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A B S T R A C T

Accurate immunoassays with a good correlation to neutralizing antibodies are required to support SARS-CoV-2
diagnosis, management, vaccine deployment, and epidemiological investigation. We conducted a study to eval-
uate the performance and correlation of the surrogate virus neutralization test (sVNT) and other commercial
immunoassays. We tested 107 sera of COVID-19 confirmed cases from three different time points, 58 confirmed
non-COVID-19 sera, and 52 sera collected before the pandemic with two sVNTs, seven chemiluminescent assays,
and one fluorescein assay. All assays achieved excellent sensitivity (95%–100%, �15 days after onset of illness),
specificity (95.5%–100%), and showed moderate to high correlation with GenScript sVNT (r ¼ 0.58 to r ¼ 0.98),
except Roche total antibodies (r ¼ 0.48). Vazyme sVNT and Siemens total antibodies showed the highest cor-
relation with GenScript sVNT (r ¼ 0.98 and 0.88, respectively). Median indexes that may be used to estimate sera
with the highest ability to inhibit SARS-CoV-2 and ACE-2 receptor attachment (GenScript sVNT inhibition 90%–

100%) were 6.9 S/C (Abbott IgG), 161.9 COI (FREND™ IgG), 16.8 AU/ml (Snibe IgG), 40.1 S/CO (Beckman IgG),
281.9 U/ml (Mindray IgG), 712.2 U/ml (Mindray total antibodies), >10 index (Siemens total antibodies), and
95.3% inhibition (Vazyme sVNT). All ten commercial COVID-19 serology assays, with different targeting antigens,
demonstrated a reliable performance, supporting the utility of those assays in clinical and research settings.
However, further studies using more samples are needed to refine the results of evaluating the performances of
these marketed serological assays. Reliable serological assays would be useful for clinicians, researchers and
epidemiologists in confirming SARS-CoV-2 infections, observing SARS-CoV-2 transmission, and immune response
post infection and vaccination, leading to better management and control of the disease.
1. Introduction

Severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) has
become a global pandemic (WHO 2020). The continuing spread of this
virus raised a demand for accurate serological assays to support clinical
management (e.g. assessing antibody-mediated therapy) (Lee et al.,
2021; Joyner et al., 2021) and diagnosis (for patients presenting later in
the disease course) (Watson et al. 2020), vaccine development and
monitoring (e.g. measuring immunogenicity and estimating level of
protection) (Krajewski et al., 2020), and epidemiological investigation
(e.g. tracing the transmission in a community and estimating seropre-
valence to quantify the level of herd immunity) (Watson et al. 2020;
osasih).
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Peeling et al., 2020; Lisboa Bastos et al., 2020). Numerous products with
different platforms have been developed, including lateral flow immu-
nochromatography, enzyme-linked immunosorbent assay (ELISA),
chemiluminescent assays, and neutralization assays (Theel et al., 2020;
Galipeau et al., 2020).

Amongst these platforms, the neutralizing antibody/neutralization
assays are considered the gold standard as these assays measure the
function of all binding antibodies, mostly IgG in neutralizing the virus,
and therefore reduce or inhibit the attachment of SARS-CoV-2 with the
ACE-2 receptor in human cells. Several neutralization assays are
currently known, including micro-neutralization, focus forming
neutralization, fluorescence-based, pseudovirus neutralization and
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plaque reduction neutralization assays (Theel et al., 2020; Riepler et al.,
2020; Muruato et al., 2020; Bennett et al., 2021). Apart from pseudovirus
neutralization assays, these are not easy to perform as they need
bio-safety level (BSL) 3 facilities. All assays need highly experienced
technicians to perform cell and virus culture and need several days to
provide the results (Theel et al., 2020; Galipeau et al., 2020). A break-
through ELISA based platform, surrogate viral neutralization test (sVNT)
was first introduced by researchers from the Duke University and NUS,
Singapore, avoiding the use of cell and virus culture and hence, BSL-3 lab
facilities. Previous studies have reported that sVNT showed a strong
correlation with pseudotype virus neutralisation test (pVNT) and plaque
reduction neutralization test (PRNT) (Tan et al., 2020; Meyer et al.,
2020). Antibody detection tests use purified proteins of SARS-CoV-2, not
viable virus, and can be performed in lower biosafety level laboratories
(e.g., BSL-2). However, since not all binding antibodies block infection,
these assays do not actually reflect antibody inhibition of SARS-CoV-2
infection (Mardian et al., 2021).

