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Summary
In this study, we evaluated and compared six SARS-CoV-
2 serology kits including the Abbott SARS-CoV-2 IgG
assay, Beckman Access SARS-CoV-2 IgG assay, OCD
Vitros OCD Anti-SARS-CoV-2 Total antibody assay,
Roche Elecsys Anti SARS-CoV-2 assay, Siemens SARS-
CoV-2 Total assay, and cPass surrogate viral neutralising
antibody assay. A total of 336 non-duplicated residual
serum samples that were obtained from COVID-19
confirmed patients (n=173) on PCR and negative con-
trols (n=163) obtained pre-December 2019 before the
COVID-19 pandemic were used for the study. These
were concurrently analysed on the different immuno-
assay platforms and correlated with clinical characteris-
tics. Our results showed all assays had specificity
ranging from 99.3% to 100.0%. Overall sensitivity across
all days of symptoms, in descending order were OCD
(49.1%, 95% CI 41.8–56.5%), cPass (44.8%, 95% CI
37.5–52.3%), Roche (41.6%, 95% CI 34.5–49.0%),
Siemens (39.9%, 95% CI 32.9–47.3%), Abbott (39.8%,
95% CI 32.9–47.3%) and Beckman (39.6%, 95% CI
32.5–47.3%). Testing after at least 14 days from symp-
tom onset is required to achieve AUCs greater than 0.80.
OCD and cPass performed the best in terms of sensitivity
for >21 days symptoms with 93.3% (95% CI,
73.5–99.2%) and 96.7% (95% CI, 82.8–99.9%),
respectively. Both also shared the greatest concordance,
kappa 0.963 (95% CI 0.885–1.0), p<0.001, and had the
lowest false negative rates. Serology results should be
interpreted with caution in certain cases. False negatives
were observed in a small number of individuals with
COVID-19 on immunosuppressive therapy, pauci-
symptomatic or who received antiretroviral therapy. In
conclusion, all assays exhibited excellent specificity and
total antibody assays with spike protein configurations
generally outperformed nucleocapsid configurations and
IgG assays in terms of diagnostic sensitivity.
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INTRODUCTION
A cluster of unexplained viral pneumonia cases first identi-
fied in Wuhan in December 2019 has now progressed to the
global pandemic known as the coronavirus disease 2019
(COVID-19). Clinical features include a spectrum ranging
from asymptomatic infection, mild acute respiratory illness,
fever, and diarrhoea, to that of multi-organ failure requiring
intensive care support.1 Presence of co-morbidities such as
diabetes mellitus, hypertension, and cardiovascular disease
confer poorer clinical outcomes and increased mortality.2

Laboratory markers such as elevated white blood cell
count, neutrophil count, lactate dehydrogenase, alanine
aminotransferase, aspartate aminotransferase, total bilirubin,
creatinine, troponins, D-dimer and procalcitonin are associ-
ated with poorer prognosis for COVID-19 patients.3 The
demand for laboratory testing, especially in a timely fashion,
is crucial for clinical management and public health efforts to
limit transmission. Currently, the gold-standard for diag-
nosing COVID-19 is detection of severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) RNA via real time
reverse transcription polymerase chain reaction (rRT-PCR),
targets of which may include a combination of nucleocapsid
(N), envelope (E), RNA-dependent-RNA polymerase
(RdRp), and open reading frame (orf1a and orf1b) genes.4

SARS-CoV-2 serological assays have both clinical and
epidemiological uses. At the individual level, serological
tests may be used to support clinical diagnosis by deter-
mining recent or previous infection, thereby contributing to
quarantine measures, or by determining the immunological
status in vaccinated individuals with a view for booster re-
quirements. In addition, there have been suggestions
regarding the utility of ‘immune passports’ with the use of
seropositive status conferring potential immunity and
allowing the individual to return to work or certified fit-to-
travel.5 At a public health level, population screening with
serology offers insights into epidemiology and immunity of
the population. Also, seroprevalence data may allow gov-
ernment officials to more effectively implement interventions
strategies such as lockdowns or targeted physical distancing
measures. The advent of commercially available SARS-CoV-
2 serological assays allows for more ubiquitous testing
hologists of Australasia. Published by Elsevier B.V. All rights reserved.
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amongst laboratories. Nevertheless, there are currently
limited head-to-head comparisons of test performance be-
tween the available testing platforms. The aim of our study is
to compare six commercial serological tests with various
assay design configurations directed against separate SARS-
CoV-2 antigens, including a viral neutralisation antibody
assay, and to inform users as to their clinical and interpretive
differences.

