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Abstract Background/purpose: Our study goals were to evaluate the diagnostic performance
of four anti-SARS-CoV-2 antibodies tests and the differences in dynamic immune responses be-
tween COVID-19 patients with and without pneumonia.
Methods: We collected 184 serum samples from 70 consecutively qRT-PCR-confirmed COVID-19
patients at four participating hospitals from 23 January 2020 to 30 September 2020. COVID-19
pneumonia was defined as the presence of new pulmonary infiltration. Serum samples were
grouped by the duration after symptom onset on a weekly basis for antibody testing and anal-
ysis. The four immunoassays: Beckman SARS-CoV-2 IgG/IgM (Beckman Test), Siemens (ADVIA
Centaur�) SARS-CoV-2 Total (COV2T) (Siemens Test), SBC COVID-19 IgG ELISA (SBC Test) and
EliA SARS-CoV-2-Sp1 IgG/IgM/IgA P2 Research (EliA Test) were used for detecting the SARS-
CoV-2 specific antibodies.
Results: The sensitivity of all tests reached 100% after 42 days of symptom onset. Siemens
Test, the only test detecting total anti-SARS-CoV-2 antibodies, had the best performance in
the early diagnosis of COVID-19 infection (day 0e7: 77%; day 8e14: 95%) compared to the other
3 serological tests. All tests showed 100% specificity except SBC Test (98%). COVID-19 patients
with pneumonia had significantly higher testing signal values than patients without pneumonia
(all p values < 0.05, except EliA IgM Test). However, Siemens Test and SBC Test had highest
probability in early prediction of the presence of COVID-19 pneumonia.
Conclusion: Chronological analysis of immune response among COVID-19 patients with
different serological tests provides important information in the early diagnosis of SARS-
CoV-2 infection and prediction of the risk of pneumonia after infection.
Copyright ª 2021, Taiwan Society of Microbiology. Published by Elsevier Taiwan LLC. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).
Introduction

Novel coronavirus disease (COVID-19), caused by Severe
Acute Respiratory Syndrome coronavirus 2 (SARS-CoV-2),
has resulted in significant impacts on human health and life
since 2019.1e4 The early identification and isolation of pa-
tients with COVID-19 are crucial to prevent the spread of
the disease in the community due to the elusive clinical
manifestations of COVID-19.5e8 In Taiwan, all real-time
reverse transcriptase-polymerase chain reaction (qRT-
PCR) assay confirmed COVID-19 patients are mandatorily
reported to the National Health Command Center and
hospitalized in a negative pressure isolation room to pre-
vent the transmission of SARS-CoV-2.3,9 However, the
identification of patients with COVID-19 is challenging
because of the broad spectrum of clinical manifestations,
ranging from asymptomatic infection to acute respiratory
distress syndrome.2,8 The qRT-PCR has been an important
diagnostic tool for detecting SARS-CoV-2 infection. How-
ever, it is generally time-consuming and limited by the
costs and the diagnostic sensitivity.10,11 Serological testing,
an important diagnostic tool detecting responsive anti-
SARS-CoV-2 antibodies, is more rapid and useful for study-
ing the epidemiological seroprevalence of COVID-19 to
obtain a more accurate estimate of the circulating dy-
namics and virulence of SARS-CoV-2.12,13

To date, many point-of-care or fully automated immu-
noassays for COVID-19 diagnosis have been developed and
launched.14e17 The performance of different serological
tests should be comprehensively evaluated before its
application into routine diagnostic protocols for patient
management and pandemic control. Furthermore, previous
studies showed a correlation between the high-level up-
surge of the anti-SARSCoV-2 antibody response and tissue
817
injury among patients with COVID-19.18e20 Quantitative or
semi-quantitative serological testing is therefore a poten-
tial diagnostic modality for early stratification of the risk of
pulmonary involvement, in addition to retrospective diag-
nosis of SARS-CoV-2 infection.

The primary goals of this study were first to evaluate the
performance of four serological immunoassays for the
diagnosis of COVID-19. The second goal was to evaluate the
dynamic immune responses among COVID-19 patients with
and without pneumonia after SARS-CoV-2 infection by the
four serological tests.

Materials and methods

Study design and patient enrollment

In this retrospective, observational study, we collected 184
residual blood samples from 70 consecutively qRT-PCR-
confirmed COVID-19 patients hospitalized at four partici-
pating hospitals from 23 January 2020 to 30 Sep 2020. The
four participated hospitals were Tao Yuan General Hospital,
Ministry of Health and Welfare, National Taiwan University
Hospital, Changhua Christian Hospital and Nantou Hospital,
Ministry of Health and Welfare. This study was approved by
the institutional review board of all the participating hos-
pitals, and the requirement for informed consent from each
patient was waived (202003004RIND).