Given that many binding antibodies assays have been widely used in
Indonesia prior to the development of the sVNT, the gold standard for
serological assays, it is important to evaluate their sensitivity and
specificity, their correlation with the sVNT, and the cut-off of these
assays that were equivalent to certain inhibition rate of sVNT. The re-
sults of this evaluation will provide the rationales whether these assays
may replace sVNT in clinical and research settings since most hospitals
prefer to run a large number of specimens simultaneously with the
automatic and high throughput chemiluminescent assays, which are
easy to perform and cheaper. This is useful for hospitals that cannot
perform ELISA or run a large number of specimens simultaneously with
chemiluminescent assays. In this study, we compared the performance
of ten immunoassays that use three different platforms (two sVNTs,
seven chemiluminescent assays, and one fluorescein immune based
assay), we also measured the correlation between these assays and the
cut-offs index from each assay that was equivalent to certain sVNT in-
hibition rate.

2. Materials and methods

This comparative diagnostic accuracy study was part of the national
COVID-19 rapid serology diagnostic validation conducted by the Minis-
try of Health and has been approved by the National Institute of Health
Research and Development (NIHRD) ethics committee. All participants
provided written informed consent for the study. It was conducted at the
Indonesia Research Partnership on Infectious Diseases (INA-RESPOND)
(Karyana et al., 2015) reference laboratory, located at the Tangerang
District Hospital during COVID-19 first wave in Indonesia (June–De-
cember 2020). We adhered to the principles of the Declaration of
Helsinki.

To determine the sample size, we calculated the highest minimum
sample size estimation (with unknown pre-specified data from previous
research in the early pandemic) to compare two proportions (N1 ¼ N2 ¼
(Zα/2þZβ)2 * (p1(1 - p1) þ p2(1 - p2))/(p1 - p2)2, for a power (β) of
80%, type 1 error (α) of 5%, and the expected sample proportion of 50%)
resulted in 192 samples, and for correlation analysis (total N ¼ [(Zα þ
Zβ)/C]2 þ 3, with C ¼ 0.5 * ln [(1 þ r)/(1 - r)] and expected correlation
coefficient (r) of 0.3) resulted in 170 samples. This study included a total
of 217 samples, comprised of 107 COVID-19 samples for sensitivity
evaluation and 110 of non-COVID-19 samples (52 samples were collected
before the pandemic and 58 samples after the pandemic) for specificity
evaluation. The unequal number of samples was due to the difficulty in
finding serum samples with sufficient volume for 10 serological assays.

A total of 107 serum specimens for the case group were collected from
real time polymerase chain reaction (RT-PCR) confirmed COVID-19 pa-
tients from several hospitals in Banten province, Indonesia. Sera from the
case group were divided into three time point (TP) categories based on
onset of illness: (1) 0–7 days, (2) 8–14 days, and (3) �15 days. Serum
specimens from the control group were 58 sera from suspected COVID-19
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patients with negative SARS-CoV-2 RT-PCR twice during acute hospi-
talization and 52 sera from repository specimens collected<2016 during
acute febrile illness requiring hospitalization (AFIRE) and SEPSIS studies
(Southeast Asia Infectious Disease Clinical Research 2017; Gasem et al.,
2020). Of these 52 sera, 32 convalescent specimens (14–28 days after
fever onset) were from patients with confirmed acute infections by other
viruses or bacteria (13 influenza A/B, 8 Salmonella typhi, 6 Rickettsia
typhi, 5 Escherichia coli, 4 Leptospira spp, 2 chikungunya virus, 2 Strepto-
coccus pneumonia, 1 Klebsiella pneumoniae, 1 Staphylococcus aureus, and 1
Mycobacterium tuberculosis), and 20 sera were from pneumonia patients
with unknown pathogens. In addition to the acute infecting pathogens
above, 52, 26, 25, 24, and 22 sera also had dengue, chikungunya, Lep-
tospira spp, Salmonella typhi and Rickettsia typhi IgG antibodies,
respectively.