METHODS
Ethics approval for our study was given by the National Healthcare Group
Domain Specific Review Board (NHG ROAM Reference Number: 2020/
00337 and 2020/00407).
In our institution, we had access to a number of instruments used in the

latest SARS-CoV-2 serological assays. For purposes of this study, we used
the Abbott Architect i4000SR for the Abbott SARS-CoV-2 IgG (Abbott
Diagnostics, USA), Roche Cobas E411 for testing the Elecsys Total Anti-
SARS-CoV-2 antibody (Roche Diagnostics, Switzerland), UniCel DxI 800
for the Access SARS-CoV-2 IgG antibody assay (Beckman Coulter, USA),
ADVIA Centaur XPT for Siemens SARS-CoV-2 Total (COV2T) assay
(Siemens Healthineers, Germany), VITROS 3600 for the Vitros OCD Anti-
SARS-CoV-2 Total antibody (Ortho Clinical Diagnostics, USA), and the
Evolis Complete System (Biorad, USA) for the cPass SARS-CoV-2 surrogate
viral neutralising antibody detection ELISA kit (Genscript, USA). A sum-
mary of the analysers used, the assay configuration and interpretation of the
quantitative values are provided in Table 1. These assays will subsequently be
referred to as Abbott, Beckman, cPass, OCD, Roche, and Siemens assays.
We collected a total of 336 non-duplicated residual serum samples for the

study that were obtained from COVID-19 confirmed patients (n=173) and
negative controls (n=163) obtained pre-December 2019 before the COVID-
19 pandemic. We prospectively selected samples between 30 March 2020
and 15 June 2020 from COVID-19 patients in our institution. When sam-
ples were collected from patients, we recorded the number of days
following onset of symptoms. All had a minimum of one real time reverse
transcription polymerase chain reaction (rRT-PCR) respiratory sample
positive on our Cobas 6800 SARS-CoV-2 assay (Roche Diagnostics,
Switzerland), or the A*Star Fortitude kit (Accelerate Technologies,
Singapore) with the cycle threshold (CT) value being lower than cut-off.
This was the gold standard to which our results were compared. Samples
were collected in serum separator tubes (Beckton Dickinson, USA),
centrifuged at 3000 rpm for 8 min and after clinical testing, residual sera
were collected in accordance with previously described laboratory pro-
tocols for COVID-19 sample handling.6 Days of symptoms were recorded
based on first day of onset of COVID-19 symptoms, as documented by
managing clinicians. Patients who were asymptomatic at the time of PCR
Table 1 Summary of SARS-CoV-2 serology assay configuration, instruments, an

Instrument Assay name SARS-C

Abbott Architect i4000SR Abbott SARS-CoV-2 IgG
antibody

Chemilumine
antibodies

Roche Cobas E411 Elecsys Total Anti-SARS-CoV-2
antibody

Sandwich im
IgG) to nu

Beckman Unicel DxI 800 Access SARS-CoV-2 IgG
antibody

Chemilumine
specific to

ADVIA Centaur XPT Siemens SARS-CoV-2 Total
antibody

One-step sand
(IgM/IgG)