Clinical data collection and definitions

We retrieved the de-linked data of enrolled patients from
electronic medical records of the participating hospitals.
Patient data included age, sex, comorbid medical condi-
tion, date of symptom onset, initial presentation, date of
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hospitalization, presence of pneumonia, intensive care unit
(ICU) admission, length of hospital stay, and survival status
on hospital discharge. Date of symptom onset was defined
as the onset date of the first COVID-19-compatible symptom
reported by patient. COVID-19 pneumonia was defined as
the presence of new pulmonary infiltration on chest
roentgenogram. COVID-19 patients were then classified into
two groups according to the presence or absence of COVID-
19 pneumonia.

Collection and grouping of serum samples

The residual blood samples of COVID-19 patients were
collected from the regular medical care requirement. If a
patient had multiple serum samples on the same date, only
the first sample of that date was used for analysis. The
serum of the collected blood samples was stored at �20 �C
before anti-SARS-CoV-2 antibody testing. Serum samples
were further grouped on a weekly basis by the duration
after symptoms onset: Day 0e7, Day 8e14, Day 15e21, Day
22e28, Day 29e35, etc. In addition, we included 200 con-
trol serum samples from 200 hospitalized patients who
were tested negative �2 times using SARSCoV-2 qRT-PCR to
evaluate diagnostic specificity of the four serological tests
in this study. None of these control group patients were
subsequently confirmed to be COVID-19 infection after
discharged from hospital.

Laboratory measurements

Four immunoassays were used for the detection of the
SARS-CoV-2 specific antibodies in this study. This included
Beckman SARS-CoV-2 IgG/IgM (Beckman Coulter Di-
agnostics, Inc., Brea, USA) (Beckman Test), Siemens (ADVIA
Centaur�) SARS-CoV-2 Total (COV2T) (Siemens Healthcare
Diagnostics Inc., NY, USA) (Siemens Test), SBC COVID-19 IgG
ELISA (Schweitzer Biotech Company, Taipei, Taiwan) (SBC
Test), and EliA SARS-CoV-2-Sp1 IgG/IgM/IgA P2 Research
(Thermo Fisher Scientific, Inc., MA, USA) (Elia Test). All the
above four serological tests use the SARS-CoV-2 Spike pro-
tein (S protein) as labeling viral protein for the detection of
anti-SARS-CoV-2 antibodies. Detail information of the four
serological tests is summarized in Table 1.21e24 One expe-
rienced laboratory technician was responsible for all the
serum samples preparation and testing. Test results were
interpreted as positive if the signal value of the Beckman
Test (S/CO) �1.0 for both IgG and IgM, the Siemens Test
(index) �1.0 of total antibodies, the SBC Test (optical
density [OD] ratio) �0.4 of IgG, and the EliA Test > 20 mg/L
for IgG or IgM and >5 mg/L for IgA, according to the man-
ufacturers’ instructions. All index values of Siemens Test
>10 were considered as 10 in the quantitative immune
dynamic analysis.

Evaluation of false-positivity

Among the 200 control serum samples, any positive results
by any of the four immunoassays were presumed to be
falsely positive. For any sample with positive result by any
of the four immunoassays, the sample was performed twice
by the indicated assay. Serological tests for the presence of
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cytomegalovirus (CMV) IgM/IgG antibodies and rheumatoid
factor (RF) were performed to examine the possibility of
cross reaction between RF or anti-CMV antibodies and anti-
SARS-CoV-2 antibody as previously described.3 In addition,
a Western blot analysis with recomLine SARS-CoV-2 IgG
(MIKROGEN Diagnostik GmbH, Neuried, Germany), a line
immunoassay specifically identifying IgG antibodies against
the individual antigens of the nucleocapsid protein (NP) and
spike protein: receptor binding domain (RBD) and S1 sub-
unit, of SARS-CoV-2, and NPs of four seasonal human
coronaviruses (HKU1, OC43, NL63, and 229E), was used as a
confirmatory test to clarify the presence of anti-SARS-CoV-2
antibodies and antibodies against seasonal coronaviruses
among control group patients with positive anti-SARS-CoV-2
antibody response of any of the serological tests in this
study.25,26