These sera were tested using two sVNTs [cPass SARS-CoV-2
Neutralization Antibody Detection Kit (GenScript, Piscataway, NJ,
USA) and Anti-SARS-CoV-2 Neutralizing Antibody ELISA Kit (Vazyme,
Nanjing, China)], seven automated, high-throughput chemiluminescent
assays [ARCHITECT SARS-CoV-2 IgG assay (Abbott, Chicago, IL, USA),
Elecsys Anti-SARS-CoV-2 assay (Roche, Basel, Switzerland), MAGLUMI
2019-nCoV IgG (Snibe, Shenzhen, China), Access anti-SARS-CoV-2 IgG
(Beckman Coulter, Brea, CA, USA), SARS-CoV-2 S-RBD IgG and total
antibodies (Mindray, Shenzhen, China), and ADVIA Centaur SARS-CoV-2
Total (COV2T) (Siemens, Munich, Germany)], and one fluorescein im-
mune based assay FREND™ COVID-19 (NanoEntek, Seoul, Korea) ac-
cording to the manufacturers’ instructions. Details of products are listed
in Table 1. These assays will then be referred to GenScript sVNT, Vazyme
sVNT, Abbott IgG, Roche total antibodies, Snibe IgG, Beckman IgG,
Mindray IgG, Mindray total antibodies, Siemens total antibodies, and
FREND™ IgG.

The sensitivity of each assay was calculated based on each time point,
whereas the specificity was calculated based on recent non-SARS-CoV-2
infections and repository specimens (collected less than 2016). Sensi-
tivity and specificity were expressed as percentages with 95% confidence
interval (CI). The correlation between values of each assay in case sera
was calculated using the Pearson correlation test. Based on the results of
GenScript inhibition rate, sera from positive COVID-19 were grouped
into <20%, 20–49%, >50–79%, 80–89%, and 90–100%. The equivalent
index of each assay was estimated using the median value. All statistical
analyses were performed using Microsoft Excel (Microsoft Corporation,
Washington, US) and all graphs were constructed using GraphPad Prism
9.0 (GraphPad Software, Inc., San Diego, CA).

3. Results

3.1. Sensitivity

The sensitivity of all assays increased from TP1, TP2, to TP3. In TP1
where specimens were collected in the median day 6 of illness, the
sensitivity ranged from 50% (Roche total antibodies) to 73.5% (Vazyme
sVNT). In TP2 (median 11 days), the sensitivity increased to 85.7%
(Abbott IgG) and 97.1% (Vazyme sVNT). Finally, in TP3 (median 18
days), the sensitivity increased to 95%–100%. The overall sensitivity
ranged from 77.6% (Siemens total antibodies) and 90.7% (Vazyme
sVNT) (Table 2). The three most sensitive assays (Vazyme sVNT, Gen-
Script sVNT, and Mindray total antibodies) were spike protein-based
assay. However, the least sensitive assays were also spike protein-based
assay (Siemens total antibodies and Beckman IgG), besides nucleo-
capsid (NC)-based assay (Roche total antibodies and Abbott IgG) or both
spike protein and NC-based assay (Snibe IgG). In terms of antibody iso-
type target, the three most sensitive assays were targeting IgM and IgG
antibodies (Mindray total antibodies) and neutralizing antibodies from
all isotypes (Vazyme sVNT and GenScript sVNT). However, the results
showed Siemens total antibodies and Roche total antibodies that also
target IgM and IgG antibodies are the least sensitive. The sensitivity of
each assay per time point is shown in Table 2.



Table 1. Details of the evaluated ten commercial immunoassays.

Product Manufacturer Isotype antibodies Targeted antigens Cut-off value Platform

Abbott ARCHITECT SARS-CoV-2
IgG

Abbott IgG Nucleocapsid 1.4 S/C Chemiluminescent microparticle
immunoassay (CMIA)

FRENDTM COVID-19 NanoEntek, Inc. IgG Nucleocapsid 1 COI Fluoroimmunoassay (FIA)

Elecsys Anti-SARS-CoV-2 Roche Total antibodies Nucleocapsid 1 COI Electro-Chemiluminescence
Immunoassay (ECLIA)

MAGLUMI 2019-nCoV IgG SNIBE Co., Ltd IgG Nucleocapsid and
Spike

1 AU/mL Chemiluminescence immunoassay
(CLIA)

Access SARS-CoV-2 IgG Beckman Coulter, Inc. IgG Spike 1 S/CO Chemiluminescence immunoassay
(CLIA)

SARS-CoV-2 S-RBD IgG Shenzhen Mindray Bio-Medical
Electronics Co., Ltd.

IgG Spike 6 U/mL Chemiluminescence immunoassay
(CLIA)

SARS-CoV-2 Total antibodies Shenzhen Mindray Bio-Medical
Electronics Co., Ltd.