VITROS 3600 Vitros OCD Anti-SARS-CoV-2
Total antibody

Chemilumine
(IgA, IgG,

Evolis Complete System cPass SARS-CoV-2 neutralising
antibody ELISA

Blocking ELI
recombina
Protein-pro
ACE-2 are

HRP, horseradish peroxidase; RBD, receptor binding domain.
testing were excluded. Archived serum samples taken from patients prior to
December 2019 representing COVID-19 naivety were used as negative
controls. These included healthy blood donors as well as patients with and
without other positive serological tests: anti-extractable nuclear antigen
antibodies (9); anti-glomerular basement membrane antibodies (4); anti-
smooth muscle antibody (3); hepatitis A IgM (3); Epstein–Barr virus
IgM (3); anti-intrinsic factor IgG (5); cytomegalovirus IgM (4); cytomeg-
alovirus IgG (3); syphillis treponemal antibody (5); Epstein–Barr virus IgA
(7); Leptospira IgM (3); hepatitis C antibody (9); hepatitis B surface an-
tigen (7); hepatitis B e antigen (2); anti-double stranded DNA IgG (3);
rubella IgM (4); antinuclear antibodies (3); hepatitis A IgG (3); dengue
virus IgG (1); varicella zoster IgM (1); human immunodeficiency virus (8);
and varicella zoster virus IgG (6). Prior to testing patients’ sera, calibration
was performed and quality controls were passed as per manufacturers’
instructions.
Statistical analyses were performed using the Statistical Package for Social

Sciences (SPSS) 25.0 (IBM, USA) with statistical significance determined at
p<0.05. Sensitivity and specificity were expressed as percentages with their
respective 95% confidence interval (CI). The relationship between the six
immunoassays and their qualitative agreement were assessed using the inter-
rater Gwet’s AC1 kappa concordance to account for potential paradox effect
with Cohen’s kappa.7 Receiver operator characteristic (ROC) and area under
the curve (AUC) values were analysed to determine the discriminative ability
of the tests. Quantitative values of the signal range in both reactive and non-
reactive samples were presented.

RESULTS
Specificity

Specificities of all six assays were excellent. Five of the
assays (Abbott, Roche, OCD, Siemens, cPass) had 100%
specificity with no cross-reactivity in the negative control
panel. Beckman had one serum sample which was positive
(signal value 1.69) from a healthy volunteer. This was
repeated and remained positive, thus giving a specificity of
99.3% (95% CI 95.7–99.9%). In general, the quantitative
signals in this negative cohort except for Beckman, were
distinctly lower than the threshold cut-off for each assay
(Supplementary Table 1, Appendix A).

Sensitivity and AUC

We compared the qualitative results generated by each of the
six assays. The overall sensitivity across all days of symp-
toms in descending ranking were: OCD (49.1%, 95% CI
d interpretation

oV-2 serology assay configuration Interpretation for signal values

scent immunoassay detecting IgG
to nucleocapsid protein

<1.4: Non-reactive
�1.4: Reactive

munoassay detecting antibodies (IgM/
cleocapsid protein

<1.0: Non-reactive
�1.0: Reactive

scent immunoassay detecting IgG
RBD of S1 protein

<0.8: Non-reactive
�0.8 to <1.0: Equivocal
�1.0: Reactive

wich immunoassay detecting antibodies
to RBD of S1 protein

<1.0: Non-reactive
�1.0: Reactive

scent immunoassay detecting antibodies
IgM) to S1 protein.

<1.0: Non-reactive
�1.0: Reactive

SA detection. HRP conjugated with
nt RBD and human ACE-2 protein.
tein interaction between HRP-RBD and
blocked by neutralising antibodies

Calculated as inhibition %
<20%: Non-reactive
�20%: Reactive
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41.8–56.5%), cPass (44.8%, 95% CI 37.5–52.3%), Roche
(41.6%, 95% CI 34.5–49.0%), Siemens (39.9%, 95% CI
32.9–47.3%), Abbott (39.8%, 95% CI 32.9–47.3%) and
Beckman (39.6%, 95% CI 32.5–47.3%). OCD and cPass
performed the best in terms of sensitivity for >21 days group
with 93.3% (95% CI, 73.5–99.2%) and 96.7% (95% CI,
82.8–99.9%), respectively. In the 14–20 days of symptoms
group, OCD and Roche had equal highest sensitivity (88.5%,
95% CI 69.8–97.6%). For the 7–13 days of symptoms
group, we found that OCD had the highest sensitivity (56.8%,
95% CI 39.5–72.9%), outperforming Beckman (29.7%, 95%
CI 15.9–47.0%), p=0.019, and Siemens (32.4%, 95% CI
18–49.8%), p=0.035.
The discriminative ability of the binary/qualitative

serology tests indicated that testing after at least 14 days from
symptom onset is required to achieve AUCs of more than
0.80. Earlier testing was suboptimal with AUCs between
0.654 and 0.743 when testing was performed between days 7
and 13, and less then 0.60 when testing between days 1 and 6.
Less than 10% of samples were positive when testing earlier
than 7 days after symptom onset by any assay, suggesting that
these assays have poor diagnostic capability in the early
phase of symptoms for COVID-19. Comprehensive data are
presented in Table 2, and the ROC curves for binary
discrimination shown in Fig. 1.
Table 2 Sensitivity of each immunoassay categorised by days of symptoms

