with cut-off 20 IU/mL) and
HBsAb (n=1, >1,000 IU/mL with cut-off 10 IU/mL).
Adjusted cut-off values, optimizing diagnostic sensitivity
and speciﬁcity were calculated using ROC-curve analysis
being >0.14 COI for Elecsys with diagnostic sensitivity/
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speciﬁcity being 86.6% (95% CI 80.8–91.1)/96.7% (95% CI
91.8–89.1), >0.50 COI for Atellica with diagnostic sensitivity/speciﬁcity being 78.5% (95% CI 71.9–84.2)/100%
(95% CI 97.2–100) and >9.75 AU/mL for Liaison with
diagnostic sensitivity/speciﬁcity being 72.6% (95% CI
65.6–78.9)/91.9% (95% CI 85.7–96.1). As there is no statistical signiﬁcant higher diagnostic sensitivity/speciﬁcity
using the adjusted cut-offs (except for diagnostic sensitivity of Elecsys), manufacturer’s cut-offs were used in this
study.
Detection capability (presence/absence) of COVID-19
antibodies was good for all methods with the highest
sensitivity/specificity for the Atellica IM SARS-CoV-2
(98.5%/97.1%) and Elecsys Anti-SARS-CoV-2 (97.7%/
97.1%) assay. Although statistically not significant,
detection capability of the LIAISON SARS-CoV-2 IgG
assay seemed lower (94.2%/94.9%). Using these performance characteristics, PPV and NPV were calculated and
plotted as a function of seroprevalence (Figures 1 and 2).
The combined use of the Roche and Siemens assay achieved the highest PPV in low seroprevalence settings
(e.g. PPV > 90% if seroprevalence ≥1%). In order to
optimize this testing strategy cut-off values were calculated generating a sensitivity/speciﬁcity statistically
equal to 100%. If the Roche assay is used as a ﬁrst test,
a COI ≤ 0.849 has a sensitivity of 99.2% (95% CI
95.8–100%) and a COI > 3.29 has a speciﬁcity of 99.4%
(95% CI 96.9–100%), samples with a COI between 0.849
and 3.29 should be conﬁrmed by the Siemens assay. If the
Siemens assay is used as a ﬁrst test, a COI ≤ 0.66 has a
sensitivity of 99.2% (95% CI 95.8–100%) and a COI > 5.33
has a speciﬁcity of 100% (95% CI 97.9–100%), samples
with a COI between 0.66 and 5.33 should be conﬁrmed by
the Roche assay. If there are discordant interpretations
by the Siemens and Roche assay, a new sample should be
tested after one week or a third serologic assay can be
applied to that sample in order to judge presence or
absence of antibodies.
The orthogonal testing algorithm using Roche as a first
test and Siemens as a confirmatory test using the optimized
cut-off values was used in our hospital for a voluntary
antibody screening of health workers as part of a local risk
management strategy. Discordant results were resolved by
testing with a third antibody test (DiaSorin). Of 1,151 tested
samples (query date for serologic results in laboratory information system was 30/06/2020), 69 had a Roche
COI ≥ 1.0 of which 7 had a COI between 1.01 and 3.29, 1,082
had a Roche COI < 0.1 of which 2 had a COI between 0.85
and 0.99. These nine samples (0.8% of total samples) were
retested with the Siemens assay. The two negative samples
also tested negative on Siemens and from the seven

PCR, polymerase chain reaction.
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Figure 1: (Combined) positive predictive value as a function of prevalence of three SARS-CoV-2 serologic assays using sensitivity for detection
of antibodies.
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Figure 2: (Combined) negative predictive value as a function of prevalence of three SARS-CoV-2 serologic assays using specificity for
detection of antibodies.

positive samples, three also tested positive on Siemens. In
total 4 (0.3% of total samples) discordant Roche/Siemens
results occurred and were tested with a third antibody
assay (DiaSorin). The third antibody assay was negative in
all four samples so the ﬁnal conclusion was that these four