Total antibodies Spike 10 U/mL Chemiluminescence immunoassay
(CLIA)

ADVIA Centaur SARS-CoV-2 Total
(COV2T)

Siemens Healthcare Diagnostics Total antibodies Spike 1 index Chemiluminescence immunoassay
(CLIA)

Anti-SARS-CoV-2 Neutralizing
Antibody ELISA Kit

Nanjing Vazyme Medical
Technology Co., Ltd

Neutralizing antibodies
(all isotypes)

Spike 20 % inhibition
rate

surrogate virus neutralisation test
(sVNT) ELISA

cPass SARS-CoV-2 Neutralization
Antibody Detection Kit

GenScript USA Inc. Neutralizing antibodies
(all isotypes)

Spike 20% inhibition
rate

surrogate virus neutralisation test
(sVNT) ELISA

Note: AU (arbitrary unit), U (unit), COI (cut-off index), S/C (signal to cut-off), S/CO (signal to cut-off).
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3.2. Specificity

The specificity of all assays was excellent, with two assays (Beckman
IgG and Mindray IgG) showing specificity of 100%, but Snibe IgG
revealed to be the least specific (95.1%). In non-COVID-19 infection
specimens, seven different sera were tested positive in six assays (one
serum tested positive by both Abbott IgG and FREND™ IgG, two sera by
Mindray total antibodies, two sera by Vazyme sVNT, one serum by Roche
total antibodies and one serum by Snibe IgG). The non-COVID-19 acute
infecting pathogens in these patients were unknown. Snibe IgG showed
more cross-reactivity in sera collected before 2016 (four of 52 sera from
two confirmed Rickettsiosis patients, an Influenza B patient, and an un-
known pathogen patient). GenScript sVNT and Vazyme sVNT assays
showed cross-reactivity in the same serum collected before 2016 from a
confirmed influenza B patient, whereas Siemens total antibodies showed
cross-reactivity in serum from a confirmed leptospirosis patient, Roche
Table 2. The sensitivity and specificity of each commercial immunoassay.

Assays Sensitivity (95% CI)

1st week (6.1 d)
N ¼ 34

2nd week (11.2 d)
N ¼ 35

3rd week (17.8 d)
N ¼ 38

Abbott IgG 19
55.9% (46.5–65.3)

30
85.7% (79.1–92.3)

38
100% (99.3–100)

FRENDTM IgG 21
61.8% (52.6–71.0)

33
94.3% (89.9–98.7)

38
100% (99.3–100)

Roche total antibodies 17
50% (41.1–58.9)

33
94.3% (90.2–98.5)

37
97.4% (94.6–100)

Snibe IgG 17
50% (40.5–59.5)

31
88.6% (82.6–94.6)

37
97.4% (94.4–100)

Beckman IgG 18
52.9% (43.4–62.4)

32
91.4% (86.1–96.7)

37
97.4% (94.4–100)

Mindray IgG 20
58.8% (49.5–68.1)

32
91.4% (86.1–96.7)

38
100% (99.3–100)

Mindray total antibodies 24
70.6% (61.9–79.2)

32
91.4% (86.1–96.7)

38
100% (99.3–100)

Siemens total antibodies 16
47.1% (37.6–56.6)

30
85.7% (79.1–92.3)

37
97.4% (94.4–100)

Vazyme sVNT 25
73.5% (65.1–81.9)

34
97.1% (93.9–100)

38
100% (99.3–100)

GenScript sVNT 20
58.8% (49.5–68.1)

33
94.3% (90.2–98.5)

38
100% (99.3–100)

3

total antibodies showed cross-reactivity in serum from a Rickettsiosis
patient, and FREND™ IgG showed cross-reactivity in serum from a patient
with an unknown pathogen. Details of the characteristics of all false
positive sera are listed in Table 3.