Days of sympto

1–6 (n = 80) 7–13a (n = 37) 1

Abbott
n (%) 7 (8.8) 15 (40.5) 22
95% CI 3.6–17.2 24.8–57.9 65.
AUC [95% CI] 0.533 [0.451–0.614]

p = 0.420
0.700 [0.586–0.814]
p < 0.001

0.9
p <

Beckmanb

n (%) 8 (10.0) 11 (29.7) 20
95% CI 4.4–18.8 15.9–47.0 56.
AUC [95% CI] 0.549 [0.467–0.632]

p = 0.220
0.654 [0.549–0.769]
p = 0.005

0.9
p <

Roche
n (%) 8 (10.0) 14 (37.8) 23
95% CI 4.4–18.8 22.4–55.2 69.
AUC [95% CI] 0.539 [0.458–0.621]

p = 0.334
0.700 [0.586–0.814]
p < 0.001

0.9
p <

OCD
n (%) 13 (16.3) 21 (56.8) 23
95% CI 8.9–26.2 39.5–72.9 69.
AUC [95% CI] 0.566 [0.484–0.648]

p = 0.107
0.731 [0.664–0.879]
p < 0.001

0.9
p <

Siemens
n (%) 9 (11.3) 12 (32.4) 21
95% CI 5.3–20.3 18.0–49.8 60.
AUC [95% CI] 0.553 [0.471–0.635]

p = 0.197
0.671 [0.557–0.786]
p = 0.002

0.8
p <

cPass
n (%) 8 (10.0) 18 (48.6) 22
95% CI 4.4–18.8 31.9–65.6 65.
AUC [95% CI] 0.546 [0.464–0.625]

p = 0.259
0.743 [0.633–0.853]
p < 0.001

0.9
p <

AUC, area under curve; CI, confidence interval.
a Significant difference in sensitivity between OCD and Beckman at 7–13 days o
= 0.019). Significant difference in sensitivity between OCD and Siemens at 7–
2.4–46.3; p = 0.035).
b Day 1–6: 1 equivocal and 3 insufficient omitted; Day 7–13 and Day 14–20:
c The 1 non-reactive subject was also non-reactive for all the other 5 tests. Wit
Quantitative signal values in COVID-19 patients

Quantitative signal values may be useful for estimating
SARS-CoV-2 antibody titres in patients. For our cohort of
patients we documented the minimum to maximum ranges of
the reactive and non-reactive cases’ signal values for each
assay. We then demonstrated that the mean quantitative
signals generally increased for COVID-19 patients across all
assays, in tandem with increasing number of days from
symptom onset (Fig. 2). One-way ANOVA comparing the
mean signals between the days of symptoms was different
(p<0.001) across five assays. The Siemens assay was not
analysed due to the number of cases recorded as >10 and
<0.05 (i.e., beyond analytical measuring range) and hence
impractical for mean signal calculations. All five assays
showed a significant difference (p<0.05) in mean quantitative
values between >14 days and <14 days using Tukey’s post-
hoc honest significant difference (HSD) test, in line with our
ROC data described above (Supplementary Tables 2 and 3,
Appendix A).