Statistical analysis

We calculated means and standard deviations (SDs) for age
and serological test signal values, and percentages for the
categorical variables. An independent Student’s t test was
used to compare continuous variables, whereas categorical
variables were analyzed using Chi-squared or Fisher’s exact
tests. The diagnostic sensitivity was calculated as the per-
centage of serum samples from positive antibodies against
SARS-CoV-2 in patients with COVID-19. The specificity was
calculated as the percentage of serum samples from
negative antibodies against SARS-CoV-2 in control patients.
The dynamic immune responses between COVID-19 patients
with and without pneumonia were further evaluated with
the four serological tests. Serum samples in this section
were also analyzed on a weekly basis after symptom onset.
However, if a patient had multiple serum samples from
different date of the same week, only the earliest serum
sample of that week was used for immune dynamics anal-
ysis (week-representative sample). For example, if a pa-
tient had Day-8, Day-10, Day-13, Day-18, Day-23, Day-27
and Day-56 serum samples, only the Day-8 (representative
of second week immune response), Day-18 (representative
of third week immune response), Day-23 (representative of
fourth week immune response), and Day-56 (representative
of immune response of eighth week immune response) were
used for analysis. It was to prevent the biased amplification
of dynamic immune response from patients with multiple
serum samples in the same week. Signal values between
patients with and without pneumonia were then compared
with the 4 serological tests. SPSS for Windows (IBM SPSS
Statistics v26) was used for analysis. All p-values are two-
sided, and a p-value <0.05 was considered statistically
significant.

Results

Clinical characteristics of patients with COVID-19

A total of 70 qRT-PCR-confirmed COVID-19 patients with 184
serum samples from different symptom onset date were
finally enrolled in this study. The mean age was 42.6 years
(standard deviation, 15 years). Thirty-four (48.6%) patients
were men and 62 (88.57%) of them had no significant



Table 1 Information on the four immunoassays used for the diagnosis of coronavirus disease 2019 (COVID-19).

Parameter Beckman SARS-CoV-2
IgG/IgM

Siemens (ADVIA
Centaur�) SARS-
CoV-2 Total
(COV2T)

SBC COVID-19 IgG ELISA EliA SARS-CoV-2-Sp1 IgG/IgM/
IgA P2 Research

Company (city, country) Beckman Coulter
Diagnostics, Inc.
(Brea, USA)

Siemens
Healthcare
Diagnostics Inc.
(Tarrytown, USA)

Schweitzer Biotech
Company (Taipei, Taiwan)

Thermo Fisher Scientific, Inc.
(MA, USA)

Targeting antibody IgG and IgM
(separated)

Total antibodies
(including IgG
and IgM)

IgG IgG, IgM, and IgA (separated)

Immunoassay CLIA CLIA ELISA FEIA
Analyzer Beckman Coulter

Access Immunoassay
System (Access 2,
UniCel DxI)

ADVIA Centaur�
XP/XPT systems

Manual or automated
ELISA workstation (Dynex
DS2, DYNEX Technologies,
VA, USA)

Phadia 250

Qualitative analysis Yes Yes Yes Quantitative
Protein targeting Receptor binding

domain of the viral
spike 1

Spike Spike Recombinant SARS-CoV-2
spike 1

Specimen type(s) Serum, plasma Serum, plasma Serum Serum, plasma
Specimen amount required IgG: 20 uL

IgM: 10 uL
50 mL 1.5 mL (manual)

5.0 mL (Dynex DS2)
20 mL for each

Result interpretation S/CO
IgG:
�0.8: non-reactive
>0.8 - <1.0:
equivocal)
�1.0: reactive
IgM:
<1.0: non-reactive
�1.0: reactive

Index
<1.0:
nonreactive
�1.0: reactive

OD ratio
<0.3: negative
0.3��<0.4: Inconclusive
�0.4: positive

mg/L
IgG
� <14: negative
� 14e20: equivocal
� >20: positive
IgM
� >20: positive
IgA
� > 5: positive

Testing time IgG: w32 min
IgM: w37 min

18 min 114 min

Reported sensitivity or
positive percent
agreement (PPA) (95% CI)
based on qRT-PCR results

IgG:
Post qRT-PCR
positive:
� 0e6 days: 70.2%
(56.0%e81.3%)
� 7e14 days: 95.5%
(88.9%e98.2%)
� 14 days: 99.1%
(95.0%e99.8%)
� >18 days: 100%
(93.8%e100%)
IgM:
Days post symptom
onset
� 0e7 days: 54.5%
(34.7e73.1%)
� 8e14 days, 91.7%
(78.2%e97.1%)
� 15e30 days: 98.3%
(93.9%e99.5%)

Post qRT-PCR
positive
� 0e6 days:
61.05% (50.5%
e70.89%)
� 7e13 days:
97.50% (92.8%
e99.48%)
� �14 days:
100.00% (92.45%
�100.00%)