3.3. Correlation between assays

The Pearson correlation between the two sVNTs, GenScript sVNT and
Vazyme sVNT was the highest amongst all assays (r ¼ 0.98). A high
correlation was also observed between Siemens total antibodies and
these two sVNTs (r ¼ 0.88 and r ¼ 0.87, respectively). Among the other
spike-based assays, a high correlation was also demonstrated between
Beckman IgG and Mindray IgG (r ¼ 0.81), Beckman IgG and Siemens
total antibodies (r ¼ 0.71), and Beckman IgG and two sVNTs (r ¼ 0.77
and 0.73, respectively). Despite being a NC-based assay, Abbott IgG had a
high correlation with most of the spike-based assays (r ¼ 0.73 to 0.79),
Specificity (95% CI)

Overall
N ¼ 107

<2016 sera
N ¼ 52

Non-COVID-19 sera
N ¼ 58

Overall
N ¼ 110

87
81.3% (73.9–88.7)

52
100% (99,3–100)

57
98.3% (95.9–100)

109
99.1% (97.3–100)

92
85.9% (79.3–92.5)

51
98.1% (95.5–100)

57
98.3% (95.9–100)

108
98.2% (95.7–100)

87
81.3% (73.9–88.7)

51
98.1% (95.7–100)

57
98.3% (95.9–100)

108
98.2% (95.7–100)

85
79.4% (71.7–87.1)

48
92.3% (87.3–97.3)

57
98.3% (95.9–100)

105
95.5% (91.6–99.4)

87
81.3% (73.9–88.7)

52
100% (99.3–100)

58
100% (99.3–100)

110
100% (99.3–100)

90
84.1% (77.2–91.0)

52
100% (99.3–100)

58
100% (99.3–100)

110
100% (99.3–100)

94
87.9% (81.7–94.1)

52
100% (99.3–100)

56
96.6% (93.2–99.9)

108
98.2% (95.7–100)

83
77.6% (69.7–85.5)

51
98.1% (95.5–100)

58
100% (99.3–100)

109
99.1% (97.3–100)

97
90.7% (85.2–96.2)

51
98.1% (95.5–100)

56
96.6% (93.2–99.9)

107
97.3% (94.3–100)

91
85.0% (78.2–91.8)

51
98.1% (95.5–100)

58
100% (99.3–100)

109
99.1% (97.3–100)



Table 3. Lists of false positives, identified acute infecting pathogens, and results from all assays.

Sera Acute infecting
pathogen

Ab bott
IgG

FRENDTM

IgG
Ro che total
antibodies

Snibe
IgG

Beckman
IgG

Mind
ray
IgG

Mind ray total
antibodies

Sie mens total
antibodies

Vazyme
sVNT

Gen Script
sVNT

#1
(<2016)1

R typhi Neg Neg Neg 3.2 Neg Neg Neg Neg Neg Neg

#2
(<2016)2

Influenza B Neg Neg Neg 3.1 Neg Neg Neg Neg Neg Neg

#3
(<2016)3

UNK Neg Neg Neg 3.3 Neg Neg Neg Neg Neg Neg

#4
(<2016)3

R typhi Neg Neg 2.6 2.7 Neg Neg Neg Neg Neg Neg

#5
(<2016)3

UNK Neg 16.4 Neg Neg Neg Neg Neg Neg Neg Neg

#6
(<2016)3

Leptospira spp Neg Neg Neg Neg Neg Neg Neg 1.43 Neg Neg

#7
(<2016)3

Influenza B Neg Neg Neg Neg Neg Neg Neg Neg 41.9 47.4

#8 (2020) UNK Neg Neg Neg Neg Neg Neg 15.9 Neg Neg Neg

#9 (2020) UNK Neg Neg Neg 3.2 Neg Neg Neg Neg Neg Neg

#10
(2020)

UNK Neg Neg 1.75 Neg Neg Neg Neg Neg Neg Neg

#11
(2020)

UNK Neg Neg Neg Neg Neg Neg 27.9 Neg Neg Neg

#12
(2020)

UNK Neg Neg Neg Neg Neg Neg Neg Neg 27.8 Neg

#13
(2020)

UNK Neg Neg Neg Neg Neg Neg Neg Neg 20.1 Neg

#14
(2020)

UNK 2.1 46.6 Neg Neg Neg Neg Neg Neg Neg Neg

There were also 47 sera with IgG antibodies to dengue, 25 with IgG abs to Leptospira spp and 24 with IgG antibodies of murine typhus but remained negative for SARS-
CoV-2 antibodies to any assay.

1 Serum also contained IgG to dengue and chikungunya viruses, and Salmonella typhi.
2 Serum also contained IgG to dengue and chikungunya viruses, Salmonella typhi and Leptospira spp.
3 Serum also contained IgG to dengue virus.
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except with Mindray IgG and Mindray total antibodies assays (r ¼ 0.64
and 0.56, respectively). Among NC-based assays, the correlation between
Abbott IgG and FREND™ IgGwas high (r¼ 0.81), but the correlationwith
Roche total antibodies was low (r ¼ 0.48). A low correlation was also
found between Roche total antibodies and all other assays (r ¼ 0.20 to
0.57). All the values of Pearson's correlation are shown in the inverse
pyramid graph (Figure 1).