Concordance between assays

We were interested in concordance between the assays,
particularly when compared against a viral neutralisation
antibody assay. Kappa concordance, categorised by days of
ms Overall AUC [95% CI]

4–20 (n = 26) 21–64 (n = 30)

(84.6) 25 (83.3)
1–95.6 65.3–94.4
17 [0.828–1.0]
0.001

0.914 [0.832–0.998]
p < 0.001

0.692 [0.634–0.751]
p < 0.001

(76.9) 26 (86.7)
3–91.0 69.3–96.2
13 [0.824–1.0]
0.001

0.945 [0.879–1.0]
p < 0.001

0.695 [0.636–0.753]
p < 0.001

(88.5) 27 (90.0)
8–97.6 73.5–97.9
38 [0.859–1.0]
0.001

0.984 [0.883–1.0]
p < 0.001

0.704 [0.647–0.762]
p < 0.001

(88.5) 27 (90.0)
8–97.6 73.5–97.9
38 [0.859–1.0]
0.001

0.966 [0.912–1.0]
p < 0.001

0.735 [0.670–0.791]
p < 0.001

(80.8) 28 (93.3)
6–93.4 77.9–99.2
96 [0.798–0.993]
0.001

0.984 [0.883–1.0]
p < 0.001

0.698 [0.640–0.756]
p < 0.001

(84.6) 29 (96.7)c

1–95.6 82.8–99.9
17 [0.828–1.0]
0.001

0.983 [0.944–1.0]
p < 0.001

0.720 [0.663–0.776]
p < 0.001

f symptoms, where OCD performed better by 27.1% (95%CI 5.4–48.8; p
13 days of symptoms, where OCD performed better by 24.4% (95% CI

1 equivocal and 1 insufficient omitted; Day � 21: 1 equivocal omitted.
h n = 29, the 100% sensitivity has a lower 95% CI of 88.0%.



Fig. 1 ROC curves (A) for day 14–20, and (B) >20 days of symptoms.

Fig. 2 Quantitative signals generated for each assay.
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symptoms and plotted against the qualitative result, is
summarised in Table 3. Data showed that for >21 days of
symptoms, cPass and OCD had the greatest concordance
between the assays with kappa 0.963 (95% CI 0.885–1.0),
p<0.001. In the 14–20 days group, cPass agreed most with
Abbott, with kappa 1.0 (95% CI 0.868–1.0), p<0.001,
followed by both OCD and Roche which had similar kappa of
0.950 (95% CI 0.843–1.0), p<0.001. cPass also correlated
well with Siemens for all days, kappa 0.942 (95% CI
0.909–0.974), p<0.001.

False negative rates and patient clinical characteristics

We determined the false negative rate (FNR) of each assay,
using the remaining five assays as a composite reference
standard (Table 4). The lower the percentage, the better the
performance of the assay in question. For samples taken >21
days after symptom onset, cPass had the lowest FNR (0%,
95% CI 0.0–11.6%) followed by OCD (3.3%, 95% CI
0.08–17.2%). There was a significant difference of 13.3%
(95% CI 1.1–25.4%), p=0.039, between Abbott and cPass.
For 14–20 days, OCD and Roche had equal lowest FNR
(3.8%, 95% CI 0.10–19.6%). OCD again demonstrated the
lowest FNR in the 7–13 days group (8.1%, 95% CI
1.7–21.9%), and this was statistically significant when
compared against Siemens (32.4%, 95% CI 18–49.8%),
p=0.009 as well as Beckman (31.4%, 95% CI 15.9–47.0%),
p=0.010.
The clinical characteristics and signal values were also

reviewed for COVID-19 patients with non-reactive results
even for samples taken 14 days after symptom onset. In the
14–20 days group, the poorest performer was Siemens with
five non-reactives as compared to the best performer, OCD,
with three non-reactives. Patient 1 had end-stage renal dis-
ease as a result of IgA nephropathy, previously undergoing
renal transplant and was on mycophenolate (Myfortic)
immunosuppressant at the time of serology testing. Patients 2
and 4 had significant lymphopenia, required intubation with a
course of intensive care unit stay, and were both administered
lopinavir-ritonavir (Kaletra). Patient 2 was given hydrocor-
tisone as well. The other two patients in this group were
pauci-symptomatic. In the >21 days group, poorest performer
Abbott had five non-reactives compared to only one non-
reactive in the best performer cPass. All of these five pa-
tients were pauci-symptomatic and presented only with a
mild acute respiratory illness, dry cough or sore throat. These
data are summarised in Table 5.
DISCUSSION
The SARS-CoV-2 virus is an enveloped RNA consisting of 4
structural proteins known as the spike (S), envelope (E),
membrane (M) and nucleocapsid (N) proteins. S and N pro-
teins in particular, have been the focus of several targets for
serological assays on the basis that previous studies have
indicated that they are the most immunogenic antigens.8,9