Days post-symptom onset
(PPA)
� � 7 days: NA
� 8e14 days: NA
� � 15 days: 97.1% (85.5
e99.5%)

IgG
Post qRT-PCR positive:
� 0e8 days: 36.6% (22.1%
e53.1%)
� >8 days: 100.0% (85.8%
e100.0%)
IgM: NA
IgA: NA

Reported specificity or NPA
(95% CI)

IgG:
� Specificity: 99.8%
(99.4e99.9%)
IgM:
� NPA: 99.9% (99.5%
e100%)

Specificity:
99.81% (99.45%
e99.96%)

NPA: 100.0% IgG:
� Specificity: 100.0% (99.5%
e100.0%)
IgM: NA
IgA: NA

(continued on next page)
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Table 1 (continued )

Parameter Beckman SARS-CoV-2
IgG/IgM

Siemens (ADVIA
Centaur�) SARS-
CoV-2 Total
(COV2T)

SBC COVID-19 IgG ELISA EliA SARS-CoV-2-Sp1 IgG/IgM/
IgA P2 Research

Confirmed cross-reactivity
with antibodies against
non-coronaviruses

IgG: NA
IgM: anti-hepatitis C
virus antibody

NA NA NA

Cross-reactivity with
antibody against other
coronaviruses

SARS and MERS
Other seasonal coronaviruses

NA NA NA No (no cross reactivity with
sera from 20 patients with
OC43, HKU1, 229E, or NL63
infection)

Registration CE-IVD, US FDA EUA CE-IVD, USA FDA No (Filed for application
TFDA, CE-IVD, and US FDA)

IgG: CE-IVD
IgM and IgA: no (RUO)

Reference 21 22 23 24

CE-IVD, Conformité Européenne in vitro diagnostic device; CLIA, chemiluminescent immunoassay; CMV, cytomegalovirus; ELISA,
enzyme-linked immunosorbent assay; FEIA, fluorescence enzyme immunoassay; MERS, Middle East respiratory syndrome; NA, not
available; NPA, negative percent agreement; OD, optical density; qRT-PCR, real-time reverse transcriptase-polymerase chain reaction;
RUO, Research use only; SARS, severe acute respiratory syndrome; S/C, sample/control; TFDA, Taiwan Food and Drug Administration; US
FDA, Food and Drug Administration of the United States.
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comorbidities. Lower respiratory tract symptoms were the
predominant symptom at the time of diagnosis (60.0%),
followed by upper airway symptoms (52.9%), and fever
(50%). Twenty-seven (38.6%) patients were diagnosed as
having pneumonia during hospitalization, seven (25.9%) of
them were admitted to intensive care unit and five (18.5%)
required ventilator support (Table 2).

Clinical characteristics of COVID-19 patients with and
without pneumonia were further compared (Table 2).
COVID-19 patients with pneumonia were significantly older
(p < 0.001) and had higher percentage of fever (p < 0.027)
and requirement of ICU admission (p Z 0.001) and venti-
lator support (p Z 0.007). In contrast, COVID-19 patients
without pneumonia were younger and had higher percent-
age with headache (p Z 0.022) and upper airway symptoms
(p Z 0.036) as initial presentation.
Diagnostic performance of the four immunoassays

A total of 184 serum samples were collected from the 70
patients with SARS-CoV-2 infection at different time points
after symptom onset. The number of samples collected
from each individual patient ranged from one to 20 samples
(median, two samples). Twenty-nine (15.8%) serum samples
were collected after 42 days of symptom onset.

Of the 184 serum samples, testing for anti-SARS-CoV-2
antibodies was positive in 164 (89.1%) on using the Beckman
Test, 174 (94.6%) on using the Siemens Test, 170 (92.4%) on
using the SBC Test, and 164 (89.1%) on using the EliA Test.
Fig. 1A shows the results of antibody responses at different
time intervals after symptom onset on using the four
serological tests. Siemens Test demonstrated the highest
positive rate in early stage of disease course (day 0e7: 77%;
day 8e14: 95%) than the other three serological tests.

For Beckman Test, which detects IgG and IgM antibody
separately, IgG antibody was detected in 157 (85.3%)
820
samples and IgM antibody was detected in 144 (78.2%)
samples, respectively. For EliA Test, which detects IgG, IgM,
and IgA antibody separately, IgG antibody was detected in
154 (83.7%) samples, IgM antibody was detected in 151
(82.1%) samples and IgA antibody was detected in 133
(72.3%) samples, respectively. The class-specific antibody
responses at different time intervals after symptom onset
evaluated with Beckman Test and EliA Test are shown in
Fig. 1B and C, respectively.