3.4. Correlation with GenScript sVNT

All assays showed moderate to high correlation with GenScript sVNT
(r ¼ 0.58 to r ¼ 0.98), except Roche total antibodies (r ¼ 0.48). Vazyme
sVNT and Siemens total antibodies showed the highest correlation (r ¼
0.98 and 0.88, respectively). Using GenScript sVNT results as the refer-
ence standard, results from 107 COVID-19 positive sera, 15 were grouped
into<20%, 22 into 20%–49%, 28 into 50%–79%, 12 into 80%–89%, and
30 into 90%–100% inhibition rate. In general, the median values of all
assays gradually increased from category <20% inhibition to the higher
inhibition categories. However, the median value of Roche total anti-
bodies for the 80%–89% inhibition group was higher than the 90%–

100% group (54.7 vs 49.3). The median value of Siemens total antibodies
had reached the maximum index in the 80%–89% group. In sera that
were considered negative by GenScript sVNT (<20%), results from three
spike-based assays (Beckman IgG, Mindray IgG, and Siemens total anti-
bodies) were consistent with GenScript sVNT. However, a few positive
results were identified from three NC-based assays (Abbott IgG, FREND™

IgG, and Roche total antibodies), one mixed NC and spike-based assay
(Snibe IgG), one spike-based assay (Mindray total antibodies), and the
other sVNT (Vazyme sVNT). The median index for the highest inhibition
group (90%–100%) were 6.9 S/C (Abbott IgG), 161.9 COI (FREND™
4

IgG), 49.3 COI (Roche total antibodies), 16.8 AU/ml (Snibe IgG), 40.1 S/
CO (Beckman IgG), 281.9 U/ml (Mindray IgG), 712.2 U/ml (Mindray
total antibodies), >10 index (Siemens total antibodies), and 95.3% in-
hibition (Vazyme sVNT). Distribution in each GenScript sVNT inhibition
rate category was plotted in a violin graph (Figure 2 A-I).

4. Discussion

We evaluated performance characteristics of ten SARS-CoV-2 immu-
noassays using sera from COVID-19 patients and negative control con-
sisting of sera from confirmed non-COVID-19 patients and before
pandemic. In addition to the sensitivity and specificity, we also evaluated
the correlation between each assay and proposed equivalent median
index corresponding to certain surrogate neutralizing inhibition rates.

The three most sensitive assays were Mindray total antibodies, Gen-
Script sVNT, and Vazyme sVNT. Mindray total antibodies is an assay
directed to all antibody isotypes, therefore it outperformed other assays
that only detected IgG. For the same reason, GenScript sVNT and Vazyme
sVNT measured the function of all antibody isotypes in inhibiting the
attachment between spike-receptor binding domain (S-RBD) and ACE2
receptor. Similar results have been reported by Tan et al. which found
GenScript sVNT and Vitros OCD anti-SARS-CoV-2 total antibody assay
were more sensitive than Abbott IgG, Beckman IgG, Roche total anti-
bodies, and Siemens total antibodies (Tan et al., 2020). Their results were
consistent regarding the low sensitivity of Siemens total antibodies
despite targeting total antibodies to spike protein. Three assays (Abbott
IgG, Roche total antibodies, and FREND™ IgG) targeting the NC showed
lower sensitivity than the three most sensitive assays. In addition, the
sensitivity of Abbott IgG and FREND™ IgG was also comparable to assays
targeting the spike protein (Beckman IgG and Mindray IgG). Our results



Figure 1. Correlation between COVID-19 commercial immunoassays.
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demonstrated that the sensitivity of the assays was affected by the tar-
geting antibodies rather than the targeting antigen, consistent with
previous reports (Qu et al., 2020; Xiang et al., 2020) in contrast to other
Figure 2. Violin Plot of nine COVID-19 commercial immunoassays for detecting SAR
GenScript sVNT. (B). FREND™ IgG compared to GenScript sVNT. (C). Roche total antib
(E). Beckman IgG compared to GenScript sVNT. (F). Mindray IgG compared to Gen
Siemens total antibodies compared to GenScript sVNT. (I). Vazyme sVNT compared