Walls and colleagues have shown coronavirus S protein
mediates viral entry into host cells. The S protein consists of
two functional subunits namely the S1 subunit which binds to
the host cell receptor and S2 subunit which leads to fusion of



Table 3 Kappa concordance between assays

Beckman Roche Siemens OCD cPass

All days
Abbott 0.929 (0.900–0.960)

<0.001
0.938 (0.904–0.972)

<0.001
0.934 (0.899–0.909)

<0.001
0.912 (0.870–0.953)

<0.001
0.923 (0.884–0.961)

<0.001
Beckman 0.936 (0.907–0.965)

<0.001
0.951 (0.925–0.976)

<0.001
0.921 (0.889–0.954)

<0.001
0.925 (0.894–0.957)

<0.001
Roche 0.948 (0.917–0.979)

<0.001
0.916 (0.876–0.956)

<0.001
0.927 (0.890–0.965)

<0.001
Siemens 0.921 (0.883–0.961)

<0.001
0.942 (0.909–0.975)

<0.001
OCD 0.930 (0.893–0.967)

<0.001

Days 1–6
Abbott 0.906 (0.835–0.976)

<0.001
0.925 (0.856–0.994)

<0.001
0.939 (0.877–1.0)

<0.001
0.904 (0.823–0.985)

<0.001
0.925 (0.856–0.994)

<0.001
Beckman 0.919 (0.853–0.984)

<0.001
0.946 (0.892–1.0)

<0.001
0.918 (0.851–0.984)

<0.001
0.905 (0.835–0.976)

<0.001
Roche 0.954 (0.899–1.0)

<0.001
0.919 (0.844–0.993)

<0.001
0.908 (0.831–0.986)

<0.001
Siemens 0.934 (0.868–1.0)

<0.001
0.954 (0.899–1.0)

<0.001
OCD 0.887 (0.798–0.975)

<0.001

Days 7–13
Abbott 0.774 (0.613–0.935)

<0.001
0.742 (0.516–0.969)

<0.001
0.647 (0.388–0.908)

<0.001
0.568 (0.290–0.846)

<0.001
0.626 (0.362–0.890)

<0.001
Beckman 0.775 (0.614–0.935)

<0.001
0.840 (0.701–0.979)

<0.001
0.673 (0.488–0.857)

<0.001
0.740 (0.570–0.910)

<0.001
Roche 0.702 (0.461–0.943)

<0.001
0.515 (0.225–0.805)

<0.001
0.681 (0.433–0.929)

<0.001
Siemens 0.519 (0.229–0.810)

<0.001
0.687 (0.441–0.933)

<0.001
OCD 0.731 (0.500–0.961)

<0.001

Days 14–20
Abbott 0.913 (0.788–1.0)

<0.001
0.950 (0.843–1.0)

<0.001
0.946 (0.831–1.0)

<0.001
0.950 (0.843–1.0)

<0.001
1.0 (0.868–1.0)

<0.001
Beckman 0.872 (0.721–1.0)

<0.001
0.870 (0.717–1.0)

<0.001
0.872 (0.721–1.0)

<0.001
0.914 (0.788–1.0)

<0.001
Roche 0.896 (0.737–1.0)

<0.001
0.903 (0.755–1.0)

<0.001
0.950 (0.843–1.0)

<0.001
Siemens 0.896 (0.737–1.0)

<0.001
0.946 (0.831–1.0)

<0.001
OCD 0.950 (0.843–1.0)

<0.001

Days �21
Abbott 0.885 (0.749–1.0)

<0.001
0.913 (0.783–1.0)

<0.001
0.913 (0.783–1.0)

<0.001
0.874 (0.717–1.0)

<0.001
0.837 (0.660–1.0)

<0.001
Beckman 0.963 (0.881–1.0)

<0.001
0.963 (0.881–1.0)

<0.001
0.927 (0.819–1.0)

<0.001
0.892 (0.763–1.0)

<0.001
Roche 1.0 (0.884–1.0)

<0.001
0.961 (0.787–1.0)

<0.001
0.924 (0.809–1.0)

<0.001
Siemens 0.961 (0.787–1.0)