The dynamic signal values of the four immunoassays at
different time intervals after symptom onset are shown in
Fig. 2AeD. The IgM signal values were peaking at second
week of symptom onset in Beckman Test (Fig. 2A) and at
fourth week of symptom onset in EliA Test (Fig. 2D). The IgA
signal values were peaking at third week of symptom onset
in EliA Test (Fig. 2D).

Diagnostic sensitivity and specificity of the four sero-
logical tests were compared at different time intervals
(Table 3). All tests demonstrated high diagnostic sensitivity
of more than 93% after 21 days of symptom onset. All tests
showed specificity of 100% except SBC Test (98%, 95%
Confidence Interval 95.0e99.2%).
Samples of false-positivity

The signal values (OD ratio) by the SBC Test for the four
samples (duplicate tests for each sample) were relatively
low, ranged from 0.422 to 0.791 (Table 4). The four serum
samples from control group patients with positive results
for anti-SARS-CoV-2 IgG by SBC Test were negative for anti-
SARS-CoV-2 IgG antibodies against SARS-CoV-2 NP, RBD, and
S1 indicating the false-positivity of the SBC Test (Table 4).
Three of the four serum sample were positive for antibodies
against NPs of two or three seasonal coronaviruses and one
was negative for all. All the four serum samples were pos-
itive for anti-CMV IgG and negative for anti-CMV IgM and RF.



Table 2 Clinical characteristics of the 70 patients with confirmed coronavirus disease 2019 (COVID-19), stratified based on the
presence of pulmonary infiltration.

Characteristicsa
All patients With pulmonary

infiltration
Without pulmonary
infiltration

p value

No. of patients/no. of serum samples 70/184 27/91 43/93
Age (years) 42.6 � 15.0 51.3 � 13.5 37.2 � 13.4 < 0.001

Male sex 34 (48.6) 15 (55.6) 19 (44.2) 0.354
Comorbid medical condition
Diabetes mellitus 4 (5.7) 3 (11.1) 1 (2.3) 0.291
Malignancy 2 (2.9) 2 (7.4) 0 (0) 0.145
Coronary artery disease 2 (2.9) 2 (7.4) 0 (0) 0.145

Initial presentation
Fever 35 (50.0) 18 (66.7) 17 (39.5) 0.027
Headache 12 (17.1) 1 (3.7) 11 (25.6) 0.022

Myalgia 19 (27.1) 10 (37.0) 9 (20.9) 0.140
Malaise 21 (30.0) 10 (37.0) 11 (25.6) 0.309
Upper airway symptomsb 37 (52.9) 10 (37.0) 27 (62.8) 0.036
Low respiratory tract symptomsc 42 (60.0) 18 (66.7) 24 (55.8) 0.367
Diarrhea 16 (22.9) 6 (22.2) 10 (23.3) 0.920

Treatment outcome
Length of hospital stay (days) 25.0 � 14.6 28.4 � 16.5 22.8 � 13.0 0.123
Diagnosis of pneumonia 27 (38.6) 27 (100) 0 (0) e

ICU admission 7 (10.0) 7 (25.9) 0 (0) 0.001

Ventilator required 5 (7.1) 5 (18.5) 0 (0) 0.007

ECMO support received 1 (1.4) 1 (3.7) 0 (0) 0.386
Hospital mortality 0 (0) 0 (0) 0 (0) e

Sample collection
Available sample number, mean � SD 2.6 � 2.8 3.4 � 3.9 2.2 � 1.8 0.081
No. of days between symptom onset and first sample
collection, mean � SD

20.1 � 15.6 20.2 � 14.9 20.1 � 16.3 0.979

a All values are expressed as mean � SD or number (percentage).
b Includes rhinorrhea, nasal stiffness, sore throat, and hoarseness.
c Includes cough, productive sputum, dyspnea, and chest pain.

ICU, intensive care unit; ECMO, extracorporeal membrane oxygenation.
P values in boldface indicate those <0.05.
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Association of anti-SARS-CoV-2 antibody responses
with COVID-19 severity

Signal values of 78 week-representative serum samples from
27 COVID-19 patients with pneumonia were compared with
62 week-representative serum samples from 43 COVID-19
patients without pneumonia using different serological tests
(Fig. 3AeG). COVID-19 patients with pneumonia showed
significantly higher signal values than COVID-19 patients
without pneumonia in different classes of antibodies,
excepting IgM antibody of EliA Test (Fig. 3F). When signal
values of COVID-19 patients with and without pneumonia
were separately compared at different time intervals after
symptom onset, Siemens Test (detecting total antibodies)
(Fig. 3C) and SBC Test (detecting IgG antibody) (Fig. 3D)
showed a better performance in early differentiation of the
risk of pulmonary involvement than Beckman IgG Test
(Fig. 3A), EliA IgG Test (Fig. 3E), and EliA IgA Test (Fig. 3G).