5

studies which reported NC-based assays were more sensitive than
spike-based assays or vice-versa (Burbelo et al., 2020; Liu et al., 2020;
Tang et al., 2020).
S-CoV-2 antibodies compared to GenScript sVNT. (A). Abbott IgG compared to
odies compared to GenScript sVNT. (D). Snibe IgG compared to GenScript sVNT.
Script sVNT. (G). Mindray total antibodies compared to GenScript sVNT. (H).
to GenScript sVNT.
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Several plausible reasons may explain why the sensitivity in TP1 sera
of these assays was higher than previous reports from other studies (Tan
et al., 2020; Kweon et al., 2020). First, sera in TP1 were collected mostly
from median day 6 (range: 3–7 days) after the onset of illness, the time
when sero-conversion begins (Lou et al., 2020). Second, it might corre-
late with the disease severity of the hospitalized subjects in our study. It
has been reported that immune responses in moderate to severe cases
appear earlier and stronger than the mild and asymptomatic cases
(Edouard et al., 2021; Okba et al., 2020; Yongchen et al., 2020). Another
explanation may be the subjective nature of the data, as the accuracy was
affected by recalling bias of the patients and the symptoms that were
used. Although antibodies would naturally be detected mostly in the
second week post infection, the inclusion of TP1 in our study may help in
determining which assay was the most sensitive. As in other TPs, the
sensitivity among assays was indistinguishable.

All assays showed excellent specificity (above 95%), with Beckman
IgG and Mindray IgG reaching 100%. Compared to these two assays,
Snibe IgG was less specific (95.1% vs 100%). Although no study has
compared Snibe IgG and Beckman IgG performance head-to-head, results
from separate reports confirmed that Snibe IgG was less specific (Pere
et al., 2020; Oved et al., 2020; Plebani et al., 2020; Van Elslande et al.,
2020). Seven false positive results were observed in recent sera from
non-COVID-19 infection hospitalized patients. The low positive value in
each different assay, suggesting potential interfering factors such as
auto-antibodies in chronic inflammatory diseases or other infecting
pathogens (Kharlamova et al., 2021). Seven false positive results were
also observed in sera collected <2016 suggesting cross-reactivity. Four
acute pathogens (Rickettsia typhi, Salmonella typhi, Leptospira spp, and
influenza B) identified in five sera (two other sera contained unknown
acute pathogen) along with dengue IgG antibodies in all sera. Since these
sera may also contain antibodies to other pathogens, cross reactivity to
specific pathogen such as other human coronaviruses and zika viruses
that have been reported previously (Hicks et al., 2021; Lustig et al., 2021;
Lv et al., 2020; Faccini-Martinez et al., 2020) could not be confirmed as
we did not test antibodies against these pathogens. However, it was
interesting that one serum from a patient with influenza B was positive
for SARS-CoV-2 neutralizing antibodies with >40% inhibition both by
GenScript sVNT and Vazyme sVNT. Despite the high sequence dissimi-
larity between two virus families, hemagglutinin (HA) protein reported
to cross react with anti-SARS-CoV-2 non-neutralizing antibodies (Lee
et al., 2020; Murugavelu et al., 2021). The likelihood of neutralizing
antibodies targeting comparable epitopes in influenza viruses and
SARS-CoV-2 warrants further research.

A very high correlation (r ¼ 0.98) between the two sVNT assays
(Genescript sVNT and Vazyme sVNT), and the cross-reactivity to the
same sera indicated the similarity of these two assays in their S-RBD and
ACE-2 receptor design. A slightly better sensitivity but also slightly less
specificity of Vazyme sVNT compared to GenScript sVNT might be
associated with inter-assay variability that may have occurred as we used
a manual ELISA machine, particularly in sera with low level neutralizing
antibodies. A high correlation between GenScript sVNT with Siemens
total antibodies and Beckman IgG (r ¼ 0.88 and r ¼ 0.77, respectively)
was conceivable as both assays were spike-based. However, the corre-
lation with NC-based assays, Abbott IgG and FREND™ IgG were also high
(r ¼ 0.78 and 0.72), suggesting that circulating NC antibodies in each
positive sera in our study were comparable to the circulating antibodies
against the spike protein. Having accurate spike-based and NC-based
targeted serology assays would assist distinguish spike-based vaccine
response from natural infection and research anti-NC dynamic response
in inactivated viral vaccines (Dorschug et al., 2021; Azak et al., 2021).
Since the correlation between GenScript sVNT and PRNT was high (Tan
et al., 2020), the correlation between assays with GenScript sVNT might
be expected to reflect their correlation with PRNT as well. The low cor-
relation between Roche total antibodies and GenScript sVNT (r ¼ 0.48)
than other assays with GenScript sVNT (r ¼ 0.58 to 0.88) in our study
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supported previous reports that showed Roche total antibodies has a
lower correlation with neutralizing antibody titers than other assays such
as Abbott IgG and Euroimmune (r ¼ 0.29 vs 0.47 and 0.46) (Tang et al.,
2020). Similarly, Padoan et al. and Therrien et al. reported the correla-
tion between neutralizing antibody titers and Roche total antibodies was
0.214 while Abbott IgG was 0.69 (Padoan et al., 2020), and Roche total
antibodies was 0.54 while Abbott IgG was 0.64, Siemens total antibodies
was 0.71 and Beckman IgG was 0.73–0.77 (Therrien et al., 2021).