<0.001
0.924 (0.809–1.0)

<0.001
OCD 0.963 (0.885–1.0)

<0.001

Values are kappa (95% CI), p value.
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viral and cellular membranes.10 The S1 subunit comprises the
receptor binding domain (RBD) which attaches to the human
angiotensin-converting-enzyme 2 (ACE-2), initiating entry
into the host cell.11 The N protein, on the other hand, has been
described to be highly immunogenic and expressed in large
quantities during acute infection of SARS-CoV-2.12 Western
blot studies also indicate that the N protein is a potent viral
antigen for SARS-CoV-2 on the basis of IgG, IgA and IgM
antibodies directed against N protein in COVID-19 positive
sera.13
To our knowledge, our study is the first which investigated
and compared immunoassays with different design configu-
rations against the S1 subunit, RBD protein, and N antigen,
including that of a surrogate viral neutralising antibody
(NAb) assay. NAbs typically target the S1-RBD, inhibiting
the binding of RBDs to their receptors and hence preventing
S2-mediated membrane fusion or entry into the host cell. As a
result, viral infection of the host is prevented and presence of
such antibodies may confer a status of true immunity.14 Our
results show that specificity for all six assays are excellent,



Table 4 False negative rate of each assay

Assay Days of symptoms

1–6 (n=80) 7–13 (n=37) 14–20 (n=26) 21–64 (n=30)

Abbott 7 (8.8)b

3.6–17.2
9 (24.3)
11.8–41.2

2 (7.7)
0.94–25.1

4 (13.3)b

3.8–30.7
Beckmana 3 (3.9)

0.9–10.6
11 (31.4)d

15.9–47.0
2 (8.3)
0.94–25.1

2 (6.7)
0.82–22.1

Roche 6 (7.5)
2.8–15.6

10 (27.0)e

13.8–44.1
1 (3.8)
0.10–19.6

2 (6.7)
0.82–22.1

OCD 1 (1.3)c

0.03–6.8
3 (8.1)c

1.7–21.9
1 (3.8)
0.10–19.6

1 (3.3)
0.08–17.2

Siemens 5 (6.3)
2.1–14.0

12 (32.4)b

18.0–49.8
3 (11.5)
2.4–30.1

2 (6.7)
0.82–22.1

cPass 6 (7.5)
2.8–15.6

6 (16.2)
6.2–32.0

2 (7.7)
0.94–25.1

0 (0.0)c

0.0–11.6

Significant differences

(b–c) 7.5%
95% CI 0.8–14.2

p=0.030

24.3%
95% CI 6.8–41.8

p=0.009

13.3%
95% CI 1.1–25.4

p=0.039
(d–c) 23.3%

95% CI 4.4–38.7
p=0.010

(e–c) 18.9%
95% CI 2.1–35.7

p=0.033

Values are n (%), 95% CI.
a Day 1–6: 1 equivocal and 3 insufficient omitted; Day 7–13 and Day 14–20: 1 equivocal and 1 insufficient omitted; Day �21: 1 equivocal omitted.
b–e See significant differences section of table.
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and the one false reactive case in Beckman could be potential
cross-reactivity of a common coronavirus in the healthy
volunteer. In light of the limited sensitivity in the early stages
of illness, antibody detection is not sufficiently reliable to act
as a routine diagnostic test for COVID-19. This is supported
by our previous work and current AUC results, which suggest
Table 5 Clinical characteristics of patients with false negative serology
that serological testing should generally be considered only
14 days after onset of symptoms.15,16 If testing is performed
prior to this, users should consider the high possibility of
false negative results. In this study, the best performer in
terms of sensitivity across all days and also at >14 days of
symptoms was OCD followed closely by cPass. This is
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unsurprising because both assay designs are towards the S1
spike protein and they also correlated well based on kappa’s
concordance. OCD in particular is a total antibody assay
directed at IgA, IgM and IgG, hence its diagnostic accuracy
outperformed assays raised against just IgG or IgG/IgM. As a
a mucosal targeting virus, SARS-CoV-2 generates secretory
IgA inducing strong mucosal immunity in the host. Yu and
colleagues also showed that IgA antibody produced the
earliest seroconversion amongst all antibodies, and was
significantly greater than that of IgM in patients with both
severe and non-severe illness.17 It would be valuable for
vendors to consider providing quantitative signals for indi-
vidual components to a total antibody assay in the diagnostic
evaluation COVID-19. Perhaps disappointingly, Beckman’s
RBD assay design did not significantly correlate well with
cPass but did have a better correlation with Abbott’s assay
which could be due to both of these assays only targeting
IgG. Our cPass NAB results exhibited the best sensitivity in
the cohort of patients >21 days, where only one case who was
pauci-symptomatic demonstrated negative neutralising anti-
bodies. These results corroborate with findings from
Brouwer’s group who showed potent neutralising antibody
production in a convalescent cohort of patients and served as
a marker of immunity.18 Interestingly, quantitative values for
cPass ranged from a negative inhibition percentage of
–81.1% to that of +91.1%. The negative values may be
explained in part by reflecting statistical variation around
‘zero’ inhibition, or true biological enhancements where non-
specific antibodies cross-react and bind to the receptors,
decreasing binding avidity and hence inhibition.19