samples were negative for SARS-CoV-2 antibodies and the
initial Roche result was false positive. Calculating
COVID-19 seroprevalence using only the Roche assay
would give 6.0% compared to 5.6% using an orthogonal
testing algorithm.
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Discussion
This study investigated the analytical and clinical performance of three commercial, fully-automated SARS-CoV-2
antibody assays. Analytical performance of all three assays
was acceptable and comparable with results found in other
studies [22–25]. Using the cut-off suggested by the manufacturer, diagnostic sensitivity and speciﬁcity did not differ
signiﬁcantly from performance speciﬁcations found in
literature [22–25] or manufacturer’s speciﬁcations. Diagnostic sensitivity increased in time after a positive
SARS-CoV-2 PCR result or onset of symptoms with acceptable sensitivities ≥14 days after a positive respiratory
SARS-CoV-2 PCR result or onset of symptoms.
Some authors [23, 24] suggested adapted cut-off
values in order to optimize diagnostic sensitivity and
speciﬁcity. Both publications suggested a lower cut-off
for the Elecsys Anti-SARS-CoV-2 (>0.165 COI) and LIAISON
SARS-CoV-2 IgG (>6.1 AU/mL) assay, increasing diagnostic sensitivity without loss of speciﬁcity. If these
literature-based cut-off values were applied in our study
cohort, a signiﬁcant higher diagnostic sensitivity was
achieved, 84.9% (95% CI 79.0–89.8) for the Elecsys assay
and 81.2% (95% CI 74.8–86.5) for the Liaison assay with
no signiﬁcant loss of speciﬁcity was observed for the
Elecsys assay, being 98.3% (95% CI 94.1–99.8) but for
the Liaison assay a signiﬁcant drop of speciﬁcity to 78.3%
(95% CI 69.8–85.3) was observed. Adjusted cut-off values
were also calculated in this study cohort, optimizing
diagnostic sensitivity and speciﬁcity but their use did
not translate in signiﬁcant higher diagnostic sensitivity/
speciﬁcity (except for diagnostic sensitivity of Elecsys).
This shows that adapted cut-off values are speciﬁc for
each laboratory and cannot be exchanged, as signiﬁcant
differences in sensitivity and speciﬁcity can be observed.
A recent study underscored the importance of redeﬁned
cut-off values to improve negative likelihood ratios and
overall inter-assay agreement and so a better harmonization of serologic tests [26].
Because this study used three serological assays
with different epitopes and assay principles, an extended
golden standard could be defined, judging if COVID-19
antibodies are present or absent in a sample. Each assay
was compared to this standard in order to calculate
sensitivity (presence of antibodies) and specificity
(absence of antibodies) for antibody detection. As more
studies start to investigate seroprevalence in asymptomatic, general populations and many hospitals offer serological COVID-19 testing to health workers (without
performing a respiratory SARS-CoV-2 PCR) as part of a
localrisk management, it is important to know the effect of

seroprevalence on PPV and NPV [27, 28]. In low prevalence
settings, it is important to have a high PPV, this can be
achieved by choosing a test with a very high speciﬁcity
(≥99.5%) for antibodies detection. In this study none
of the assays had a speciﬁcity for antibody detection statistically ≥99.5% resulting in low PPV (e.g. upto 25%) in low
prevalence (e.g. 1%) settings (Figure 1). Another way to
ensure a high PPV for detection of antibodies is using
orthogonal testing algorithms based on conﬁrmation of a
positive result with a different (e.g. antigens) test. Figure 1
shows a signiﬁcant increase in PPV if positive results are
tested on a second platform with the highest combined PPV
for a testing algorithm using the Elecsys Anti-SARS-CoV-2
and Atellica IM SARS-CoV-2 Total assay. Testing negative
patient samples with a second test is not necessary if the
initial assay has a high NPV (Figure 2). All assays evaluated
in this study had high NPV across a broad seroprevalence
range. The orthogonal test algorithm using optimized
cut-off values with Roche as the ﬁrst test and Siemens as a
conﬁrmation test was applied in a local voluntary
screening project including 1,151 health workers. The difference in calculated seroprevalence using an orthogonal
(seroprevalence 5.6%) or single-assay (seroprevalence
6.0%) test algorithm was small and one could say that
seroprevalence is 6% in this cohort, regardless of the
testing strategy. However, in some speciﬁc situations it is
important to have the most correct COVID-19 antibody
status for an individual e.g. inclusion criteria for studies
investigating COVID-19 vaccine immune response, determination of protective titers or cut-off values once studies
have proven protective properties of COVID-19 antibodies
or studies in which seroprevalence must be determined
very accurately.

Conclusions
To conclude, this study revealed acceptable analytical and
clinical performance of three automated SARS-CoV-2
antibody assays. Adjusted cut-off values can be calculated
by each laboratory in their specific population but cannot
be generalized. In this study the diagnostic sensitivity/
specificity did not significantly increase using adjusted
cut-offs and manufacturer’s defined cut-offs were applied.
This study underscored the importance of high specificity if
populations with lower seroprevalence are sampled and
elaborated the impact of seroprevalence on PPV and NPV
even if high sensitivity and specificity is achieved. The
relevance of an orthogonal testing algorithms is explained
and illustrated. Testing samples with the Elecsys Anti-
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SARS-CoV-2 and confirming positive results with the
Atellica IM SARS-CoV-2 Total assay (or vice versa) would
give the highest PPV and NPV in populations with a lower
seroprevalence.
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Validation of a chemiluminescent assay for speciﬁc SARS-CoV-2
antibody. Clin Chem Lab Med 2020;58:1357–64.
25. Kohmer N, Westhaus S, Rühl C, Ciesek S, Rabenau HF. Brief
clinical evaluation of six high-throughput SARS-CoV-2 IgG
antibody assays. J Clin Virol 2020;129:104480.
26. Plebani M, Padoan A, Negrini D, Carpinteri B, Sciacovelli L.
Diagnostic performances and thresholds: the key to
harmonization in serological SARS-CoV-2 assays? Clin Chim Acta.
2020;509:1–7.
27. CDC. Interim guidelines for COVID-19 antibody testing. Available
from: https://www.cdc.gov/coronavirus/2019-ncov/lab/
resources/antibody-tests-guidelines.html [Accessed 23 May 2020].
28. Diamandis P, Prassas I, Diamandis EP. Antibody tests for
COVID-19: drawing attention to the importance of analytical
speciﬁcity. Clin Chem Lab Med 2020;58:1144–5.