Discussion

In this study, we chronologically analyzed the antibody
responses to SARS-CoV-2 infection with four viral spike
821
protein targeting anti-SARS-CoV-2 antibody tests to eval-
uate their performance in the early diagnosis and severity
assessment of COVID-19 infection. There are four major
findings of this study. First, diagnostic performances of
serological tests for COVID-19 infection were highly disease
time course dependent and consistently had high sensitivity
after 21 days of symptom onset. However, Siemens Test
showed the best performance in the early diagnosis of
COVID-19 infection within 2 weeks of symptom onset.
Second, IgG signal values reached plateau after 3 weeks of
symptom onset, where the IgM and IgA score values peaked
within 2e4 weeks of symptom onset. Knowing the dynamic
differences between different classes of reactive immu-
noglobulin to SARS-CoV-2 infection helps the more accurate
estimation of the time of infection for epidemiological
study and infection control purposes. Third, COVID-19 pa-
tients with pneumonia had higher serum signal values than
those values of patients without pneumonia with all the
four serological tests in this study. Fourth, chronological
analysis of signal values of week-representative serum
samples revealed that Siemens Test (targeting total anti-
bodies) and SBC Test (targeting IgG) effectively differenti-
ated COVID-19 patients with pneumonia as early as in
second week of symptom onset. Beckman Test and EliA Test
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Fig. 1. Percentage of serum samples showing positive antibody findings when examined using the four studied serological assays
after symptom onset. (A) Positive results of Beckman SARS-CoV-2 IgG/IgM (positive results of either IgG or IgM), Siemens SARS-CoV-2
Total (COV2T), SBC COVID-19 IgG ELISA Kit, and EliA SARS-CoV-2-Sp1 IgG/IgM/IgA P2 Research (positive results of either IgG, IgM, or
IgA), (B) Positive results of Beckman SARS-CoV-2 IgG, Beckman SARS-CoV-2 IgM, and Beckman SARS-CoV-2 IgG/IgM (positive results
of either IgG or IgM), (C) positive results of EliA SARS-CoV-2-Sp1 IgG P2 Research EliA SARS-CoV-2-Sp1 IgM P2 Research, EliA SARS-
CoV-2-Sp1 IgA P2 Research, and EliA SARS-CoV-2-Sp1 IgG/IgM/IgA P2 Research (positive results of either IgG, IgM, or IgA).
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Fig. 2. Signal values of the four immunoassays for anti-SARS-CoV-2 antibodies detection after symptom onset (A) Beckman SARS-
CoV-2 IgG/IgM, (B) Siemens SARS-CoV-2 Total (COV2T), (C) SBC COVID-19 IgG ELISA Kit, and (D) EliA SARS-CoV-2-Sp1 IgG/IgM/IgA P2
Research.
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Table 3 Diagnostic sensitivity and specificity of the four anti-SARS-CoV-2 antibody tests after symptom onset.

Day 0e7 Day 8e21 After Day 21

COVID-19
specimens
(n Z 13)

Control
specimens
(n Z 200)

COVID-19
specimens
(n Z 59)

Control
specimens
(n Z 200)

COVID-19
specimens
(n Z 112)

Control
specimens
(n Z 200)

BECKMAN SARS-CoV-2 IgG/IgM
Positivea 8 0 51 0 105 0
Negativeb 5 200 8 200 7 200

Sensitivity, %
(95% CI)

61.5 (35.5e82.3) 86.4 (75.5e93.0) 93.8 (87.7e96.9)

Specificity, %
(95% CI)

100 (98.1e1.0) 100 (98.1e1.0) 100 (98.1e1.0)

SIEMENs SARS-CoV-2 Total (COV2T)
Positive 10 0 57 0 107 0
Negative 3 200 2 200 5 200

Sensitivity, %
(95% CI)

76.9 (49.7e91.8) 96.6 (88.5e99.1) 95.5 (90.0e98.1)

Specificity, %
(95% CI)

100 (98.1e1.0) 100 (98.1e1.0) 100 (98.1e1.0)

SBC COVID-19 IgG ELISA Kit
Positive 8 4 54 4 108 4
Negative 5 196 5 196 4 196

Sensitivity, %
(95% CI)

61.5 (35.5e82.3) 91.5 (81.7e96.3) 96.4 (91.2e98.6)