To assist centers that cannot perform any kind of neutralizing assays,
we proposed to use index values that are equivalent to a certain inhibi-
tion rate of GenScript sVNT.We chose 20% inhibition as the first group as
this is the positive cut-off of GenScript sVNT. All assays showed a median
index less than their negative cut-off. We chose 50%, 80% and 90% in-
hibition in the following groups as they are commonly used in analyzing
the PRNT results (Theel et al., 2020; Galipeau et al., 2020). Additionally,
we would like to see if there was any difference between the 80%–89%,
and 90%–100% groups. The median index of all assays gradually
increased, consistent with the increasing inhibition rate, except Roche
total antibodies and Siemens total antibodies in the two highest cate-
gories. Roche total antibodies's median index in the 90%–100% inhibi-
tion category was lower than the 80%–89% category and Siemens total
antibodies' similar median index for both groups suggested these two
assays could not distinguish the difference in these two groups. Median
indexes from assay with a good correlation with GenScript sVNT in the
inhibition group of GenScript sVNT 80%–89% and 90%–100% may be
proposed as a proxy to high titer neutralizing antibodies in convalescent
plasma. It was consistent with the suggested high titer by the FDA, which
is equivalent to GenScript's sVNT inhibition �80% (FDA 2021).

The study has several strengths. First, we look at the sensitivity and
specificity of ten commercial assays using ten immunoassays, with
different platforms, antibodies and antigen targets available in Indonesia
around the time of the first COVID-19 wave (June–December 2020) prior
to vaccine deployment. Second, we measured the correlation coefficient
between each assay and the cut-off index from each assay that was
equivalent to a certain sVNT inhibition rate. Third, we separate the
sensitivity analysis into three-time points ((1) 0–7 days, (2) 8–14 days,
and (3) �15 days). Although antibodies would naturally be detected
mainly in the second-week post infection, including TP1 in our studymay
help determine the most sensitive assay. Fourth, we also included re-
pository samples from various infectious disease cases before COVID-19
pandemic for specificity analysis.

The main limitation of our evaluation was the absence of viral
neutralizing tests as the gold standard since our laboratory was not
equipped with BSL-3 facilities. Also, we may need more positive speci-
mens used to estimate the assays' indexes that are equivalent to GenScript
sVNT inhibition rates. However, the current results are consistent with
other findings and may provide an estimation for hospitals that do not
have the competence to conduct neutralization assays. As our negative
sera were only partly tested for pathogens, we were not able to determine
which pathogens caused the cross-reactivity that occurred in 14 of 110
sera. Though, from the available data, they might provide novel infor-
mation regarding cross-reactivity with pathogens such as Leptospira spp,
Rickettsia typhi, Salmonella typhi, and influenza B.

In conclusion, we characterised the performance of ten commercial
immunoassays with three different platforms. All of them showed
excellent sensitivity and specificity, though a few of them performed
significantly better than others. Our study also reveals further research
that should be done, including testing on well-characterized negative
sera for better understanding about cross-reactivity, in silico analysis to
identify similarities in epitopes between SARS-CoV-2 with the potential
pathogens, testing with larger numbers of positive sera to provide a
better correlation picture amongst assays and robust equivalent indexes
to the inhibition rate. Commercial immunoassays should be evaluated
regularly due to their importance in the clinical and scientific landscape
in guiding public health officers, especially after vaccine deployment.
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