Our data provide important considerations for serology
testing, and caveats for clinical use. Some patients who had
been immunocompromised, given steroids, or some antivirals
(two of our patients received a protease inhibitor antiretro-
viral) may exhibit a down-regulated immune response which
manifests as a negative result in some of the immunoassays.
Furthermore, pauci-symptomatic patients who were COVID-
19 positive on rRT-PCR more frequently failed to have a
positive serology on multiple immunoassays, even during the
convalescent phase. This suggests that patients with mild
symptoms may not display a strong immune response or
antibody production, and clinicians need to interpret such
cases with caution. Our finding are supported by the study by
Long et al. which showed that the virus specific IgG levels in
the asymptomatic group were significantly lower compared
to symptomatic COVID-19 patients.20

The strength of our study includes using the same cohort of
unique, non-duplicate COVID-19 patients’ sera to compare
performance head-to-head. Certain validation studies use the
same patient but collect their sera at different time points for
the calculation of sensitivity. This potentially leads to a
positive skew in reporting data as an early seroconversion
patient likely continues to exhibit reactive serology at later
timepoints. A recent study by Public Health England showed
the comparison between Abbott, Diasorin, Roche and
Siemens, although this only accounted for convalescent pa-
tients (�20 days of symptoms).21 Our study has similar
specificity characteristics as described, but further categorises
our patient cohort into four different time points, from <7
days to �21 days, which provides more detailed information
about practical testing and their respective AUCs. Certain
limitations in our study were that we did not have archived
sera from patients with previous coronaviruses such as
SARS-CoV-1 and MERS-CoV to test for cross-reactivity. As
this study was approved only for residual sera, low volume
samples were insufficient for certain assays to be performed,
and these patients were excluded from the final data analysis.
Lastly, our COVID-19 positive patients diagnosed via rRT-
PCR were all assumed to be true positives only.
Future directions should revolve around testing of rRT-

PCR together with serology which will improve overall
diagnostic accuracy for COVID-19. The use of CT-values
from PCR and quantitative signals generated by serological
assays may provide utility regarding infective status and
immunity of the patient. Quantitative signal values and their
interpretations should be provided by vendors, as reports
have shown that greater titres of SARS-CoV-2 antibodies in
the early phase of COVID-19 translate to more deleterious
outcomes for the patient.22 In such scenarios, serology may
provide insight into prognosis and appropriate clinical man-
agement. Importantly, it has been suggested that neutralising
antibodies directed against SARS-CoV-2 S and RBD pro-
teins confer immunity upon the host and these have been the
focus of several vaccine trials.14 Neutralising antibodies
potentially trigger immunopathogenic and pro-inflammatory
events in the host, hence serological testing may serve as a
useful indicator whether immunisation has been acquired.23

Taken together, our report shows excellent specificity for
all assays although sensitivities were poorer when compared
to the manufacturer’s claims. Spike protein designed immu-
noassays generally outperformed nucleocapsid target immu-
noassays. Clinicians should interpret negative serology
results with caution if the patient is immunocompromised,
given antiretrovirals, pauci-symptomatic or has had symp-
toms less than 14 days.
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