Specificity, %
(95% CI)

98.0 (95.0e99.2) 98.0 (95.0e99.2) 98.0 (95.0e99.2)

EliA SARS-CoV-2-Sp1 IgG/IgM/IgA P2 Research
Positivec 7 0 52 0 105 0
Negatived 6 200 7 200 7 200

Sensitivity, %
(95% CI)

53.9 (29.1e76.8) 88.1 (77.5e94.1) 93.8 (87.7e96.9)

Specificity, %
(95% CI)

100 (98.1e1.0) 100 (98.1e1.0) 100 (98.1e1.0)

a Presence of IgM and/or IgG antibodies.
b Absence of IgM and IgG antibodies.
c Presence of IgA and/or IgM and/or IgG antibodies.
d Absence of IgA and IgM and IgG antibodies.

CI, confidence interval; COVID-19, coronavirus disease 2019.
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targeting IgG and EliA Test targeting IgA differentiated
COVID-19 patients with pneumonia in third week of symp-
tom onset. Serological test targeting IgM, both in Beckman
Test and EliA Test failed to show differences between
COVID-19 patients with and without pneumonia. Collec-
tively speaking, Siemens Test and SBC Test differentiated
COVID-19 with and without pneumonia as early as the
second week after symptom onset than the other two tests.

Many prior studies have demonstrated the detection
sensitivities of anti-SARS-CoV-2 antibody tests are highly
disease course timing dependent and increase as time
elapsed from the date of symptom onset to the date of
testing.3,18,27e29 Sensitivities in the early course of COVID-
19 infection, especially within 2 weeks of symptom onset,
were generally low in all kind of serological tests of either
lateral flow or chemiluminescence immunoassays.3,18,27e31

Therefore, they are generally considered as laboratory
tools useful for the diagnosis of acute or recent SARS-CoV-2
infection in adjuvant to qRT-PCR or for retrospective
seroprevalence study of remote infection. However, though
824
prior studies did not show significant difference in the
detection of time to seroconversion between various sero-
logical tests. Siemens Test in the current study did show a
higher percentage of early detecting anti-SARS-CoV-2 an-
tibodies within 2 weeks of symptom onset than other three
serological tests. It is therefore that Siemens Test, a sero-
logical test targeting total antibodies against SARS-CoV-2
spike protein, might be a more useful laboratory tool in
the early diagnosis of patient with COVID-19. A possible
explanation for this result might be that Siemens Test de-
tects total antibodies rather than single antibody class
against SARS-CoV-2. Similar phenomenon has been
observed in many prior COVID-19 serological studies.3,16,32

It is therefore a serological test detecting total antibodies
might be more useful for the early diagnosis of COVID-19.

Presence of IgM in patient serum generally indicates
acute or recent infection to a causative pathogen.33 In
contrast, IgG level increases later in the course of infection
than the level of IgM. It is proposed a serological test
detecting IgM in addition to IgG might increase the



Table 4 Summary of serological data for the four control samples with false-positive results by the SBC COVID-19 IgG ELISA
test. Duplicate tests were performed for each sample by the SBC Test.

Test (values indicating positive results) Specimen designation no. and test results

90,262 90,368 90,389 90,494

SBC COVID-19 IgG ELISA Kit (OD ratio, �0.4) 0.791/0.748 0.731/0.682 0.602/0.537 0.422/0.436
BECKMAN SARS-CoV-2 IgG/IgM
IgG (S/CO, �1.0) 0.03 0.02 0.03 0.23
IgM (S/CO, �1.0) 0.23 0.49 0.24 0.27

SIEMENs SARS-CoV-2 Total (COV2T) (index, �1.0) 0.14 0.78 0.52 0.63
EliA SARS-CoV-2-Sp1 IgG/IgM/IgA P2 Research
IgG (>20 mg/L) 2.8 6.1 2.1 4.7
IgM (>20 mg/L) 4.1 3.6 11 0
IgA (>5 mg/L) 0.1 0.3 0 0.2

recomLine SARS-CoV-2 IgG
S1 SARS-2 e e e e

RBD SARS-2 e e e e

NP SARS-2 e e e e

Seasonal coronavirus
NP HKU1 þ e þ þ
NP OC43 þ e þ þ
NP NL63 e e þ þ
NP 229E e e e e

Anti-cytomegalovirus antibody
IgG þ þ þ þ
IgM e e e e

Rheumatoid factor e e e e
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usefulness of the test in early detection of seroconversion
after SARS-CoV-2 infection. However, our study and prior
studies all demonstrated that adding anti-SARS-CoV-2 IgM
antibody detection did not improve the performance of a
serological test in terms of early diagnosis of COVID-19
infection.3,18,20,27 In contrast, fewer studies provided in-
formation about the role of anti-SARS-CoV-2 IgA antibody in
the diagnosis of COVID-19 infection. Prior studies showed a
higher detection sensitivity of IgA than IgG antibody in early
disease course of COVID-19 infection,20,34e36 our study
failed to demonstrate the improvement of test perfor-
mance in early COVID-19 diagnosis as the incorporation of
IgA detection in EliA Test. Though adding IgM and/or IgA
antibody detection did not improve diagnostic performance
of serological tests in Beckman Test and EliA Test, infor-
mation from the dynamic trend of IgM or IgA in relating to
IgG helped a more accurate estimation of the time point
(within or after 3 weeks of infection for example) during
the disease course of COVID-19.

Previous studies found patients with COVID-19 compli-
cated with pneumonia showed earlier seroconversion than
those without pneumonia and thus early anti-SARS-CoV-2
antibody response might be a serological indicator of pul-
monary injury.1,18 Subsequent studies demonstrated that a
higher serum titer of antibody was associated with severity
of COVID-19.19,37e39 Our previous study also found signifi-
cant higher post-symptom second week chemiluminescent
signal values in Roche Elecsys� Anti-SARS-CoV-2 Assay
(Roche Test) and Abbott SARS-CoV-2 IgG Assay (Abbott Test)
among COVID-19 patients with pneumonia than COVID-19
patients without pneumonia.3 Both Roche Test and Abbott
Test detect antibodies targeting SARS-CoV-2 nucleocapsid
825
protein for the diagnosis of COVID-19. In the current study,
we consolidated the phenomenon for serological tests
detecting antibodies targeting SARS-CoV-2 spike protein.
Furthermore, we chronologically elaborated the capabil-
ities of different classes of anti-SARS-CoV-2 antibodies in
the timing of differentiating COVID-19 patients with and
without pneumonia in the current study. We found Siemens
Test (targeting total antibodies) and SBC Test (targeting IgG
antibody) predicted COVID-19 pneumonia earlier than
Beckman Test and EliA Test (either targeting IgG or IgA
antibody). Serological tests targeting IgM antibody were
less effective and failed to differentiate COVID-19 pneu-
monia in this study. Our observation therefore provides
important information for first-line physicians in their risk
assessment decision for COVID-19 patient management
when using different serological tests.

This study has several limitations. First, this multicenter
study might have information bias due to different inves-
tigator in four hospitals even we used a standardized pa-
tient reporting form. Second, this was a retrospective
study and serum samples tested at different duration were
not at the same day; therefore, information bias due to
laboratory data might exist. Third, the significant differ-
ences between study groups may not be observed due to
small populations. Fourth, we only use plain chest roent-
genogram in the diagnosis of pneumonia. It is less sensitive
than computed tomography and some patients might be
misclassified as non-pulmonary infection. Finally, the
plausible reasons for the false-positive anti-SARS-CoV-2 IgG
(2%) by the SBC Test but not by the other three immuno-
assays were not further investigated and therefore remain
unclear.



Fig. 3. Comparison of signal values of the four immunoassays in patients with COVID-19 with or without pneumonia (A) Beckman
SARS-CoV-2 IgG/IgM-IgG, (B) Beckman SARS-CoV-2 IgG/IgMeIgM, (C) Siemens SARS-CoV-2 Total (COV2T), (D) SBC COVID-19 IgG ELISA
Kit, (E) EliA SARS-CoV-2-Sp1 IgG/IgM/IgA P2 Research-IgG, (F) EliA SARS-CoV-2-Sp1 IgG/IgM/IgA P2 Research-IgM, (G) EliA SARS-CoV-
2-Sp1 IgG/IgM/IgA P2 Research-IgA.
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Fig. 3. Continued
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In conclusion, performances of different serological
tests in detecting anti-SARS-CoV-2 antibodies vary signifi-
cantly. Targeting antibody selected, viral protein labelled,
immunoassay method adopted, and analyzer system used
might all influence the performance of a serological test for
COVID-19 diagnosis. A serological test detecting total anti-
SARS-CoV-2 antibodies is more sensitive in early diagnosis of
COVID-19 infection. Quantitative or semiquantitative anal-
ysis of IgG and IgA signal values of serological tests better
differentiates COVID-19 patient with pneumonia than IgM
signal values. Chronological analysis of immune response
among COVID-19 patients with different serological testing
provides important information for first-line clinicians in
the early diagnosis of SARS-CoV-2 infection and the
assessment of the risk of pulmonary involvement after
infection.
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